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P reformulation, the selection of a form of a drug substance suit-
able for formulation, that is, stable and bioavailable, often
requires hundreds or even thousands of crystallizations.

There are two main reasons for this requirement. First, discovery
programs are more frequently generating amorphous compounds
that are unsuitable for formulating because they are hygroscopic
and difficult to purify, and can spontaneously crystallize weeks or
months after preparation, resulting in decreased bioavailability.
Second, although crystalline forms, particularly of neutral com-
pounds, are generally more stable, they often have poor bio-
availability and thus require conversion to an ionic form (i.e., a salt)
for formulation. To expedite the identification of suitable crystalline
forms and avoid late-stage complications, pharmaceutical companies
are increasingly trying to address these preformulation issues ear-
lier in the development process.

The main obstacles to achieving this goal are the considerable
manual labor and substantial amounts of material required for tra-
ditional crystallization studies. Chemists typically search for crys-
talline forms in a linear manner, generating and analyzing one

crystalline sample after another while consuming 10–50 mg of the
substance per trial. This process is time-consuming and often runs
up against a lack of supply of API.

New high-throughput workflow
To overcome these problems, a research team at Symyx Technologies
(www.symyx.com) developed a high-throughput workflow that allows
crystallization, salt selection, and polymorph studies to be completed
in less time and with smaller quantities of the API than conventional
studies. The key features of the workflow are the generation of crys-
tals on a substrate that eliminates the need for manual manipula-
tion; the use of multiple analytical techniques (e.g., solubility,
birefringence, Raman, X-ray diffraction, and melting point), which
minimizes the chances of identifying all unique forms; the matched
throughput of the hardware and software components used in each
step of the process (e.g., salt synthesis, crystallization, analysis, data
storage, data retrieval, data manipulation, and reporting), which elim-
inates bottlenecks; and the use of software that integrates these indi-
vidual components (Figure 1).

The Potential of Preform
An integrated approach to preformulation allows researchers 

to complete this crucial step earlier in the drug development process.

BY PETER J.  DESROSIERS
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As an example of the speed with which polymorphic forms can
be identified using this new high-throughput method, the results
from a single set of crystallizations will be described. The library
design for this experiment, which used 20 different crystallization
solvents and mixtures thereof (84 unique compositions) and 3 sets
of crystallization conditions (cooling, evaporation, and precipitation),
was constructed using proprietary software. The program allows
the user to create complicated designs in minutes; generates maps
that describe the composition of each element; writes instructions
that can be read by the automation software to execute the dispensing,
heating, stirring, and cooling specified in the design; and stores this
information in a database.

Automating crystallization
The researchers automated the entire crystallization procedure,
included dispensing the crystallization solvents to an array of vials
containing the API, equilibrating and filtering the mixtures of API
and crystallization solvents, dispensing aliquots of the filtrates, cool-
ing, sampling aliquots for solubility measurements, and removing
the supernatants at the end of the crystallization cycle. The anti-
histamine cimetidine was dissolved in methylene chloride, and
aliquots were dispensed to an 8 � 12 array of 1-mL glass vials.
The solvent was removed by evaporation, leaving 10 mg of cime-
tidine in each vial. The array was then transferred to the deck of
the crystallization station. Using a two-armed liquid-handling
robot, the crystallization program dispensed solvents into the
array of sealed vials. The program then activated heaters, and the
array of vials containing the API and crystallization solvents, the
filtration assembly, the four tipped needles, and the crystallizer
assembly used for the cooling crystallizations was brought to 
65 °C and allowed to equilibrate for 2 h. After equilibration, the
program executed a filter/dispense sequence that consisted of aspi-
rating aliquots of the hot mixtures from the vials, filtering, and then
dispensing into three crystallizer assemblies, allowing evaporation,
precipitation, and cooling crystallizations to be performed simul-
taneously. An additional aliquot of the hot filtrate was analyzed by
LC to determine the concentration of the API at the beginning of
the crystallizations.

After a controlled cooling
cycle, an aliquot of the cold super-
natants from the cooling crystal-
lizations was also sampled for
analysis using LC. The remaining
supernatants from the precipita-
tion and cooling crystallizations
were removed and collected for
recovery of material. Before the
288 crystallization samples were
dried, a camera was used to
acquire birefringence images to
detect crystalline forms that may
be unstable in the absence of sol-
vent. The crystallizer assemblies
used for the precipitation and
cooling crystallizations were then
opened, the residual solvents
removed by wicking, and the sam-

ples allowed to dry. Because of the unique design of the crystallizer
assemblies used in this workflow, the body of the crystallizer can
be removed after drying, leaving the crystalline samples on flat glass
substrates. These so-called Universal substrates allow a series of ana-
lytical measurements, including birefringence, Raman, XRD, and melt-
ing point, to be performed without manual manipulation of the
samples. The entire procedure was completed in 16 h and required
less than 2 h of user time.

Birefringence
The three universal substrates were then transferred one at a time
to the XY stage of a microscope equipped with cross-polarized fil-
ters, and proprietary software was used to obtain and store the data-
base birefringence measurements of each sample. The software allows
the images to be displayed according to position in the array and
can distinguish between crystalline and amorphous material, allow-
ing the user to rapidly identify which conditions produced crystals.
Higher-resolution images also were obtained and used to determine
crystal shape and size. The birefringence data for each set of 288
crystallizations was acquired in less than 3 h and required less than
20 min of user time. 

Raman
Different crystalline forms (e.g., polymorphs, hydrates, and solvates)
can sometimes be distinguished by their size and habit or shape.
The tendency of many organic materials to crystallize as needles,
however, and the fact that the same form can exist in different habits
(e.g., needles, blades, tabs, and cubes), requires the use of other
analytical techniques to identify and distinguish unique crystalline
forms. Although most of the transitions observed by Raman spec-
troscopy are associated with internal vibrations and are thus insen-
sitive to changes in the three-dimensional arrangement of the API
molecules in the crystal, vibrations associated with functional
groups capable of forming hydrogen bonds are affected by changes
in the crystalline structure and often give easily detectable shifts.
Thus, Raman spectra acquired on crystals at various sample posi-
tions of the Universal substrates allow the user to identify unique

crystalline forms. A dispersive
Raman microscope was chosen
for this workflow because the
ability to focus on individual crys-
tals allowed the chemists to eas-
ily identify samples that contained
mixtures of crystalline forms.
Raman spectra could be obtained
on samples as small as 10 µg.

Although the commercial
instrument used in this workflow
came equipped with an XY stage,
the acquisition and analysis of
hundreds of spectra was prohib-
itively time-consuming. This prob-
lem was overcome by developing
two software programs, one that
facilitates the acquisition of the
Raman spectra from a library of
crystals and another that facili-
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Figure 1. An integrated approach to preformulation. The preformulation sys-
tem consists of seven stations linked by a software suite and constitutes an
integrated system capable of screening more than 50 APIs/year for salts and
polymorphs. (Courtesy of Symyx Technologies, Inc.)



42 MODERN DRUG DISCOVERY JANUARY 2004 

tates the sorting of the spectra from a set (or sets) of crystalliza-
tions into groups. The first software program was used to generate
a map identifying the coordinates of the cimetidine crystals on the
Universal substrates. After the coordinates and corresponding
images of the entire library were stored to the database, the soft-
ware acquired the Raman spectra and stored the spectra and acqui-
sition parameters, allowing the spectra for an entire set of crystals
to be obtained with minimal manual intervention.

The second software program made it possible for chemists to
load the Raman spectra obtained for the entire set of 288 crystal-
lizations of cimetidine from the database, enter a correlation factor,
and then sort spectra into groups in such a manner that members
of the same group have a higher correlation than the user-defined
value. The chemists used the software to overlay spectra, merge and
split groups, reassign spectra, and also display the groups as they
appear in library format (Figure 2). This software reduced the time
required to sort the Raman spectra obtained from a crystallization
set from several days to a few hours.

Powder X-ray diffraction
Despite the high sensitivity of Raman spectroscopy, there are a small
but non-negligible number of instances in which fluorescence
makes it difficult or impossible to acquire Raman spectra. There are
also a number of cases in which the Raman spectra of different crys-
talline forms of a drug substance are not sufficiently different to be
easily distinguished. Thus, the use of other analytical methods is
necessary to identify unique crystalline forms.

Powder XRD is considered one of the most reliable methods for
detecting different crystalline forms. Because the peaks observed
in 2-� plots obtained from powder diffraction measurements can be
related to the dimensions of the unit cell by the Bragg equation, XRD
is inherently sensitive to the arrangement of molecules in the unit
cell that define crystal form. As a result, the XRD pattern of each
crystalline form contains characteristic sets of peaks unique to that
form, allowing the patterns to be used as fingerprints. In this work-
flow, reflectance XRD measure-
ments are made using a com-
mercial instrument equipped with
an XY stage.

As described above for
Raman spectra, software had to
be developed to facilitate acqui-
sition and analysis. Proprietary
software was used to create maps
and store images, coordinates,
area plots, and 2-� plots for each
sample. The time needed to
acquire an XRD pattern varies
with the sample size. The hard-
ware used in this workflow
allowed adequate signal-to-noise
ratios on samples of cimetidine as
small as 100 µg in as little as 3–5
min, allowing the entire set of
288 crystallizations to be ana-

lyzed in less than a day. Because of the small sample size, nonsta-
tistical distributions of crystal orientations often result in dramatic
changes in intensity for crystals of the same form, rendering the
direct XY correlation ineffective for sorting. The sorting software
described for Raman was modified to allow the XRD patterns to be
displayed as line spectra and then correlated based on peak posi-
tion. In the case of cimetidine, the sorted XRD patterns revealed
three unique XRD patterns that could be associated with each of
the three unique Raman spectra. 

Parallel melting point
Even XRD data are insufficient to distinguish all unique crystalline
forms of a drug substance. In particular, isostructural solvates can
have Raman spectra and XRD patterns that are virtually indistin-
guishable. Furthermore, even when Raman spectra and XRD pat-
terns can be used to distinguish the different crystalline forms of
an API, these measurements provide no information about the
identity of these forms or their relative stability. Differential scan-
ning calorimetry (DSC), thermogravimetric analysis (TGA), and
nuclear magnetic resonance (NMR) are often used to provide this
information in conventional studies, but technical challenges asso-
ciated with automating analyses with these instruments caused the
developers to explore other methods.

Using proprietary parallel birefringence technology, an instru-
ment was developed that determines the melting point by record-
ing the temperature at which the birefringence signal dropped to
zero. Because changes in the intensity of the birefringence signal
can also result from polymorphic phase transitions and desolvation
events, these measurements can also provide direct evidence for
solid–solid transitions that occur below the melting point. This
instrument is typically run from 40 to 240 °C at a ramp rate of 
1 °C/min, allowing the data from an entire set of crystallizations to
be completed in less than a day. Software was developed to control
the acquisition and data analysis, as well as to store traces of inten-
sity versus temperature. That the data obtained on the samples of

cimetidine described above did
not show transitions other than the
melting point suggests that the
three forms observed by Raman
and XRD were true polymorphs
rather than solvates or hydrates.

Identifying unique
crystalline forms
Using the conditions from the
automated crystallization experi-
ments, samples of each of the
three forms were prepared on
the 50-mg scale and completely
characterized by DSC, TGA, and
NMR. Comparison of these data
to the literature confirmed that the
three types of crystalline materi-
als formed during this single set
of automated crystallizations were

Evaporation Precipitation

Cooling

Figure 2. Distinguishing polymorphs by Raman. Raman data for cimetidine
sorted and displayed in library format shows three distinct groups. The start-
ing form is shown in blue, while two polymorphs are shown in green and
yellow. (Courtesy of Symyx Technologies, Inc.)
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true polymorphs of cimetidine. When an identical set of crystallizations
was carried out using nabumetone, Raman and XRD data were con-
sistent with the presence of two forms. The melting points deter-
mined using the parallel melting point device agreed to within a
degree of the melting points previously reported for the two poly-
morphs of nabumetone: 81 and 65 °C for Forms I and II, respec-
tively. The formation and characterization of Form II is particularly
notable because it is unstable with respect to conversion to Form I
and was first observed from capillary tube crystallizations.

Salt selection studies were also performed using the same
hardware and software by dispensing solutions of either acids or
bases across rows or columns of an array of vials containing the API
followed by reaction and removal of solvents, generating arrays of
crude salts. Recrystallization and analysis using the same procedures
described above made it possible to rapidly identify eight crystalline
salt forms of naproxen and seven salts of ephedrine from single sets
of recrystallizations.

The bottom line
These new methods and tools enable a high-throughput workflow
that makes it possible for crystallization, salt selection, and polymorph
studies to be completed much more quickly and using less mate-
rial than conventional studies. The true value of the approach is appar-
ent from the fact that each of the studies described in this article

took only a week and used a gram or less of API. Furthermore,
because each component of the workflow, including the crystallizer,
was used just one day during each study, it is possible to run five
studies concurrently. Thus, this approach has the potential to enable
preformulation studies to be completed earlier in the drug discov-
ery process.
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