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ABSTRACT

Bis(demethoxy)curcumin (BDMC), extracted from rhizomes of the traditional herb Curcuma
longa, has revealed a wide range of medicinal applications, such as antimicrobial and
anticarcinogenic. Pure BDMC was obtained by recrystallization from ethanol and three BDMC
solvates were identified with acetone, methanol and isopropanol. The crystal structures of pure
BDMC and the solvates were resolved by single crystal X-ray diffraction. Analyses of the crystal
structures and calculations of crystal packing efficiencies revealed that pure BDMC is efficiently
packed. The solvents involved are not utilized to fill the void spaces in the crystal structures, but
to provide effective intermolecular interactions. The stoichiometry of the three solvates obtained
from single crystal data is 1:1, which is in good agreement with the gravimetric analyses.
Furthermore, the desolvation process and stability of the solvates were investigated by various
analytical techniques including X-ray diffraction, differential scanning calorimetry,
thermogravimetric analyses, hot-stage microscopy and dynamic vapor sorption. Results show
that the methanol solvate is more stable compared to the acetone and isopropanol solvates
attributed to the strong hydrogen bonding network. Moreover, the desolvation process of the

three solvates proceeds through a destructive-reconstructive mechanism.
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ABSTRACT

Bis(demethoxy)curcumin (BDMC), extracted from rhizomes of the traditional herb Curcuma
longa, has revealed a wide range of medicinal applications, such as antimicrobial and
anticarcinogenic. Pure BDMC was obtained by recrystallization from ethanol and three BDMC
solvates were identified with acetone, methanol and isopropanol. The crystal structures of pure
BDMC and the solvates were resolved by single crystal X-ray diffraction. Analyses of the crystal
structures and calculations of crystal packing efficiencies revealed that pure BDMC is efficiently
packed. The solvents involved are not utilized to fill the void spaces in the crystal structures, but
to provide effective intermolecular interactions. The stoichiometry of the three solvates obtained
from single crystal data is 1:1, which is in good agreement with the gravimetric analyses.
Furthermore, the desolvation process and stability of the solvates were investigated by various
analytical techniques including X-ray diffraction, differential scanning calorimetry,
thermogravimetric analyses, hot-stage microscopy and dynamic vapor sorption. Results show
that the methanol solvate is more stable compared to the acetone and isopropanol solvates
attributed to the stronger hydrogen bonding network. Moreover, the desolvation process of the

three solvates proceeds through a destructive-reconstructive mechanism.

1. INTRODUCTION

Solid state forms of Active Pharmaceutical Ingredients (APIs) encompass polymorphs, solvates
(including hydrates), salts, co-crystals, solid solutions and amorphous solids. These different
phases have different properties, such as solubility, dissolution rate and bioavailability’. The
chemical and physical properties of APIs could be significantly improved by developing new

solid forms®*. Since solvents are unavoidably used during processing, manufacturing or storage



of APIs, the investigation of solvate formation deserves particular attention®®. Additionally, the
solvate formation property could be used as a method of purification’™. Moreover, desolvation of
solvates could be an option to prepare new polymorphic forms, which might be inaccessible by
the conventional crystallization methods'®*®. Despite their advantages, solvates could show an
efflorescent character when exposed to ambient conditions. Therefore, stability studies are
essential for the successful use of solvates. Furthermore, a fundamental understanding of the
reasons for solvate formation is necessary in order to enable the prediction of their formation and
stability™. Two main scenarios could be envisaged®. (i) Potential intermolecular interactions,
such as hydrogen bonding, are insufficient in the desolvated form. Thus, the incorporation of
solvent molecules will provide stronger intermolecular interactions. (ii) Solvents included in the
crystals could reduce void spaces in the crystal structures. In most cases, both of the two driving
forces are responsible to the solvate formation. This can be viewed primarily as lowering the

crystal free energy by van der Waals and electrostatic interactions.

Natural products have been playing a significant role as the sources of pharmaceutical drugs for
thousands of years. In the past twenty years, around half of the approved drugs are based on
natural compounds®”*®. Prominent examples are curcuminoids, extracted from rhizomes of the
traditional herb Curcuma longa (commonly known as turmeric). Curcuminoids have a wide
range of bioactivities, including antimicrobial, anti-inflammatory, anticarcinogenic and
antioxidant properties. Commercially available curcuminoids are mixtures of three structurally
similar components: curcumin (CUR), demethoxycurcumin (DMC) and
bis(demethoxy)curcumin (BDMC), which makes the purification quite challenging (issue 1)*°2°.
CUR is often considered to be the most active compound which is responsible for the biological

21,22

activities of curcuminoids®““. Recently, researchers found that BDMC could be a better



cytotoxic agent than curcumin or DMC and it showed higher antitumor, antipromoter, and
anticarcinogenic activities®?*. The molecule exists as keto-enol tautomers shown in Figure 1.
However, BDMC, as curcumin and DMC, has low aqueous solubility and poor bioavailability
that hindered its pharmaceutical usage (issue 2)%. Few studies have been carried out on BDMC,
especially on its solid state forms. Karlsen etc.?® reported the formation of a BDMC
monohydrate. A solvate crystallized from methanol was found by Tgnnesen?’. Kasai?® reported
the isopropanol solvate and confirmed the formation of a methanol solvate. Solvates crystallized

from ethyl acetate and acetonitrile were also described in a patent®.
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Figure 1. Molecular structure of BDMC (keto and enol tautomers).

Therefore, initiated by the idea of using the property of solvate formation to address issue 1 and
to resolve issue 2 by obtaining new polymorphs of BDMC through the desolvation process, the
current work focuses on the fundamental investigation of BDMC and its solvates by assessing
their structures and stabilities. The crystal structures of BDMC and its solvates were determined
by single crystal X-ray diffraction. The solvates were thoroughly characterized by various
analytical techniques, namely, powder X-ray diffraction (PXRD), thermal analyses (TGA/DSC),
temperature-resolved powder X-ray diffraction (TR-PXRD), hot-stage microscopy (HSM) and

dynamic vapor sorption (DVS). Moreover, the desolvation mechanism was investigated.



2. EXPERIMENTAL SECTION

2.1. Materials. Bis(demethoxy)curcumin (BDMC) (CAS No. 24939-16-0), purity higher than
98%, was obtained from TCI (Tokyo, Japan). The used solvents (ethanol, acetone, methanol and

isopropanol) of HPLC grade were purchased from commercial suppliers and used as received.

2.2. Preparation of Powdered Solvates. Saturated solutions were prepared in 5 mL glass vials
by dissolving BDMC in the solvents at temperatures close to the boiling point of their respective
solvents. The saturated solutions were then filtered while hot using 0.45 um membrane filters
(Millipore). Then solutions were cooled down to room temperature until the solid solvates
crystallized. In the case of no appearance of solids, the solutions were kept at —20 °C in the

refrigerator to induce the crystallization.

2.3. Preparation of Single Crystals of BDMC Solvates. Single crystals of BDMC solvates
suitable for X-ray diffraction were prepared as follows: BDMC was suspended in the respective
solvents (ethanol, acetone, methanol and isopropanol) at room temperature and stirred for 2
hours to reach the saturation. The suspensions were filtered through 0.45 pym membrane filters

(Millipore) and slowly evaporated at ambient conditions with caps perforated by a needle.

2.4. Crystal Structure Determinations. Single crystal X-ray diffraction (SCXRD) was
measured on a Stoe IPDS 2T diffractometer using Mo-Ka radiation (0.71073 A) from a classical
sealed X-ray tube equipped with a graphite monochromator. Measurements were carried out at a
temperature of 100 K. Temperature was achieved by using an Oxford Cryosystems Cryostream
700 open flow cooling device. The data was processed with the manufacturer provided X-AREA
software package. Structures were solved using dual space-algorithms as implemented in

SHELXT*°and refined using SHELXL>",



2.5. Crystal Structure Analyses. Illustrations of the crystal structure were analyzed in Diamond

(V.3.2).

Intermolecular Analyses. Crystal Explorer (V.3.1)* was used to interpret the intermolecular
interactions by analyzing the two-dimensional fingerprint plots of the Hirshfeld surface. The
surface is constructed by partitioning the space of crystals into regions where the electron density
from the sum of spherical atoms dominates over the sum of the electron density of the crystal.
For each point on the Hirshfeld surface, two distances: d,, the distance from the point to the
nearest nucleus external to the surface; and d;, the distance to the nearest nucleus internal to the
surface are defined. The different colors on the fingerprint plot represent the frequency of

occurrence of the interactions, increasing from blue to green to red.

Void Map Calculations. The atom information of the solvents was deleted from the CIF and
used to calculate the void maps of the solvates by Mercury (V.3.10.1). The conditions were set as

follows: probe radius 0.8 A, approx. grid spacing 0.7 A, calculate using the contact surface.

Intermolecular Energy Calculations. The calculation of intermolecular energies (van der
Waals and electrostatic) within the crystal lattice were performed using the Forcite module and

COMPASS force field in Materials Studio.

Packing Coefficient Calculations. Packing coefficients were calculated by the following
equation: Cy = Z * Voo * Viol;, Where Z is the number of molecules in the unit cell, V,,,,, is the

molecular volume, and V,,;; is the volume of the unit cell.

2.6. Powder X-ray Diffraction (PXRD). X-ray powder data were collected on an X’Pert Pro

diffractometer (PANalytical GmbH, Germany) using Cu-Ka radiation (A = 1.5418 A). Samples



were scanned in a 20 range of 3° to 40° with a step size of 0.0017° and a counting time of 50 s
per step. Samples were measured at ambient temperature directly after taking out of mother

liquors.

Temperature-Resolved Powder X-Ray Diffraction (TR-PXRD). To apply a linear increase of
temperature and compare the TR-PXRD results with other techniques, such as DSC and HSM,
freshly prepared samples were heated to the desired temperatures at 5 °C-min™ on a separated

Linkam THMS 600 heating plate and measured with PXRD at ambient temperature.

Time-Resolved Powder X-Ray Diffraction. Solid samples were measured by PXRD
immediately after taking out of the mother liquor. The same conditions were used as the
measuring conditions of PXRD. An automated program was set with continuous cycles of

measurements.

2.7. Thermal Analyses. Thermogravimetric/differential scanning calorimetry (TGA/DSC)
analyses were performed on a Netzsch STA 449 C instrument. Samples were put in a 25 uL
aluminum crucible and heated at a rate of 5 °C-min™". Helium was used as the purge gas. The
chemical nature of the released gases during heating was identified by using a Netzsch QMS 403

C Mass Spectrometer (MS) coupled with the 449 C TGA/DSC apparatus.

2.8. Hot-Stage Microscopy (HSM). HSM observations were performed on a Nikon Eclipse
LV100 microscope (maximum magnification 1000x) with a CCD camera and coupled with a
THMS 600 hot-stage setup (Linkam), which allows an accurate control of the sample
temperature (x 1°C). Selected single crystals were loaded on a quartz cell with a cylindrical
geometry (d = 13 mm, h = 1.3 mm). Images were recorded in the temperature range of 30 °C and

100 °C with a heating rate of 5 °C-min™.



2.9. Solvent Vapor Sorption and Desorption. Solvent vapor sorption and desorption were
carried out with an accurate humidity and temperature-controlled microbalance system
— Dynamic Vapor Sorption (DVS-advantage, Surface Measurement System, UK). Partial
pressure (PP) was controlled by continuous gas flow containing pure nitrogen and solvent vapor
(acetone, methanol and isopropanol) in adequate proportions. Temperature and PP were
measured with a precision of 0.1 °C and 0.5%, respectively. Mass variations were recorded
continuously with a precision of 0.1 pg. Isothermal measurements at 25 °C were constructed
with ten consecutive steps of relative humidity between 0 and 90%. Two programs were used
depend on the solids to characterize. (i) The mass measured at a given step was considered
constant when relative mass variation dm/dt remained below 0.001% for 10 min and the
maximum stabilization time was adjusted to 2000 min. (ii) The mass was recorded when the PP
was changed every 60 min (10% PP increment). A camera is placed directly below the sample
and permits to observe the macroscopic evolution of the initial solids and serves to reinforce or

guide the interpretation of the mass uptake curves™.
3. RESULTS AND DISCUSSION

BDMC was recrystallized from four solvents, ethanol, acetone, methanol and isopropanol. Three
solvates were obtained, i.e. BDMC-acetone (BDMC-ACET), BDMC-methanol (BDMC-MeOH)
and BDMC-isopropanol (BDMA-IPA). Crystals suitable for SCXRD structural determinations

were obtained for pure BDMC (from ethanol) and the above mentioned three solvates.
3.1. Crystal Structure Analyses of BDMC and Its Solvates

Crystal structures of pure BDMC and BDMC-ACET were determined for the first time. The

structures of BDMC-MeOH and BDMC-ACET were found to be consistent with the reported



data?’*®. The crystallographic data collected are summarized in Table 1. Thermal ellipsoid plots

of the asymmetric unit of BDMC and its solvates are shown in Figure 2.

Table 1. Crystallographic data and details on structure refinement for BDMC and its solvates.

Final R values (all data,
1>20 (1)
WR; (all data, 1 > 26 (1))

0.0695, 0.0575

0.1283, 0.1238

0.0559, 0.0542

0.1418, 0.1404

0.0557, 0.0495

0.1184,0.1148

BDMC BDMC-ACET BDMC-MeOH BDMC-IPA
Stoichiometry 11 1:1 1:1
Empirical formula C19H1604 C19H1504'C3H60 C19H1604,.CH,O C19H1604'C3H30
Formula weight 308.32 366.39 340.36 368.41
Temperature (K) 100 100 100 100
Crystal system Monoclinic Orthorhombic Monoclinic Orthorhombic
Space group P2/c Pna2; P2,/c Pna2;
a(A) 17.059(7) 7.479(19) 6.7776(7) 7.457(7)
b (A) 7.072(3) 11.340(4) 7.5709(6) 11.831(11)
c(A) 24.690(10) 22.506(6) 32.901(4) 21.864(5)
o (°) 90 90 90 90
B (°) 93.89(3) 90 93.641(9) 90
y () 90 90 90 90
V (A% 2972.0(3) 1909.0(9) 1684.8(3) 1929(3)
A 8 4 4 4
Peate (@em?®) 1.378 1.275 1.342 1.269
n (mm™) 0.097 0.090 0.096 0.089
0 range of data collection (°) | 1.974—25.226 1.810—29.242 2.761—-29.164 3.229—-29.196
Reflections collected 15087 11761 10199 13444
Independent reflections 5340 4548 4385 4465
Independent reflections 4600 4426 4020 4366
with 1>20 (1)
Data/ parameters/restrains 5340/433/6 4548/255/4 4385/239/322 4465/259/5
GOF (all data) 1.205 1.112 1.162 1.172

0.0371, 0.0359

0.0848, 0.0843
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Figure 2. Asymmetric units of BDMC, BDMC-ACET, BDMC-MeOH and BDMC-IPA showing

the thermal ellipsoids with 50% probability (except the hydrogen atoms).

The crystal structure of pure BDMC, obtained from ethanol solutions, was solved and refined in
the monoclinic space group P2/c. The asymmetric unit is composed of two molecules of BDMC.
Their superimposition emphasizes the different conformations (Figure SI-1). The two
independent molecules are held together by intermolecular Oz-Hja...O7 (1.84 A) and Oe-
Hea...0s (1.78 A) hydrogen bonds. These interactions give rise to molecular chains spreading
along a axis (Figure 3 (a)). A second pair of hydrogen bonds, Og-Hga...Os (2.06 A) and O,-
Haa...O1 (2.12 A), ensures the cohesion between adjacent molecular chains (Figure 3 (b)).
Therefore, a three-dimensional network is formed and the packings are shown in Figure SI-2.
Relevant distances and angles of hydrogen bonds are listed in Table 2 along with the graph set

notations?.
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Hirshfeld surface analysis is a useful tool to evaluate the most dominant intermolecular
interactions in crystals®**®. Close contacts in the molecular crystals are represented in red in the
Hirshfeld surface plot (Figure 4) and represented as spikes circled by red and green in the
fingerprint plot. The combined O...H interactions are responsible for the close contacts in the

molecular packing.
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Figure 3. Molecular packings of BDMC. (a) First pair of hydrogen bonds (dashed pink lines)
with d < 2 A shows the molecular chains spreading along a axis, and (b) second pair of hydrogen

bonds (dashed blue lines) with d > 2 A, ensures the cohesion with adjacent molecular bond

chains (the molecular chain in (a) is displayed in blue).
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Table 2. Distances and angles of hydrogen bonds in the crystal structure of BDMC, BDMC-

ACET, BDMC-MeOH and BDMC-IPA.

Solvate | Donor Hydrogen Acceptor d(H.A)/A Angle DHA/° Graph set
atom atom atom notations
o]} Hia 0s 1.60(2) 155(2) Si(6)
0, Hoa 0Oy 1.84(2) 169(2) D1(2)
BDMC 0O, Hia 0, 2.12(3) 141(2) Cci(12)
Os Hsa 0Oy 1.58(2) 154(2) Si(6)
Os Hsa 03 1.78(3) 172(2) D1(2)
Og Hsa Os 2.06(3) 153(2) Ccl(12)
o]} H; 0, 1.62(3) 155(3) Si(6)
BDMC- O3 Hs 0, 1.83(4) 162(3) ci(12)
ACET 04 H, Os 1.80(3) 166(3) D1(2)
o]} Hia 0, 1.62(1) 152(1) Si(6)
BDMC- O3 Hsa Os 1.76(2) 169(2) D1(2)
MeOH 04 Hia Os 1.82(2) 166(2) D1(2)
Os Hsa 0, 1.79(2) 162(2) D1(2)
(o]} Hia 0; 1.62(2) 152(2) Si(6)
BDMC- 0, H, 0; 1.82(2) 163(2) ci(12)
IPA 04 Hia Os 1.72(2) 168(2) D1(2)
Os Hs 0, 1.89(2) 157(2) D1(2)

06 08 10 12 14 16 18 20 22 24 26

13



OZ'HZA"'O7
04‘H4A"‘01 Os'HaA"'03

04‘H4A"‘01

d;

06 08 10 12 14 16 18 20 22 24 26

Figure 4. (a) Hirshfeld surface of one of the BDMC molecules in the asymmetric unit (shown in
grey in Figure 3) showing the environment of the molecules and the corresponding fingerprint
plot, and (b) Hirshfeld surface of the other BDMC molecule in the asymmetric unit (shown in

yellow in Figure 3) and its fingerprint plot.

BDMC-ACET crystallizes in the orthorhombic space group Pna2;. The asymmetric unit is
composed of one molecule of BDMC and one solvent molecule. Acetone molecules are
connected to the BDMC molecules by O4-Hs...0s (1.80 A) hydrogen bonding. BDMC molecules
are connected to each other by intermolecular Os-Hs...0, (1.83 A) hydrogen bonding. The
interaction leads to molecular chains spreading along c axis (Figure 5 (a)). A network of BDMC
is formed by this interval connection of BDMC molecules. The molecular packings of BDMC-
ACET are shown in Figure 5 (b) and Figure SI-3. The close contacts in BDMC-ACET can be
seen from the Hirshfeld surface analysis (Figure SI-4 (a)) and the corresponding fingerprint plot

(Figure SI-4 (b)).
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Figure 5. (a) Molecular chains of BDMC-ACET generated via hydrogen bonds O4-Hjs...Os and
O3-Hs...0,, and (b) Projection of the BDMC-ACET packing along a axis. Standard molecular
bond chains are displayed in yellow and grey. Some are displayed in red and blue to show clearly

the propagation and orientation of the molecular chains.

BDMC-MeOH crystallizes in the monoclinic space group P2i/c. The asymmetric unit is
composed of one molecule of BDMC and one molecule of solvent. There is no direct hydrogen
bond between adjacent BDMC molecules. They are connected by the methanol molecules via
hydrogen bonds Os-Hza...Os (1.76 A) and Os-Hsa...0, (1.79 A). The solvent molecule acts as a
bridge between consecutive molecular chains through Os-Haa...Os (1.82 A) hydrogen bonding
(Figure 6). This latter hydrogen bonding interaction generates molecular layers spreading in ab
with a thickness of doo2 by connecting the molecular chains. These molecular layers stack along ¢

and the cohesion is ensured by van der Waals interactions (Figure 7). The Hirshfeld surface

15



(Figure SI-5 (a)) shows the close contacts of BDMC molecules in the BDMC-MeOH (red spots)

and marked as spikes by circles in the fingerprint plot (Figure SI-5 (b)).
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Figure 6. Projection of hydrogen bonding connections in BDMC-MeOH along different

directions.
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Figure 7. (a) Projection of BDMC-MeOH layers along a spreading in ab and stacking along c,

which exhibits a thickness of doo2, and (b) projection of BDMC-MeOH layers along b.

BDMC-IPA crystallizes in the orthorhombic space group Pna2;. The asymmetric unit is
composed of one molecule of BDMC and one molecule of solvent. BDMC molecules are
connected to each other by intermolecular O,-H,...03 (1.82 A) hydrogen bonding, which leads to

the molecular chains spreading in [011] direction (Figure SI-6). Solvent molecules are connected

16



to BDMC molecular chains by O4-Hsa...Os (1.72 A) hydrogen bonding (Figure 8 (a)). The
isopropanol molecules establish a second type of hydrogen bonding by means of the hydroxyl
moiety Os-Hs...O4 (1.89 A) along a axis (Figure 8 (b)). This latter interaction generates a three-
dimensional network of hydrogen bonding that ensures the cohesion of the structure (Figure 8 (c)
and Figure SI-7). The close contacts in BDMC-IPA can be seen from the Hirshfeld surface

(Figure SI1-8 (a)) and the corresponding fingerprint plot (Figure SI-8 (b)).
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Figure 8. (a) Molecular chains of BDMC-IPA formed by hydrogen bonding of BMDC
molecules (O2-H,...0s, dashed pink lines). Isopropanol molecules are connected to molecular
chains by a first type of hydrogen bonding (Os-Haa...Os, dashed blue lines), and (b) isopropanol
molecules are connected to molecular chains by a second type of hydrogen bonding (Os-Hs...O4,
dashed green lines), and (c) projection of the BDMC-IPA packing along a. Standard molecular
bond chains are displayed in yellow and grey. Some are displayed in red and blue to show clearly

the propagation and orientation of the molecular chains.

3.2. Structure Comparisons and Packing Efficiencies of BDMC and Its Solvates

Superimposition of the BDMC molecules in the asymmetric unit of BDMC, BDMC-ACET,
BDMC-MeOH and BDMC-IPA shows that the most mobile part of BDMC is one of the phenyl
rings, which adopts different positions (Figure 9). The solvent molecules are connected to one of
the hydroxyl groups on the phenyl ring of BDMC molecules and are organized in a zigzag
manner. In the crystal structure of BDMC-MeOH, methanol molecules are strongly involved in
the formation of the hydrogen bonding network and connect all the BDMC molecules through
three hydrogen bonding interactions. Therefore, the stability of BDMC-MeOH could be expected
to be higher as compared to BDMC-ACET and BDMC-IPA, in which the solvent molecules are
bonded to the BDMC molecules through only one (in BDMC-ACET) or two (in BDMC-IPA)
hydrogen bonding interactions. Moreover, comparison of the void maps (Figure 10) indicates
that the desolvation of BDMC-ACET and BDMC-IPA should be relatively facile because of the
existence of void channels in the molecular structures, which take up 25.3% (483.19 A) and

25.6% (494.48 A) of the unit cell volume in BDMC-ACET and BDMC-IPA, respectively.

18



However, the void channel is absent in the crystal structure of BDMC-MeOH and the methanol

solvent only takes up 8.5% (143.59 A) of the unit cell.

Figure 9. Superimposition of the BDMC molecules in the asymmetric units of BDMC (in yellow

and grey), BDMC-ACET (in red), BDMC-MeOH (in purple) and BDMC-IPA (in green).
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Figure 10. Void maps in the crystal structures of BDMC-ACET and BDMC-IPA as compared to

BDMC-MeOH.
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According to Price et al.’®, the driving force for solvate formation can be viewed as lowering the
crystal free energy primarily through electrostatic and van der Waals interactions. So, the
intermolecular interactions (the sum-up of van der Waals and electrostatic interactions) of
BDMC and its solvates were calculated and summarized in Table 3. The results show that
BDMC-MeOH and BDMC-IPA have a lower energy of intermolecular interactions compared to
BDMC-ACET and pure BDMC. However, BDMC-ACET possesses a higher value than BDMC,

which could be an indication of its lower stability.

Table 3. Intermolecular energies of BDMC and BDMC solvates.

Van der Waals Electrostatic Intermolecular Interactions
(kcal-mol ™) (kcal-mol™) (kcal-mol™)
BDMC 9186 -178 9008
BDMC-ACET 12083 -86 11997
BDMC-MeOH 4502 -85 4417
BDMC-IPA 4532 -212 4320

The packing coefficient (Cy) is given to measure how tightly a molecule packs in a crystal lattice.
It descibes the percentage of void spaces in the molecular crystals. A C, value of 0.6 was
obtained for BDMC and its three solvates. It indicates that pure BDMC is already efficiently
packed. The solvents involved are not utilized to fill the void spaces in the crystal structures, but
to bind the host molecules efficiently by providing multipoint hydrogen bonding. This is

probably a dominant factor that governs the inclusion of solvents in BDMC molecules.

3.3. Stability and Desolvation of BDMC Solvates

3.3.1. Thermogravimetric analyses and Differential Scanning Calorimetry

TGA/DSC analyses could give an indication of the thermal stability and the stoichiometry of the
solvates by calculating the weight loss of solvents. As can be seen in Figure 11, the TGA/DSC

curve of each solvate shows two separated sharp endothermic peaks that correspond to the
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desolvation process and the melting of the desolvated products, respectively. For BMDC-ACET,
the desolvation started at 57 °C (onset temperature) and ended at 62 °C (peak temperature)
accompanied by a mass loss of 15.14%. This is equivalent to one mole of acetone per mole of
BDMC. The melting of the desolvated product (BDMC) occurred from 230 °C to 233 °C (onset
and peak temperatures, respectively) and a slight mass loss was observed due to the concomitant

degradation of BDMC.

All the thermal data for the three solvates are summarized in Table 4. The stoichiometry
determined from TGA is consistent with the SCXRD measurements. The lowest desolvation
temperature of BDMC-ACET indicates that it is less thermal stable, which is confirmed by the
structural analyses. However, since desolvation is a kinetically driven process, it can be strongly
affected by various factors, such as particle size distribution, relative humidity and heating rate.

Still, the crystal structure is usually the dominant factor.
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Figure 11. TGA/DSC curves show the thermal behavior with the desolvation and the melting of

BDMC solvates (heating rate, 5 °C-min™).

Table 4. Thermal data and mass loss of the desolvation of BDMC solvates.

Desolvation Temperature Mass loss upon desolvation (%)
Solvate Boiling point of (°C) (DSC)
pure solvent Onset T Peak T Calculated Experimental TGA
(°C) (°C) (°C) SCXRD
BDMC-ACET 56 57 62 15.85 15.14
BDMC-MeOH 65 68 71 9.41 9.48
BDMC-IPA 83 68 74 16.30 15.91

3.3.2. Temperature-Resolved Powder X-Ray Diffraction

TR-PXRD patterns were collected from ambient temperature to 90 °C at 5 °C-min™ to follow the
desolvation process of BDMC solvates. To have a clear comparison between various
temperatures, only the data in the 26 range of 5° to 35° are shown here. As can be seen in Figure
12 (a), for BDMC-ACET, tiny peaks at 20 = 20.6° and 22° appeared at 50 °C (pointed out by the
blue arrows). This means that desolvation of BDMC-ACET has already started. At 60 °C,
characteristic peaks of BDMC at 26 = 7.3° and 10.2° appeared. At 65 °C, peaks of BDMC at 26
= 7.3° 10.2°, 20.6° and 22° (blue arrows), and peaks of BDMC-ACET at 26 = 7.9°, 8.7°, 20.9°

and 23.6° (green arrows) demonstrated the coexistence of BDMC-ACET and BDMC. The
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desolvation was not completed till 75 °C. For BDMC-MeOH (Figure 12 (b)), peaks of BDMC at
20 = 7.3°, 10.2° and 14.6° appeared at 75 °C and characteristic peaks of BDMC-MeOH at 26 =
5.4°, 10.7° and 15.7° disappeared at 85 °C. It indicates that the desolvation of BDMC-MeOH
started at 75 °C and completed at 85 °C (5 °C-min™ heating rate). For BDMC-IPA (Figure 12 (c)),
characteristic peaks of BDMC at 26 = 7.3°, 10.2° and 19.9° appeared at 75 °C. At 80 °C, the
coexistence of BDMC (peaks at 26 = 7.3°, 10.2° and 19.9°) and BDMC-IPA (peaks at 26 = 7.3°,
10.2° and 19.9°) reached the maximum extent. The disappearance of the characteristic peaks of
BDMC-IPA at 85 °C indicated that the desolvation was complete. The desolvation of the three
solvates showed an overlapping of the solvated and non-solvated forms. No new polymorph of

BDMC was discovered after the desolvation of the three solvates.
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Figure 12. TR-PXRD patterns of (a) BDMC-ACET, (b) BDMC-MeOH, and (c) BDMC-IPA
during the desolvation process. PXRD pattern of BDMC is shown as reference for comparison

(at the top of each figure).

3.3.3. Powder X-Ray Diffraction Analyses of the Stability of BDMC Solvates at Ambient

Conditions

In general, many solvates are known to be efflorescent and often desolvate during their storage.
Stability performances of the three solvates were tested. The desolvation process of BDMC-
ACET, BDMC-MeOH and BDMC-IPA was monitored by time-resolved PXRD at ambient

conditions immediately after slight filtration on papers. As can be seen in Figure 13 (a), BDMC-
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ACET started to desolvate during the ninth cycle (after 2 h) and BDMC in pure form was
obtained after 50 cycles (after 13 h). BDMC-IPA (Figure 13 (b)) remained stable after 38 cycles
of measurements (10 h) and stored overnight. Desolvation was observed after four days of
storing at ambient conditions. However, no desolvation occurred for BDMC-MeOH after three
months of storing at ambient conditions. Therefore, BDMC-MeOH shows the highest stability at

ambient conditions compared to BDMC-ACET and BDMC-IPA.
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Figure 13. Time-resolved PXRD measurements of (a) BDMC-ACET, and (b) BDMC-IPA with
increasing exposure time to ambient conditions. Cl, C9 etc. denote the number of the
measurement cycles. The PXRD pattern of BDMC was shown as reference for comparison (at

the top of each figure).

25



3.3.4. Hot-Stage Microscopy

In addition, visual observations of the desolvation process were performed by hot-stage
microscopy (HSM). The same heating rate was applied as that used for the TR-PXRD and
TGA/DSC measurements. BDMC-ACET and BDMC-IPA form thin and needle-like crystals,
while BDMC-MeOH forms plate-like crystals. Upon desolvation, the classical pseudomorphosis
phenomenon occurred, i.e. the original shape of the crystal is maintained but a loss of
transparency could be observed>***’. Pictures recorded at various temperatures are presented in
Figure 14. The “dark” spots indicate the appearance of BDMC, which means the occurrence of
the desolvation process. For BDMC-ACET (Figure 14 (a)), traces of desolvated BDMC were
observed at 60 °C under polarized light (shown as “dark” spots) and the most obvious
desolvation occurred in the temperature range of 67 °C to 69 °C. At 73 °C, the desolvation
process was completed and accompanied by the total loss of the transparency. For BDMC-
MeOH (Figure 14 (b)), the most obvious desolvation occurred between 77 °C and 80 °C. In
Figure 14 (c), the highest rate of desolvation of BDMC-IPA occurred between 85 °C and 87 °C.
At 89 °C, the complete loss of transparency indicates the completion of the desolvation process.
After desolvation, the original shapes of the three solvates were maintained, which is in

accordance with the desolvation phenomenon of stoichiometric solvates.
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Figure 14. (b) Hot-stage microscopy (HSM) observation on the desolvation process of BDMC-
MeOH with increasing temperature at 5 °C-min™. Several nucleation sites of the non-solvated

component are observed.
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Figure 14. (c) Hot-stage microscopy (HSM) observation on the desolvation process of BDMC-
IPA with increasing temperature at 5 °C-min™. Several nucleation sites of the non-solvated

component are observed.

3.3.5. Moisture Sorption and Desorption

Moisture sorption—desorption isotherms (T = 25 °C) were performed using the dynamic vapor
sorption (DVS) apparatus. Sorption studies were carried out for BDMC under acetone, methanol
and isopropanol moisture by varying the partial pressure (PP) from 0 to 90% every 60 min.
Results show that no solvate was formed under the continuous moisture exposure (e.9g. BDMC-
MeOH, Figure SI-9). Desorption studies were performed on pre-prepared BDMC solvates

(BDMC-ACET, -MeOH, -IPA), which were exposed to a varying solvent vapor from 90% to O.
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However, no desorption was detected under the tested experimental conditions (Figure SI-10).
All these results indicate that the formation of the solvated forms cannot be achieved via solid-
vapor equilibria. This is consistent with the fact of lacking of structural filiation between BDMC
and the solvates. One can postulate that the transformation from BDMC to its solvates can only

be reached via crystallization in solution.

During the study on the solid state conversion via solid-vapor equilibria, an original behavior of
the methanol solvate has been highlighted. The methanol solvate stored under increasing partial
pressure of acetone implies a desolvation of the initial solvated form towards the desolvated
BDMC form (Figure SI-11). This result indicates that (i) the methanol solvate could desolvate
under a “dry” solvent but is stable under a dry nitrogen flux, and (ii) there is no exchange of
solvent in the solid state between methanol and acetone, which is consistent with the absence of
similarity between the crystalline structures of methanol and acetone solvates (no mixed
solvates). Moreover, BDMC obtained after desolvation does not transform under high PP of

solvent, from a solid-vapor equilibria point of view, the desolvation seems irreversible.

3.3.6. Discussion of the Desolvation Mechanism

The mechanism of the desolvation process could be explained by the Rouen-96 model®. For
BDMC-ACET and BDMC-IPA, acetone and isopropanol molecules are contained in the
channels shown in Figure 10 (of sufficient size >3.5A), indicating that their departure is likely to
occur along these channels. But the progressive release of solvent molecules produces a collapse
of their crystal lattices (destructive). In the case of BDMC-MeOH, a direct destructive
desolvation process occurred, i.e. a complete destruction of the crystal packing as the crystal
structure is based on solvent bridges among the BDMC molecules. Moreover, the observation

from microscopy (Figure 14) shows a loss of transparency of the desolvated crystals, which is
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due to the light scattering on the surface of the numerous crystallites formed. This indicates that
after the destructive release of the solvent, the initial solvate recrystallizes into numerous small
crystallites of the desolvated form. Therefore, a destructive-reconstructive desolvation process is
postulated and this type of mechanism is corroborated by the lack of structural similarities

between the solvates and the desolvated form®.

4. CONCLUSIONS

In summarizing the results reported here, we carried out a comprehensive study of
bis(demethoxy)curcumin and its solvate formation. Pure BDMC could be obtained by
crystallization from ethanol. BDMC-ACET, BDMC-MeOH and BDMC-IPA solvates were
obtained by recrystallization from acetone, methanol and isopropanol, respectively. Crystal
structures were determined for pure BDMC and the three solvates. In BDMC-MeOH, methanol
molecules fully interact with the BDMC molecules, a strong hydrogen bonding network was
formed. Moreover, a minimization of the lattice energy was achieved in BDMC-MeOH. These
evidences indicate a higher stability of BDMC-MeOH compared to BDMC-ACET and BDMC-
IPA, which was confirmed by the desolvation and stability investigations. Thermal stability of
the solvates was assessed by TGA/DSC, TR-PXRD and HSM. The weight loss from TGA was in
agreement with the amount of solvent present in the crystal structure. Upon exposure to ambient
conditions and elevated temperatures, BDMC-MeOH was found to be the most stable solvate
studied. Moreover, a destructive-reconstructive desolvation mechanism was proposed based on
the set of data collected. No new polymorph of BDMC was formed throughout the desolvation
process, but the thorough investigation of BDMC solvates is vital for industries to identify and
harvest a pure solid phase. Moreover, the usage of solvate formation property might be useful for

the purification of the structurally similar curcuminoids.
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Three solvates of bis(demethoxy)curcumin were obtained by recrystallization from methanol,
isopropanol and acetone. Their crystal structures were resolved by single crystal X-ray
diffraction and the desolvation processes were analyzed by various techniques. The solvate
obtained from methanol shows the most efficient hydrogen bonding and the highest stability at

ambient and elevated temperatures.
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