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A semiautomated procedure for measuring the phase diagram for enantiotropes in a dimorphic system was
developed using Attenuated Total Reflection-Fourier Transform Infrared (ATR-FTIR) spectroscopy and laser
backscattering (Focused Beam Reflectance Measurement, FBRM) for in situ measurement of solute
concentration and the particle counts, respectively. The approach is demonstrated using L-phenylalanine, an
enantiotropic pseudodimorph. The procedure involves the determination of the anhydrate-form solubility from
in situ infrared spectroscopy of an equilibrated slurry, followed by the dissolution of the anhydrate form by
heating. The monohydrate form is then recrystallized, and its solubility determined from slow heating until
complete dissolution is detected by FBRM. The cycle is repeated for higher temperatures after addition of
anhydrate crystals to create a slurry. The solubility of the monohydrate form was determined differently from
the anhydrate form due to the interference on the infrared measurements from small needle-like monohydrate
crystals. This single-experiment approach is expected to be applicable to other enantiotropic dimorph systems
for the measurement of the phase diagram in a more efficient manner.

Introduction

Establishing the phase diagram is important for selective
crystallization of specific polymorphs or solvates (also called
pseudopolymorphs). The solubility curves and/or metastable
limit can be used to define suitable crystallization domains for
the crystallization of the desired crystal form.1-3 Due to its
influence on bioavailability, the solubility is important in the
development of drug compounds.4,5 The relative solubility of
the forms is indicative of their thermodynamic stability, with
the more stable form having lower solubility. For dimorphic
systems, the solubility curves are classified as monotropic or
enantiotropic. In monotropic systems, one form is consistently
more stable (its solubility is always lower) at any temperature,
while for an enantiotropic system, the stability is dependent on
the temperature relative to the point of intersection between the
solubility curves (see Figure 1). The temperature at the
intersection, called the transition temperature, is important for
drug development6 because the suitable form for development
and subsequent production is usually decided based on ther-
modynamic stability. The transition temperature can be esti-
mated by linear extrapolation of van’t Hoff plots for each form
to find the point of intersection,7,8 or by using the heats of
solution and solubility data.9

The solubility is commonly determined using gravimetric
techniques; a known amount of solid is added to a specific
amount of solvent and maintained at a fixed temperature with
constant stirring for sufficient time to reach equilibrium. The
solubility is then calculated by subtracting the weight of the

remaining solid phase (isolated by filtration) from its initial
mass10 or from the filtered liquid samples by solvent evaporation
and measuring the weight of the “dry residue” mass.11,12

Alternatively, liquid samples from equilibrated slurries can be
evaluated with high-performance liquid chromatography (HPLC)
systems.13,14 These methods have been applied in polymorphic/
pseudopolymorphic systems such as L-phenylalanine,10

L-
glutamic acid,11 p-aminobenzoic acid,12

L-serine,13 and taltire-
line.14

There has been an increased interest in a more automated
approach to reduce the time and labor involved in solubility
measurements. Some studies15,16 have used in situ laser back-
scattering (Focused Beam Reflectance Measurement, FBRM)17

to determine the solubility, based on the number of crystals
counted per second. By slowly increasing the temperature of a
slurry of known solute concentration, the saturation temperature
can be determined as the point where the crystal counts decrease
to zero indicating complete dissolution.15 In another work,16

the temperature at zero counts/sec was plotted against different
heating rates, and the saturation temperature was determined
by extrapolation to an infinitely slow heating rate. Both of these
studies presented an automated scheme of measuring the
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Figure 1. Solubility curves of dimorphs I and II (Csat,I and Csat,II, respectively)
in a (a) monotropic system and (b) enantiotropic system.
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solubility and metastable limit for a nonpolymorphic system,
through sequential cooling (to induce primary nucleation at the
metastable limit) and heating (to detect the saturation at the point
of complete dissolution). Turbidity probes have also been
utilized in similar manner,18 more recently as part of a
semiautomated system based on simultaneous measurements of
transmission versus temperature profiles from parallel experi-
ments.19

Other works3,20-25 measured the solubility using in situ
Attenuated Total Reflection-Fourier Transform Infrared (ATR-
FTIR) spectroscopy from IR spectra of equilibrated slurries and
appropriate calibration models to relate the spectra absorbances
to solute concentration. In one such approach,21 the calibration
model is constructed by defining the intensity ratio of relevant
ATR-FTIR spectra peaks as a calibration parameter to relate to
solute concentration and temperature. Another approach26

constructs the calibration model using multivariate statistical
methods known as chemometrics, such as principal component
regression (PCR) and partial least-squares (PLS). The measure-
ment errors can be quantified in terms of the accuracy of the
chemometrics predictions.22

This work demonstrates a semiautomated approach to deter-
mining the solubility of both forms of L-phenylalanine (L-phe)
using ATR-FTIR spectroscopy, coupled with chemometrics, and
FBRM in a single experiment. Such an approach has been
demonstrated for nonpolymorphic systems;15,16,27 to the best
of the authors’ knowledge, this paper is the first to present such
an application for an enantiotropic dimorph system.

Experimental Section

Materials and Instrumentation. L-phe is an essential amino
acid used as a food intermediate and pharmaceutical. Aqueous
L-phe spectra were obtained by a Dipper-210 ATR immersion
probe (Axiom Analytical) with ZnSe as the internal reflectance
element attached to a Nicolet Protégé 460 FTIR spectropho-
tometer. A setting of 64 scans was used for each FTIR spectra.
Ultrapure water at 23.5 °C was used for the background
measurement. Although air has been used as a background in
many past papers on ATR-FTIR spectroscopy, air near a
crystallizer typically has variations in humidity that result in
uncontrolled variation in the infrared spectra due to the strong
absorbance of water in the mid-infrared region of the spectrum.
The total counts of L-phe crystals in solution were measured
every 20 s using Lasentec FBRM with version 6.0b12 of the
FBRM Control Interface software. In addition, in situ images
of the slurry were obtained using the Lasentec Particle Vision
and Measurement (PVM) instrument. The solution temperature
was controlled by ratioing hot and cold water to the jacket of
a round-bottom flask with a control valve using a proportional-
integral control system designed via internal model control28-30

and was measured every 2 s using a Teflon-coated thermocouple
attached to a Data Translation 3004 data acquisition board via
a Fluke 80TK thermocouple module.31-33 Powder X-ray dif-
fraction (PXRD) patterns of L-phe crystals were collected offline
using the Bruker General Area Detector Diffraction System
(GADDS, Bruker AXS, Inc.) with Cu KR1 and Cu KR2 (weighted
sum) radiation and step size 0.02°. The anhydrate form is
orthorhombic while the monohydrate form is monoclinic; the
space group is P2221 for both.10 Figure 2 shows PXRD patterns
for both forms of L-phe; the characteristic peaks are consistent
with a previous report.10

L-phe crystals obtained commercially
(>98.5%, Sigma Aldrich) were verified using PXRD to be pure
anhydrate form; the characteristic peaks of the monohydrate
form were not observed. These anhydrate-form crystals were

used in the experiments without further purification. The
monohydrate crystals were produced by rapidly cooling an
initially undersaturated solution (0.045 g/g solvent) from 60.0
to 25.0 °C. The crystals were filtered, dried at 30.0 °C, and
stored at room temperature with the polymorphic form con-
firmed using PXRD. The drying and storage temperatures have
been previously verified to be sufficiently low that it did not
lead to the dehydration of the monohydrate crystals.10

L-phe in aqueous solution is an enantiotropic pseudodimorph
system where the anhydrate crystals (also denoted as the
�-form34,35), which appear as platelets (Figure 3a), is the stable
form above the transition temperature of 37.0 °C.10 The
penetration depth of the evanescent field at the ATR probe tip
was sufficiently smaller than the anhydrate that the measured
IR spectra measured the solution spectra with negligible
interference from the crystals, as for most systems.36 The
monohydrate form (also denoted as the R-form24,25) appears as
very fine needles (Figure 3b). Because the monohydrate needles
were of dimensions comparable to the penetration depth of the
evanescent field into the solution (∼2.0 µm), the needles caused
significant solid-phase interference on the measured IR spectra,
making it difficult to determine solubility solely using ATR-
FTIR spectroscopy. In particular, the inclusion of small crystals
within the evanescent field results in the measured IR spectra
indicating more solute than is actually present in solution.

Calibration for Solute Concentration. Different solute
concentrations of L-phe and ultrapure water (approximately
400 g) were placed in a 500-ml jacketed round-bottom flask
and heated until all the crystals dissolved, with the solution
agitated by an overhead mixer with a stirring speed of 250 rpm.
Table 1 lists the calibration samples. The solution was cooled
at 0.5 °C/min while the IR spectra were collected. The
measurements were stopped once crystals started to appear. The
IR spectra in the range 1300-1415 cm-1 and the temperature
were used to construct the calibration model. Figure 4 compares
the representative IR spectra of L-phe solutions used for
calibration and the resulting regression coefficients.

A calibration model relating the IR spectra and temperature
to solute concentration was determined as described previously25

using various chemometrics methods. The calculations were
carried out using in-house MATLAB 5.3 (The Mathworks, Inc.)
code except for partial least-squares (PLS) regression, which
was from the PLS Toolbox 2.0. The correlation PCR37 method
with a noise level of 0.001 was selected that gave the smallest
prediction interval of (0.00051 g/g solvent while being

Figure 2. PXRD patterns of anhydrate (-) and monohydrate (gray line)
forms of L-phe.
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consistent with the accuracy of the solubility data. The calibra-
tion model had the form

where C is the solute concentration (g/g solvent), aj is the
absorbance at frequency j (cm-1), T is the temperature (°C),
and wj, wT, and w0 are regression coefficients.

Solubility Measurements. The solubility of both forms of
L-phe was determined using two methods. In Method 1, the
solubility for each form was determined separately through
addition of excess crystals of a specific form to create a saturated
slurry, while in the semiautomated approach denoted as Method
2, the solubility of both forms was determined from a single
experiment. The solvent mass used in both methods was ∼400
g, and the stirring speed of the overhead mixer was maintained
at 300 rpm. To shorten the time required to achieve saturation,
anhydrate-form crystals of smaller sizes (<250 µm) were used.

Method 1: Solubility Measurements from Separate
Experiments. For the anhydrate form, the IR spectra of the
slurry were collected at different temperature points ranging
from 25.0 to 60.0 °C. The solute concentration profile was
tracked using the aforementioned calibration model, and the
required equilibration time at each evaluated temperature point
was decided based on the total counts/sec profile measured by
FBRM. The equilibrium solute concentration was first deter-

Figure 5. Total counts/sec profiles as a function of temperature at different
heating rates. The nonzero baseline value was due to the presence of bubbles
caused by the high stirring rate.

Figure 3. Microscopy images of L-phe: (a) anhydrate form as is from Sigma Aldrich (>98.5%), (b) monohydrate form, and (c) the anhydrate form with a
more well-defined habit as rhombic platelets obtained through recrystallization.

Table 1. ATR-FTIR Calibration Samples

calibration
sample

solute concentration
(g/g solvent)

T
range (°C)

no. of
spectra

Cs1 0.02407 26.9-19.5 12
Cs2 0.03004 38.9-23.0 22
Cs3 0.03702 49.9-35.0 20
Cs4 0.04402 60.8-43.1 22
Cs5 0.05025 67.6-51.0 19

Figure 4. Representative ATR-FTIR spectra of the calibration samples and
regression coefficients of the calibration model relating absorbance to solute
concentration. The regression coefficients for the temperature and the
intercept are not shown.

C ) Σ
j)1300

1415
wjaj + wTT + w0 (1)
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mined at a low temperature and the slurry temperature was
increased in stages to determine the solubility at higher
temperatures. When necessary, more anhydrate-form crystals
were added in excess so that saturation could be achieved at all
the evaluated temperature points.

For the monohydrate, the solubility could not be determined
from IR measurement of the equilibrated slurry due to significant
solid-phase interference that resulted in erroneous measurement
even at low slurry density. Instead, the slurry was heated slowly
at 0.1 °C/min after equilibration, while tracking the solute
concentration and total counts/sec from the FBRM. The satura-
tion temperature and the corresponding solute concentration
were determined at the lowest temperature (at the earliest time
point) where the counts/sec profiles approached a constant value,
indicating complete dissolution. The solubility can be determined
reliably using the above approach only if the heating rate is
sufficiently slow relative to solids dissolution that the slurry
was always in equilibrium as the temperature increased. In a
preliminary experiment, different heating rates were evaluated
to ensure that the heating rate used in the solubility measurement
was sufficiently slow to maintain equilibrium. At the heating
rates of 0.1 and 0.2 °C/min, the counts/sec fell to a plateau value
at the same temperature, while this plateau value was reached
for higher temperatures at larger heating rates (Figure 5). The
initial mass of monohydrate-form crystals in the slurry equili-
brated at 21.0 °C was identical in these four runs. This showed
that the heating rate of 0.1 °C/min was sufficiently slow relative
to solid dissolution for equilibrium to be maintained as the
temperature increased. The solubility measurements obtained
by FBRM were performed twice for each evaluated temperature
point.

Method 2: Single-Experiment Semiautomated Approach.
The solubility of the anhydrate form at the initial temperature
was determined from a slurry in a similar manner to Method 1.
The slurry was then heated to dissolve all the excess anhydrate
crystals, and the solution was cooled to a sufficiently low
temperature. Small quantities of monohydrate-form seed crystals
were added to induce the nucleation of this form. Upon sufficient
crystallization of the monohydrate form, the slurry was heated
at 0.1 °C/min, and the solubility was determined upon complete
dissolution as in Method 1. The cycle was repeated at higher
temperatures after addition of anhydrate crystals to make a
slurry.

Monitoring Polymorph Form. Methods 1 and 2 are
facilitated by online or off-line measurement of the poly-
morph form. A simple off-line approach is to collect small

Figure 6. Solute concentration and temperature profiles (left) and total counts/sec profile (right) in the solubility experiment for anhydrate L-phe crystals
using Method 1.

Figure 7. Solute concentration and temperature profiles (left) and total counts/sec profile (right) in the solubility experiment for monohydrate form L-phe
using Method 1. The open circles (left) indicate erroneous concentration values as indicated by the apparent decrease in solute concentration during an
increase in temperature, which are timed exactly with the appearance of crystals (right); the solid circles indicate correct measurements.

Figure 8. L-phe solubility curves compared to published data10 for the
anhydrate form, Csat,a, and monohydrate form, Csat,m. Crossover temperature
measured as 37 °C.
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samples using a robotic sampling system and quantifying the
ratio of polymorphic forms by powder X-ray diffraction.38

Online techniques for measuring polymorph form39 include
Raman spectroscopy,11,20,40-46 in situ X-ray diffraction,47

laser backscattering,48 and process video microscopy.49

Raman spectroscopy is usually applicable for compounds that
do not fluoresce and process video microscopy is only
applicable to polymorphs with different shapes. Process video
microscopy was applied in this work as the crystals of the
two polymorphs are vastly different in shape (Figure 2); this
method could be replaced by any reliable approach for
quantifying form identity, depending on the particular
characteristics of the system.

Results and Discussion

Method 1. For the anhydrate form, the solubility was
determined from in situ solute concentration measurement of
slurry equilibrated at various temperatures. For example, Figure
6 shows the solute concentration and total counts/sec profiles
of a slurry containing anhydrate L-phe crystals initially equili-
brated at 30 °C, approaching saturation after two temperature
ramps to 35 and 40 °C. The plateau in counts/sec reached after
30 min in both cases was taken as indicative of saturation. This
corresponded to solute concentrations of 0.03505 and 0.03777
g/g solvent at 35 and 40 °C, respectively.

The solubility of the monohydrate form was determined
from slow heating of equilibrated slurry due to interference
of the monohydrate-form crystals on the IR measurements.
As the monohydrate slurry was heated at 0.1 °C/min (Figure
7a), the counts/sec initially decreased due to dissolution of
the solid phase (Figure 7b), and the amount of interference
on the ATR probe also reduced. When the solid phase was
completely dissolved as detected by the total counts/sec
dropping to zero, the solute concentration was correctly
estimated. The equilibrium solute concentration was deter-
mined at the lowest temperature (which would be the
saturation temperature) where both the concentration and
counts/sec did not exhibit further changes due to complete
dissolution. The solubility was 0.03920 g/g solvent and the
temperature at this time point (∼28 min) was 42.8 °C. The
next slurry was prepared by adding more monohydrate
crystals at 62 min. After equilibration, the same heating rate
was applied. The saturation temperature was detected at 47.6
°C (at ∼78 min) and the corresponding solute concentration
was 0.04349 g/g solvent. The estimated equilibrium solute
concentration in both cases was consistent with that calculated
based on the total crystal mass added into the slurry. The
solubility of monohydrate form was determined at other
temperatures in similar manner. As shown in Figure 8, there
is good agreement between the solubility curves of both forms
of L-phe determined using Method 1 with available solubility
data.10 The largest discrepancy for the anhydrate form
amounted to only -0.00092 g/g solvent (-1.8%) while that
for the monohydrate form was 0.00053 g/g solvent (1.1%).
Although the dissimilarities are statistically significant given
that they exceeded the prediction interval of the calibration
model, it could be attributed to differences in the purity of

the solute and solvent used. Multiple measurements are shown
in Figure 8 at each temperature, which indicate a standard
deviation in the solute concentration measurements of less
than 0.001 g/g solvent.

To compare with the analytical expressions given in ref 10
the solubility curves were fit to

where i denotes anhydrate or monohydrate form and Csat,i (g/g
solvent) is the solubility (Table 2). The maximum deviation of
the experimental data points from the fitted solubility curves
(0.00050 and -0.00049 g/g solvent for the anhydrate and
monohydrate forms, respectively) were within the prediction
interval.

Method 2. The semiautomated approach (Method 2) com-
bined both procedures in Method 1 to measure the solubility of
both forms of L-phe in a single experiment. Figure 9 illustrates
two operation cycles in the low and middle temperature range
for this approach. In Cycle 1, the solubility of the anhydrate
form was determined from an equilibrated slurry (part a) similar
to that described in Method 1. The system was then heated to

Table 2. Fitting Parameters for Anhydrate and Monohydrate Form L-Phe Solubility Curves

fitting
parameters

anhydrate
form - this study

anhydrate
form - literature10

monohydrate
form - this study

monohydrate
form - literature10

b0,i 1.854 × 10-2 2.043 × 10-2 2.595 × 10-2 1.949 × 10-2

b1,i 3.890 × 10-4 2.394 × 10-4 -3.188 × 10-4 5.169 × 10-5

b2,i 1.987 × 10-6 4.211 × 10-6 1.479 × 10-5 9.900 × 10-6

Figure 9. Schematic of Method 2 and L-phe solubility points using Method
2 compared to the fitted solubility curves from Method 1.

Figure 10. Solute concentration, anhydrate form (b) and monohydrate form
(filled gray circle), and temperature (+) profiles in the solubility experiment
using Method 2. The concentration profile is not shown entirely for parts
(c) and (d) because of erroneous measurement due to interference from
monohydrate needles. The open circles indicate erroneous concentration
values associated with the gray total counts/sec peaks in Figure 11, and the
solid circles indicate correct measurements.

Csat,i ) b0,i + b1,iT + b2,iT
2 (2)
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dissolve the anhydrate form (part b) and cooled to generate
supersaturation to nucleate the monohydrate form (part c). Seed
crystals were added to ensure nucleation of the correct form as
well as to expedite the recrystallization process. Upon sufficient
recrystallization, the slurry was heated at 0.1 °C/min and the
solubility was determined at the point of complete dissolution
(part d), similar to that described in Method 1. The slurry was
then heated to the initial temperature for Cycle 2, and excess
amount of the anhydrate crystals was added before starting this
cycle. The solute concentration, temperature, and counts/sec

profiles during both cycles are shown in Figures 10 and 11.
The first plateau in the concentration and total counts/sec profiles
in part (a) (similar to that in Figure 6) indicates saturation of
the anhydrate crystal slurry at 20 °C and 0.02722 g/g solute.

The subsequent plateau in part (b) corresponds to complete
dissolution of anhydrate solids upon heating to 35.0 °C.
Subsequent cooling to 23.0 °C and seeding with small amounts
of monohydrate crystals resulted in the nucleation of this form,
indicated by the increase in the total counts in part (c). At the
start of heating in part (d), the total counts continued to increase
because the slurry was still supersaturated, but decreased
eventually when solids dissolved with increasing temperature.
The lowest temperature at which the solute concentration
(0.03013 g/g solvent) did not exhibit further changes due to
complete dissolution was taken as the saturation temperature,
30.6 °C. The total counts/sec (Figure 11) fell to a constant value
upon reaching the saturation temperature, similar to Figure 7.
In situ video microscopy images (Figure 12) were monitored
to ensure that crystals of the correct polymorph were obtained
during solubility measurements.

Similar analysis for Cycle 2 based on the three profiles gave
the following solubility values: 0.03497 g/g solute at 36.0 °C
(anhydrate form) and 0.03935 g/g solvent at 42.8 °C (mono-
hydrate form). The obtained solubility values were consistent
with the solubility curves determined using Method 1 (Figure
8). Other solubility points were determined in the same manner
at different temperatures. The solubility measurement of the
metastable form (i.e., anhydrate and monohydrate forms below

Figure 11. Total counts/sec profile in the solubility experiment using Method
2 with the anhydrate form (-) referencing the left axis and the monohydrate
form (gray line) referencing the right axis. Time lag in reduction in count/
sec in phase d believed to be due to some crystals temporarily stuck to
FBRM probe tip.

Figure 12. PVM images from the solubility experiment using Method 2 (scale bar 100 µm): at the anhydrate form saturation, the recrystallization of the
monohydrate form, and the eventual dissolution.
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and above the transition temperature, respectively) using the
above methods applies only if the dissolution of this form is
relatively faster than its transformation to the stable modification
so that equilibrium with respect to the metastable form is
achievable.10 This occurs for the L-phe for the studied temper-
ature range,10 has been observed in other polymorphic systems,20

and is expected to be fairly common since nucleation of the
stable form from a slurry of metastable crystals requires crossing
energy barriers to molecular ordering whereas dissolution does
not.

In this semiautomated procedure, the temperature cycle was
automated by following a preprogrammed profile, and the
addition of excess anhydrate crystals and monohydrate seeds
were performed manually at various stages of the sequence.50

This was necessary to produce a slurry containing only a single
polymorph in a reasonable time. Previous works15,16 on fully
automated approaches in nonpolymorphic systems relied on
primary nucleation to create a slurry, but this form of nucleation
may not be feasible for polymorphic systems because it may
lead to concomitant polymorphs. The procedure allowed the
solubility determination of both forms in a single experiment,
reducing time and labor. This is also advantageous because
handling of recrystallized solid phases is minimized to reduce
the risk of dehydration, especially for hydrates, during drying
or storage.

Conclusions

A semiautomated procedure for measuring the solubility of
both enantiotropes in a dimorphic system in a single experiment
was developed using ATR-FTIR spectroscopy for in situ
measurement of solute concentration and FBRM to measure
particle counts. This was applied to enantiotropic pseudodimorph
L-phenylalanine. The solubility of the anhydrate form was
determined by measuring the solute concentration isothermally
at saturated conditions. The time required to reach saturation
was determined from the asymptotic behavior of both the solute
concentration and total counts/sec profiles. Due to significant
interference from the solid phase on the IR measurement, the
solubility of the monohydrate form was determined from the
dissolution of the slowly heated monohydrate slurry. The
saturation temperature and the corresponding solute concentra-
tion were determined at the lowest temperature where the
particle counts and solute concentration profiles approached a
constant value, indicating complete dissolution. This approach
requires less materials and manual labor compared to other
techniques such as the gravimetric methods.
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