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The metastable zone widths (MSZWs) of different racemic species in solutions were
experimentally and theoretically investigated. It was found that the MSZWs of racemic
conglomerates 4-hydroxy-2-pyrrolidone and N-methylephedrine were independent of
enantiomeric excess, while the MSZWs of the racemic compound propranolol hydro-
chloride in different solvents were associated with the solubility ratio a of racemate to
pure enantiomer. Crystal lattice properties were attributed to this difference. This can
be used as the additional guideline for the characterization of racemic species. More
interesting, abnormal apparent orders of primary nucleation rate at different enantio-
meric excess were observed for conglomerate 4-hydroxy-2-pyrrolidone. It suggests a
critical supersaturation exists beyond which the nucleation of the opposite isomer
could occur. This phenomenon reveals particular implication of MSZW on the crucial
supersaturation control during preferential crystallization, which was demonstrated in
the preferential crystallization of 4-hydroxy-2-pyrrolidone with detailed modeling and
in situ monitoring. � 2008 American Institute of Chemical Engineers AIChE J, 54: 2281–

2292, 2008
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Introduction

Because of the advantages of single enantiomers and the
big chiral market, production of enantiomerically-pure mate-
rials using asymmetric methods, both in synthesis and sepa-
ration, is very attractive. A racemic species can exist as a ra-
cemic conglomerate, a racemic compound or a pseudorace-
mate (Figure 1) based on its solid-state characteristic.
Thermal analysis and structural studies by spectroscopy are
normally used to identify the solid-state nature of racemic
species.1–4

The application of preferential crystallization in the enan-
tiomeric separation of pharmaceuticals and fine chemicals
has become increasingly important from both practical as
well as economic viewpoint.5–9 Direct crystallization also

shows big advantages for the enrichment of chiral com-
pounds.10–12 Most of the previous studies are focused on the
chemistry aspects and the thermodynamic behaviors of solid
phases.1–4 Although metastable zone width (MSZW) is very
useful in understanding the crystallization process in chiral
resolution, not much attention has been paid on the measure-
ment and interpretation of MSZW in the enantiomeric sys-
tems. Hongo et al.13,14 identified the metastable region into
two areas where the second one was more unstable. The de-
pendence of MSZW on the enantiomeric excess was reported
in the compounds of mandelic acid.15,16 Our group recently
started a series of characterization of MSZW of both con-
glomerate and racemic compound systems.17–20 Furthermore,
the metastable zone of the target enantiomer could be also
closely related with the nucleation of the unwanted isomer.8

Therefore, to measure and interpret the metastable zone of
chiral system in solution should be very useful in understand-
ing the chiral crystallization process, which has been rarely
reported.
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This work presents a detailed investigation of MSZW of
different racemic species—conglomerates and racemic com-
pound in solutions. The experimental data were analyzed
with nucleation theory and crystal structural characteristics.
The MSZW was found to be an inherent characteristic asso-
ciated with thermodynamic properties of racemic species.
For conglomerate, unusual unstable MSZW was identified
and its particular implication in supersaturation control of
preferential crystallization was illustrated.

Experimental

Materials

The (R)- and (S)-4-hydroxy-2-pyrrolidone, (1)- and (2)-N-
methylephedrine, (R)- and (S)-propranolol hydrochloride were
purchased from Sigma–Aldrich (Singapore) and were used as
received. All enantiomers were stored in a refrigerator at about
58C to reduce the risk of decomposition. The 4-hydroxy-2-pyr-
rolidone is a versatile chiral intermediate for the synthesis of
many biological active compounds.21 N-methylephedrine
belongs to the class of ephedrines, which are potential central
nervous stimulant drugs. Methylephedrine is an antitussive,
which is contained in many over-the-counter cough and cold
mediations, often mixed with other drugs.22 Propranolol
hydrochloride is a synthetic b-adrenergic receptor blocking
agent widely used in the treatment of hypertension and cardiac
arrhythmias.23 Figure 2 shows the molecular structures of the
above racemic species used in this work.

Analytical grade isopropanol and methanol were purchased
from Aik Moh Paints & Chemicals (Singapore) and were
used as received. The ultra pure deionized water was
obtained through a Millipore ultrapure water system (Milli-Q
Gradient A10 System).

Experimental set-up

The MSZWs of the solutions for racemate and its respec-
tive pure enantiomer were determined using a 35-ml jacketed
glass crystallizer under same cooling conditions controlled
by a Julabo FP 50-ME cooling circulator. Both visualization
and a Lasentec S400A FBRM probe were used to detect the
onset of nucleation and dissolution. MSZW depends on
many variables; therefore all the experimental conditions
were kept constant except for starting concentrations and

cooling rate. Standard procedure was followed to carry out
the MSZW measurements.24 The values of solubility and
MSZW were repeated three times to check the reproducibil-
ity. During the three repeated measurements, the deviation of
MSZW was circa 0.68C.

Cooling preferential crystallizations were carried out in a
Mettler Toledo LabMax Automatic Laboratory Reactor sys-
tem. As shown in Figure 3, it was equipped with a 600-ml
jacketed curved-bottom glass crystallizer, a downward glass
propeller stirrer driven by a heavy duty motor, a temperature
sensor, a solenoid diaphragm dosing pump, and a balance.
The temperature control and monitoring, solvent addition and
stirring speed were performed in an automated and highly
accurate mode. The temperature of the crystallizer was meas-
ured at 2-s intervals throughout a crystallization run. A
Lasentec S400A FBRM was used for in situ monitoring the
change of count number of the fine particles.

For a typical preferential crystallization, 20% ee R-enan-
tiomer saturated solutions were prepared at circa 368C. After
slightly supersaturated at circa 358C, pure R-enantiomer
seeds were added into the solutions and cooled down from
35 to 58C according to the proposed cooling profiles. The
seeds were prepared by fast evaporating the solution of cer-
tain amount of pure R-enantiomer (circa 0.3 g) in isopropa-
nol. The optical purity of crystal products were measured
using a Mettler Toledo DSC 822e Module (heat flux DSC),
together with the STARe software. Samples of 3–6 mg were
prepared in standard 40-ll aluminum crucibles. The crucibles
were sealed with a perforated cover. The optical purity was
also verified using a JASCO P-1020 digital polarimeter,
which was equipped with a sodium vapor lamp emitting
light with a wavelength of k 5 589.3 nm and a quartz cell
of 50-mm path length. The crystal size distribution was
measured using an off-line Malvern Mastersizer 2000 with a
Hydro 2000 lP dispersion cell unit with n-hexane as the liq-
uid dispersion medium.

Results and Discussion

MSZW of 4-hydroxy-2-pyrrolidone in isopropanol

The characterization and solubility of 4-hydroxy-2-pyrroli-
done have been studied in our previous work and it was
identified as a conglomerate.19 The MSZWs of 4-hydroxy-2-
pyrrolidone with different enantiomeric compositions (R-,

Figure 1. Crystal lattices of the three fundamental types of racemates.

(a) a conglomerate; (b) a racemic compound; (c) a pseudoracemate.
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RS-, 20, 25, 40, 50, and 75% ee) under different cooling
rates 1, 5, and 108C/h are given in Figure 4. The MSZWs
were determined using FBRM. The maximum allowable
supersaturation was expressed in terms of the maximum
allowable undercooling (Tdissolution 2 Tnucleation).

Figure 4 shows that the maximum allowable undercoolings
greatly depend on the saturation temperatures as well as the
cooling rates. When the cooling rate was constant, the
MSZWs became narrower at higher saturation temperatures.
This is consistent with the classical nucleation theory.24 At
higher temperature, the saturated solute concentration is
higher. Therefore, there would be more molecules and more
chances for molecule additions to reach the critical cluster
which would result in faster nucleation and subsequent
growth of the observable nucleus.

However, it is most interesting to notice that there was no
significant difference of MSZWs under the similar operating
conditions when the enantiomeric excess changed from 20

to 100% (pure R) although the corresponding solubility
decreased almost 50%. This could be one of the characteris-
tics of a conglomerate forming system. In solution, although
the physical properties of both R and S are the same, the two
enantiomers respond separately to form crystal nucleus,
which means that the MSZW will be dependent on only con-
centration of isolated enantiomer. The following relationship
of MSZWs with cooling rates will give some further quanti-
tative analysis.

MSZW measurements are a simple method for estimation
of relative nucleation data. Because of the lack of success of
the classical nucleation theories in explaining the behavior of
real systems, as discussed by Mullin,24 the empirical power
law is widely used to describe the primary nucleation in
industrial crystallizer.

J ¼ knDc
n
max (1)

Figure 2. Molecular structures.
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where J is the primary nucleation rate, kn is the nucleation
rate constant and Dcmax is the maximum allowable supersatu-
ration (MSZW).

In the meantime, the nucleation rate can be derived from
classical nucleation relationship by Nyvlt25 in terms of cool-
ing rate q.

J ¼ q
dC�

dT
(2)

Assume that, at least in the initial stage of nucleation, the
mass nucleation rate equals to the rate of production of
supersaturation. The relationship of Dcmax and DTmax can be
expressed as

Dcmax ¼ DTmax

dC�

dT
(3)

The above Eqs. 1–3 can be combined to get

log q ¼ n logDTmax þ ðn� 1Þ log
dC�

dT
þ log kn (4)

This equation indicates that log q is linearly dependent on
log DTmax with a straight line of slope n. This relationship is
often used in laboratory to measure MSZWs.

Figure 5 presents the relationship of log DTmax with log q
for RS, 20 and 25 ee% respectively. The regressed n and kn

are listed in Table 1. Good linearity can be observed for
most of the data points. The nucleation rate constant kn is
normally dependent on temperature, but in the present system
in the studied temperature range (5–408C), this dependence
is very small. Indeed, for RS, 20 and 25 ee% solutions, the
kn dependence on temperature is very weak. For higher ee
solutions, large scatter of kn is observed, especially for low

concentration solutions. This could be due to the experimen-
tal error at low temperature measurements.

In Table 1, it is obvious that the apparent primary nuclea-
tion order (n 5 5.3–7.4) of RS is generally smaller than
those of other cases, especially pure R (n 5 11–16). As we
know, for conglomerate system, the two isomers respond
separately to form crystal nucleus. Therefore, for solutions of
pure R or with certain R enantiomeric excess, it is expected
only R form nucleus at least during the very initial period
and DTmax is only related with supersaturation of R. But for
RS, two isomers should form nucleus at the same time and
the contribution to the apparent nucleation rate is the addi-
tion of both R and S isomers. If the observable nucleation
rate is assumed to be constant, Eq. 1 can be rewritten as

n ¼ log J=kn
logDcmax

(5)

The nucleation rate constant kn can be considered the
same for both R and S enantiomers. Therefore, the above
equation indicates the apparent primary nucleation order n
for pure R or with certain ee% should be bigger than that of
RS solution, which is what was exactly observed for most of
data set in Table 1.

It is also very interesting to note that small apparent pri-
mary nucleation order n (circa 7–8) was also observed in
several cases. This could be due to some extent of nucleation
of S, which could initiate itself or could be induced by spon-
taneous nucleation of R when the supersaturation surpasses a
critical level.

Actually, when high supersaturations within the metastable
zone are used, some conglomerates will form crystals that

Figure 3. Experimental set-up.

(1) Computer; (2) LabMax; (3) Julabo cooling/heating refrigerator; (4) Heavy duty stirrer; (5) Condenser; (6) Temperature sensor; (7) 600-
ml double-wall crystallizer; (8) FBRM; (9) PVM; (10) Solvent bottle; (11) Dosing pump; (12) Balance.
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Figure 4. Experimental metastable zone widths of R-4-hydroxy-2-pyrrolidone in IPA for different cooling rates.

(a) R-, (b) RS-, (c) 20% ee, (d) 25% ee, (e) 40% ee, (f) %50 ee, and (g) 75% ee.

AIChE Journal September 2008 Vol. 54, No. 9 Published on behalf of the AIChE DOI 10.1002/aic 2285



contain domains of both lattices in a single crystal, which
means that the enantiomerically pure seed could nucleate the
other enantiomer at its surface. One typical example is in the
synthesis of agrochemical paclobutrazol where resolution of
a racemic chiral ketone is involved.26 Only when very low
supersaturation (18C undercooling) was used, did the effects
of nucleating the unwanted isomer disappear to give the
product with a high optical purity. This phenomenon at
higher supersaturation was also observed on b-phenylglyceric
acid.27

Hongo et al.13,14 showed the stability of supersaturated DL-
serine m-xylene-4-sulfonate dehydrate and identified two
metastable regions where the supersaturation was relatively
unstable in the second region. In the studies of nuclei breed-
ing from a chiral crystal seed of NaClO3,28–30 it was found
that at low supersaturation all nuclei were of the same chiral-
ity. At relatively high supercooling, but still lower than the
critical value for spontaneous nucleation, many nuclei with
opposite chirality to that of seed were formed. The similar
findings were reported by Davey et al.31 in triazolylketone
chiral crystallization. The current experimental findings and

those found in the literature, all of these suggest that even
within the metastable zone, the supersaturation of target
enantiomer is tightly associated with nucleation of its opposite
enantiomer. This kind of nucleation is unwanted and should be
inhibited in the preferential crystallization application.

MSZW of N-methylephedrine in the mixture of
isopropanol and water

The characterization and solubility of N-methylephedrine
have been studied in our previous work and it was also iden-
tified as a conglomerate.18

The MSZW measurements of N-methylephedrine in the
mixture of isopropanol and water (Vol 5 1:3) under cooling
rate 28C/h are given in Figure 6. When the cooling rate was
constant, the MSZWs became narrower at higher saturation
temperatures. Similar to that of 4-hydroxy-2-pyrrolidone sys-
tem, the MSZW of N-methylephedrine in the mixture of iso-
propanol and water is also independent of enantiomer excess.

The MSZWs were measured at three cooling rates (2, 10,
308C/h) and the relationship of log DTmax with log q is

Figure 5. Relationship of log MSZW (log DTmax) with cooling rate (log q) for 4-hydroxy-2-pyrrolidone.

(a) RS, (b) R-, (c) 20% ee, and (d) 25% ee.
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shown in Figure 7. The regressed n for pure N-methylephe-
drine, 25 and 75 ee% is between 6.1 and 6.8, while n for ra-
cemic mixture is circa 4.3. This is again one of the character-
istics for a conglomerate as observed in 4-hydroxy-2-pyrroli-
done system.

MSZW of propranolol hydrochloride

The characterization of propranolol hydrochloride as a ra-
cemic compound system was reported in our previous
study.17 The solubility of propranolol hydrochloride in the

mixture of methanol and isopropanol (Vol 5 1:5) is shown
in Table 2 and the solubility of propranolol hydrochloride in
the mixture of water and isopropanol (Vol 5 1:4) is shown
in Table 3, where a is the solubility ratio of RS to R.

The general trend of narrower MSZW with higher temper-
ature is again observed here. However, unlike the conglomer-
ates of 4-hydroxy-2-pyrrolidone and N-methylephedrine,
which have similar MSZWs for the pure enantiomer and its
corresponding racemic mixture, the MSZWs of pure (R)- and
(RS)-propranolol hydrochloride are quite different. As shown
in Table 2, under the same saturated temperature, (RS)- gave
a wider MSZW than that of pure (R)-enantiomer, although
the solubilities of RS were larger than R in the mixture of
methanol and isopropanol (Vol 5 1:5).

On the contrary, as shown in Table 3, under the same satu-
rated temperature, (RS)- gave a smaller MSZW than that of
pure (R)-enantiomer. The difference for the above two systems
is in the solubility ratio a of RS to R in different solvents.

Table 1. Regressed n and kn for Different Concentrations of
4-Hydroxy-2-Pyrrolidone

ee% T (8C) n kn (m23 s21)

RS_4_HP 34.5 6.0 1.7 3 105

32.5 5.8 1.4 3 105

30.0 5.6 1.2 3 105

27.0 5.6 1.6 3 105

23.5 5.3 1.3 3 105

20.0 5.3 1.8 3 105

15.0 7.6 4.8 3 104

10.0 7.4 8.0 3 104

5.0 7.4 2.4 3 104

20% ee_R_4_HP 40.0 13.2 2.5 3 104

35.0 10.4 2.3 3 104

31.5 11.0 1.3 3 105

27.3 7.1 1.6 3 105

23.0 7.0 5.2 3 104

19.6 14.3 3.0 3 105

15.0 16.1 1.5 3 106

10.0 16.8 2.2 3 105

5.0 17.0 1.2 3 105

25% ee_R_4_HP 35.0 7.4 2.6 3 104

25.0 8.4 8.5 3 104

20.0 13.0 4.6 3 105

15.0 17.8 1.7 3 105

10.0 17.0 5.4 3 104

5.0 17.1 1.7 3 105

40% ee_R_4_HP 40.0 13.2 1.9 3 105

35.0 12.1 2.5 3 106

30.0 8.5 1.5 3 105

25.0 10.3 3.4 3 105

20.0 8.4 2.8 3 106

15.0 8.2 4.9 3 106

10.0 11.4 1.5 3 107

5.0 13.8 2.4 3 108

50% ee_R_4_HP 35.0 14.0 1.4 3 105

25.0 8.8 2.0 3 105

20.0 7.5 9.0 3 105

15.0 8.2 2.3 3 106

10.0 9.3 5.4 3 107

5.0 14.0 3.2 3 108

75% ee_R_4_HP 35.0 12.0 1.3 3 107

25.0 8.8 4.1 3 106

20.0 7.7 4.6 3 106

15.0 8.4 1.5 3 108

10.0 10.4 1.6 3 109

5.0 16.1 7.3 3 1010

Pure R_4_HP 40.0 11.0 1.2 3 109

35.0 12.3 1.9 3 109

33.2 14.0 1.0 3 1010

30.0 14.1 1.1 3 1010

27.0 14.9 2.2 3 108

25.0 12.4 4.3 3 108

20.0 11.3 1.2 3 105

15.0 14.2 5.9 3 108

10.0 16.0 3.7 3 108

5.0 14.8 2.3 3 1012

Figure 6. Experimental metastable zone widths of N-
methylephedrine in the mixture of IPA and
water (Vol 5 1:3) for different enantiomeric
excess.

Figure 7. Relationship of log MSZW (log DTmax) with
cooling rate (log q) for N-methylephedrine (T
5 30.08C).

AIChE Journal September 2008 Vol. 54, No. 9 Published on behalf of the AIChE DOI 10.1002/aic 2287



This interesting phenomenon could be explained from the
arrangement of two enantiomer molecules in the crystal lattice
for a racemic compound and classical nucleation theory.

As for a racemic compound, the two enantiomers form a
1-1 mixed well-defined crystal lattice in equal proportions
(Figure 1b). According to the classical nucleation theory, the
MSZW of RS will be dependent on the concentrations of
both enantiomers. Since the solubility of RS is not definitely
related to that of pure enantiomers and it can be either
greater or smaller than that of pure-enantiomer,1,2 three cases
could arise.

(i) The solubility ratio a of racemate to pure enantiomer is
smaller than 1 (a \ 1). In this case, the solubility of race-
mate is smaller than that of pure enantiomer. The MSZW of
racemate is wider than that of pure enantiomer because less
solute molecules are in the solution to undergo collision to
form embryos and develop into nuclei. This case is widely
observed in many racemic compound systems such as keto-
profen.20

(ii) The solubility of racemate is bigger than that of pure
enantiomer, but the ratio is smaller than 2 (1 \ a \ 2). In
this case, although more molecules are in the solution, the
R-molecules and S-molecules are required to arrange in
equal quantities to form RS racemate. Therefore, the effec-
tive concentration to form nuclei is actually only half the
total concentration. Since a \ 2, the effective R concentra-
tion (R:S 5 0.5:0.5) is smaller than that of pure enantiomer.
Therefore, the MSZW of racemate should be bigger than
that of pure enantiomer. This is true for current studied ra-
cemic compound propranolol hydrochloride, where the solu-
bility ratio of RS to R is bigger than 1 but less than 2 in the
mixture of methanol and isopropanol (Vol 5 1:5) as shown
in Table 2. The similar phenomenon was also observed in
the mandelic acid system.15,16 The solubility of (DL)-man-
delic acid is smaller than twice that of the (D)-mandelic
acid approximately at certain temperature ranges of (0–
258C and 37–608C). The corresponding MSZW of (DL)-
mandelic acid is bigger than that of (D)-mandelic acid. This
is unlike the above conglomerate systems where two enan-

tiomers are not associated in solution and the MSZW is in-
dependent of enantiomeric excess.

(iii) The solubility of racemate is bigger than twice that of
pure enantiomer (a [ 2). As mentioned above, the effective
R concentration is bigger than that of pure enantiomer. In
this case, the MSZW of racemate should be smaller than that
of pure enantiomer. This is the case for propranolol hydro-
chloride in the mixture of water and isopropanol (Vol 5 1:4)
as shown in Table 3. This phenomenon was also observed in
the mandelic acid system.15,16 The solubilities of (DL)-man-
delic acid are bigger than twice that of the (D)-mandelic acid
approximately at certain temperature range of 23–368C. The
corresponding MSZW of (DL)-mandelic acid is smaller than
that of (D)-mandelic acid.

The above analysis indicates a cut value of 2 of a is appa-
rently related to the MSZW in racemic compound systems.
This could be used as a new additional criterion to determine
whether a racemate crystallizes as a racemic compound or
conglomerate crystal. It could be particularly helpful when
such a special racemic compound is met which shows quite
similar other properties (for example, binary/ternary phase
diagram of propranolol hydrochloride is similar to that of a
conglomerate).17,23

Implications of MSZWs of 4-hydroxy-2-pyrrolidone in
optical resolution by preferential crystallization

Preferential crystallization is an effective and cheap technol-
ogy for optical resolution of conglomerates and it is normally
operated as batchwise.1–4 It consists of alternate selective
nucleation/ crystallizations32 of each antipode from a supersatu-
rated mother liquor containing a slight excess of one enan-
tiomer or even a supersaturated racemate solution, by seeding
with respective pure enantiomer crystals.1–3,5–9

In view of thermodynamic aspects, it is crucial to keep the
supersaturation of the undesired enantiomer in its metastable
zone. But the present MSZW analysis suggests that it is para-
mount to control supersaturation within a critical value to
avoid spontaneous nucleation of both enantiomers, to inhibit
possible secondary initiated nucleation of undesired isomer

Table 2. Solubilities and MSZWs of (R)- and (RS)-Propranolol Hydrochloride in the Mixture of
Methanol and Isopropanol (Vol 5 1:5)

Tsat (8C)
CRS (mg Solute/ml

Solvent)
CR (mg Solute/ml

Solvent) a DTmax_RS (8C) dTmax_R (8C)

35.0 14.3 9.6 1.49 17.0 11.5
30.6 13.2 8.7 1.52 19.7 13.3
28.6 11.7 7.9 1.48 20.4 16.5
23.0 9.6 6.8 1.41 27.0 23.2
19.0 8.2 5.9 1.39 30.8 26.0
16.0 7.5 5.5 1.36 – –
12.0 6.8 5.1 1.33 – –

Table 3. Solubilities and MSZWs of (R)- and (RS)-Propranolol Hydrochloride in the Mixture of
Water and Isopropanol (Vol 5 1:4)

Tsat (8C)
CRS (mg Solute/ml

Solvent)
CR (mg Solute/ml

Solvent) a DTmax_RS (8C) dTmax_R (8C)

40.0 74.5 13.4 5.6 15.1 22.9
35.0 53.4 11.1 4.8 16.2 25.3
30.0 33.0 7.5 4.4 17.9 27.9
25.0 24.6 7.2 3.4 19.2 [24.6
20.0 17.2 5.9 2.9 – –
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when the supersaturation surpasses a critical range. A satu-
rated solution of 20 %ee R-4-hydroxy-2-pyrrolidone in iso-
propanol was used as the starting point to illustrate the im-
portance of this kind of critical supersaturation control.

To control the supersaturation, a population balance is
needed to model a batch crystallizer. Some general assump-
tions are made in order to simplify the mathematical model.

(i) The crystallization process proceeds in a batch crystal-
lizer without input or output.

(ii) Crystal agglomeration and breakage are negligible.
(iii) The crystals in the crystallizer are well suspended

without accumulation of crystals.
(iv) Crystal nuclei have negligible size.
With the above assumptions, the population balance is

@nðL; tÞ
@t

þ @½GðL; tÞnðL; tÞ�
@L

¼ 0 (6)

where n is the population density of crystals and G is the
crystal growth rate.

The orthogonal collocation method33 was used here to
solve the population balance equation to predict the cooling
profile to control the supersaturation. The batch time period
is divided into k time steps, each with length of Dt. At the
time t 5 j Dt, m 1 1 points are chosen to calculate the popu-
lation density for the time t 5 (j 1 1)Dt, with the size Lj,0,
Lj,1, . . ., Lj,m and population densities nj,0, nj,1, . . ., nj,m. The
first index (j 5 0,1,. . .,k) denotes the time interval number
and the second index indicates the series number of points of
the crystal size distribution.

For seed crystals,

~njþ1;i ¼
~nj;i

1 þ @GðL;tÞ
@L

�
�
�
L¼Lj;i;t¼jDt

Dt
(7)

For newly formed crystals,

njþ1;i ¼
nj;i�1

1 þ @GðL;tÞ
@L

�
�
�
L¼Lj;i�1;t¼jDt

Dt
(8)

Crystal size L can be expressed as

Ljþ1;i � GðLj;i; jÞDtþ Lj;i (9)

The boundary condition is

nðL0 ¼ 0; tÞ ¼ Bo

GjL ¼ 0
(10)

Crystallization kinetics and solubility equation have been
measured in our previous work.8

B ¼ 3:4 3 106 3 G1:9 3 M0:47
T (11)

G ¼ 4:4 3 105 3 expð�15000=RTÞ 3 Dc1:35 (12)

DcðtÞ ¼ cðtÞ � c�ðTðtÞÞ (13)

c�ðTÞ ¼ 0:007227þ 0:000139ðT� 273Þþ 8 3 10�6ðT� 273Þ2

(14)

where B is the nucleation rate, MT is the crystal suspension
density and c* is the solubility at temperature T.

The second moment of the distribution was used for mass
balances, where h is a conversion factor equal to the volume
of slurry per mass of solvent. Because the supersaturation is
set as known, the energy balance is not required to project
the cooling profile.

dcðtÞ
dt

¼ �3qkvhGm2 (15)

The above equations are combined together to obtain tem-
perature profile for a given supersaturation Dc. For a satu-
rated solution of 20% ee R-4-hydroxy-2-pyrrolidone in iso-
propanol, the starting temperature T0 is circa 358C. After
seeding with R-enantiomer crystals, the solution can be
cooled down until to circa 188C where the solution tends to
be racemic RS (0% ee). In this region, only R-enantiomer is
supersaturated. Figure 4 indicates that the applicable supersa-
turation for S-enantiomer is 7–178C. It should be noted that
MSZW were measured in 35-ml crystallizer under homoge-
nous condition and they should be narrower in the real world
(larger size crystallizer and large crystals exist in the seeded
preferential crystallization etc). More importantly, as present
MSZW results suggest as well as suggested by Botsaris
et al.,13,14,28–31 at relatively high supercooling, but still lower
than the critical value for spontaneous nucleation supercool-
ing, many nuclei with opposite chirality to that of seed could
form. Therefore, the supersaturation should be kept even
low. As all these factors are taken into considerations, three
supersaturations, namely Dc 5 0.0018, 0.0020, and 0.0022
kg/kg solvent, were used to simulate the batch crystallization
process. The calculated temperature via time curves are
shown in Figure 8 respectively. They are typical cooling
curves for batch crystallizer at constant supersaturation as the
initial temperature decreases very slowly to prohibit unwanted
nucleation while the temperature decreasing trend accelerates
with time. Indeed, the simulated cooling profiles are also quite
similar to those obtained from other simplified model.8

The temperature of the solutions inside the crystallizer was
well controlled according to the proposed curves by the Lab-
Max system. The chord length distributions over the whole
crystallization process were recorded using FBRM as shown
in Figure 9. A deep increase of fine counts (1–5 lm) was
observed when Dc 5 0.0022 kg/kg solvent was used, which
implies that a sudden nucleation could happen at this time.
There was no any evident change in the fine counts (1–
5 lm) recorded for the other two cases.

The DSC thermograms of final crystal products obtained
from the three experiments as well as the pure R-enantiomer
and RS racemate are shown in Figure 10. The optical purity
of the final crystal products were also verified by means of
polarimetry. Table 4 lists the optical purities. When the
supersaturation is Dc 5 0.0018 and 0.0020 kg/kg solvent, the
final crystals show very pure optical purity. This indicates
that the induced nucleation of S-enantiomer was effectively
inhibited by controlling the supersaturation of R-enantiomer
within the current critical value (0.0020 kg/kg). This is also
shown in the FBRM observations (Figure 9).

However, when the supersaturation exceeds this critical
point, i.e., 0.0022 kg/kg solvent, the product optical purity
begins to decrease to circa 85%. As discussed previously,
this purity drop could come from the induced S-enantiomer
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nucleation13,26–31 when the supersaturation surpasses a cer-
tain level. Indeed, as shown in Figure 9c, a sudden nuclea-
tion was observed from the in situ chord length distribution
using FBRM.

In the aspect of crystal size distribution and crystal habits,
it is interesting to find that there is no significant difference

for the three operations at different supersaturations. Figure
11a presents the crystal size distribution for the final crystal
products. For comparison, the crystal size distribution of the
prepared seeds as well as the simulated crystal size distribu-
tion of final crystals are also shown in Figure 11. It should
be noted that the measured crystal size distribution does not
perfectly match the simulated crystal size distribution, but
the main shapes and the newly formed crystals are consistent
with each other. This difficulty in recovering crystal size dis-
tribution from moment transformations has been well dis-
cussed by Rawlings et al.34 Many efforts have been tried to
optimize batch crystallization using various objectives, such
as mean crystal size and coefficient of variation,35,36 seed ra-
tio,37,38 and even shape.39 But for preferential crystallization

Figure 8. Cooling profile.

(a) Dc 5 0.0018 kg/kg solvent, (b) Dc 5 0.0020 kg/kg sol-
vent, and (c) Dc 5 0.0022 kg/kg solvent.

Figure 9. FBRM record of the number of fine counts.

(a) Dc 5 0.0018 kg/kg solvent, (b) Dc 5 0.0020 kg/kg sol-
vent, and (c) Dc 5 0.0022 kg/kg solvent.
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process, current results show that the critical supersaturation
is the most important factor to get high optical purity.

Conclusions

We investigated the characteristics and mechanism of
MSZWs for two different racemic species- racemic conglom-
erate, and racemic compound. The MSZWs of both studied
conglomerates 4-hydroxy-2-pyrrolidone and N-methylephe-
drine were found independent of enantiomer excess and the
data at different cooling rates were in good agreement with
classical nucleation theory. That is consistent with the char-
acteristic of two enantiomers forming separate crystals for a
racemic conglomerate. The different orders of primary nucle-
ation rate at different enantiomeric excess indicate there may
exist critical supersaturation beyond which the nucleation of
opposite isomer could occur. This detailed experimental
investigation of metastable zone in conglomerate system
highlights crucial supersaturation control in preferential crys-
tallization process.

For the racemic compound propranolol hydrochloride, its
solubility characteristics and ternary phase diagram are quite

similar to that of a conglomerate, but its MSZW was obvi-
ously dependent on the enantiomer excess. A cut value 2 of
solubility ratio a was found to be correlated with the MSZW
differences between racemate and pure enantiomers. The
MSZWs of racemic compounds—mandelic acid and ketopro-

Figure 10. Product purities with different operating
supersaturations.

Table 4. Final Crystal Products Properties with Different
Operating Supersaturations

Experiment

DSC
Sample

(mg)
Temperature

(8C)

Polarimeter
Sample

(mg/10 g)
IPA a

Optical
Purity
(ee%)

dc 5 0.0018
(kg/kg)

3.54 155 180 0.2602 100

Dc 5 0.0020
(kg/kg)

3.31 155 180 0.2601 100

dc 5 0.0022
(kg/kg)

5.24 153 180 0.2217 85.2

Figure 11. Crystal size distributions (a) from optimal
operation at different supersaturations; (b)
seed CSD; (c) Simulated final crystal size
distribution; Dc 5 0.0018 kg/kg solvent.
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fen were also analysed and found to comply with the same
findings. This reflects the properties of the evenly distributed
molecules in the crystal lattice of a racemic compound. It
suggests that MSZW can be used as an additional and impor-
tant characteristic to identify these two kinds of racemates.

The implication of MSZW, particularly the existence of
critical supersaturation in conglomerate system was demon-
strated in the preferential crystallization of 4-hydroxy-2-pyr-
rolidone in isopropanol. The in situ monitoring shows that
relatively high supersaturation of the target enantiomer
induced spontaneous nucleation of the undesired enantiomer,
which accordingly resulted in low optical purity. The pro-
posed optimal temperature trajectory to control the critical
supersaturation successfully inhibited the induced nucleation
of the undesired enantiomer, and hence produced almost
optically pure crystals.
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