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Solid-State Forms of Koumine Hydrochloride: Phase
Transformations and the Crystal Structure and Properties of the
Stable Form
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ABSTRACT: To investigate the solid-state forms of koumine hydrochloride (KMY), solid form screening was performed, and one
amorphous form and five crystalline forms (forms A, B, C, D, and E) were identified by powder X-ray diffraction. Form A was the
dominant crystal product, and its crystal structure and packing pattern were determined by single-crystal X-ray diffraction. The
crystals displayed an orthorhombic crystal system and symmetry of space group P2,2,2, with Z' = 1. The amorphous form
transformed to form A at 105—120 °C or 75% RH, while forms B, C, D, and E could only be intermediate phases and readily
transformed to form A at room temperature. Therefore, the phase transformations of KMY solid-state forms were established. The
properties of the amorphous form and form A were further elucidated by applying vibrational spectroscopy, moisture sorption
analysis, and thermal analysis. Accordingly, form A, the KMY anhydrate, was found to be the thermodynamically stable form with
low hygroscopicity under ambient conditions. These characteristics are crucial in the manufacture and storage of active
pharmaceutical ingredients.

1. INTRODUCTION

Over the last decades, research on the formation and
properties of solid-state forms has become a central topic in

the most abundant alkaloids of Gelsemium elegans.Il Previous
studies have reported that koumine is regarded as a promising
anti-inflammatory,>™"® anxiolytic,'® anti-rheumatoid arthri-
.17 . 1820 .

tis, © and analgesic agent, as well as an antitumor

drug development. In general, the majority of active
pharmaceutical ingredients (APIs) are used in the crystalline
form (polymorphs, hydrates, solvates, or cocrystals) because
different crystalline forms usually influence the physicochem-
ical properties, such as solubility, density, hardness, and
melting point, which are closely related to their bioavailability
in positive or negative ways.”> Amorphous forms have also
attracted attention because they offer benefits of improved
solubility or dissolution rate when compared with crystalline
forms,>™> but they are usually thermodynamically unstable.’ In
addition, solid-state transformations are usually induced by
variations in temperature and humidity, which can occur
during manufacturing processes or storage and are undesirable
for both fundamental research and industrial practice.”””
Therefore, solid form screening and stability studies can ensure
that the forms with the best compromise of physicochemical
properties are developed.'’

Koumine (molecular formula: C,,H,,N,0; molecular
weight: 306.40; CAS registry number: 1358-76-S) is one of

© 2022 The Authors. Published by
American Chemical Society

7 ACS Publications

agent.21’22 However, as a free base, koumine exhibits poor
water solubility, limiting its development. Therefore, preparing
koumine salts could be considered a reliable strategy to
improve its solubility and bioavailability.”*~>* Here, koumine
was obtained from crude Gelsemium alkaloids,”® and koumine
hydrochloride (KMY) was prepared by reacting to hydro-
chloric acid. Its structure was determined using time-of-flight
mass, single-crystal X-ray diffraction (SCXRD), *C NMR and
'H NMR with CD;OD and pyridine-d5S as the solvent,
(Supporting Information, Figures S1—S3 and Table S1),*” and
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the structure is shown in Figure 1. Previously, the crystal
structure of koumine, a levo isomer, was first determined by

/
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Figure 1. Chemical structure of KMY.

Khu0n§-huu et al. in 1981 using an X-ray crystallographic
study.”” Subsequently, the crystal structure of koumine
hydrobromide was reported by Zi-He et al. in 1982.* In
1990, a koumine dextro isomer was reported by Zhu et al.*’
However, KMY was not subjected to systematic solid form
screening or comprehensive studies of physicochemical
properties as an APL

In this work, the amorphous form could be yielded by
vacuum evaporation after KMY was dissolved in water. Then,
we performed solid form screening with the amorphous form
as the starting material. The experiments were based on
solution crystallizations in various solvents and crystallization
conditions.”"** Five different crystalline forms (forms A, B, C,
D, and E) were identified by powder X-ray diffraction
(PXRD), and the phase transformations of KMY solid-state
forms were established. PXRD could be a powerful tool for
structure determination of pharmaceutical systems when
crystallization into a single crystal is limited or difficult, and
the method has been exploited in several studies,”> > but it is
more challenging than SCXRD. On the other hand, SCXRD
could be an adequate and, in fact, the most accurate method
for the determination of the characteristics of an APL*
Therefore, it was employed to determine the crystal structure
of the stable form of KMY. Afterward, Fourier transform
infrared spectroscopy (FT-IR), Raman spectroscopy, dynamic
vapor sorption (DVS) analysis, differential scanning calorim-
etry (DSC), and thermogravimetric analysis (TGA) were
employed to investigate the properties of KMY solid-state
forms. In summary, this study explored the solid-state forms of
KMY and provided a meaningful basis for the quality control of
the KMY stable form.

2. MATERIALS AND METHODS

2.1. Solid Form Screening. KMY with 99.0% purity was
prepared in our laboratory, and the amorphous form, yielded
by vacuum evaporation at 50 °C after dissolving in water, was
used as the starting material. After completing the solubility
measurement’” (Supporting Information, Table S2), a set of
20 solvents, which were all of the analytical quality (Sinopharm
Chemical Reagent Company, China), was chosen for solid
form screening.’®*’ Crystallization techniques included slow
solvent evaporation, suspension crystallization, cooling crystal-
lization, and anti-solvent crystallization. More than 300
crystallization experiments were performed in the solid form
screening, and five KMY crystalline forms (form A—D) were
discovered by PXRD. The microscopic images were recorded
using an XPV-400E polarizing microscope (Shanghai Chang-
fang Optical Instrument Company, China) with a JVC TK-
C9201 EC digital video recorder.

In the screening, each preparation of forms A—E was 5 mg.
Form A could be prepared by slow solvent evaporation from
single solvents or their mixed solvents. It could also be
prepared by suspension crystallization, cooling crystallization,
and anti-solvent crystallization using numerous solvents
(Supporting Information, Tables S3—S8). Form B could be
obtained by slow solvent evaporation at 50 °C from
chloroform mixed with the other solvents or by anti-solvent
crystallization using chloroform as the solvent (Supporting
Information, Tables SS and S8). Form C could be obtained by
slow solvent evaporation at 50 °C using a mixed solvent of
ethanol, ethyl acetate, and H,O (Supporting Information,
Tables SS), and form D or Form E could be obtained by anti-
solvent crystallization when dichloromethane was used as the
solvent and ethyl acetate was used as the anti-solvent
(Supporting Information, Tables S8).

2.2. Powder X-ray Diffraction. PXRD patterns of the
amorphous form and crystalline forms of KMY were obtained
using a Bruker D8 Advance X-ray diffractometer (Bruker AXS
GmbH, Germany) with Cu Ka radiation (1 = 1.5418 A) over
the 20 range of 3—40°. The measurement conditions were as
follows: filter, Ni; voltage, 40 kV; current, 40 mA; and time
constant, 0.1 s.

2.3. Single Crystal X-ray Diffraction. SCXRD of a single-
crystal of form A was performed at 170 (2) K on a Bruker D8
Venture X-ray diffractometer (Bruker AXS GmbH, Germany)
using Mo Ka radiation (4 = 0.71073 A). The collected data
integration and reduction were performed with the SAINT
program, and an empirical absorption correction was
performed using the SADABS program.*’ The single-crystal
structure was solved by a direct method using SHELXT2014
and was refined on F* using the full-matrix least-squares
technique."""** All hydrogen atoms were refined isotropically.
Hydrogen atoms on nitrogen and oxygen atoms were located
from different electron density maps, and hydrogen atoms on
carbon atoms were placed in calculated positions and refined
with a riding model. The Flack parameter was —0.04 (4).
Furthermore, CIFs of koumine (deposition number: 1199700)
and koumine monohydrate (deposition number: 1261377)
were downloaded from the Cambridge Crystallographic Data
Centre (CCDC), and their molecular images and packing
graphics were generated using Olex2.**

2.4. Spectroscopy. FT-IR spectra of the amorphous form
and form A of KMY were recorded with a Nicolet-Magna FT-
IR (Thermo Fisher Scientific, USA). The samples were mixed
with KBr and measured in the range from 4000 to 400 cm™!
with a resolution of 4 cm™ and 32 scans per spectrum.

Raman spectra of the amorphous form and form A of KMY
were recorded with a Renishaw In-Via Raman spectrometer
(Renishaw plc, UK). The samples were analyzed using a 785
nm laser and a scan range from 2000 to 200 cm™' with a
resolution of 2 cm™".

2.5. Dynamic Vapor Sorption Analysis. The water
sorption and desorption processes of the amorphous form and
form A of KMY were measured on an Intrinsic DVS
instrument (Surface Measurement Systems, United Kingdom),
which measures sample mass while controlling relative
humidity in the sample chamber. Instrument calibration
followed the manufacturer’s recommendations. DVS was
performed at 25 + 0.1 °C to accelerate the sorption and
desorption processes. The relative humidity was set at 0% and
increased to 100% in 5% steps. Then, it was decreased in the
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reverse order. The residual weight change was investigated
during the moisture sorption and desorption cycle.

2.6. Thermal Analysis. TGA thermograms of the
amorphous form and form A of KMY were simultaneously
recorded by a Discovery TGA S5 instrument (TA Instruments,
USA). Approximately 3—5 mg samples were weighed into a
platinum pan. A heating rate of 10 °C/min from 26 to 400 °C
was applied, and 20 mL/min of nitrogen was used as a purge
gas. Calibration of an instrument was performed using nickel
and alumel standards.

DSC thermograms of the amorphous form and form A of
KMY were recorded on a DSC TA Q2000 instrument (TA
Instruments, USA). Approximately 1—3 mg samples were
sealed in an aluminum pan and heated at a scan rate of 10 °C/
min from 20 to 300 °C under a nitrogen gas flow of 20 mL/
min. An instrument was calibrated using an indium standard
(mp 156.6 °C, heat of fusion 28.45 J/g). In addition, the
temperature for melting was measured using a WRS-1B digital
melting point tester (Shanghai Precision Scientific Instrument
Company, China).

Furthermore, the thermodynamic stability of form A was
evaluated based on the reaction from koumine to form A. All
the geometries have been fully optimized without any
constraints via DFT calculations by using the B3LYP density
functional in conjunction with the 6-31G(d) split valence basis
set in the GAUSSIAN 16 software package.* In addition,
vibrational frequency calculations have been performed for
each optimized structure at the same level to identify the
nature of all the stationary points. Finally, the zero-point-
corrected Gibbs free energies and enthalpy changes of the
formation reaction were calculated at 298 K and 1 atm.

3. RESULTS AND DISCUSSION

3.1. Solid Form Screening. The solid form screening was
designed based on the solubility results of the amorphous
form. The results showed that it could be well dissolved in the
solvents which have higher polarity, and the solvents can be
easier to connect to the oxygen or nitrogen atom via hydrogen
bonding.45 Therefore, polar and protic solvents can profit
dissolution and crystallization of KMY.

The microscopic images of the solid-state forms of KMY
were recorded. The amorphous form existed in a glassy state,
and it was transparent and irregular in the microscopic image.
In contrast, the images of five crystalline forms showed various
forms with different crystal habits (Figure 2). Form A
crystallized from nitromethane consisted of block crystals.
Meanwhile, form B showed a smaller size of block crystals than
form A, and form D produced needle-shaped crystals. Form E
showed small-size crystalline powders, and most of the crystals
overlaid so that we could not describe its geometric shape. In
addition, the photomicrograph of form C was not taken
because it was obtained by accident, and it transformed to
form A promptly under ambient conditions.

Forms B—E were identified by PXRD in the solid form
screening. The samples were placed under ambient conditions,
and the PXRD data were measured again on the second day.
They were found to change to form A, demonstrating that
forms B—E were unstable and transformed to form A within 24
h (Supporting Information, Figure S4). Moreover, only form A
could be obtained in the large-scale preparations of forms B—E,
indicating that form A was the most stable crystal among the
five crystalline forms. Therefore, the crystal structure and
properties of form A were further studied. In addition, even

Form B Form D Form E

Figure 2. Microscopic images of the amorphous form and forms A, B,
D, and E of KMY (100X).

though the amorphous form of KMY shows high water
solubility and high bioavailability, its thermodynamic and
moisture stability should be further investigated.***’

3.2. Powder X-ray Diffractometry. PXRD is the
definitive method for the identification of crystalline forms.
Figure 3 shows the PXRD patterns of forms A—E, and the form

0
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e ] — FomE
%‘ . L A — FormD
g I Mol Asnes — Form C
g JINLIAR m: — FormB
— FormA
—— Amorphous form

10 20 30 40
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Figure 3. PXRD patterns of the solid-state forms of KMY.

without detectable sharp diffraction lines indicated an
amorphous state due to the lack of the long-range order of
atomic positions (Supporting Information, Figure S5).* The
characteristic diffraction peaks of forms A—E are presented in
Table 1, and all the crystalline forms exhibited clear
characteristic diffraction peaks. In addition, the PXRD data
of form A were in good agreement with the simulated powder
diffraction pattern from its SCXRD data (Supporting
Information, Figure S6), which is evidence of its purity and
crystallinity.*

The purity of forms B—E was also analyzed by comparing
their characteristic peaks to form A. Results showed that the
characteristic peaks of forms B, C, and E differed from those of
form A, indicating their high crystal purity. However, the peaks
at 13.0, 14.5, and 20.9° 2 @ in form D showed that a small
amount of form D transformed to form A. In addition, we do
not know that forms B—E are polymorphs or solvates because
their single crystals could not be obtained under ambient
conditions.

3.3. Crystal Structure. The crystal structure of form A was
confirmed by SCXRD. Form A crystallized in an orthorhombic
crystal system and solved in the space group P2,2,2, with Z =
4 and Z' = 1 (Table 2). The geometric parameters, including
bond lengths and angles, are shown in Supporting Information
(Tables S9 and S10). As expected, the koumine cation in form
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Table 1. Characteristic Diffraction Peaks of Forms A—E

d (A) 26(°) I(%) d (A)
form A 8.055 11.0 23.7 form B 8.498
6.701 13.2 100.0 7.519
6.095 14.5 75.3 6.449
5.726 18.5 22.4 5.514
5.175 17.1 14.3 5223
4.839 18.3 27.9 4.818
4.321 20.5 18.6 4.444
4239 20.9 37.6 4.384
3.506 25.4 52.5 3.334
3.388 26.3 18.2 3.028
form D 14.848 6.0 7.8 form E 7.894
7.389 12.0 2.9 7.180
7.301 12.1 3.3 6.920
6.797 13.0 100.0 6.731
3.999 22.1 32 5.306
3.794 23.4 10.1 5223
3.694 24.1 6.1 4.354
3.394 26.2 11.9 3.599
2.826 31.6 4.0 3.207
2.468 36.4 2.8 2913

26 (°) I(%) d (A) 20 (%) I (%)
104 54.5 form C 16.040 5.5 38.7
11.8 18.1 7.949 111 66.5
137 100.0 6.881 129 100.0
16.1 36.0 6.458 137 46.8
17.0 65.9 5.507 16.1 62.8
18.4 202 5.447 163 50.2
20.0 227 4.881 182 61.4
202 s12 4.180 212 46.7
26.7 254 3.518 25.3 53.0
29.5 37.8 3.031 29.4 334
112 100.0
123 58.1
12.8 97.4
13.1 257
167 292
17.0 243
204 63.6
24.7 19.8
27.8 16.1
30.7 20.1

Table 2. Crystallographic Data and Structure Refinement Parameters

parameter
chemical formula
formula weight
crystal system
space group
temperature/K
wavelength/A
crystal size/mm
a/A
b/A
c/A
a/°
p/°
v/°
volume/A3
z/Z'
density/g cm—?°
absorption
theta range for data collection/°
index ranges
measured/independent/observed [I > 26(I)] reflections
refinement method
data/parameters/restraints
goodness-of-fit on P
final R indexes [I > 26(I)]
final R indexes [all data]
largest diff. peak and hole/e A3

form A (KMY anhydrate)
C,Hy;N,0Cl
342.85
orthorhombic
P2,2.2,
170 (2)
0.71073
0.28 X 0.15 X 0.12
9.7240 (3)
11.9956 (4)
13.9284 (4)
90
90
90
1624.68 (9)
4/1
1.402
p#=025 mm™
22-26.4
“12<h<11;-14<k<1%-17<1<17
12504/3316/2834
full-matrix least-squares on F*
3316/218/0
1.09
R, = 0.0396, wR, = 0.0760
R, = 0.0548, wR, = 0.0851
0.24 and —0.21

A exhibited a cage-like structure consisting of an indole ring
and monoterpene moiety, and the KMY molecule was formed
via an interaction generated between a chloride anion in
hydrochloric acid and a protonated N, cation in the
monoterpene moiety (N,—H:--Cl distance of 2.091 A) (Figure
4a). The structure overlays showed that the koumine cation
geometry agrees very well with the koumine crystal structure
reported in 1981°° (21 non-H atoms fitted; Figure 4b) and the
koumine monohydrate reported in 1990°° (19 non-H atoms
fitted; Figure 4c), except for the orientation of the methyl

29695

group and the vinyl group, which connected to N, and C,,
respectively. These discrepancies may be explained by the
presence of chloride anions in form A and water molecules in
koumine monohydrate. In addition, similar to the structure of
strychnine anhydrate,”® the rigid structure of koumine cation
has two hydrogen bonding acceptor groups of one ether
oxygen atom and one N, atom on the indole scaffold, but no
hydrogen bonding donor functional group. Therefore, there is
no intramolecular hydrogen bonding.

https://doi.org/10.1021/acsomega.2c02175
ACS Omega 2022, 7, 29692—-29701
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a) b)

c)

Figure 4. (a) Molecular structure of form A showing the N,—H---Cl interaction (distance of 2.091 A). Overlays of the koumine cation geometry of
form A determined in the present study (red) with the corresponding geometry, as reported (b) in ref 28 (green) and (c) in ref 30 (yellow),

revealing their conformation differences.
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Figure S. Crystal packing of form A viewed along the (a) a-axis and (b) b-axis.

The crystal packing pattern of form A showed that KMY
molecules were arranged in a staggered way along the g-axis
(Figure 5a) and a herringbone fashion along the b-axis (Figure
5b), which revealed a close relationship without intermolecular
hydrogen bonds. The packing pattern was similar to that of
koumine hydrobromide reported in 1982,>” and the distances
of the short intermolecular contacts were between 2 and 4 A.
Compared with form A and koumine hydrobromide, koumine
exhibited a different packing pattern, which belongs to the
monoclinic system with the space group P2; (Z = 2).*® It was
found that the double layer is present in the koumine crystal
packing (Supporting Information, Figure S7). However, a
cluster composed of a central molecule and its closest
neighbors, as shown in Figure 6, represented the essential
unit of triple-layer packing in form A. This cluster can be
considered the basic building block, and both N,—H:--Cl
interactions and van der Waals forces are involved in the
formation of this cluster.

3.4. Vibrational Spectroscopy. Characterization of the
amorphous form and form A of KMY was also performed by
vibrational spectroscopy analysis. The amorphous form and
form A presented similar FT-IR spectra (Figure 7). For
example, v(C=C), v(C=N), v(C-0), and (C,—H)
vibrations were found in the same regions. However, the
apparent difference in the FT-IR spectra of the two solid-state
forms was the ¥(N—H) vibration of the tertiary amine salt,
which presented a broad band (2700—-2300 cm™).*" In form
A, the broad band occurred at 2327.50 cm ™!, whereas the band

Figure 6. Essential unit of the triple-layer structure composed of form
A. Both N,—H--Cl interactions and van der Waals forces are involved
in the formation of the cluster.

shifted to a higher wavenumber (2506.86 cm™) in the
amorphous form, implying weaker and more complex
hydrogen bonding,”* which may be due to the lack of the
long-range order of atomic positions.

Raman spectroscopy is a highly specific method showing the
fingerprints of molecules. Generally, it has better spectral
selectivity than FT-IR for distinguishing solid-state forms,
including the amorphous form. Therefore, Raman spectrosco-
py could identify the amorphous form and form A of KMY
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Figure 7. FT-IR spectra of the amorphous form and form A of KMY.

(Figure 8). Although the characteristic peaks in the ranges of
1637—1590 and 1215—1187 cm™' can be seen in the two

— FormA
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Figure 8. Raman spectra of the amorphous form and form A of KMY.

solid-state forms, the differences in the ranges of 500—400 and
1400-1280 cm™' can be observed. Form A can be easily
distinguished by the peaks at 1339, 1315, 1293, 477, and 458
em™l.
3.5. Moisture Sorption Analysis. The transformation
from one form to another may be induced when they are
exposed to humid air.>*** Therefore, DVS isotherms for the
amorphous form and form A were studied at 25 °C, and form
transformation was observed during the DVS experiments in
terms of the PXRD data. The isotherm indicated that the
amorphous form of KMY absorbed water in two steps (Figure
9a). The first step started at 0% RH and ended at 55% RH,
showing a continuous increase in weight (8.40%); then, a
decrease occurred at 60% RH. The second step was at 95—
100% RH, showing a rapid increase (8.25%). Afterward, the
relative humidity decreased in the reverse order. Water was
removed at 90—85% RH during the desorption cycle, after
which the weight did not change obviously until the relative
humidity returned to 0%. Otherwise, the DVS isotherm of
form A only showed an increase in weight from 80 to 100%
RH (1.01%), and the desorption process decreased from 95 to
80% RH (Figure 9b). A subtle increase in the water content of
0.09% from 0 to 80% RH revealed a lower hygroscopicity than
the amorphous form. Different hygroscopicities may be caused
by different crystal habits and crystal size,”> and the close-
packed arrangement in form A may contribute to this result.
Additionally, PXRD data suggested that the amorphous form
of KMY irreversibly transformed to form A at 75% RH in the
sorption process and maintained the structure in the
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Figure 9. DVS isotherms of (a) amorphous form and (b) form A of KMY performed at 25 °C, showing the moisture sorption and desorption cycle;

(c) PXRD patterns of transformation from the amorphous form to form A in the sorption and desorption cycle.
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Figure 10. (a) TGA and DSC thermograms of the amorphous form of KMY; (b) TGA and DSC thermograms of form A (a heating rate of 10 °C
min~" was used); and (c) PXRD patterns of transformation from the amorphous form to form A at 105—120 °C.

desorption process (Figure 9¢c). In contrast, the structure of
form A did not change, and the rapid increase/decrease in
mass at the highest RH (>80% RH) should be caused by
surface sorption/desorption concerning the size and morphol-
ogy of samples.”” Thus, we can deduce that form A is
insensitive to humidity change and can be handled and stored
as a stable phase provided extremely high moisture conditions
are avoided.

3.6. Thermal Analysis. TGA and DSC were performed on
the amorphous form and form A. As shown in Figure 10a, the
TGA weight loss of the amorphous form from 26 to 188.72 °C
was 4.62%, indicating the KMY and H,O ratio of 1:1
(calculated value: 4.99%),°>°” then it started to decompose.
The second step of weight loss was similar to form A. PXRD
data confirmed that the amorphous form transformed to form
A upon heating at 105—120 °C (Figure 10c), and the DSC
thermogram shown in Figure 10a revealed an exothermic peak
at 106.85 °C, indicating the crystal transformation.”®

In contrast, the negligible mass loss shown in the TGA
thermogram of form A before 198.51 °C suggested that no
solvent or water molecules were involved. A single weight-loss
step began at around 200 °C, and the significant weight loss
occurred at 258.38 °C. Accordingly, the DSC thermogram of
form A in Figure 10b showed an exothermic peak at 258.48 °C,
which was caused by its decomposition. Furthermore, the
melting phase of form A was measured by a melting point
tester to be 258.3—260.0 °C, and the exothermic peak around
240 °C might be due to its recrystallization. The recrystallized
crystal began to melt as the temperature continued to rise, so
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an endothermic peak should appear after 240.86 °C, but it
seemed to be covered by the exothermic peak at 258.48 °C.

Furthermore, the thermodynamic stability of form A was
evaluated based on the reaction from koumine to form A.
Calculated results showed that the free energies and enthalpy
changes are —4.75 and —14.49 kcal/mol, respectively,
indicating a spontaneous exothermic reaction. In addition,
the difference in energy between the highest occupied
molecular orbital and the lowest unoccupied molecular orbital
is 4.48, showing the thermodynamic stability of form A.>”

4. CONCLUSIONS

In this study, one amorphous form and five crystalline forms of
KMY were prepared using a variety of solvents and
crystallization methods, then identified by PXRD. The
amorphous form showed no diffraction pattern, while the
five crystalline forms, named forms A, B, C, D and E, exhibited
different PXRD patterns. Among them, form A, which was
found to be KMY anhydrate, was the dominant crystal product
of KMY, and its crystal structure and packing pattern were
further confirmed by SCXRD. In addition, the amorphous
form transformed to form A at 105—120 °C or 75% RH, while
forms B, C, D, and E could only be intermediate phases and
readily transformed to form A at room temperature. The
interrelation pathways of KMY solid-state forms are given in
Figure 11.

The properties of the amorphous form and form A of KMY
were characterized using FT-IR, Raman spectroscopy, DVS,
DSC, and TGA. FT-IR and Raman spectroscopy could be used
to distinguish the amorphous form and form A. Water
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Figure 11. Flowchart showing the interrelation pathways of the KMY
solid-state forms.

molecules tend to be absorbed in the amorphous form at a
lower relative humidity (<55% RH). In contrast, a slight mass
change in form A below 80% RH indicated a low hygroscopic
property, which is essential in the manufacturing process and
for the performance of products. Furthermore, the thermal
analysis showed that form A was the thermodynamically stable
form. Therefore, form A could be suitable for use in the
manufacture and storage of KMY.
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