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ABSTRACT: The objective of the present paper is to show the utility of combining distinct online and in situ probes, tracking both
the solid and the liquid phases, to come to a full understanding of the mechanism underlying polymorphic transformations. The
study focuses on the batch crystallization process of etiracetam (racemic intermediate to the synthesis of levetiracetam [Keppra,
UCB Pharma], presenting two enantiotropically related crystallographic forms) in methanol, as this process relies on a polymorphic
transformation in solution prior to the isolation of the final compound. The polymorphic transformation is shown to follow a
solvent-mediated polymorphic transformation mechanism, which is characterized by three successive phases. Identification and
understanding of each of these phases requires the knowledge on the nature of the crystallographic form (Raman probe), the
variations in particle size distributions (FBRM probe) as well as the solute concentration in solution (ATR-FTIR probe), showing
the necessity of combining these different online analyzers.

1. INTRODUCTION

1.1. Polymorphic Transformations. One of the most fre-
quently used industrial processes to achieve the required purity
of active pharmaceutical ingredients (APIs) combines a solution
crystallization operation, often by cooling, with a separation of
the obtained crystals from the mother liquid.1,2 Frequently, the
development of crystallization processes still relies on an empiri-
cal trial-and-error approach, which does not always yield a robust
and optimized process. Furthermore, a lack of process under-
standing may lead at later stages (scale-up or production) not
only to process-related issues (e.g., caking, difficulty to determine
the end point of the process, etc.) but also to inconsistency in the
quality of the product. One such quality attribute, depending on
the crystallization conditions, is the final crystallographic form of
the solid crystals.3 Especially for APIs, this form is of importance
to avoid stability, solubility, or bioavailability issues. Moreover, it
is not uncommon to observe the appearance of several crystal-
lographic forms during a crystallization process. To ensure the
crystallographic form of the final product, it is of importance to
understand the physicochemical phenomena underlying the
formation of the different crystallographic forms and the me-
chanism of the polymorphic transformation leading from one
form to another.
Trying to understand the transformation of one form to the

other can, in principle, be achieved through sampling and offline
analysis, although this is tedious and often leads to a limited
insight into the polymorphic transformation process, due to the
complexity of this latter. Over the recent years, important

advances have therefore been made in analyzing the process
in situ using online process analyzers. The quality by design
(QBD) guideline of the U.S. Food and Drug Administration
(FDA) encourages the use of process analytical technology
(PAT); online in situ probes such as focused beam reflec-
tance measurement (FBRM), particle vision and measurement
(PVM), Raman, attenuated total reflectance Fourier transformed
infra-red (ATR-FTIR) or near infra-red (NIR) probes are nowa-
days becoming common tools for process development.4 Using
these techniques, sampling is avoided and ‘on the fly’ information
can be obtained. In turn, this can be directly related to changes
occurring in the process.
For solvent-mediated polymorphic transformation studies,

many applications have been developed involving a single
PAT measurement probe: ATR-FTIR,5 NIR,6 Raman,7 or
FBRM.8,9 Although the use of a single measurement probe can
give valuable insight into the process, understanding of complex
process mechanisms often requires the simultaneous use of
different probes. The feasibility of using a FBRM probe to
monitor changes in the morphology of the crystals in conjunc-
tion with a PVM probe10 and a Raman spectroscopic probe11 has
been reported in literature. For the purpose of understanding
the crystallization process and, more specifically, a polymor-
phic transformation, it is important not only to gain informa-
tion on the solid states appearing in the suspension but also to
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understand variations in solute concentration in solution. Under-
standing such a transformation mechanism would therefore
require combining probes such as FBRM and ATR-FTIR,12

Raman and NIR,9 FBRM, PVM, Raman, and ATR-FTIR.13

The objective of this paper is to show how the information
gained from three different in situ and online tools (Raman,
FBRM, and ATR-FTIR) can be combined to come to a full
understanding of the mechanism underlying a solvent-mediated
polymorphic transformation.
1.2. Study Case. The stirred tank cooling crystallization of

etiracetam inmethanol was chosen as a study case, as this process
relies on a polymorphic transformation in solution prior to the
isolation of the final compound.
Etiracetam (Figure 1) is encountered as a racemic intermedi-

ate in the synthesis of levetiracetam, the active ingredient of
Keppra, an antiepileptic drug commercialized by UCB Pharma.
Etiracetam can crystallize in two distinct crystallographic forms,
form I (Figure 2a) and form II (Figure 2b), which are enantio-
tropically related. As shown in previous works, techniques such as
differential scanning calorimetry (DSC),14 Raman spectroscopy
(Figure 3a),15 X-ray powder diffraction (XRPD) (Figure 3b), or
granulometry16 can be used to distinguish the two crystallo-
graphic forms. The solubility of the two forms of etiracetam in
methanol has been determined experimentally by combining
five different experimental techniques.17 The form I and form
II solubilities (expressed in grams of solute per gram of solution:
g/gsol.) are presented in black and grey, respectively, in Figure 4.
The transition temperature of this polymorphic system is equal
to 30.5 �C: form I is the stable crystallographic form below
30.5 �C, while form II is the stable crystallographic form beyond
30.5 �C.15
The crystallization process of etiracetam, adopted by UCB

Pharma, is a batch-cooling solution crystallization which starts by

the dissolution of crude etiracetam in methanol at an initial
etiracetam concentration in solution of approximately 0.6 g/gsol.
A 1 h isothermal hold at 60 �C assures that the compound is
entirely dissolved. The crystallization process can be divided into
two successive steps: the cooling step and the so-called matura-
tion step. Subsequent cooling of the solution from 60 �C occurs
at 15 �C/h and is jacket-controlled. During cooling, the com-
pound crystallizes. Offline analysis (DSC, Raman, XRPD, etc.)
shows that the crystals formed are of form II. The final suspen-
sion is then left overnight at a constant maturation temperature
(Tmat < 30.5 �C), close to 0 �C. During this maturation step, a
polymorphic transformation occurs, leading to form I, which is of
interest from a pharmaceutical point of view. The presence of this
new crystallographic form is confirmed by offline analysis.
Although being used on a large scale, the actual mechanisms

underlying the crystallization process of etiracetam (and more
specifically the polymorphic transformation) were not well
understood. This contribution shows how different online tools
are combined to come to a full understanding of the etiracetam
polymorphic transformation mechanism, combining three dis-
tinct online and in situ probes, tracking both the solid and the
liquid phases.

2. METHODS

All crystallization experiments were carried out in a 2-L
automated Mettler Toledo Labmax reactor. Three online and
in situ analytical probes were inserted in the reactor (Figure 5):
Raman, FBRM, and ATR-FTIR probes (Supporting Information
[SI]). The Raman spectroscopic probe (Horiba Jobin Yvon,
LabRam Aramis, Super Head probe, optical fibre conduct) has a
typical laser power of 200 mW at 785 nm, with exposure time for
the measurement set at 2 min. The FBRM probe (Lasentec,
Mettler Toledo, D600L), allows for chord lengths to be mea-
sured within a 1�1000 μm range with exposure time for the
measurement set at 2 s. These two probes allowed for tracking
over time the properties of the solid phase, i.e. the nature of the
crystallographic form and the chord length distribution of the
suspended crystals, respectively. The ATR-FTIR probe (Mettler
Toledo, ReactIR4000, diamond dicomp 16-mm tip, K6 conduct)
has exposure time for the measurement set at 5 min. A partial

Figure 2. Optical microscopy picture of (a) form I crystals and (b) form II crystals.

Figure 1. Molecular structure of the etiracetam compound.



51 dx.doi.org/10.1021/op200168g |Org. Process Res. Dev. 2012, 16, 49–56

Organic Process Research & Development ARTICLE

least squares calibration model was used to relate the IR signal to
the etiracetam concentration in solution (SI). Mass temperature
was also recorded online over time

For each experiment, crude etiracetam and methanol were
added to the reactor to obtain an initial concentration of
0.57 gram of etiracetam per gram of solution (0.57 g/gsol).
Stirring was ensured by a Mixell TT glass impeller rotating at
400 rpm, chosen in order to obtain a dissipated power per unit
volume of the suspension equal to the one in the industrial vessel.
The cooling rate was jacket-controlled and fixed at 15 �C/h. The
nature of the polymorphic transformationmechanism is assumed
to be independent of the maturation temperature, provided that
this temperature is below the transition temperature (30.5 �C).
For the purpose of this work, the maturation temperature was
fixed at 10 �C. This temperature was found to lead to an optimal

data acquisition for all three probes; while a sufficient density of
crystals was required for the Raman probe, a too high density of
solid particles in suspension interfered with the ATR-FTIR
probe (SI). Finally, it is also assumed that the insertion of PAT
analysers do not influence the nature of the polymorphic
transformation mechanism.

3. RESULTS

In this section, the overall data obtained from the different
online probes are presented, followed, in the next section, by a
detailed discussion of the two steps (cooling step and maturation
step) of the crystallization process. A total of four experiments
have been realized, all leading to similar observations. The time
evolution of the temperature and of the signals recorded by the
three online probes is presented in Figure 6, for one of these four
experiments.

Figure 3. (a) Raman spectra (Horiba Jobin Yvon, LabRam Aramis, 120 s exposure time at 785 nm15) and (b) XRPD pattens (Bruker B8 Advance
diffractometer, monochromatic Cu radiation16) of the form I crystals (black line) and the form II crystals (grey line) (RSD: raman shift displacement).

Figure 4. Experimental solubilities (points), as well as polynomial
second-order regressions (curves), of both form I crystals (black line)
and form II crystals (grey line) in methanol. The transition temperature
is estimated at 30.5 �C.

Figure 5. Two-liter automated Mettler Toledo Labmax reactor instru-
mented with online in situ Raman, FBRM, and ATR-FTIR probes.
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The time evolution of the temperature during the process is
presented by a continuous dark grey line in Figure 6, clearly
showing the cooling step, during which the temperature de-
creases from 60 to 10 �C, followed by the maturation step,
characterized by an isothermal hold at 10 �C. Two exothermic
peaks are observed on the temperature profile, the first one
appearing after 1 h at approximately 45 �C (Figure 7a) and the
second one appearing during the isothermal hold after approxi-
mately 12 h. The temperature oscillation observed after this
second peak is due to the ID temperature regulator of the
automated Labmax reactor. The time period between the begin-
ning of the cooling step and the onset of the first exothermic peak
will be referred to as the crystallization time andwritten tcryst. The
time period between the beginning of the maturation step and
themaximumof the second exothermic peak will be referred to as
the latency time and written tlatency.

The most useful part of the Raman spectra allowing a
distinction between the two crystallographic forms of the sus-
pended crystals extends from 1300 to 1400 cm�1. Particularly,
suspended form I crystals show two significant peaks at 1340
and 1375 cm�1, while suspended form II crystals show three
significant and distinct peaks at 1332, 1353, and 1382 cm�1,
respectively.17 The crystallographic form of the suspended crys-
tals, as observed by the Raman probe, is presented in the upper
box in Figure 6. This upper box is highlighted according to the
nature of the crystals in the suspension: light grey corresponds
to form II crystals, black corresponds to form I crystals, and
dark grey corresponds to a mixture of both crystallographic
forms. The white color is used when no crystals are detected in
suspension.

A lot of process insight can be gained from analysis of the
chord length distributions (CLD) recorded by the FBRM probe
over time (SI). One such statistical parameter considered in this
work, presented by a continuous light grey line in Figure 6, is the
mean size of the crystals in suspension. The chord counts
per second (counts/s) in four crystal size intervals are also
presented in a and b of Figure 8 (class 1 - fine: 1 at 12 μm, class
2 - fine: 11 at 39 μm, class 3 - medium: 36 at 117 μm, class 4 -
coarse: 109 at 288 μm).

The continuous black line in Figure 6 represents the time
evolution of the etiracetam concentration in solution extracted
from the ATR-FTIR signal.

4. DISCUSSION

In this section, the data obtained using the different probes are
combined to understand the underlying crystallization mecha-
nisms occurring respectively during the cooling step (Figure 9a)
and maturation step (Figure 9b).
4.1. Cooling Step. As shown, the crystallization time, as

defined previously (tcryst ≈ 1 h), coincides with the detection
of the first crystals by the FBRM and the Raman probes. Before
t = tcryst, only a background noise signal is detected by the FBRM
probe. At t = tcryst the counts/s in the four classes drastically
increases (Figure 8), indicative of a drastic increase of the
number of crystals in suspension. This increase is also observed
in the time evolution of the mean size of the crystals (Figure 9a).
Raman analysis indicates the formation of form II crystals.
The solution temperature at t = tcryst, commonly called the

Figure 6. Time evolution of the etiracetam concentration in solution,
the temperature of the solution, the mean size of the suspended crystals
and the nature of their crystallographic form (in the upper box: white =
no crystal, light grey = form II, dark grey =mixture of both forms, black =
form I). Conc. = concentration, Temp. = temperature, * = crystallization
time. The values of the concentration are multiplied by 100 for a better
representation of all data in the same figure.

Figure 7. Presence of (a) a first exothermic peak during the cooling step and (b) a second exothermic peak during the maturation step.
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crystallization temperature, lies below the thermodynamic solu-
bility temperature (∼50 �C). This crystallization temperature
limits the metastable zone, whose width essentially depends on
the hydrodynamic conditions in the 2-L reactor.35,36 Although
not detected by the FBRM and the Raman probes, microscopic
crystals are expected to be present in suspension just before
t = tcryst (or just before T = Tcryst.). This is confirmed by
the observed slight decrease of the etiracetam concentration in
solution before t = tcryst (Figure 9a). At t = tcryst the solution
concentration lowers instantly. This sudden appearance of par-
ticles as well as substantial drop in the etiracetam concentration
in solution, occurring during a relatively reduced time interval

(i.e., t = tcryst ( 3 min), is characteristic of an initial spontaneous
crystallization. As the transformation from dissolved to solid state
is exothermic, a temperature increase is observed after t = tcryst
(Figures 7a and 9a).
After t = tcryst (or T = Tcryst.), further cooling leads to a rapid

consumption of the supersaturation by crystal growth and/or
secondary nucleation, leading at all times to an etiracetam
concentration in solution that is approximately equal to the
form II solubility (Figure 10). The increase in number of large
particles (Figure 8b) confirms crystal growth occurs during the
entire cooling stage. The increase in number of small particles
(Figure 8a) can be attributed either to secondary nucleation, to

Figure 8. Time evolution of the chord counts/s in (a) the two smallest particles classes and (b) the two largest particles classes. Mean size of the
suspended crystals and nature of their crystallographic form (in the upper box: white = no crystal, light grey = form II, dark grey =mixture of both forms,
black = form I).* = crystallization time. The values of the mean size are multiplied by 100 for a better representation of all data in the same figure.

Figure 9. Time evolution of the etiracetam concentration in solution, the temperature of the solution, the mean size of the suspended crystals and the
nature of their crystallographic form (in the upper box: light grey = form II, dark grey =mixture of both forms, black = form I) during (a) the cooling step
and (b) the maturation step. Conc. = concentration, Temp. = temperature,j = phases of the maturation step (detailed in section 4.2). The values of the
concentration are multiplied by 100 for a better representation of all data in the same figure.
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breaking or attrition of the larger crystals. Below the solid�solid
transition temperature (30.5 �C), the solution is supersaturated
with respect to form I crystals (Figure 4). Nevertheless, no form I
crystals are detected by the Raman probe (Figure 9a), which is
most likely due to the low nucleation rate of the form I crystals.
After 3 h and 20 min, the temperature of the form II suspension
reaches the maturation temperature of 10 �C. The etiracetam
concentration in solution stabilizes at the form II solubility at
10 �C (0.24 g/gsol) (Figures 9a and 10). The mean size of the
suspended form II crystals and the crystal counts/s in each class
of the CLD stabilize at this stage (Figure 9a).
During cooling, a spontaneous crystallization of form II

crystals is thus observed. Although no polymorphic transforma-
tion occurs during cooling, the data obtained from the online
probes gives valuable insight into this first step of the process, and
confirms the presence of a single crystallographic form after
initial crystallization.
4.2. Maturation Step. At 10 �C, the so-called maturation step

starts during which the polymorphic transformation occurs as
will be shown later on.
The concept of using particle size analysis to determine the

mechanism of polymorphic transformation has been reported
since 1985.37 The particle size distribution (PSD) of the sus-
pended crystals either will essentially remain unchanged during
the polymorphic transformation if this latter proceeds via a solid-
state transformation or will change to a more significant extent
if the polymorphic transformation occurs through a solvent-
mediated transformation. Monitoring the PSD over time during
an isothermal hold can therefore allow identifying the nature of
the polymorphic transformation mechanism, provided that the
PSD of the stable and the metastable crystals are significantly
different9 and assuming that no other phenomenon (breaking,
attrition, agglomeration, secondary nucleation, etc.) interferes
with the polymorphic transformation and affects the PSD of the
crystals. Figure 8 shows significant changes to occur in the FBRM
population statistics about 10 h into the maturation step. As
shown later on, at this stage a change in crystal form occurs, and
the FBRM data thus indicate the transformation mechanism

from the metastable form II crystals towards the stable form I
crystals to be a solvent-mediated, polymorphic transformation
mechanism.
Such a transformation typically involves three phases, which

are presented in Figure 9b:7,38�40 (j 1) nuclei of the most stable
form appear in suspension, a process driven by the supersatura-
tion with respect to this form; (j 2) these nuclei start to grow,
and the crystals of the metastable form simultaneously dissolve;
(j 3) once all of these latter are completely dissolved, the crystals
of the stable crystallographic form grow until the equilibrium
etiracetam concentration of stable form in solution is reached.
Each of these phases will be studied separately in detail hereafter,
on the basis of the data obtained using the three probes.
The first phase (j 1) starts at the onset of the maturation step.

The solution is supersaturated with respect to form I (Figures 4
and 10). From a thermodynamic point of view, form I nuclei are
therefore expected to appear in suspension. However, the Raman
probe does not detect any such crystals, most likely due to the
limited number and size of these crystals. Moreover, the etir-
acetam concentration in solution remains equal to the form II
solubility (0.24 g/gsol at 10 �C). The slight increase of the mean
size of the crystals in suspension is attributed to the Ostwald
ripening process of the form II crystals. This first phase (j 1)
ends when the form I crystals reach a sufficient size that allow
their detection by the PAT analysers. The time up to the
detection of these first crystals can be divided into the following
three characteristic times: (i) a nucleation time, during which the
first nuclei appear; (ii) a growth time, during which the nuclei,
previously formed, grow; and (iii) a latency time, corresponding
to the time needed for the crystals to become sufficiently large for
the PAT analysers to be able to detect them.1,2 As the former two
are quite substantial, it takes approximately 10 h into the
maturation zone before any significant change is observed in
the etiracetam suspension characteristics.
The second phase (j 2) starts from the moment form I crys-

tals are detected by the FBRM and the Raman probes. During the
entire duration of the second phase, the Raman probe detects
form I and form II crystals in suspension (Figure 9b, upper box
highlighted in dark grey). During this second phase, the form I
crystals consume the form I supersaturation, most likely both
through crystal growth, as well as through secondary nucleation.
As the etiracetam concentration in solution now drops slightly
below the metastable form II solubility, the form II crystals start
to dissolve. In the case of etiracetam in methanol, the etiracetam
concentration in solution remains slightly less than the form II
solubility, indicating the global dissolution of form II crystals to
occur more rapidly compared to the overall mass increase of form
I crystals.39,40 Mass increase of form I crystals, and dissolution of
form II crystals is illustrated by the FBRMdata shown in Figure 8.
The increase of the crystal counts/s of classes 1 up to 3 can be
attributed to the number increase of the small form I crystals
either by growth or by secondary nucleation while the decrease
of the crystal counts/s of the fourth class is indicative of the
dissolution of the form II crystals previously formed. The sum of
these phenomena results in an overall decrease of the mean
crystal size.
The third phase (j 3) starts when the crystals of form II are

totally dissolved.39,40 At this stage, the Raman probe only detects
form I crystals in suspension (Figure 9b: upper box highlighted in
black). As there are no form II crystals left to dissolve, form I
crystals consume the remaining supersaturation with respect to
this form, leading to the decrease of the etiracetam concentration

Figure 10. Solubilities of form I (black line) and form II (grey line) as
well as the temperature evolution of the etiracetam concentration in
solution during the crystallization process (bold black line).
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in solution (Figure 9b). The consumption of the supersaturation
mainly occurs by form I growth. This exothermic phenomenon is
accompanied by a temperature increase of the suspension, which
is translated in a second exothermic peak. This peak was
previously used to define the latency time (Figure 9b). As can
be observed, form I crystals are already present one hour before
the maximum of the exothermic peak. It might therefore be
advisible to omit the notion of latency time and instead use the
notions of onset and endset of polymorphic transformation to
indicate respectively the beginning of j 2 and the end of j 3.
Using the second exothermic peak for process control can
furthermore be quite difficult due to the small amplitude of the
temperature variation (ΔT ≈ 0.5 �C). To detect the different
phases of the polymorphic transformations, and hence control
the overall process, the use of online and in situ Raman, FBRM,
and ATR-FTIR probes is recommended. Moreover, the con-
sumption of the supersaturation is accompanied by a mass
increase of the suspended crystals. Unfortunately, this informa-
tion cannot be verified directly through the use of the online
probes. However, it has been shown elsewhere that the second
exothermic peak occurs simultaneously with the increase of the
apparent viscosity of the suspension, which was shown to be
related to the increase of the volume—or mass—fraction of the
form I crystals in suspension.16 At the onset of j 3, all CLD
classes indicate a sudden decrease in particle counts/s, which is
most likely due to the slight increase in temperature during the
second exothermic peak (Figure 8) and due to the modification
of the jacket temperature by the ID temperature regulator of the
automated Labmax reactor with the aim to maintain the tem-
perature of the suspension at 10 �C. These unphysical minimum
values of particle counts/s are reached at the latency time,
corresponding to the maximum of the second exothermic peak.
All classes show, then, an increase in particle counts/s until
stabilizing once the temperature is brought back to 10 �C,
corresponding to the endset of the second exothermic peak.
The strong fluctuation in etiracetam concentration in solution at
the onset ofj 3, with an unphysical concentration lower than the
equilibrium form I concentration in solution, can possibly also be
attributed to perturbations in the ATR-FTIR analysis due to the
sudden temperature variations, or due to a burst in microsized
crystals possibly interfering with or crystallizing on the probe.2

Additional experimental work to fully understand the effect of the
temperature on the three phases identified above is currently
ongoing and will be published elsewhere. After total consump-
tion of the form I supersaturation, all suspension characteristics
stabilize, with the mean particle size of the form I crystals being
smaller than that of the form II crystals. The etiracetam con-
centration in solution stabilizes at the etiracetam form I solubility
(0.22 g/gsol at 10 �C) (Figures 9b and 10).
As highlighted by Figure 9b, j 1 is the limiting phase for the

solvent-mediated polymorphic transformation from the meta-
stable form II towards the stable form I. Experiments performed
at lower maturation temperatures (�2 �C and�10 �C) show the
duration of this phase to decrease with respect to a decrease in
suspension temperature. At a temperature of �10 �C, the total
process time can be reduced by about 5 h. For the etiracetam case
studied here, the shorter j 1 at lower temperatures can be
understood by the increase in supersaturation with respect to the
most stable form at lower temperatures (Figure 4) and hence an
increase in form I nucleation and crystal growth rates. Additional
experimental work to fully understand the effect of the tempera-
ture on the three phases identified above is currently ongoing,

and will be published elsewhere. More than the maturation
temperature, others factors � which are not studied in this
work � may also govern the rate of solvent-mediated poly-
morphic transitions, such as the degree of agitation, the nature of
the solvent, the presence of impurities, the seeding with crystals
of the stable form, etc.41

5. CONCLUSION

In this contribution, the utility of combining different online
and in situ probes to arrive to process understanding is illustrated.
More specifically, Raman, FBRM, and ATR-FTIR probes are
combined in order to understand the underlying process mech-
anism of the polymorphic transformation occurring during the
etiracetam crystallization process in methanol. The polymorphic
transformation at maturation temperature is shown to occur in
three phases, an initial phase during which no stable form I
crystals can be detected, a secondary phase characterized by a
rapid form II dissolution and a mass increase of form I crystals,
and a final phase during which form II crystals are no longer
present and the solution tends towards the form I saturation
concentration. Identification and understanding of each of these
phases require knowledge of the nature of the crystallographic
form, the solute concentration in solution, as well as the
variations in particle size distributions, showing the necessity of
combining the different online analyzers.
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