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Abstract:

In general, polymorphs have been identified by using off-line
techniques such as X-ray diffraction, Raman spectroscopy, and
infrared spectroscopy (IR). However, these techniques are
unsuitable for process monitoring because they are slow and
require sample preparation. In this study, the possibility of
applying in situ techniques to the monitoring of solvent-
mediated transitions was investigated. These in situ techniques
include Raman spectroscopy, near-infrared spectroscopy (NIR),
and focused beam reflectance measurement (FBRM), in which
it is possible to perform measurements quickly and in a
nondestructive manner. Raman spectroscopy is effective as a
process analytical technology (PAT) tool for determining
polymorphic transition because this technique is insensitive to
aqueous solvents. NIR can be used for measurements on crystal
polymorphs with sampling from a slurry; however, it is not
effective if it is also off-line due to the interruption of the
absorption band of water. Providing the particle size changes
with the polymorphic transition, FBRM can be very useful as
a PAT tool for monitoring not only particle distribution size
but also polymorphic transition. Raman spectroscopy provides
an insight into the properties of crystallization, especially the
rapid quantitative analysis of polymorphic transition. This
technique offers a time-saving approach for the development
of the crystallization process. In situ techniques such as Raman
spectroscopy can be used during scale-up to understand and
monitor crystallization processes.

Introduction

Crystallization from solution is well established as an
essential separation and purification technique for active

of this phenomenon simultaneously requires the understand-
ing of the kinetics of polymorphic transition.

In industry, polymorphic transition in a slurry is generally
confirmed by differential scanning calorimetry (DSC), X-ray
powder diffraction (XRPD), infrared spectroscopy (IR), near-
infrared spectroscopy (NIR)pr Raman spectroscopy. How-
ever, these conventional methods require time for sample
preparation or measurement. Therefore, they are employed
as off-line analysis tools for materials rather than real-time
monitoring systems.

The Guidance for Industry PAT-A Framework for Inno-
vative Pharmaceutical Deelopment, Manufacturing, and
Quality Assurancevas issued by the U.S. Food and Drug
Administration (FDA) in 2004. The application of process
analytical technology (PAT) is currently an area of high inter-
est/ Several in-line analytical techniques such as FF-IR,
NIR,* Raman spectroscog¥, 4 and FBRM®>™1¢ have been
employed as PAT tools for understanding and monitoring
crystallization processes. These techniques have attracted
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important to gain an understanding of this phenomenon in
the pharmaceutical manufacturing process. However, it is

difficult to find general rules for polymorphism control in
crystallization. Therefore, it is effective that the monitoring
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Figure 1. Structures of taltirelin and timepidium bromide.

attention as quick and nondestructive methods. In recent
years, several groufis31’~1%have explored the use of in-
line Raman spectroscopy to monitor polymorphic transition
in a slurry from the viewpoint of understanding and monitor-
ing the kinetics of the transition. NIR spectroscopy has been
described as a useful tool in the monitoring of the reaétitn
and drying? processes. However, the application of poly-
morphic transition monitoring for aqueous solution was
scarcely addressed in these wotkMoreover, the analysis
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200-ml cylindrical
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g

Figure 2. Schematic diagram of experimental apparatus for
polymorphic transition.

methylpiperidium bromide, obtained from Tanabe Seiyaku
Co., Ltd., has three known hydrate forms (anhydrate, mono-
hydrate, and dihydrate). Th&form (monohydrate), which

of NIR spectroscopy has needed a spectrum preprocessin@as gOOd chemical stability, is selected as the API. A|thOUgh

or a complicated multivariate analysis. FBRM has been used
for particle analysis in the crystallization process. If a
polymorphic transition is accompanied by a change in the
crystal habit, the dramatic changes will result in a shape of
the particle distribution that is measurable by FBRM.

In this work, the simple applications of NIR, Raman
spectroscopy, and FBRM to the in situ analysis of solvent-
mediated polymorphic transition were compared.

Materials and Methods

Materials. Taltirelin. Taltirelin®*?® (Figure 1): )-N-
[(S)-hexahydro-1-methyl-2,6-dioxo-4-primidinylcarbonyh-
histidyl-L-prolinamide tetrahydrate, obtained from Tanabe
Seiyaku Co., Ltd., has two known crystal forms- (and
p-forms). Thea-form, which exhibits good solidliquid

both thea-form (dihydrate) angB-form (monohydrate) are
obtained by recrystallization from an aqueous solution, the
o-form transforms into th@-form upon prolonged stirring.

In order to ensure consistent production of fgorm, it is
necessary to monitor the complete conversion obttierm.

Methods. Experimental ConditionsAll the compounds
were respectively from the same batches and were used
without carrying out further purification.

The slurry of the metastable crystal was adjusted to con-
ditions that facilitate the investigation of a solvent-mediated
polymorphic transition, which was initiated by seeding of
the stable form. The experimental scale was changed accord-
ing to the analysis equipment (probe size, etc.). The typical
procedure and scale of experiment are described as follows.

Methods. Taltirelin. The experimental apparatus is shown

separation characteristics, is selected as the API. The problenin Figure 2. Water (150 mL) was placed in a 200-mL

is that a-form crystals undergo a transformation into the
thermodynamically more stahfeform by a solvent-mediated
polymorphic transition. In order to ensure the desired poly-
morphism, it is necessary to detect the start of the poly-
morphic transition.

The g-form is prepared by a solvent-mediated transition
from the o-form in an aqueous solution at £C. The two
forms can be distinguished by XRPD (Mac science and
MXP3VA). Furthermore, it is also possible to calculate the
content ratio of thex-form by using the intensity of the 16/2
260 peak. (The minimum detection limit was 5%.)

Materials. Timepidium BromideTimepidium bromide
(Figure 1): 3-(di-2-thienylmethylene)-5-methoxy-1,1-di-
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cylindrical, jacketed, glass vessel equipped with a Pfaudler
paddle, and the inner temperature was maintained a€10
Taltirelin (a-form; 60 g) was then added. This system was
stirred isothermally for several hours. During the stirring
period, a polymorphic transition was initiated by seeding of
the-form (600 mg) and observed by in situ monitoring with
Raman, NIR spectroscopy, and FBRM.

Under these conditions, the solubility of taltirelin is 15.1
9/100 mL for theo-form and 8.5 g/100 mL for thg-form.

Methods. Timepidium BromideA 150-mL portion of
solvent (water containing 10 w/w% acetone) was placed in
the above-mentioned 200-mL glass vessel, and the inner
temperature was maintained at 2D. Timepidium bromide
(a-form; 15 g) was then added. This system was stirred
isothermally for several hours. During the stirring period,
polymorphic transition was initiated by seeding of féorm
(300 mg), and observed using the same three methods as
above.

Under these conditions, the solubility of timepidium
bromide is 3.4 g/100 mL for the-form and 2.5 g/100 mL
for the g-form.

Instruments. 1. Raman SpectroscopjRaman spectra
were recorded using a RamanRxn1 Analyzer (Kaiser Optical
Systems Inc., U.S.A) equipped with a fiber-optic probe, using



an approximately 250-mW, 785-nm laser excitation. The a)

acquisition conditions were optimized so that each spectrum .,
was captured with an exposure time of 10 s with four L
accumulations in the case of taltirelin and an exposure time o-form {metastable)
of 2 s with three accumulations for timepidium bromide. .

A quantitative analysis was performed using the partial
least-squares (PLS) regression method (Holo React).

2. NIR Spectra Acquisitiorll near-infrared spectra were
measured with an MPA system (Bruker Optics K.K., Tokyo,
Japan) equipped with a fiber-optic module. The instrument
was controlled with OPUS ver. 5.0 (Ettlingen, Germany),
which also processed the spectral data. All samples were
analyzed with the MPA by using the fiber-optic probe. This o :
probe was set into a stirred reactor containing the slurry. 000 800 00 w0 o0 s w00
The measurements were collected over the range of 12000 Raman Shift 1/cm
4000 cn1? with the spectral resolution set at 8 cihand
each spectrum was taken as an average of 128 scansp)
(1 spectra= the average of 128 scans).

A quantitative analysis was performed on the raw absorb-
ance data using the partial least-squares (PLS) regression
method (OPUS ver. 5.0).

In order to remove the influence of segregation in the
slurry, an analytical curve was created using the data set
which measured five spectra per sample (one concentration).

3. FBRM.Focused beam reflectance measurement was
performed with an FBRM: D-600L manufactured by Mettler
Toledo, U.S.A. The instrument is equipped with a low-level
laser light. When the laser light intersects a particle, it begins
to backscatter. This backscattering continues until the oppo-
site edge of the particle is reached. The duration of back-
scattering is converted into a distance known as the chord 15000
length2® The chord length distribution is then obtained from 555 cm
these values. In this experiment, the FBRM probe has a
measurement range of-1L000 um, and the measurement
duration was set at 30 s.

All probes (Raman, NIR, FBRM) were not installed in
the shown reactor. Each probe was set, and data were 0
collected by repeating the reaction. However, all measure-
ments used samples from the same batch. e 80 100 150 200 250 300 350 400

:
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Results and Discussion . Figure 3. (a) Raman spectra ofa- and g-forms of taltirelin at
A. Crystal Form Monitoring by Raman and NIR 1100-400 cnt. (b) Waterfall plot (600—450 cnY). (c) Relative
Spectroscopy A.1. Raman Spectroscopy. A.1.1. Analysis of intensity profile (555 cm™* peak).

Taltirelin. Raman spectra of taltirelina¢ and f-forms in
slurry) are shown in Figure 3a. The spectrum form changesslurry (Figure 4a). In order to demonstrate the applicability
in the region of around 1166400 cnm! according to the of Raman spectroscopy to the quantitative characterization
polymorphic ratios of the crystals in the slurry. The changes of the polymorphs, a calibration curve was constructed. Five
were comparatively large in the region of 66850 cnm. binary mixtures of the two forms were prepared by simple
The peak at 555 cnt was confirmed to be due to the stable weight fraction; these were used to build a calibration curve
crystal form. The intensity of this peak increases as the poly- by PLS regression analysis. The calculation results for the
morphic transition progressed (Figure 3, b and c); the changes900—-400 cn1! range showed a strong correlation (determi-
were confirmed to be readily detectable because this peaknation coefficient (R = 98.8%; number component: 1)
was not obscured by water peaks. In fact, by using this peak,between the intensity and the spectral changes (Figure 4b).
it was possible to monitor the trend of the spectral changesIn this manner, the method of identifying the polymorphic
accompanying the polymorphic transition in the slurry. type by Raman spectroscopy was confirmed.

A.1.2. Analysis of Timepidium Bromidghe Raman spec- In the case of in situ measurements in a slurry, it is
tra changed in proportion to the polymorphic ratio in the observed that a reduction in peak intensity at 578 camd

(26) Pearson, A. P.; Glennon, B.; Kieran, P. Biotechnol. Prog.2003,19, an i.ncrease in pgak intenSity at SSGMFigure 4C) occur
1342-1347. during the transition. These peaks could be attributed to the
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Figure 4. (a) Raman spectra ofo- and f-forms of timepidium
bromide at 900-400 cntl. (b) Analytical curve of Raman
spectra of timepidium bromide (powder) in the region of 906~
400 cntl, Determination coefficient (R?) was 98.8% (RMSECV
= 6.69, rank = 1). (c) Waterfall plot (660—520 cnt?). (d)
Relative intensity profile (586, 578 cm! peaks).
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Figure 5. (a) NIR spectra of taltirelin (powder) in the region
of 12000—4000 cmt. (b) NIR spectra of taltirelin in slurry in
the region of 12006-4000 cnt?.

metastable form (578 cm) and the stable form (586 cr,

as shown in Figure 4a. Therefore, the changes in peak inten-
sities shown in Figure 4d indicate the polymorphic transition
of timepidium bromide.

Raman spectroscopy is considered to be an effective
monitoring tool of polymorphic transition in a slurry because
it can monitor the changes in the crystal habit accompanying
the polymorphic transition without the interference of water
peaks.

A.2. NIR Spectra Acquisition. A.2.1. Analysis of Taltirelin.
NIR spectra of taltirelin (powder) are shown in Figure 5a.
Changes in some specific spectral shapes (7000 and 5000
cm ! neighborhoods) are observed in each spectrum. It was
considered that the NIR spectra were influenced by a change
in the molecular structure accompanied by the rotation of
the amide bonding in the polymorphic transition of taltir-
elin?*In fact, this region is equivalent to the second overtone
and combinations of the amide bonding, and these specific
peaks can be used to identify the polymorphs.

Figure 5b shows the NIR spectra of taltirelin in the slurry.
The entire region of the spectrum is covered by absorption
bands of water (6900 cn¥first overtone and 5200 cn¥/
combinations), and the peaks corresponding to Taltirelin are
completely hidden. Thus, in a slurry, the and S-forms
cannot be distinguished on the basis of their specific peaks.
It was considered that the identification of the crystal form
in the slurry is difficult owing to the interference of these
absorption bands by water. However, in the case of a highly
concentrated slurry, where the water bands are weaker, the
identification of the crystal form is possible such as in Figure
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Figure 6. (a) NIR spectra of timepidium bromide (powder) in the region of 12006-4000 cnt?. (b) Enlarged portion of a (timepidium
bromide (powder), 7600-6200 cnt?). (c) Enlarged portion of a (timepidium bromide (powder), 5800-5200 cnt?). (d) NIR spectra
of timepidium bromide in slurry in the region of 12000—4000 cnt?. (e) NIR spectra of timepidium bromide in slurry with variable

concentrations in the region of 12000-4000 cn1?. (f) Analytical curve of NIR spectra of timepidium bromide in slurry in the region

of 6200—5500 cm. Determination coefficient (R?) was 94.4% (RMSECV = 5.92, rank = 2).

5a. With this finding, the monitoring of the polymorphic molecule in the timepidium bromide crystal. Enlarged por-
transition is a distinct possibility. tions of Figure 6a are shown in Figure 6b (7000 ¢rand
A.2.2. Analysis of Timepidium BromidelIR spectra of Figure 6¢ (5500 cmt). The peak at 7000 crd is equivalent
timepidium bromide (powder) are shown in Figure 6a. The to the absorption band of the first overtone of water. On the
intensities of specific peaks at 7000 and 5500 trare other hand, the peak at 5500 chis not assigned to a vibra-
changed, and the differences between the polymorph formstional structure because it deviates from the absorption bands
can be easily identified by observing these peaks. It was alsocorresponding to the molecular structures of timepidium
considered that the spectral changes were based on théromide and water. On the basis of the fact that the intensities
transformation from dihydrate to monohydrate accompanying of the peaks at 5500 crhin the two forms change according
the polymorphic transition of timepidium bromide, because to the water contents, they could be considered as peaks due
the intensity ratios of these peaks were proportional to the to water bound within the crystalline lattice.
mixture ratios of theo- and S-forms. Therefore, it was The NIR spectra of timepidium bromide (concentration
considered that these peaks could be assigned to the wateof about 10 w/w) in a slurry are shown in Figure 6d. The
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Figure 7. Polymorphic transition of taltirelin. (a) Before transition (stable form); (b) halfway through transition; (c) after transition
(metastable form). Almost all the short particle diameters of the metastable forms are less than 20m.

entire spectrum region is covered with the absorption bandgn L L "_gts"“ 100
of water. However, a small peak is observed at 6000'cm 2 19 7 chord length data (10 — 23 pm) 90
This region corresponds to the first overtone of the CH g ® ratio of f-form by XRPD / 18 %
bonding, and it was considered that the peak is due to theg 7 y 178
molecule structure of timepidium bromide. A PLS regression k- / 160 g
analysis of the spectra (based on the peak (62800 cnt?) £ L // 1 50 ’;
with various combinations of the- and-forms was per- 2 13 a ] 140 8
formed . However, no correlation was observed between the S § LT 4 130 =
peak intensities and the ratios of the polymorphic crystal g |, - 1 20
forms. (Determination coefficientRf) was always under E /,/ ? 7 110
10%.) 200 Mgl gl0® i .
=

On the other hand, because a clear correlation waso ¢ 60 120 180 240 300 360 420
observed between the peak intensities and the polymorphic
form ratios in the case of the powder state experiment (deter- Fioure 8. Line of the chord lenath data (10-23 arm) shows
mination coefficient (B = 98.59%, RMSECV= 4.2, rank thgincrease in the number of fine%articles c(nf th$-fgrm)(stable
= 1), it was suggested that the slurry concentration was tooform). The solid circles represent the ratios of thef-form
low in the previous case to observe any correlation under determined by powder X-ray diffraction.
these experimental conditions. Thus, the polymorphic transi-
tion was monitored using a higher concentration (100 w/w%),  From these results, it is evident that Raman spectroscopy
as shown in Figure 6e. The peaks at 7000 and 5500' cm is more effective than NIR spectroscopy for conditions that
were covered with the absorption band of water, and no involve a high degree of interference by water, such as a
correlation is observed between the peak intensities and theslurry with a low concentration.
ratios of the crystal forms. However, the results of PLS C. In-line Crystal Shape and Size Monitoring by
regression analysis on the domain containing the specific FBRM. C.1. Analysis of Taltirelin (FBRM)l'he differences
peak at 6000 cnt reveal a strong correlation between the in the crystal shapes of the and-Sforms are recognizable
peak change and crystal form (Figure 6f). Therefore, the under a microscope (Figure 7). Theform crystals are
possibility of monitoring polymorphic transition in a highly  prismatic, whereas thg-form crystals exhibit very small
concentrated slurry was verified. needle-like shapes. Therefore, the transformation from the

B. Application of Raman and NIR Spectroscopy to In- o-form to thep-form can be followed through microscopic
LineCrystallization Monitoring. Owing to the absence of  observations.
water peak interference, the monitoring of the polymorphic ~ Figure 8 shows the trend for the counts of fine chords
transitions in the two compounds by Raman spectroscopy (10—23um) that correspond to the size of tfigform. On
was performed successfully. The trends of the Raman signalsthe addition of the seed to the slurry, a slow rise is observed,
yielded information regarding the kinetics of the polymorphic which reaches a plateau at 6 h (solid line in Figure 8). This
transition, which are important parameters from the viewpoint increase is most likely due to the nucleation of théorm
of manufacturing scale-up. In situ monitoring by Raman crystals.
spectroscopy was useful for determining the endpoint of the  The solid circles represent the ratios of {hdorm, as
polymorphic transition as well as for understanding the determined by powder X-ray diffraction (these data were
phenomenon. obtained by off-line measurements). The mass fraction of

On the other hand, it was difficult to monitor polymorphic the f-form does not completely lie on the FBRM curve but
transition by NIR spectroscopy because the NIR spectra werelevels out in a similar manner at 6 h. The FBRM data show
covered by numerous absorption bands of water in the casehe count of the particles. Therefore, the trend of the fine
of a slurry with a low concentration. In the case of a highly chords is more strongly emphasized than that of the coarse
concentrated slurry, the monitoring of the polymorphic transi- chords. In the case of taltirelin, tifeform is extremely small
tion is a distinct possibility but the accuracy is lower than as compared to the-form. Therefore, FBRM should be
that with Raman. available for detection of the start on polymorphic transition.

The @)
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ratios of the f-form determined by powder X-ray diffraction. These changes in the number of chord lengths are not in agreement
with a polymorphic transition.
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Figure 10. Polymorphic transition of timepidium bromide. (a) Before transition (stable form); (b) halfway through transition; (c)
after transition (metastable form).

C.2. Analysis of Timepidium Bromide (FBRMFjgure 9 Conclusion
shows the changes in the measured chord length data. The We used three independent techniques to monitor poly-
data are divided into five population ranges-3um, 10— morphic transitions.
23 um, 29—86um, 100—251um, and 293—100@m. The 1. Raman Spectroscopy.In the case of timepidium
change ratios of the number of the chord length (the value bromide, the ratio of polymorphic forms can be determined
at seeding is assumed to be 1) are not in agreement with theby PLS regression analysis. In addition, in situ monitoring
polymorphic transition. The difference in the crystal shapes of polymorphic transition was successfully carried out in both
of theo- andj-forms was confirmed by examining a micro- compounds because the spectra did not show any interference
graph (Figure 10). Thei-form crystal showed a thin plate  from water. However, it was considered that the monitoring
shape, whereas th&form crystal was prismatic in shape. might be difficult with other crystalline forms having
However, the difference between the chord lengths of the complicated Raman spectra.

two forms was small. 2. NIR Spectroscopy Measurements on the polymorphic
In the case of timepidium bromide, it was difficult to mon- forms were difficult under the experimental conditions in a
itor the transition from thew-form to thes-form by FBRM. slurry. However, an attempt was made to distinguish between

Since the difference in the particle size of the two forms the polymorphic forms and their ratios in the case of the
was small, no spectral difference was detected between thempowder state and highly concentrated slurry. The monitoring
D. Application of FBRM to In-line Crystallization of polymorphic transition might be possible, depending on
Monitoring. In order to consider FBRM as a PAT tool for the conditions such as highly concentration slurry.
monitoring polymorphic transition, it is necessary to inves- 3. FBRM. Although very useful as a PAT tool for moni-
tigate the relationship between crystal habit and polymor- toring not only particle distribution size but also multiform
phism. transition, FBRM can be employed only when the particle
A polymorphic transformation is often accompanied by distribution size changes with polymorphic transition.
a change in the crystal habit, which can cause changes in Under these conditions, Raman and NIR spectroscopy
the particle distribution measured by FBRM. In this case, were verified to be in some care suitable as PAT tools for
FBRM can prove very useful as a PAT tool for monitoring carrying out the monitoring of a polymorphic transition
not only particle distribution size but also polymorphic during crystallization. In particular, in situ Raman spectros-
transition. copy can assist in the understanding of the kinetics of poly-
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morphic transition during crystallization and can be used to detecting kinetics in the pharmaceutical crystallization
develop a robust process and determine the endpoint. Furtherindustry.

more, this study demonstrated the possibility of using FBRM
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