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ABSTRACT: The polymorphism of cocrystals is not studied as widely

H
as that of single-component crystals. In this work, two polymorphic " HN/w
forms of a cocrystal of melatonin with piperazine (MLT—PIP I and H ) o T NH
MLT—PIP II) in a 2:1 stoichiometry were successfully obtained and 7/
fully characterized. The crystal structures exhibit differences in hydrogen :
bonding modes and molecular packing arrangements across two poly- Melt erystallization ot aestseed g
morphs. Theoretical computations were carried out to compare their oo temperature

crystal lattice energy. They were also evaluated by thermal analysis, ]
variable temperature X-ray powder diffraction, and dynamic vapor sorption »‘\%}’
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measurements, as well as powder and intrinsic dissolution experiments.
The results of experimental and theoretical studies conclude that MLT—
PIP II, as the stable form, exhibits a significantly improved solubility and

Slurry at room temperature ~ ¥ ¥

dissolution rate and is suitable to be developed into a more efficient m i : <
formulation of melatonin. MLT-PIP I MLI-PIP II
1.212 g/em?, 150 K 1.222 g/em?, 150 K
Eiy=—0.4025 6V Eipq=—0.4706 6V
Smax = 3.24 mg/mL Spax = 2.49 mg/mL
B INTRODUCTION for drug development and manufacture."*™"? Thus, it is of
Polymorphism refers to the ability that a compound can exist great importance to identify and evaluate polymorphic forms of
in multiple crystalline phases with different molecular con- pharmaceutical cocrystals in the pharmaceutical field.
formations and/or crystal packing arrangements in the crystal Melatonin (MLT, Scheme 1) is a natural hormone produced
lattices, which is a universal and important phenomenon for by the pineal gland in mammals. 2’ It exhibits various physio-

solid pharmaceutical." Pharmaceutical polymorphs exhibit
different physicochemical properties, including melting point,
solubility, dissolution rate, stability, processability, etc., among
each other.”” Therefore, polymorphism offers an opportunity
to investigate the relationship of structure and property for a
given drug with different crystal structures. Pharmaceutical
cocrystals are crystalline single phase solids composed of a

drug and one or more cocrystal formers in a stoichiometric

ratio, which are usually used in pharmaceutical industry to

. . . . . NH
improve physical and chemical properties of drugs without 7/

changing their molecular structures. Polymorphs of single- lat iverazine
component pharmaceutical compounds have been reported melatonin PP
widely.*~"* However, the occurrence of polymorphism for phar-

maceutical cocrystals has not been so extensively studied.'*"

logical functions, such as circadian rhythm and sleep regula-
tion,”' immunostimulative activity,22 mood modulation,”® and

Scheme 1. Chemical Structures of Melatonin (MLT) and
Piperazine (PIP)
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cytoprotective activity.”* MLT is also a wide-spectrum
antioxidant and has potential therapeutic effects in treating
neurodegenerative diseases and a variety of cancers.”> Exogenous
MLT is orally applied as a dietary supplement for delayed sleep
phase syndrome, shift work disorder, and jet lag.”® MLT is a BCS
class IT drug with poor solubility and good permeability.”” The
application of MLT as a drug in the clinic is severely restricted by
its poor and variable oral absorption due to its low solubility.”*
Therefore, improving the solubility of MLT is highly desirable
for drug development. We have reported a cocrystal of MLT
with pimelic acid exhibiting a 2-fold increase in solubility.””
Two cocrystals of piperazine and 1,4-diazabicyclo[2.2.2] octane
as well as an ionic cocrystal with CaCl, have also been reported
recently.’” However, only the solubility of the ionic cocrystal has
been tested, and it showed a 10-fold increase with respect to the
pure drug. The single crystal structure and physicochemical
propertgf of the cocrystal with piperazine were not studied in
detail®

From the perspective of a supramolecular structure, the
MLT molecule has one amide group and one indole group,
and can act both as the acceptor and the donor of hydrogen
bonds. It may form polymorphic forms when cocrystallizing
with other compounds, due to different intermolecular
hydrogen bonding patterns and molecular packing possibly
generated. In this work, two polymorphs of the cocrystal of
MLT with piperazine (PIP, Scheme 1) in a 2:1 stoichiometric
ratio were successfully synthesized via the melt crystallization
method.”" The single crystal structures of the two polymorphs
were determined and resolved. The density functional theory
computations based on the single crystal structures were per-
formed to compare the crystal lattice energies of these two forms.
They were also investigated by variable temperature X-ray
powder diffraction, thermal analysis and dynamic vapor sorption
measurements, as well as powder and intrinsic dissolution
experiments.

B EXPERIMENTAL SECTION

Preparation of MLT—PIP Cocrystal (2:1) Form I, MLT—PIP I.
MLT (50 mg, 0.2 mmol) was completely melted at 135 °C, and then
PIP (9.1 mg, 0.1 mmol) was added. After complete melting of all the
solids, the molten was cooled under room temperature. The white
crystalline powder was produced from the crystallization of the molten
sample. Single crystals of MLT—PIP I were obtained by slow evaporation
of MLT—PIP I from ethyl acetate solution with crystal seeds. Anal. (%)
Caled for C;sH,N;0,: C, 65.43; H, 7.68; N, 15.26%. Found: C, 65.12;
H, 7.71; N, 15.16%. IR (KBr, v): 3317 (s), 3209 (s), 3278 (s), 2949 (s),
2222 (w), 1874 (w), 1639 (s), 1583 (s), 1487 (s), 1444 (s), 1361 (m),
1300 (s), 1271 (m), 1232 (s), 1220 (s), 1201 (s), 1176 (m), 1126 (m),
1099 (m), 1072 (s), 1034 (s), 1001 (m), 962 (w), 924 (m), 852 (s),
808 (s), 766 (m), 714 (w), 679 (m), 644 (m), 588 (m), 526 (w),
503 (w), 463 (m), 442 (m) cm™%.

Preparation of MLT—PIP Cocrystal (2:1) Form II, MLT—PIP II.
MLT-PIP II was prepared by two methods: (i) MLT (50 mg,
0.2 mmol) was completely melted at 135 °C, and then PIP (9.1 mg,
0.1 mmol) was added. After complete melting of all the solids, the
molten was allowed to cool under SO °C. The white crystalline powder
was derived from the crystallization of molten sample. (ii) The experi-
ment of liquid-assisted grinding was carried out by adding a mixture of
MLT (50 mg, 0.2 mmol) and PIP (9.1 mg, 0.1 mmol) with one drop of
methanol into a 25 mL stainless steel grinding jar. The mixture was
then ground using a Retsch MM 200 mixer mill for 30 min at a
frequency of 20 Hz. The crystalline powder of MLT—PIP II from melt
crystallization was completely dissolved in ethyl acetate, and then the
solution was slowly evaporated to obtain single crystals. Anal. (%) calcd
for C;sH,N;0,: C, 65.43; H, 7.68; N, 15.26%. Found: C, 65.34; H,
7.67; N, 15.05%. IR (KBr, v): 3315 (s), 3246 (s), 3035 (m), 3003 (m),
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Table 1. Crystallographic Data and Refinement Parameters
for MLT—PIP I and MLT—PIP II

MLT-PIP 1 MLT-PIP II
formula C;sH,,N;0, C;sH,,N;0,
formula weight 275.35 275.35
temperature (K) 150(2) 150(2)
crystal size (mm?®) 0.30 X 0.20 X 0.20 0.20 X 0.10 X 0.10
crystal system monoclinic monoclinic
space group P2,/c P2,/n
a (A) 17.0514(8) 8.7944(3)

b (A) 9.8333(4) 13.0770(4)

¢ (A) 9.3217(4) 13.2694(4)

a (deg) 90 90

B (deg) 105.084(4) 101.324(3)

7 (deg) 90 90

volume (A%) 1509.13(11) 1496.33(8)

V4 4 4

density (g-em™) 1212 1.222

F(000) 592 592

index ranges —-19<h<18 —-10<h<9
-10<k<11 -12<k<14
-7<1<10 -12<1<15

no. of reflns S118 5163

no. of unique reflns 2409 2370

no. of params 210 19§

Ryp Rops” 0.0579, 0.0447 0.0665, 0.0471
WRy 1, WR, g 0.1372, 0.1263 0.1272, 0.1127
GOF 1.038 1.035

R, = ZIE| — IEIl/ZIE).

wR, = [Z[w(E” - E*)’1/Zw(E)1"?,
w = 1/[s*(E)* + (aP)* + bP],

where P = [(E?) + 2F?]/3.

Table 2. Hydrogen Bonding Distances
MLT-PIP I and MLT—PIP II

and Angles for

H-A £D-H--A
hydrogen bond (A) D--A (A) (deg)
MLT-PIP I* N2—-H2--N3 0.86 2.976(4) 1572
N1-H1--Ol#1  0.86 2.970(2) 166.2
MLT-PIP II”  NI-H1--N3 097(3)  2911(3) 171(3)
N2—-H2--Ol#2  0.87(3)  2.842(3) 158(2)

“Symmetry codes. #1 —x + 1,y + 1/2, —z + 1/2. "2 x — 1/2, —y +
3/2,z—1/2.

2949 (s), 2831 (s), 2750 (m), 2144 (w), 2054 (w), 1874 (w), 1641 (s),
1583 (s), 1485 (s), 1444 (s), 1360 (m), 1300 (s), 1219 (s), 1174 (m),
1126 (m), 1099 (m), 1072 (s), 1034 (s), 985 (w), 962 (w), 924 (s),
850 (s), 806 (s), 766 (m), 679 (m), 642 (m), 588 (m), 525 (w),
461 (m), 440 (w) cm™.

Solubility and Intrinsic Dissolution Rate (IDR). The
absorbance values for MLT were detected by a Cary S0 UV—vis
spectrophotometer at 230 nm, where PIP does not interfere with the
determination. For solubility and IDR measurements involving MLT,
MLT—-PIP I and MLT—PIP 1II, absorbance values were related to
MLT concentrations using a calibration curve.

All the solids were milled to powder and sieved with standard mesh
sieves to control the particle size range of approximately 75—150 ym.
In a typical powder dissolution experiment, 300 mg of sample was
added into SO mL of phosphate buffer (pH 6.8) in the flask, and
the resulting suspension was stirred at 500 rpm and 37 °C. At pre-
determined time intervals, an aliquot of the slurry was withdrawn and
filtered by a 0.22 pm nylon filter. A 10 uL portion of the filtered
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(2)

(b)

Figure 1. (a) The asymmetric unit, (b) 2D sheet, (c) top, and (d) side view of 3D structure of MLT—PIP L

aliquot was diluted to 1.0 mL with water and was measured with
UV—vis spectrophotometry. All the experiments were performed in
triplicate (n = 3).

IDR measurements were carried out using the dissolution device
ZQY-2 (Shanghai Huanghai Yaojian instrument distribution Co.,
Ltd.). For each experiment, S00 mL of pH 6.8 phosphate buffer was
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preheated to 37 °C and stirred at 100 rpm. Approximately 100 mg
of MLT or an equivalent amount of cocrystals was compressed to a
pellet (S mm in diameter) using a hydraulic press with a pressure of
0.5 tons for 30 s. The pellets were coated with paraffin wax, leaving
one circular face free for dissolution. These pellets were immersed in
the dissolution media, and 1.5 mL of samples was withdrawn at a
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Figure 2. (a) The asymmetric unit, (b) top and (c) side view of 1D chain, and (d) 3D structure of MLT—PIP II.

regular time interval. Finally, the intrinsic dissolution rates were
calculated from the slope of the initial linear portion of the dissolution
curves. All the experiments were carried out in triplicate (n = 3). After
the solubility and IDR experiments, the undissolved solids were
collected and analyzed by powder X-ray diffraction (PXRD).

Slurry Experiments. Excess powders of both MLT and PIP were
added to 1 mL of ethyl acetate, and the resultant suspension was
stirred and filtered to obtain a saturated solution. Powder samples of a
mixture of MLT—PIP I and MLT—PIP II with a 1:1 stoichiometric
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ratio were added to the previously prepared ethyl acetate solution and
then slurried under ambient conditions for 20 h. The solid was then
filtered and tested by PXRD.

B RESULTS AND DISCUSSION

Crystal Structure Analysis. The crystal structures of
MLT—PIP I and MLT—PIP II were determined and resolved
to compare their molecular packing and intermolecular interactions.
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Figure 3. PXRD patterns of (a) MLT—PIP I and (b) MLT—PIP II
systems.

Although there are one MLT molecule and half a PIP molecule
in the asymmetric units of the crystal structures for both forms,
they were solved in different space groups and show different
hydrogen bonding modes, molecular packing, and molecular
conformations.

MLT-PIP I crystallizes in the space group of monoclinic
P2,/c (Table 1). The MLT molecule connects to the PIP
molecule through a N2—H2--N3 hydrogen bond with a N---N
distance of 2.976(4) A (Table 2, Figure 1a). MLT molecules
form a molecular chain through N1-H1--O1 hydrogen
bonding interaction between amide groups, with the N---O
distance of 2.970(2) A (Table 2). Every other MLT connects
to PIP to form a two-dimensional (2D) layer structure (Figure 1b).
The neighboring layers are further packed along the c-axis to
generate the three-dimensional (3D) structure (Figure lc,d).

In contrast, the crystal structure of MLT—PIP II belongs to
the monoclinic P2,/n space group (Table 1). MLT links to
PIP through a N1—H1--N3 hydrogen bond with the N---N
distance of 2.911(3) A (Table 2, Figure 2a). MLT molecules
form a molecular chain through N2—H2---O1 hydrogen bonding
interaction between indole nitrogen and the amide group, with
the N--O distance of 2.842(3) A (Table 2, Figure 2b). The
adjacent MLT molecular chains are linked to each other by
the hydrogen bonding interactions of every other MLT with
PIP to generate a 2D wave-like layer structure (Figure 2c,d).
The adjacent layers are further packed together to form the 3D
structure (Figure 2d).
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Figure 4. TG/DSC curves of (a) MLT—PIP I and (b) MLT—PIP IL

The two polymorphs show different crystal packing, in
which MLT—PIP I shows a layer structure, while MLT—PIP
IT shows a wave-like structure. If we compare the hydrogen
bonding distances, we can know the hydrogen bonds in MLT—
PIP II are shorter and stronger than that in MLT—PIP I
(Table 2). It suggests that MLT—PIP II may be less hydrophilic
as its hydrogen bonding sites are more firmly occupied, probably
leading to less hygroscopicity and slower dissolution as com-
pared to MLT—PIP L

PXRD and Thermal Analysis. PXRD analysis was
performed to check the phase purity of the bulk cocrystal
samples. From Figure 3, it can be seen that the PXRD patterns
of MLT—PIP I and MLT—PIP II are totally different from
that of either MLT or PIP, indicating the new crystalline phases
have been formed. Furthermore, the experimental PXRD pattern
of each cocrystal is in good agreement with that calculated from
single-crystal diffraction data, which further confirmed their
phase homogeneity and bulk purity.

The thermodynamic stability of MLT—PIP I and MLT—
PIP II was investigated by thermogravimetric (TG) analysis,
differential scanning calorimetry (DSC), hot-stage microscopy,
and variable temperature PXRD analysis. The TG curves of
MLT-PIP I are similar to that of MLT—PIP II (Figure 4).
Both of them show a weight loss of 15.7% between 130.5 and
223.4 °C, which is in accordance with losing one-half PIP
molecule (caled 15.6%). The DSC plot of MLT—PIP II shows
a single endotherm started at 126.3 °C, which is ascribed to the
melting of MLT—PIP II (Figure 4b). This melting process
was also observed between 125 and 130 °C via a hot-stage
microscope (Figure Sb). In contrast, a molten liquid film
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Figure 5. Phase change and melting process of (a) MLT—PIP I and (b) MLT—PIP II upon heating.
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Figure 6. Variable temperature PXRD analysis of a sample of MLT—
PIP I as a starting form. The decay of MLT—PIP I and the formation
of MLT—PIP II were observed between 80 and 90 °C.

around MLT—PIP I was observed at 90 °C by the hot-stage
microscope, which is accompanied by a significant change
of the appearance of the crystal (Figure Sa). It suggests that
MLT—PIP I begins to melt at 90 °C, and the melting process
of MLT—PIP I is accompanied by the recrystallization of
MLT—PIP II at the same time. Then the resultant MLT—PIP
II subsequently melts between 125 and 130 °C (Figure Sa).
The DSC curve of MLT—PIP I shows two endotherm peaks.
The first broad peak at 98.3 °C is attributed to the melting
process of MLT—PIP I, which may cover the exothermic signal
of the recrystallization of MLT—PIP IL The second peak at
132.2 °C corresponds to the melting of MLT—PIP II (Figure 4a).
The variable temperature PXRD measurement of MLT—PIP I
was further conducted to confirm the decay of MLT—PIP I
and the formation of MLT—PIP II during the heating process
(Figure 6). The new peaks at 11.1° and 15.1° (26) belonging
to MLT—PIP II began to appear at 80 °C. All the char-
acteristic PXRD peaks of MLT—PIP I disappeared, and phase
generation of MLT—PIP II was complete until 90 °C. As the
melting of MLT—PIP I and the recrystallization of MLT—PIP
II occurred at the same time, the halo of a molten was not
observed from this series of variable temperature PXRD patterns.
Further, when the heated sample was cooled back to 30 °C,
MLT-PIP II did not convert back to MLT—PIP L
Solubility and Intrinsic Dissolution Rate. Powder disso-
lution and intrinsic dissolution experiments were conducted
to evaluate the solubility and dissolution behavior of the two
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Figure 7. (a) Powder dissolution profiles and (b) IDR profiles for
MLT, MLT—PIP I, and MLT—PIP II at pH 6.8.

cocrystal polymorphs in pH 6.8 buffer which is simulated to
the pH microclimate of the human small intestine. Powder
dissolution profiles of MLT, MLT—PIP I, and MLT—PIP II
are graphed in Figure 7a in the form of the MLT concen-
trations (mg/mL) against time (min). As we can see, MLT—
PIP I and MLT—PIP II can achieve a higher MLT con-
centration with a faster rate. Their dissolution plots reached
the maximum apparent solubility (S,,,) within 30 min, and
then gradually decreased with time. This is called a “spring
and parachute” effect and is not uncommon for cocrystal
systems.’”** The maximum apparent solubility (S,,,,) of MLT
and the two cocrystal polymorphs obtained from Figure 7a are
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Table 3. Maximum Solubility (S,,,,) and IDR of MLT and
its Cocrystals

Sinax (mgrmL™") IDR (mg-cm™>min~")
MLT 0.92 0.058
MLT-PIP 1 3.24 0.178
MLT-PIP II 2.49 0.101
MLT-PIP Il after dissolution
MLT-PIP Il
MLT-PIP | after dissolution
| " MLT-PIP |
MLT
I L L] 1 T Y 1
10 20 30 40
2Theta (°)

Figure 8. PXRD analysis of MTN-PPZ I and MTN-PPZ II after
powder dissolution experiments.

summarized in Table 3. We can see that the S, values of
MLT—-PIP I and MLT—PIP II are 3.5 and 2.8 times as high
as that of the parent MLT (Table 3). The supersaturated
solutions were formed at the beginning of the dissolution
process, and then the concentrations of MLT for MLT—PIP I
and MLT—PIP II are close to that of pure MLT within 5 and 8 h,
respectively. It suggests that these two polymorphs convert
back to MLT with different rates. The PXRD analysis of the
remaining powder after the dissolution experiments confirms
the phase conversion of the cocrystals to pure MLT (Figure 8).
As a less stable polymorph, MLT—PIP I exhibits better apparent
solubility, a higher dissolution rate, and faster phase conversion
as compared to MLT—PIP IL

IDR experiments were performed to quantitatively evaluate
the dissolution rate. The IDR curves of MLT, MLT—PIP I,
and MLT—PIP II are given in Figure 7b. Table 3 summarizes
the values calculated by least-squares analysis of the linear
regions of the IDR curves. The IDR values of 0.178 and
0.101 mg-cm™*min~" calculated for MLT—PIP I and MLT—
PIP II, are approximately 3.1 and 1.7 times as high as that of
the parent MLT (0.058 mg-cm *min~"). The order of IDR
values can be stated as follows: MLT—PIP I > MLT—PIP II >
MLT, which is consistent with the results of powder disso-
lution. The PXRD measurements of the recovered solids after
IDR tests reveal that both cocrystal polymorphs were not
dissociated and maintained their original form.

Dynamic Vapor Sorption (DVS) Study. Both MLT—PIP
I and MLT—PIP II exhibit better solubility and a faster
dissolution rate, which is usually relative to a stronger affinity
to moisture. DVS experiments were carried out to measure the
vapor sorption and desorption behavior. Figure 9 shows the
dynamic vapor sorption and desorption isotherms of MLT,
MLT—-PIP I, and MLT—PIP II Under all relative humidity
(RH) conditions, MLT—PIP I and MLT—PIP II absorbed
more water than pure MLT. MLT—PIP I sorbs more than
0.4% water at 90% RH, demonstrating slight hygroscopicity.
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Figure 10. PXRD analysis of MLT—PIP I, MLT—PIP II, and a
physical mixture before and after the slurry conversion experiment.

In contrast, MLT—PIP II is considered non-hygroscopic as it
only absorbs about 0.2% moisture at high RH. The rank order
of the hygroscopicity is MLT—PIP I > MLT—PIP II > MLT.
There is a positive correlation relationship between the hygro-
scopicity and solubility of the three samples. Furthermore, the
sorption—desorption cycles are closed, indicating no phase
transformation or dissociation of cocrystals during the DVS
measurements. Although the moisture resistance of MLT—PIP
I and MLT—PIP II is not as good as pure MLT, it is still
adequate to implement standard processing steps on them.
Relative Stability Analysis. Both experimental and theo-
retical methods can be used to compare the relative stability of
two cocrystal polymorphs. From an experimental perspective,
the results of thermal analysis and variable temperature PXRD
indicate that MLT—PIP II is the stable form under higher
temperature. Moreover, MLT—PIP II exhibits lower hygro-
scopicity and solubility as well as slower dissolution as com-
pared to MLT—PIP I, demonstrating that it is also more
stable at a lower temperature. In addition, a powdered 1:1
mixture of both polymorphs was slurried at room temperature,
and the PXRD pattern of the resulting solid only exhibits
peaks of MLT—PIP II, exhibiting the complete conversion of
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Table 4. Optimized Unit Cell Parameters, the Total Energies of the Cocrystals, MLT and PIP, and the Lattice Energies of the

Cocrystals
unit cell parameters
space group a (A) b (&) c (A) B (deg) E (eV) Epe (eV)
MLT-PIP I P2,/c 17.4559 9.77772 9.67642 104.417 —1007.0894 —0.4025
MLT-PIP II P2,/n 8.97975 13.4466 13.5019 101.200 —1007.1576 —0.4706
MLT P2,/c 8.05305 9.34651 17.3710 97.2700 —827.7005
PIP P2,/n 6.22315 5.31304 8.66920 107.371 —178.9865
MLT-PIP I to MLT-PIP II during slurry (Figure 10). ORCID

It further reveals that MLT—PIP II is more stable than
MLT-PIP I in solution. All these observations suggest that
MLT-PIP I and MLT—PIP II may be monotropically related.

DEFT calculations were carried out to optimize the unit cell
parameters and evaluate the lattice energies of MLT—PIP I
and MLT—PIP IL Table 4 summarized the optimized unit
cell parameters, the total energies of the cocrystals, the relaxed
energies of MLT and PIP, as well as the lattice energies of
MLT-PIP I and MLT—PIP II. As we can see, E,,, of MLT—
PIP II (—0.4706 eV) is lower than that of MLT—PIP I
(—0.4025 eV), suggesting that MLT—PIP II is more ther-
modynamically stable than MLT—PIP I. It coincides with the
results of the experiments.

B CONCLUSIONS

In summary, two polymorphs of a melatonin—piperazine
cocrystal (MLT—PIP I and MLT-PIP II) have been
successfully obtained via melt crystallization and liquid-assisted
grinding methods. The single crystal structure analysis shows
melatonin and piperazine are combined together with 2:1 stoi-
chiometry in both cases. However, the two cocrystal polymorphs
exhibit different molecular packing arrangements and hydrogen
bonding modes. A combined experimental and theoretical
method, including TG, DSC, hot-stage microscopy, variable
temperature PXRD, slurry conversion experiments, and DFT
calculations, reveals that MLT—PIP II is more thermodynami-
cally stable than MLT—PIP I. In addition, both cocrystal
polymorphs exhibit higher solubility, a faster dissolution rate,
and slightly increased hygroscopicity compared to pure MLT,
with an order of MLT—PIP I > MLT—PIP II > MLT. MLT—
PIP II is considered suitable to be developed into a more
efficient formulation of MLT, as it exhibits a significantly
improved solubility and dissolution rate with enough stability.
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