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ABSTRACT: The use of in situ tools to monitor the transformation of a polymorphic material has the potential to provide unique
information about themechanism and rate of transformation of the polymorphs. In this paper, the solutionmediated transformation
between α and β form p-aminobenzoic acid (PABA) was investigated in detail. Solubility ofα and β form PABA in pure ethanol was
also reported for the first time, allowing the accurate determination of the transition temperature of 13.8 �C. For the transformation
experiments, Raman spectroscopy and Attenuated Total Reflectance Fourier Transform Infrared (ATR-FTIR) spectroscopy were
used to in situ monitor the solid phase concentration and liquid concentration, respectively; Focused Beam Reflectance Mea-
surement (FBRM) was used to in situ track the changes in the size and morphology of the particles. The observed changes were
confirmed using PVM in-process imaging. It was proved by solubility data and transformation experiments that the relationship
between α and β form is enantiotropic.

1. INTRODUCTION

Polymorphism is defined as the ability of a compound to exist
in more than one crystalline form, each of which has the same
chemical structure but different arrangements of the molecules in
the crystal lattice.1 The relationship between polymorphs can be
either monotropic or enantiotropic. For monotropic systems,
one form has a lower Gibbs free energy than the others at all tem-
peratures below melting point and is, therefore, thermodynami-
cally the most stable form. For enantiotropic systems, the Gibbs
free energies of two forms are equal at a certain transition tem-
perature, corresponding to a change in the most stable form. The
transformation of the metastable to the stable form is typically
described by either a solid-state polymorphic transformation (SST)
or a solvent-mediated polymorphic transformation (SMT).2 The
former takes place via the rearrangement of the ions ormolecules in
solid state, while the latter occurs by dissolution of the metastable
form and crystallization of the stable form. The development of a
robust isolation method for different polymorphs, through either
crystallization or transformation, is important for industry. To
develop and design a reliable transformation process, it is crucial
to understand the transformation mechanism under different con-
ditions.3

Several tools are available for in situ monitoring of the iso-
lation and polymorphic transformation during a crystallization
process, including Raman spectroscopy, FRBM (focused beam
reflectance measurement), PVM (particle vision measurement)
and ATR-FTIR (attenuated total reflectance Fourier transform
infrared) spectroscopy.4 Raman spectroscopy is a light-scattering
technique wherein a monochromatic laser source illuminates the
sample, and the resulting scattered light is collected and analyzed.
Raman spectroscopy has been demonstrated to have good capa-
bility tomonitor both the liquid phase and the solid phase in studies

of the polymorphic transformation of mannitol,5,6 L-glutamic
acid,7,8 carbamazepine9 and p-aminobenzoic acid.10 FBRM and
PVM are probe-based high solids concentration particle charac-
terization tools and can provide information on the particle size
and morphology. Dang et al11 reported the use of FBRM and
PVM to monitor the polymorphic transformation of glycine from
β to α form, while O’Sullivan et al12 additionally employed FTIR
spectroscopy to investigate the transformation process of man-
nitol. ATR-FTIR spectroscopy has emerged as the primary in-
strument for the assessment of bulk supersaturation during both
cooling and antisolvent crystallization processes. Early work pre-
sented techniques for supersaturation assessment which linked
temperature and spectra values through basic polynomial expres-
sions, to the correlation of solute and solvent peak heights. Re-
cently, a novel calibration-free method for in situ monitoring of
supersaturation during crystallization process was described by
Barrett et al.13 This method was successfully used to monitor the
crystallization process of benzoic acid and an active pharmaceu-
tical ingredient (API). In this contribution, the use of each of
these in situ tools was investigated to provide a better understand-
ing of the polymorphic transformation of PABA. Raman spectros-
copy was used tomonitor the solid-phase concentration; the ATR-
FTIR was used to monitor the liquid-phase concentration; FBRM
and PVM will be used to monitor the particle size and mor-
phology.

p-Aminobenzoic acid (PABA), is an essential nutrient for
several microorganisms and an important active ingredient in
the manufacture of sunscreens, esters, and folic acid.14,15

PABA is known to have two polymorphs identified as α form
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(a=18.551Å, b=3.860Å, c=18.642Å,Z=8, space groupP21/n)16

and β form (a = 6.275 Å, b = 8.55 Å, c = 12.80 Å, Z = 4, space
group P21/c).17 The needle-shaped α form is commercially
available and easy to prepare, while pure β is more difficult to ob-
tain by solution crystallization.Gracin andRasmuson18 studied the
crystallization of PABA in water and ethyl acetate. The solubil-
ity data of PABA in water and ethyl acetate and the morphology
difference of different forms were reported in this literature. Yang
et al.10 investigated the solid-state transition of PABA at elevated
temperatures using in situ Raman spectroscopy. No study of the
solvent-mediated polymorphic transformation of PABA has
been published. In this report, the successful application of
in situ tools to understand the mechanism of transformation
between the two polymorphs and to design a process to pro-
duce β form PABA by polymorphic transformation was dis-
cussed. Solubility data for both forms in ethanol were also
determined experimentally and presented for the first time, and
the measured transition temperature was compared with pre-
viously published data.

2. EXPERIMENTAL SECTION

2.1. Materials. The α form of PABA was prepared by re-
crystallization of commercial products from Sigma Aldrich Co.
Ltd. of the U.K. The β form of PABA was prepared by controlled
seeded cooling crystallization in ethanol. The β form seed was
prepared by very slow evaporation of PABA ethanol solution.
The mass fraction purity of both forms is higher than 99%. The
identification of both forms was confirmed by XPRD (X-ray
powder diffractometry) and Raman spectroscopy. Analytical-
grade ethanol with mass fraction purity higher than 99.5% was
purchased from Sigma Aldrich Co. Ltd. of U.K. Deionized water
was used throughout.
2.2. Solubility Experiments.The solubility of both polymorphs

was measured using FBRM.19 All solubility experiments were per-
formed in a 100-mLEasyMax vessel (fromMettler Toledo, U.K) in
conjunction with the iControl Easymax software. The accuracy of
temperature control of this system is 0.01 �C. The mixtures of
solute and solvent in the vessel were stirredwith an overhead stirrer.
A condenser was used to prevent evaporation of solvent. The mas-
ses of the solvent and solute were weighed using an analytical bal-
ance with an accuracy of(0.0001 g. In experiments, excess PABA
solid and solvent of known masses were transferred into the equi-
librium vessel. The solid and liquid mixture was maintained at a
fixed temperature for 1 h. Then the solution was heated up at a very
slow heating rate, typically of 0.05 �C/min. This procedure was re-
peated until the last crystal disappeared completely as indicated by
FBRM. The temperature at this point was taken to be equivalent to
the saturation temperature. The experiment was performed in tri-
plicate with the average value taken as the solubility tempera-
ture of PABA. The confidence of the experimental solubility
values is ∼99%.
2.3. Transformation Experiments.All transformation experi-

ments were performed in the 100-mL vessel described above. In
the first set of experiments, 3 g of β form PABA was added to
80 mL of saturated (to α form) PABA ethanol solution at 35 �C.Figure 1. XRPD patterns of α and β form PABA.

Figure 2. Raman spectra of α and β form PABA. The inset displays the enlarged view of Raman spectra in spectral range of 200�290 cm�1.
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In the second set of experiments, 3 g of α form PABA was added
to 80mL of saturated (to β form) PABA ethanol solution at 0 �C.
FBRM, PVM, Raman, and ATR-FTIR spectroscopy were em-

ployed to monitor the change of liquid phase and solid phase.
After the transformation was complete, the solution was filtered.
The obtained solid product was dried and analyzed using XRPD.
2.4. Raman Spectroscopy. The Kaiser Raman RXN2 system

was used to measure the Raman spectra of different samples and
to in situ monitor the polymorphic transformation in solution.
This system is equipped with both a MR probe head and a PhAT
probe head. This system is fitted with a Kaiser Invictus laser emit-
ting deep red and nearly invisible (785 nm) emission of 450 mW.
The spectral resolution is 5 cm�1 average. The IC Raman soft-
ware was used with this system for instrument configuration, data
acquisition, and reaction analysis. In this contribution, the MR
probe head with immersion optics was used to in situ monitor the
polymorphic transformation of PABA. The PhAT probe head

with noncontact optics was used offline to measure the powder
Raman spectra of different samples.
2.5. X-ray Powder Diffractometry (XRPD). To confirm the

identity of different polymorphs of PABA, X-ray powder diffrac-
tion (XRPD) patterns were collected by using a Siemens D500
powder diffractometer which was fitted with a diffracted beam
monochromator. Samples were prepared by placing powders on a
low background aluminum powder mount. Diffraction patterns
were recorded between 5 and 40� (2θ) using Cu Kα radiation
with steps of 0.05� 2θ with 2 s counting time per step.
2.6. ATR-FTIR, FBRM, and PVM.The FBRM, PVM, and ATR-

FTIR probes used in this paper were manufactured by Mettler-
Toledo. The sample measurement duration for both the FBRM

Figure 3. Microscope images of α and β forms of PABA.

Figure 4. Solubility of α and β forms of PABA.

Figure 5. Changing trend of Raman intensity during the transformation
test at 13 �C.

Figure 6. Changing trend of Raman intensity during the transformation
test at 15 �C.

Figure 7. IR spectra of pure ethanol and PABA�ethanol solution.

Figure 8. FBRM data, Raman intensity, and IR intensity change during
PABA polymorphic transformation process from β to α at 35 �C.
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(model D600L) and ATR-FTIR was set at 10 s for the transfor-
mation from β to α form and 60 s for transformation from α to β
form. Total counts and mean size (square weighted) FBRM data
were used tomonitor the particle change during the polymorphic
transformation process. The chord length distributions (square
weighted) of PABA before and after the transformation were
recorded and compared. The ATR-FTIR spectra from 900 to
1890 cm�1 of solution were collected. IC FBRM software and IC
IR software were used during the experiments to collect and ana-
lyze the data. The PVM probe (model 800 L) was operated
throughout the transformation processes. The image of parti-
cles morphology was recorded at an update rate of 2 images
per second.

3. RESULTS AND DISCUSSION

3.1. Identification of α and β Forms of PABA. The XRPD
data of theα and β forms prepared in this work (see Figure 1) are
consistent with published data.10,18 The Raman spectra of both
forms, shown in Figure 2, exhibit several differences which can be
used to monitor the polymorphic transformation. For example,
in the spectral range of 200�290 cm �1, the β form has one char-
acteristic peak at 224 cm�1 while theα form has one characteristic

peak at 250 cm�1. This difference can be seen clearly in the
magnified spectra in the inset of Figure 2. In this report, this dif-
ference was used to monitor the transformation between α and
β forms.
Since the morphologies of the α and β forms are quite dif-

ferent (see Figure 3), the transformation can also be easily moni-
tored with both FBRM and PVM.
3.2. Solubility of α and β Forms of PABA. The measur-

ed solubility of both α and β forms in ethanol are shown in
Figure 4. The temperature dependence of the solubility of α and
β forms in ethanol was correlated using polynomial eqs 1 and 2,
respectively. The R2 values for these equations are 0.9997 and
0.9999, respectively.
α form

S ¼ 1:187� 10�4T3 þ 2:861� 10�2T2 þ 1:107T þ 110:2

ð1Þ

β form

S ¼ 7:290� 10�5T3 þ 3:524� 10�2T2 þ 1:408T þ 104:9

ð2Þ

Figure 9. PVM images at different transformation times.
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where S is the solubility of PABA in the form of g solute per kg
solvent; T is the Celsius temperature.
From both Figure 4 and eqs 1 and 2, the transition tempera-

ture is seen to be around 13.8 �C. This temperature is less than
the value of 25 �C reported by Gracin and Rasmuson in both
water and ethyl acetate.18 However, in this earlier work, solubility
was determined from sampling of a filtered saturated solution
and subsequent drying of the sample. The reported solubilities of
both forms in the region of the transition were typically within
5% of each other, making accurate determination of the transi-
tion point extremely difficult.
To verify the transition temperature reported here, transfor-

mation experiments at 13 and 15 �C were carried out. In these
experiments, 3 g of α form and 3 g of β form were added into
saturated solution of PABA. The subsequent polymorphic trans-
formation was observed using inline Raman spectroscopy

(Figures 5 and 6). From Figure 5, it can be seen that the α
form slowly transformed into β form at 13 �C, suggesting that
the β form is the stable form at this temperature. However, at
15 �C, the β form slowly transformed into the α form (see
Figure 6) indicating that the α form is stable at this point. On
the basis of these observations, the transition temperature
should be between 13 and 15 �C.
This observation is consistent with the work of Gracin and

Rasmuson18 who reported an α to β transformation in ethyl
acetate at�11 �C, while they also reported the transformation of
β to α at 28 �C in ethyl acetate and at 45 �C in water.
The solubility difference between the two forms is 0�6% in

the temperature range between �10 to 45 �C in ethanol as a
function of temperature. This difference provides the driving
force for the solvent-mediated transformation between the α and
β forms.
3.3. Enantiotropic Transformation between α and β form

PABA.To test the feasibility of using ATR-FTIR spectroscopy to
monitor the liquid phase concentration of PABA, the IR spectra
of pure ethanol and PABA�ethanol solution were measured

Figure 10. Change of chord length distribution before and after
transformation from the β to the α form.

Figure 11. FBRM data, Raman intensity, and an IR intensity change during the polymorphic transformation process from α to β at 0 �C.

Figure 12. Change of chord length distribution before and after
transformation from α to β form.
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separately (see Figure 7). It can be seen clearly that several IR
peaks, such as those at 1607, 1685, and 1174 cm�1, are char-
acteristic peaks of dissolved PABA. In this work, the peak at
1607 cm�1 was chosen to track the PABA concentration because
this peak is the most distinct. The ethanol IR peak at 1048 cm�1

was chosen as the reference peak.
To fully understand the transformation mechanism of PABA,

Raman and ATR-FTIR spectroscopy were combined with FBRM
and PVM to track the change of liquid- and solid-phases during
the transformation process. Typical FBRM, IR, and Raman data
during the transformation from the β to α form at 35 �C are
shown in Figure 8. Typical PVM images during the transforma-
tion are shown in Figure 9.
In Figure 8, the IR intensity represents the liquid phase con-

centration of PABA. The relative Raman intensities of theα and β
forms represent the solid state concentration of α and β forms
PABA, respectively. It can be seen from Figure 8 that, while the
solid-phase β form concentration increases rapidly after the
addition of 3 g of β form to a clear saturated solution of α form
PABA, the liquid concentration of PABA also increases. Along
with the corresponding FBRM count data, this indicates some
rapid dissolution of the addedmetastable substrate. No solid-state
α form is initially detected. For solvent-mediated polymorphic
transformations, the rate of transformation is controlled by the
dissolution of the metastable form (β form at 35 �C) and the nu-
cleation and growth of the stable form (α form at 35 �C). In this
case, the β form PABA is metastable while the α form is stable at
this temperature. Although the clear solution is saturated with
respect to the α form, it is undersaturated to the β form because
the solubility of the β form is higher than that of the α form at
35 �C. The β form will partially dissolve until equilibrium is
reached. Since the solubility difference between the two forms is
small, only partial dissolution of the β form occurs. After a new
thermodynamic equilibrium is established, no further dissolution
of the β form, or nucleation of the stable α form, is observed for
the subsequent 15min, as indicated by the FBRM, IR, and Raman
trends. This period can be regarded as the induction period for
nucleation of the α form. After this induction period, the Raman
intensity of the α form starts to increase with a corresponding
drop in the Raman intensity of the β form. At the same time, the
total FBRM counts increase, while the mean FBRM chord length
is seen to decrease. It is clear that α form nucleation and sub-
sequent growth starts at this point and continues for approxi-
mately 25 min. The IR intensity does not begin to drop for
approximately the first 10 min of this process, until most of the
solid β form has dissolved; the liquid-phase concentration then
begins to fall with the solubility of the α form. The change in the
FBRM data is due to the change in crystal morphology associated
with the transformation observed in Figure 9. A comparison of the
initial and final chord length distribution is shown in Figure 10. A
change from the platelet shape of the β form to the needle shape
of theα formwould be expected to result inmore counts per second

since one larger platelet-shaped PABA β form can transform into
several smaller, needle-shaped α form crystals. The mean chord
length would, however, be expected to drop as the FBRMprobewill
primarily measure the needle width rather than the longer length
dimension.
To summarize, the transformation process from the β to the α

form can be divided into three periods: the dissolution period of β
form, the induction period of α form, and the crystallization pe-
riod ofα form. In each phase, the in situ tools provide a highly de-
tailed picture of the mechanisms at work.
The transformation from the α form to the β form at 0 �Cwas

also investigated. When pure α form is added to a solution at the
saturated concentration of β form, no transformation was ob-
served after up to 5 days, despite its being a metastable form. If
5% of the β form was also added into the saturated solution along
with the 3 g of the α form, then the transformation was observed.
However, the transformation from α to β takes a much longer
time than the transformation from β to α (generally of the order
of 10 h). FBRM, IR, and Raman data from a typical seeded trans-
formation experiment at 0 �C are shown in Figure 11. As in
Figure 8, the IR intensity tracks the liquid-phase concentration of
PABA, while the relative Raman intensity of α and β form re-
presents the solid-state concentration of α and β form PABA,
respectively. From Figure 11, it can be seen that the trends are
similar to those observed for the transformation from the β to the
α form. As the α form dissolves faster than the β form crystal-
lization, it is observed that the liquid-phase PABA concentration
increases and then remains constant during most of the transfor-
mation process before decreasing back to the solubility level for the
β form at the end of transformation. The solid-state concentration
of the α form is seen to decrease slowly, while the solid-state con-
centration of the β form increases slowly during the transforma-
tion process. No induction period was observed because β form
seed was used. As in the previous experiment, FBRMmeasures far
fewer counts in a population of β form particles due to their size
and shape, while the mean particle size is larger. This is reflected in
the FBRM trends in Figure 11. This can be further seen from the
chord length distribution data in Figure 12.
More transformation experiments at different temperatures

were performed. For the transformation from α to β below the
transition point, changes in FBRM, Raman, and IR data were
similar to the transformation at 0 �C. For the transformation from
the β to the α form above the transition point, changes in FBRM,
Raman, and IR data were similar to those of the transformation at
35 �C. The transformation time changed with the transformation
temperature. The results are listed in Table 1.
From all the transformation experiments, it is seen that the

transformation from α to β is much slower compared to the trans-
formation from β to α, which agrees with previously reported
observations for PABA in water and ethyl acetate.18 There are two
possible reasons. The first potential reason is the lower temperature
for the transformation from the α form to the β form. As we know,

Table 1. Transformation time at different temperatures

from α form to β form from β form to α form

T (�C) transformation time -unseeded transformation time - seeded (5% mass) (h) T (�C) transformation time (min)

�10 no transformation was observed after 5 days 36 35 40

�5 no transformation was observed after 5 days 29 38.5 35

0 no transformation was observed after 5 days 16 40 23
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the temperature will affect both the dissolving and crystallization
rate of particles. Higher temperature will normally increase both
the dissolution rate and crystallization rate which will result in
faster transformation. The second possible reason is the lower
crystallization kinetics of theβ formwhich has also been proven in
former research.18

4. CONCLUSIONS

The use of in situ tools to rapidly investigate the transformation
of two polymorphs of PABA was shown to provide a detailed in-
sight into the mechanisms and rates of transformation. This is the
first time this transformationwas successfullymonitored through-
out the process. The solubility can also be accurately measur-
ed in situ, without the need for potentially inaccurate sampling
and associated handling. The enantiotropic behavior between α
and β forms of PABA was confirmed by both solubility data and
transformation experiments. Although the transformation from α
to β is slower than the transformation from β toα, it is possible to
produce pure β-PABA by a controlled transformation process. It
was also found that the transformation from β to α is dominated
by dissolution of the β form and nucleation of the α form, while
the seeded transformation from α and β was dominated by dis-
solution of the α form and growth of the β form.
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