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Finding Conditions to Process Hydrate Crystals and
Amorphous Solids of Disodium Guanosine
5’-Monophosphate by an Antisolvent Crystallization Process

Jungsuk Kim* and Joachim Ulrich

A screening of amorphous, heptahydrate, and tetrahydrate forms of disodium
guanosine 5’-monophosphate is investigated using an antisolvent
crystallization process with the aim to selectively produce each solid form.
The concentrations of the solution and solid forms are monitored by in situ
Raman spectroscopy using a calibration tool. Particle sizes and particle counts
are measured with elapsed time by a focal beam reflection measurement.
Concentrations of amorphous and hydrates phases are determined using
in-line measurement techniques. The variables studied are temperature, initial
concentration, addition rate, and solvent fraction. The results demonstrate
that transformation from amorphous to hydrate forms consists of four stages,
which are the nucleation of the amorphous form, predissolution of
amorphous form, the nucleation of hydrate crystal and dissolution of
amorphous solid, and the growth of hydrate crystal. The rate-controlling step,
in this case, is the dissolution of amorphous form. Transformation between
heptahydrate to tetrahydrate crystals is a nucleation-growth-controlled step. It

dissolution.>®] Hydrates can be de-
scribed in terms of their stoichiom-
etry relative to the host molecule;
ie., they are either stoichiometric or
nonstoichiometric.l®) In general, amor-
phous and hydrate forms of the same
material exhibit different physical prop-
erties such as compressibility, melting
point, and solubility, which can greatly
affect the performance of the material
thereafter.[®”] Therefore, it is important
to control the manufacturing process
to produce selectively the desired solid
forms.

According to Ostwald’s rule of
stages,’®] a solution-mediated crystal-
lization process!?! frequently transforms
the crystalline forms and only allows

is possible to obtain selectively the solid forms of disodium guanosine
5’-monophosphate by referring to the supersaturation and solubility data.

1. Introduction

In the process of preparing compounds that exist in various
solid forms, either crystalline or amorphous forms, the se-
lective production of a solid form is of interest.!?] Thermo-
dynamically, amorphous solids provide higher solubility and
higher dissolution rate compared to crystalline forms. However,
amorphous forms are often not wanted as they are not stable;
they can be transformed during drying, processing, storage, or
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changes from metastable forms to
stable forms, making it difficult to pre-
pare metastable forms. Therefore, it
is important to grasp which operation
factors influence the transformation. The
transformation is caused by the difference in solubility between
the two forms or various mechanisms depending on the super-
saturation conditions. The crystallization conditions for the pro-
duction of the pure metastable form can also be set according to
the supersaturation conditions.'%! Therefore, the generation of
the amorphous form can also be established by this method.['12]
When an amorphous form is suspended in a saturated solution,
a transformation into a stable crystalline form can occur. Know-
ing the supersaturation limit is essential for the selective crystal-
lization of disodium guanosine 5’-monophosphate (GMP) solid
forms that exist as tetrahydrates, heptahydrates, and amorphous
forms.

GMP is an important material for RNA production, and is
also used as an intermediate of pharmaceuticals and as a food
additive.['*.1*] GMP is synthesized by fermentation and then puri-
fied by crystallizing the fermentation broth. Crystallization serves
to control product qualities, such as the hydrate form and the
purity. GMP exists in several hydrate forms and one amorphous
form.[*5] The chemical structures of tetrahydrate and heptahy-
drate GMPs are shown in Figure SI1 (Supporting Information).
In order to understand transformation of the hydrate forms in
solution-mediated crystallization, it is necessary to grasp the ef-
fect of supersaturation according to the crystallization conditions.
In addition, previous studies on GMP crystallization have mainly
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Figure 1. Experimental setup.

focused on the transformation of heptahydrate and amorphous
forms.['>-17] Several papers have reported crystallization of GMP
with variables, such as solvent, temperature, and pH.[">"'°l How-
ever, studies on the relationship between supersaturation and the
solid form measured in situ, and the crystallization of tetrahy-
drate GMP are lacking. In GMP manufacturing, the analysis of
the mechanisms of transformation between hydrate and amor-
phous states and between hydrate and hydrate states is required.
In addition, conditions must be established for the growth of the
amorphous and the hydrates without transformation. Therefore,
the purpose of this study is to measure in situ the supersaturation
concentration, solid concentration, particle size, particle size dis-
tribution, and particle numbers with time, and to determine su-
persaturation limits for selective formation of amorphous, hep-
tahydrate, and tetrahydrate solids. For this purpose, an in-line
measurement was introduced, because it is difficult to measure
the form and the concentration of the transformable phase by
off-line analysis.

Solvent-mediated transformation studies can use a single
measurement instrument, such as attenuated total reflectance
Fourier transformed infra-red (ATR-FTIR),12°! near infra-red
(NIR),[2!] Raman,?!] or focused beam reflectance measurement
(FBRM),[2*] but in many cases use a combination of instru-
ments to understand simultaneously complex mechanisms. In
order to understand the hydrate formation and the transforma-
tion during operation, it is necessary to measure not only the
solid form and concentration of the suspended solid state in so-
lution, but also the change in solute concentration. Supersatu-
ration is a nonequilibrium parameter affecting nucleation and
crystal growth kinetics.[?>-?’] Supersaturation is calculated from
the difference between solubility and actual solution concentra-
tion, which is measured in real time by in-line Raman spec-
troscopy. Particle number, particle size distribution, and particle
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size are measured by FBRM as they provide information on nu-
cleation and growth during transformation. This study provides
a method for selective manufacturing of solid form by study-
ing the formation and transformation of amorphous, heptahy-
drate, and tetrahydrate of GMP by combining FBRM and Ra-
man information analyzed on-line over time. The supersatura-
tion limit of antisolvent crystallization was established accord-
ing to the methanol/water ratio, initial concentration, antisolvent
feed rate, and temperature. The controlling steps in the trans-
formation of amorphous-to-hydrate solids and hydrate-to-hydrate
crystals were studied.

2. Experimental Section

2.1. Setup

The experimental setup is shown in Figure 1. It consisted of a
double jacket crystallizer, a mechanical stirrer, a Raman probe, an
FBRM probe, a thermostatic controller, a vacuum filter, and dry-
ing equipment. Experiments were performed in a normal mode
of antisolvent crystallization, which is the method to add antisol-
vent to solution. The crystallizer was a 400 mL cylindrical glass
vessel equipped with a 4.5 cm marine-type propeller. The stir-
ring speed was 400 rpm. The Raman probe and FBRM probe
were mounted inside the crystallizer. The solution was prepared
by dissolving GMP in water at 10 K higher than the operating
temperature and then maintaining it at the same temperature
for 1 h. Then, as an antisolvent, methanol was fed at a constant
rate into the stirred solution using a syringe pump. A thermostat
(Jeio Tech, HTRC-30) equipped with a programmable controller
was used to keep the temperature constant. After the experiment,
the solids were separated by filtration and dried in an oven at
45 °C for 10 h. The addition rate of the antisolvent was 0.9-38.0 g
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min~'. The methanol fraction in the mixed solvent was in the
range of 0.3-0.8, and the temperature was set to 20-50 °C. The
initial concentration was set to 0.1-0.3 g g7'.

The measuring instrument consists of an FBRM spectrometer
(model M400LF, Mettler Toledo, USA) and a Raman spectrome-
ter (Kaiser Optical Systems, USA), which are in-line measuring
instruments. In situ Raman measurements were used to mea-
sure changes in solute concentration, solid concentration, and
solid form over time. FBRM was used to monitor particle forma-
tion and to observe changes in particle size and particle number
in real time during the crystallization process.

2.2. Raman Spectroscopy and FBRM

Raman spectra were recorded using RXN Systems (Kaiser Opti-
cal Systems, Ann Arbor M1, USA) equipped with a light-emitting
diode laser (785 nm, 450 mW). The spectral range was 100-1890
cm™! acquired with a spectral width of 4 cm™! and 5 s exposure.
The concentrations of the solids and solutions were calibrated us-
ing iCRaman software (Mettler-Toledo, Switzerland). Analysis of
the Raman spectra was performed by the absence and occurrence
of the original peaks found in the spectrum of a single compo-
nent. A multivariate partial least squares (PLS) model was used
to calibrate for the concentrations of solids and solutions. Previ-
ous studies have already verified the solid form by Raman spec-
tra and powder X-ray diffraction (PXRD) patterns.[?’l The RXN2
system made the instrument setup, data acquisition, and simple
analysis.

An FBRM probe was used to monitor the nucleation, disso-
lution, and growth of the material. FBRM measured the chord
length distribution (CLD) as the chord length was converted to
particle size. Count data can be split into specific population re-
gions in the size. FBRM data were recorded every 10 s, and count
numbers were used as indications that nucleation occurred. The
transformation process was monitored by the change in parti-
cle size and number. The number and size of particles of amor-
phous and hydrated forms were determined by FBRM. iControl
FBRM software (Mettler-Toledo) was applied for data collection
and analysis. In all experiments, the FBRM scan speed was 2 m
s7L. Chord lengths are defined as the length of the segments of a
line embedded in specific phases of a material.**! Chord length
distributions obtained with FBRM can be used similar to parti-
cle size distributions of laser diffraction and image analysis in
different particle size ranges.t!

2.3. Characterization of Solids and Raman Calibration

Raman spectrum and calibration results for amorphous, hep-
tahydrate, tetrahydrate forms, and the solution concentrations
were already reported.[?”] PXRD patterns, Raman spectrum, and
differential scanning calorimeter-thermo gravimetric analyzer
(DSC-TGA) results of amorphous, tetrahydrate and heptahy-
drate forms are shown in Figures SI2-SI4 (Supporting Informa-
tion), respectively.

The Raman spectra of the tetrahydrate are 367, 431, 502, 593,
680, 882, 984, 1326, 1495, 1632, and 1705 cm™'. Of those, 882
cm~! was chosen as the characteristic peak of the tetrahydrate
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Figure 2. a) Raman intensities of solution concentration at 876 and 977
cm™~" peaks. b) The results of the calibration for the concentrations of so-
lution, amorphous solids, tetrahydrate crystals, and heptahydrate crystals.
(Rsgr of linear regression analyses is 0.997.)

crystal. The Raman spectra of heptahydrate are 355, 387,470, 592,
652, 832, 867,974, 1009, 1057, 1090, 1185, 1418, 1495, and 1670
cm~!. From them, 893 and 976 cm™! were selected as the char-
acteristic peaks of heptahydrate. The Raman spectra of the amor-
phous form are 1741, 1587, 1480, 1372, 1328, 1025, 983, 880, 582,
503, 380, and 327 cm™!. The characteristic peaks selected were
380 and 1480 cm™!. Raman spectra of GMP dissolved in a sol-
vent show distinct peaks at 876, 977, 1077, 1487, and 1581 cm™,
while those of water are characterized at 373, 418, and 1742 cm™.
Therefore, multiple intrinsic peaks of 876 and 977 cm™! were se-
lected for the peaks of the GMP solution to obtain the calibration
curve.

The calibration of the solution concentration at the 977 cm~
peak is shown in Figure 2a, while the Raman intensities of the
solution concentrations for the peaks at 876 and 977 cm™! were
shown. The Raman spectrum of the solution was measured in
a solution, in which 0-80 g of GMP was completely dissolved in
100 g of a solvent. Raman spectra were collected at a solution con-
centration range of 0-0.8 g g~!. The solution concentration was
calculated using the intensity of the Raman peaks of dissolved
GMP per peak of the solvent. The distinct peak of the solvent
was at 418 cm™'. A multivariate PLS model was used to correct

1
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concentrations of solids and solutions. The calibration curves for
the concentrations of solution, amorphous solids, tetrahydrate
crystals, and heptahydrate crystals showed that the predicted con-
centration and the actual concentration were in a good agreement
(Figure 2b). For a solid suspended in a saturated solution, a cali-
bration curve for the solid was prepared using the Raman spectra.
However, during the measurement of concentrations, a variation
in the Raman spectra was found. Thus, the solid concentration
was determined using the Raman spectra of the slurry before the
transformation occurred. The calibration curves showed a corre-
lation coefficient of 0.997.

3. Results and Discussion

3.1. Solubility and Supersaturation

In solution-mediated crystallization, supersaturation is the main
parameter affecting the solid form that crystallizes.'1?%] Previ-
ous studies have presented the solubility of heptahydrate, tetrahy-
drate, and amorphous forms of GMP as a function of a water—
methanol fraction.??) The amorphous solubility was highest in
the whole range of the solvent fraction. Below 45 °C, the solu-
bilities of tetrahydrate and heptahydrate were close together with
heptahydrate as somewhat lower one, while at 45 °C or higher,
tetrahydrate was the slightly lower one. At 20 °C and a methanol
fraction of >0.2, the solubility is in the order of amorphous >
heptahydrate > tetrahydrate. At a methanol fraction of 0.3, the
solubility difference between amorphous and heptahydrate and
between heptahydrate and tetrahydrate are 0.0105 and 0.0065 g
g1, respectively, and the solubility difference decreases as the
methanol fraction increases. The supersaturation difference be-
tween the amorphous and the hydrates is clear. Thus, selective
preparation of solid forms can be carried out by adjusting the
temperature and the methanol/water ratio, based on the solubil-
ity and the supersaturation.

Although the solubility differences between the three forms
are not very large, the metastable zone widths differ significantly.
The metastable zone width depends on the supersaturation as
a kinetic property. The solubility, on the other hand, is a ther-
modynamic property. Figure 3a,b shows schematic changes in
metastable zone width with respect to methanol fraction and time
in antisolvent crystallization, respectively. It serves as a guide for
the formation and transformation of metastable forms. There-
fore, from the understanding of the difference between satura-
tion and supersaturation, a method for preparing selectively ei-
ther a stable form or a metastable form without transformation
can be proposed.

Supersaturation depends, besides the temperature, on the feed
rate, initial concentration, and fraction of antisolvent in anti-
solvent crystallization. Therefore, amorphous, heptahydrate, and
tetrahydrate forms can be selectively controlled by adjusting
these variables. Figure 3a shows the metastable supersaturations
Crnetar Canernr and Cp ., arbitrarily in the plots of solute concen-
tration against methanol fraction. From this figure, during anti-
solvent crystallization at the initial concentration C1, the operat-
ing line meets C,,, to form an amorphous form; the concen-
tration decreases; and an amorphous form is produced without
transformation. At the initial concentration of C2, amorphous

is first formed in C_,,, and after a certain induction period,
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Figure 3. a) Schematic concentration changes with respect to methanol
fraction. b) Schematic concentration changes with respect to time in an-
tisolvent crystallization. (A, H, and T stand for amorphous, heptahydrate,
and tetrahydrate, respectively.)

it meets C,,, in which amorphous is transformed into hep-
tahydrate. At the initial concentration of C3, only the formation
and growth of heptahydrate take place under the condition that
it meets the limit line of the metastable zone of heptahydrate,
Cpperp- At the initial concentration of C4, heptahydrate is first
formed at C,), and is transformed into tetrahydrate at C,.
At the initial concentration C5, only the formation and growth
of tetrahydrate occur under the condition that it meets the limit
line of the metastable zone of tetrahydrate, C,,,. In addition, at
the same concentration, a higher addition rate of the antisolvent

leads to a greater supersaturation.

3.2. Selective Formation

There are various routes for formation of crystalline hydrates and
the amorphous form. Antisolvent crystallization at an initial con-
centration of 0.1-0.3 g g™! and addition rates of 0.9-38 g min~!
were carried out. Supersaturation was generated by adding an-
tisolvent into the solution. In situ monitoring was observed by
Raman spectroscopy. Raman spectra of eight cases are presented
as 3D surface waterfalls in Figure 4.

Raman spectra with elapsed time are dramatically different in
the range of 1890-200 cm™'. As can be seen in Figure 4, the
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Figure 4. 3D surface waterfall Raman spectra in the regions of 300-412, 760-932, 302414, and 800-1000 cm~", and during a) formation of the amor-
phous, b) formation of the heptahydrate, c,d) formation of the amorphous and transformation into the heptahydrate, €) formation of the heptahydrate
and transformation into the tetrahydrate, f) formation of the tetrahydrate and transformation into the heptahydrate, g) crystallization of the tetrahydrate,
and h) solution. (A, H, and T stand for amorphous, heptahydrate, and tetrahydrate, respectively.)
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nucleation, the growth, and the transformation of amorphous,
heptahydrate, and tetrahydate were shown by Raman spectra in
the range of 300412, 760-932, and 302-414 cm™!, respectively.

In Figure 4a, Raman spectra of solids, during operation, at a
feed concentration of 0.3, a temperature of 20 °C, and an anti-
solvent fraction of 0.5 are presented as a 3D surface waterfall.
The amorphous peak at 380 cm™' was formed, and no trans-
formation was observed for ~24 h. Figure 4b shows heptahy-
drate peaks at 893 and 973 cm™!, which were formed without
transformation for 10 h. Figure 4c shows the amorphous peak
at 380 cm™!, which was formed first and transformed into hep-
tahydrate with peaks at 893 and 973 cm™'. Figure 4d shows the
amorphous peak at 380 cm™!, which was formed first and trans-
formed into heptahydrate with a peak at 355 cm~'. Raman spec-
tra of heptahydrate peaks at 893 and 973 cm™' were changed
into that of the tetrahydrate peak at 882 cm™ after 1.9 h (Fig-
ure 4e). Raman spectra of the tetrahydrate peak at 882 cm~! were
changed into that of the heptahydrate in the solid state at 1.5h
(see Figure 4f). At a feed concentration of 0.1, the tetrahydrate
was directly nucleated without any transformation, which was ev-
idenced by the appearance of the 882 cm™' peak in Raman spec-
tra. Raman spectra of this case are depicted in Figure 4g. Fig-
ure 4h shows Raman peaks of the solution concentrations at 867
and 977 cm™.

Therefore, it can be seen that the formation and transforma-
tion of the solid phase during the crystallization process can be
quantified by Raman spectra. In this study, two in-line tools,
Raman spectral analysis and FBRM, can clearly identify the
solution-mediated transformation mechanism. Six case studies
were conducted to prepare various forms of solids.

3.3. Case Studies for Transformations
3.3.1. Case for Amorphous to Heptahydrate State

Figure 5 shows Raman and FBRM data for the case of
amorphous-to-heptahydrate transformation. It was carried out by
antisolvent crystallization at 20 °C with a GMP/water ratio of 0.2,
a methanol fraction of 0.33 in the solvent, and a methanol feed
rate of 38 g min~". In this case, the results of Raman spectroscopy
and FBRM can be divided into four sections: amorphous gener-
ation and growth, dissolution of amorphous solid, heptahydrate
nucleation and transformation into heptahydrate, and heptahy-
drate growth.

Section I is the amorphous formation section. Solid forma-
tion is accomplished by adding methanol into the solution. The
change of particle size is reflected in the FBRM’s unweighted
CLD, as shown in Figure 5b. The number of particles increased
rapidly after generating supersaturation by methanol addition
and then remained constant. The particle size also increased
rapidly at the same time as the methanol added, and kept con-
stant at about 11 pm. The width of the particle size distribution
remained without change. It is clear that there were a large num-
ber of fine particles between 1 and 20 um initially in the un-
weighted CLD. The amorphous concentration of 0.048 g g7!, the
solute concentration of 0.152 g g~! in the solution (see Figure 5a),
the number of counts, and the chord length were constant until
2800 s.
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Section II is the pretransformation section. After 2900 s, the
width of the particle size distribution did not change, and the
peak began to decrease slightly. Accordingly, the number of par-
ticles decreased and the mean particle size was not changed (see
Figure 5b). In addition, the number of fine particles between
1 and 20 ym underwent a relatively small change in the trans-
formable form to prepare for the subsequent crystallization of
the heptahydrate form (see Figure 5b,c). The concentrations of
the solution and the amorphous solid were 0.152 and 0.048 g
g1, respectively. Additionally, the pretransformation section is
a step to prepare the supersaturation conditions to generate the
heptahydrate nuclei.

Section III is the transformation section. The number of par-
ticles decreases rapidly, and the particle size increases due to the
decrease in supersaturation and dissolution of the amorphous
form with a higher solubility compared to the solubility of hep-
tahydrate (see Figure 5b). For this reason, there is a moment at
5200 s in which the particle number increased slightly, and hence
the particle size decreased slightly. At the same time, the concen-
tration of the solution began to decrease. No dissolution of the
amorphous solid was initially observed. After that, dissolution of
amorphous solids and a sharp decrease in solution concentration
occurred near 5900 s, and the solution supersaturation for hep-
tahydrate steadily decreased, causing nucleation of heptahydrate.
In the CLDs (see Figure 5c¢,d), a bimodal distribution curve was
created as another peak appeared near 67 pm during the transfor-
mation process at 6900 and 7500 s. As a result, a bimodal distribu-
tion with peaks at 8.9 and 67 um was shown. Therefore, the num-
ber of small particles (0-50 um), which were amorphous solids,
first increased, and then decreased due to the dissolution, which
activated the crystal growth of heptahydrates.

In Section IV, due to the dissolution of the amorphous form
and the growth of heptahydrate in the previous section, the par-
ticle number gradually decreased and the particle size increased
to 67 um. The increase in size was due to crystal growth of hep-
tahydrate. In the particle size distribution, the amorphous par-
ticles disappeared completely, the bimodal distribution disap-
peared, and only crystals of heptahydrate around 67 um existed
(see Figure 5c¢,d). The solution concentration decreased from 0.2
t0 0.069 g g~!. In summary, this case consisted of amorphous for-
mation, amorphous dissolution, amorphous to hydrate transfor-
mation, and hydrate crystal growth. Characteristically, an amor-
phous dissolution was discovered before transformation, and
then the transformation process by nucleation of heptahydrate
was revealed.

3.3.2. Case for Heptahydrate to Tetrahydrate

Figure 6 shows Raman and FBRM data for the case of
heptahydrate-to-tetrahydrate transformation. It was carried out
by antisolvent crystallization at 50 °C at a GMP/water ratio of
0.2, a methanol fraction of 0.5 in solvent, and a methanol feed
rate of 38 g min~!. In this case, the results of FBRM and Ra-
man spectroscopy can be divided into three sections: nucleation
and growth of heptahydrate, transformation from heptahydrate
to tetrahydrate, and growth of tetrahydrate.

Section I represents the heptahydrate nucleation and growth.
In crystallization, crystals of heptahydrate nucleate and grow
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Figure 5. Raman and FBRM data for amorphous-to-heptahydrate transformation. a) Time—concentration profiles for solution, and amorphous, and
heptahydrate solids. b) Counts and chord length from FBRM. c) Chord length distributions (CLDs) over time. d) CLDs during transformation.

by adding methanol into the solution. Upon the addition of
methanol, supersaturation was achieved, and the number of par-
ticles increased rapidly and then remained at 8023 # s~!. The par-
ticle size also increased sharply at the same time as methanol
addition and remained constant at about 43 um. It was found
that the width of the particle size distribution was not changed
significantly in the range of 10-100 um. The solution concentra-
tion decreased from 0.2 to 0.058 g g~! when heptahydrate was
formed, and the concentration of heptahydrate crystals increased
t00.142 g g™l
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Section II represents nucleation of tetrahydrate and disso-
lution of heptahydrate (see Figure 6a,b). As shown in the so-
lute concentration—time profile in Figure 6a, the solubilities of
heptahydrate and tetrahydrate are similar, but the solubility of
tetrahydrate is lower by 0.0052 g g!. After the induction period,
the nucleation of tetrahydrate occurred rapidly as a result of the
dissolution of heptahydrate due to the slightly higher solubility.
For this reason, the particle number started to decrease suddenly
at 5700 s and the particle size started to increase. According to the
FBRM results, the crystal size increased from 43 to 48 um during
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Figure 6. Raman and FBRM data for heptahydrate-to-tetrahydrate transformation. a) Time—concentration profiles for solution, and heptahydrate and
tetrahydrate solids. b) Counts and chord length from FBRM. c) Chord length distributions (CLDs) over time. d) CLDs for transformation.

the transformation process (see Figure 6¢,d). In the process, the
number of particles decreased from 8023 #to 7600 #s~!. Duetoa
small solubility difference, the solution concentration decreased
by about 0.0071 g g~!. No formation of an amorphous solid was
observed.

Thereafter, the supersaturation for tetrahydrate formation
steadily decreased, causing the growth of tetrahydrate in the state,
where the dissolution of the heptahydrate near 6800 s does not re-
sult in a change in the solute concentration. Then the solute con-
centration decreased. In the particle size distribution, the peak
near 43 pym was maintained without change during the transfor-
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mation process. Therefore, the particle size distribution of hep-
tahydrate was initially shown, but no change in the number of
particles was observed by the nucleation of tetrahydrate in the
fine particles (1-20 pm). Since there is a little difference in solu-
bility between two hydrated crystals, the transformation process
is driven by dissolution of heptahydrate crystals and growth of
tetrahydrate crystals. Therefore, the number of transformed par-
ticles decreased, and the size increased by 5 um (about 10%).

No clear change in particle size distribution was observed
during the transformation process. Therefore, the nucleation of
heptahydrate was not reflected in the distribution. In addition,
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crystal growth caused the distribution to broaden to the right
and the peak height to decrease slightly. From this phenomenon,
transformation due to dissolution appears to be large and accom-
panied by crystal growth of tetrahydrate.

Section III is the tetrahydrate growth section. Due to the dis-
solution of the heptahydrate and the growth of the tetrahydrate,
the particle number decreased slightly and the particle size in-
creased up to 48 um. The CLDs become gradually wider and indi-
cate the growth of the tetrahydrate. In this case, nucleation of hep-
tahydrate, transformation from heptahydrate to tetrahydrate, and
growth of tetrahydrate were identified. Characteristically, there
was a slight change in crystal size and little change in particle
size distribution during the transformation process.

3.3.3. Case for Tetrahydrate to Heptahydrate

Figure 7 shows Raman and FBRM data for the case of
tetrahydrate-to-heptahydrate transformation. It was carried out
by antisolvent crystallization at 50 °C with a GMP/water ratio of
0.2, a methanol fraction of 0.333, and a methanol feed rate of
38 g min~!. In this case, the results of FBRM and Raman spec-
troscopy can be divided into three sections: tetrahydrate nucle-
ation and growth, heptahydrate nucleation and transformation,
and heptahydrate growth.

Section I is the nucleation and growth of tetrahydrate sec-
tion. The crystallization of tetrahydrate is achieved by adding
methanol into the solution. After the addition of methanol to gen-
erate supersaturation, the number of particles increased rapidly
and then was maintained at 2230 # s~!. The particle size also in-
creased rapidly at the same time as methanol addition and was
kept at about 41 pm. The width of the particle size distribution
did not change significantly before 5100 s (see Figure 7c). The
crystal distribution width of heptahydrate is narrower than that
of tetrahydrate (see Figure 7d). The concentration of the solution
decreased from 0.2 to 0.07 g g1, and the concentration of hep-
tahydrate crystals was 0.13 g g~!.

Section II is the section on nucleation of heptahydrate and
dissolution of tetrahydrate (see Figure 7a,b). As can be seen in
Figure 7a, crystallization of heptahydrate occurs rapidly due to
the dissolution of tetrahydrate. It results from the slightly higher
solution concentration compared to the solubility of the stable
form (heptahydrate). For this reason, heptahydrate nucleation oc-
curred instantaneously at 6000 s, and the particle number and
particle size did not change. The concentration of the solution
did not change either. No dissolution of the tetrahydrate solid was
observed in the particle size distribution. After that, the crystal
growth of tetrahydrate was induced in the state where no change
in solution concentration was detected near 6000 s. The particle
size distribution was maintained without changing the peak near
40 pm during the transformation process. Therefore, the particle
size distribution of tetrahydrate appeared at first, but the number
of particles increased in the fine particles (1-20 um) due to nu-
cleation of heptahydrate. Despite the dissolution of tetrahydrate
and the growth of heptahydrate, the particle number and particle
size did not change, and the number of coarse chord lengths (50—
150 pm) was constant. In this process, nucleation of tetrahydrate,
transformation from tetrahydrate to heptahydrate, and growth of
heptahydrate were identified. Characteristically, the transforma-
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tion process occurred with little change in particle size distribu-
tion, particle size, and number of particles.

According to the FBRM results, the particle size was almost
constant at 40 pm during the transformation. There was little
change in the number of particles. The reason is that the solu-
bilities of heptahydrate and tetrahydrate are similar. The change
in solution concentration had little effect with a decrease of about
0.001 g g~!. There was no obvious change in the particle size dis-
tribution during the transformation. Therefore, the tetrahydrate
crystals did not appear after transformation (see Figure 7c,d).
It was observed that the particle size distribution was slightly
widened to the right due to growth of heptahydrate crystals. From
this phenomenon, it is expected that transformation by dissolu-
tion occurs on the solid surface and is accompanied by crystal
growth.

3.4. Controlling Transformation Steps
3.4.1. Amorphous—Heptahydrate Transformation

As shown in Figure 5, the concentrations of solution, amorphous
solid, and heptahydrate solid were presented. It was changed due
to the formation of heptahydrate, a more stable form, and the
solution concentration was reduced to 0.065 g g~'. The concen-
tration of the amorphous solid is 0.048 g g™!. In the process of
transformation, the supersaturation consumption rate by disso-
lution of the amorphous solid was 0.048 g g™ per transforma-
tion time (2024 s), whereas the total formation—growth rate of
heptahydrate was 0.135 g g~! per transformation time (2024 s).
The supersaturation consumption rate of the solution is 0.087 g
g1 per transformation time (2024 s). It is calculated as the differ-
ence between the solubility of the amorphous (0.152 g g=!) and
that of the heptahydrate (0.065 g g™!). Therefore, this transforma-
tion process can be considered a dissolution-controlled transfor-
mation (frequently also called liquid-mediated phase change) be-
cause the nucleation-growth rate by supersaturation reduction is
much higher than the amorphous dissolution rate. In the dissolu-
tion and growth mechanism, the overall dissolution and growth
rate depends on the driving force, supersaturation. It is deter-
mined by the total surface area of the solid-liquid interface and
the mass transfer rate constant from solution to crystal. In gen-
eral, the growth rate is considered higher than the dissolution
rate because there are both mass transfer resistances involved
in the diffusion and surface integration steps.?*?8] As shown in
Figure 5b, the surface area of the amorphous solid-liquid inter-
face is much higher than that of the heptahydrate during trans-
formation. This is due to the fact that the amorphous form has a
relatively large number of particles while relatively few crystals of
heptahydrate are produced. This result supports the polymorphic
transformation of methionine in batch crystallization.3233]

3.4.2. Tetrahydrate—Heptahydrate Transformation

As shown in Figure 6, heptahydrate is formed after an induction
period of 6000 s and tetrahydrate disappears at 8450 s. When hep-
tahydrate was formed, the measured solubility was 0.067 g g~'.
Therefore, the supersaturation consumed by crystal growth of the
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Figure 7. Raman and FBRM data for tetrahydrate-to-heptahydrate transformation. a) Time—concentration profiles for solution, and tetrahydrate and
heptahydrate solids. b) Counts and chord length from FBRM over time. c) Chord length distributions (CLDs) over time. d) CLDs for transformation.

heptahydrate is about 0.132 g g~!. The supersaturated consump-
tion of the solution is 0.004 g g~'. Therefore, the supersaturation
rate in the solution was much lower than the consumption rate
by dissolution of the tetrahydrate. There is also a plateau region
of solution concentration of tetrahydrate. The solution concentra-
tion decreased when nucleation of heptahydrates started before
solution concentration decreased and most of the tetrahydrates
were dissolved. Therefore, this transformation can be considered
a nucleation-growth-controlled transformation.

Cryst. Res. Technol. 2022, 2100176 2100176 (10 of 14)

Chord length (um)

The solution concentration maintained the solubility of the
tetrahydrate for 5850 s and remained constant until almost no
solid form of the tetrahydrate remained in suspension. In the
transformation, the supersaturation rate by crystal growth of hep-
tahydrate was 0.137 g g™' per 2735 s, and the total dissolution
rate of the tetrahydrate was 0.132 g g~! per 1527 s. Therefore,
the rate of supersaturation consumption by nucleation growth
is smaller than that by dissolution. This case demonstrates a
nucleation-growth-controlling transformation step. The intrinsic
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Figure 8. Preparation of amorphous, heptahydrate, and heptahydrate without transformation. Top graphs were calculated by calibration of Raman
peaks. a—c) Top graphs show a) amorphous solid concentration, b) heptahydrate solid concentration, and c) tetrahydrate solid concentration with solute
concentration, respectively; bottom graphs show counts of particle and chord length of a) amorphous solids, b) heptahydrate solids, and c) tetrahydrate
solids over time, respectively. Blue bars indicate completion point for crystal growth of heptahydrate and tetrahydrate by variation of solute concentration

and particle size with time.

growth rate is lower than the intrinsic dissolution rate. Most
transformations expect this situation to be more common. Oth-
erwise, the same considerations for the effect of surface area in
the solid-liquid interface would be applied to this case. How-
ever, the initial total surface area of tetrahydrate is similar to that
of heptahydrate and is estimated from the particle size distri-
bution. Therefore, growth-controlled transformation can explain
this case.

3.4.3. Heptahydrate—Tetrahydrate Transformation

As shown in Figure 7, after an induction period of 5650 s, tetrahy-
drate is formed and the concentration decreases to 0.060 g g~'.
The supersaturation consumption by dissolution of heptahydrate
was about 0.0139 g g~!, which was less than the total growth of
tetrahydrate of 0.143 g g7'.

There is a plateau region in the concentration of heptahydrate
solid. As soon as the nucleation of the tetrahydrate started af-
ter the induction period, it behaved similarly to tetrahydrate—
heptahydrate transformation. The solution concentration main-
tained the solubility of heptahydrate for 6800 s. In this trans-
formation, the supersaturation consumed by crystal growth of
tetrahydrate was 0.143 g g~! per 1990 s, and the total dissolution
of heptahydrate was 0.139 g g~! per 1689 s. Therefore, the rate
of supersaturation consumption by nucleation growth is smaller
than that by dissolution. This case appears as a nucleation-
growth-controlled transformation. From the viewpoint of the
transformation mechanism, there is no change in particle size,
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number of particles, or particle size distribution over the entire
period, and the transformation from heptahydrate to tetrahydrate
occurs. This phenomenon requires a driving force for nucleation
of tetrahydrate, because the difference in solubility between the
two hydrates is very small. One possibility of explaining it is a
surface nucleation. The presence of a surface may be necessary
to reduce the energy barrier for nucleation and to promote nucle-
ation of the tetrahydrate. At this point, a higher concentration ap-
pears on the surface of the dissolved heptahydrate crystals com-
pared to the solution, and, as a result, nucleation of tetrahydrate
on the surface of the heptahydrate may be activated. A higher
concentration of heptahydrate surface cannot induce nucleation
of tetrahydrate on the same surface, because there is no driv-
ing force for heptahydrate dissolution prior to tetrahydrate nu-
cleation. The transformation of the hydrate is energetically more
likely to form nuclei at the interface. Similar results were reported
in hydrate—anhydrate transformation.[3*-3¢]

3.5. Preparation of Amorphous, Heptahydrate, and Tetrahydrate
without Transformation

Figure 8 shows solid phase concentration, solution concentra-
tion, particle size, and number of particles with elapsed time
under various conditions. The equilibrium concentration of the
amorphous solid was established immediately after the addition
of antisolvent. The solution concentration was 0.088 g g™!, and
the amorphous solid concentration was 0.212 g g=!. It remained
amorphous without transformation for 28 h. The particle size
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was 11 um, and the number of counts was constant at 22 300 #
s7! (number count rate by FBRM).

Heptahydrate was crystallized immediately after the addition
of the antisolvent at an initial concentration of 0.1 g g~!. Over
11000 s, the solution concentration decreased from 0.1 t0 0.023 g
g1, and the heptahydrate solid concentration increased to 0.077 g
g~!. Heptahydrate was maintained without transformation for 10
h. The particle size was 32 um, and the number of particles was
constant at 9500 # s7!.

The tetrahydrate was crystallized immediately after the addi-
tion of the antisolvent at a temperature of 50 °C and an initial
concentration of 0.2 g g7!. Over a period of 3400 s, the solution
concentration decreased from 0.2 to 0.032 g g™!, and the tetrahy-
drate solid concentration increased to 0.168 g g~!. The tetrahy-
drate was maintained without transformation for 10 h. The par-
ticle size was 72 pm, and the number of count was constant at
3900 # s71.

Therefore, in order to intentionally prepare either a metastable
form or a stable form, the relationship between supersaturation
and equilibrium concentration is necessary.

3.6. Effect of Antisolvent Adding Rate

The screening of GMP forms using antisolvent crystallization is
affected by the antisolvent-to-solvent ratio, antisolvent feed rate,
temperature, and initial concentration. Solution concentration—
time profiles as a function of antisolvent feed rate at 20 and 50 °C
are shown in Figure 9a,b, respectively. Nucleation, transforma-
tion, and growth were shown for the amorphous, heptahydrate,
and tetrahydrate forms. Hydrates were formed at lower feed rates
and lower concentrations. In some cases, the amorphous form
was nucleated and then transformed to hydrate crystals. In the
experiment at 20 °C, hydrates were grown by nucleation of hep-
tahydrates at the antisolvent feed rates 0f 0.9375 and 1.25 g min ™"
with a feed concentration of 0.2 g g™!, and at that of 38.0 g min™!
with a feed concentration of 0.1 g g=!. Initially, amorphous solids
were generated at 1.87-3.75 g min~', and transformed to hep-
tahydrates after 2000 s. When the antisolvent feed rate is 38 g
min~! at 0.2 g g~!, the amorphous form is first nucleated, and
the solution concentration is maintained at the highest plateau
for 4000 s, and then transformation into heptahydrate occurs.
At 50 °C, pure amorphous solid was prepared without transfor-
mation at an initial concentration of 0.3 g g™! and an addition
rate of 38.0 g min~!. Pure tetrahydrate solids were obtained with
transformation at the methanol fraction of 0.67. Heptahydrate-
to-tetrahydrate and tetrahydrate-to-heptahydrate transformations
were produced at methanol fractions of 0.33 and 0.5, respectively.

Figure 10a,b shows the plots of solution concentration against
the methanol fraction for methanol feed rates at 20 and 50 °C,
respectively. As can be seen in Figure 10a, heptahydrate was
nucleated at a methanol fraction of 0.183, and 0.208 for anti-
solvent addition rates of 0.9375 and 1.25 g min™', respectively,
and then grown without transformation. Despite highest addi-
tion rate (38 g min~'), at initial concentrations of 0.15 and 0.1 g
g1, nucleation of heptahydrate occurred at methanol fractions of
0.161 and 0.155, respectively. An amorphous solid was formed at
a methanol fraction of 0.32, at an addition rate of 3.75 g g™!, and
then transformed to heptahydrate at a methanol fraction of 0.50.
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Figure 9. Variation of solution concentration with time for selective for-
mation: a) 20 °C and b) 50 °C. (A, H, and T stand for amorphous, hep-
tahydrate, and tetrahydrate, respectively.)

After amorphous formation, the concentration decreased close
to the solubility of heptahydrate by dissolution and growth. Hep-
tahydrate was generated at an initial concentration of 0.1 g g~!
and a methanol fraction of 0.26 without transformation.

As can be seen in Figure 10b, which is the result for 50 °C,
the amorphous form was formed in a methanol fraction of 0.34,
at an addition rate of 38 g min~!, and an initial concentration
of 0.3, and remained without transformation. The tetrahydrate
was nucleated at a methanol fraction of 0.19 and at an addition
rate of 3.8 g min~!, and was grown without transformation. The
transformation from the heptahydrate form to the tetrahydrate
form occurred at a methanol fraction of 0.20, and the transforma-
tion from the tetrahydrate to the heptahydrate form occurred at
a methanol fraction of 0.14. These results were similar to the hy-
drate formation behavior of taltirelin in batch crystallization.!??]
Finally from Figures 9 and 10, the supersaturation can be calcu-
lated by the difference between the metastable concentration C,
and the solubility C". It is applicable for the selective preparation
of amorphous, heptahydrate, and tetrahydrate solids. Details on
it will be reported in subsequent studies.

After nucleation, the concentration decreased to a more stable
form of solubility due to the reduced supersaturation induced
by crystal growth. The faster addition rate leads to the higher

© 2022 The Authors. Crystal Research and Technology published by Wiley-VCH GmbH


http://www.advancedsciencenews.com
http://www.crt-journal.org

ADVANCED
SCIENCE NEWS

CRYSTAL
Research&Technology

www.advancedsciencenews.com

(a) 025

o
8
o

H only, 0.9375 g/min
H only, 1.25 g/min
A toH, 1.875 g/min
AtoH, 3.75 g/min

A toH, 38 g/min

H only, 38 g/min

H only, 38 g/min
— Solubility of tetrahydrate
—— Solubility of heptahydrate
Solubility of amorphous

o
o
o
R
¢sompaeoe

o
=)
54

0.05 |

Solution concentration (GMP g/water g)

0.00 T T
0.0 02 0.4 06 08 1.0

Methanol fraction (-)

(b) 04

@  Heptahydrate to tetrahydrate
© Tetrahydrate to heptahydrate
v Tetrahydrate only
A A Amorphous only
g, — Solubility of tetrahydrate
~4 | —— Solubility of heptahydrate
\ - Solubility of amorphous

o
w
»
T
|
|

Ty, Aa
-
Vv

"\
v

Solution concentration (g/g)
=5
N

o
=
L

00 T T T T
0.0 02 0.4 0.6 08 1.0

Methanol fraction (-)

Figure 10. Solution concentration against methanol fraction for amor-
phous, heptahydrate, and tetrahydrate formations: a) 20 °C and b) 50
°C. (A, H, and T stand for amorphous, heptahydrate, and tetrahydrate,
respectively.)

supersaturation. Thus, the amorphous form nucleated at a faster
addition rate at the same solution concentration, whereas the hy-
drate crystals formed at a slower addition rate. The induction time
was affected by supersaturation, which was related to the addition
rate of antisolvent.

4, Conclusion

The formation of GMP solid forms was successfully monitored
in-line by Raman spectroscopy and FBRM in an antisolvent crys-
tallization process. The calibration and models built in this study
can be used to measure the concentration of the solution and
solid forms during crystallization and transformation. Faster ad-
dition of the antisolvent leads to a wider metastable zone as ex-
pected to favor the formation of the amorphous due to higher
supersaturation. The effect of solvent/antisolvent ratio on sol-
ubility and supersaturation was studied. Phase transformation,
maximum supersaturation, and selective preparation of GMP
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solid forms were grasped. By adjusting the concentration, tem-
perature, and solvent/antisolvent ratio, the preparation of the dif-
ferent solid forms with and without transformation was estab-
lished. Therefore, a screening of amorphous, heptahydrate, and
tetrahydrate of GMP was successfully established by knowing the
metastable supersaturation of each of the forms.

The results demonstrate that amorphous—crystalline hydrate
transformation consists of four stages, which are the nucleation
of the amorphous form, pretransformation of the amorphous
form, the nucleation of hydrate and dissolution of the amorphous
form, and the growth of hydrate crystal. The rate-controlling step
is the dissolution of the amorphous form. The transformation
between heptahydrate and tetrahydrate forms is a nucleation-
growth-controlled step. It was possible to control selectively the
solid forms of GMP by referring to the supersaturation and the
solubility data. This phenomenon requires a driving force for nu-
cleation of tetrahydrate, because the difference in solubility be-
tween the two hydrates is very small. One possibility of explaining
this is surface nucleation. The presence of a surface may be nec-
essary to reduce the energy barrier for nucleation and to promote
nucleation of the tetrahydrate. At this point, a higher concentra-
tion appears on the surface of the heptahydrate crystals that are
dissolved compared to the solute concentration. As a result, nu-
cleation of tetrahydrate on the surface of the heptahydrate can be
activated.
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