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AbstractWe prepared and characterized co-crystals of the antidepressant drug agomelatine with pharmaceutically
acceptable coformers for enhanced solubility. A novel agomelatine-resorcinol (AGO-RES, 2 : 1) co-crystal was synthe-
sized and its crystal structure was confirmed via single crystal X-ray diffraction. The AGO-RES co-crystal structure
was created through the O-H∙∙∙O and N-H∙∙∙O hydrogen bonding between the phenolic OH of RES and the amide
group of AGO. The chemical structure of two AGO co-crystals was characterized by FT-IR and Raman spectrosco-
pies, whereas the solution behavior was determined by the intrinsic dissolution rate. When tested in water, both AGO-
RES and AGO-HYQ form-I co-crystals showed higher apparent solubility than pure AGO. But the resulting AGO
solution in a supersaturated state partially precipitated into specific crystal forms of AGO. As anticipated, the intrinsic
dissolution rate of AGO was substantially enhanced by the co-crystal forms, which signifies that the bioavailability of
AGO can be increased via co-crystal formulation approach.
Keywords: Co-crystal, Agomelatine, Resorcinol, Hydroquinone, Solubility

INTRODUCTION

Pharmaceutical co-crystals are stoichiometric molecular com-
plexes that contain active pharmaceutical ingredients (APIs) and
pharmaceutically acceptable coformers in a crystal lattice via non-
covalent interactions, predominantly hydrogen bonds [2-4]. In 2016
[5], the FDA reclassified the pharmaceutical co-crystals as a spe-
cial case of solvates and hydrates where the second component,
the coformer, is nonvolatile, modifying their earlier viewpoint as a
drug product intermediate (DPI) or as an in-process material in
2013 [6]. In the 2016 guidance, the FDA describes: “co-crystals can
be tailored to enhance drug product bioavailability and stability and
to enhance the processability of APIs during drug product manu-
facture.”

The coformers are usually selected from the generally regarded
as safe [7] and/or everything added to food in the United States [8]
lists of the US FDA. A number of pharmaceutical co-crystals have
been reported to modify physicochemical properties of APIs, such
as solubility, dissolution rate, hygroscopicity and stability [4,9-12].
Up to now, various methods and processes have been developed
to enable the potential of the co-crystal approach [13].

Agomelatine (AGO, Fig. 1) is an anti-depressant drug with a

melatonergic agonist and complementary 5-hydroxytryptamine 2C
(5-HT2C) antagonist properties [14]. It is used to treat major de-
pressive disorders and is marketed as Valdoxan or Thymanax in
Europe [15]. AGO has poor water solubility (<0.1 mg/mL) [16],
prompting investigation into polymorphs and solvates of AGO to
improve solubility [17]. Six polymorphic forms of AGO have been
reported to date, designated as forms I-VI [18].

The present study was inspired by a recent article reporting ago-

Fig. 1. Chemical structures of agomelatine (AGO) and phenolic
coformers (top). Possible hydrogen bonding synthons between
amide and hydroxyl groups (bottom).
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melatine co-crystals with urea, glycolic acid, isonicotinamide, and
methyl 4-hydroxybenzoate [19]. The authors presented potential
hydrogen bonding relationships between synthons containing the
2o amide group of agomelatine with various functional groups based
upon the Cambridge Structural Database (CSD) survey. About 12%
of crystal structures that contain at least one 2o amide group exhibit
heterosynthons I and II (Fig. 1) [19], noting that none of these
coformers contained hydroxyl groups in their structure.

Therefore, we chose phenolic compounds as coformer in the
design and construction of agomelatine co-crystals. Catechol (CAT),
resorcinol (RES), and hydroquinone (HYQ) are dihydroxyben-
zene isomers widely used in cosmetic, medicine, pesticides, flavor-
ing agents, and dyes [20]. The primary difference between them is
the position of hydroxyl groups bonded to their structural ben-
zene ring, which could lead to the formation of co-crystals with
different properties (Fig. 1). In the middle of our exploration with
two novel AGO co-crystals with RES and HYQ, another team [1]
reported crystal structures of two polymorphic AGO co-crystals
with HYQ based on X-ray measurements.

We report here the synthesis of a novel AGO-RES co-crystal
and its characterization using the powder X-ray diffraction and
single-crystal X-ray diffraction, differential scanning calorimetry
(DSC), thermogravimetric analysis (TGA), Fourier transform infra-
red (FTIR) spectroscopy and Raman spectroscopy. In addition,
AGO-HYQ form I co-crystal was prepared by solvent evapora-
tion method and characterized for comparison with previous re-
ported data. Solubility and dissolution behaviors of several co-crystal
materials were investigated for correlation with analytical data.

MATERIALS AND METHODS

Various dihydroxybenzene isomers used as coformer have two
polar functional groups which can be involved in the formation of
hydrogen bonding with an amide group of agomelatine (AGO)
toward supermolecular co-crystal structure, as shown in Fig. 1.
During the grinding screening, two molar ratios were examined:
1 : 1 and 2 : 1 (drug/coformer).
1. Materials

AGO form II (purity 99.85%, Changzhou R. Pharm. Co.,
Changzhou, China) was used without further purification. Cate-
chol (CAT), hydroquinone (HYQ) and resorcinol (RES) were pur-
chased from Sigma Aldrich Co. (St. Louis, MO, USA). These
coformers were used as supplied. All other chemicals including
organic solvents were supplied by Merck (New York, USA).

When cathechol (CAT) was ground as coformer with AGO, the
mixture was melted during grinding. Accordingly, no apparent
solid product was obtained for AGO-CAT combinations. It seems
that a eutectic was produced, instead.
2. AGO Co-crystal Preparation by Grinding

The solid state grinding was performed in two ways: neat grind-
ing (NG) and liquid-assisted grinding (LAG). All grinding work
was carried out manually using a mortar and pestle. For NG, a mix-
ture of agomelatine (122 mg, 0.5 mmol) and each coformer in a
designated molar ratio was mixed and ground for 20 min. On the
other hand, a few drops of a specific solvent were added for LAG
prior to grinding for 20 min. Among common organic solvents,

selected were methanol, ethanol, acetone, and ethyl acetate. Whether
AGO co-crystals were created was determined based on PXRD
and DSC data, by comparing the PXRD patterns and DSC ther-
mograms for resulting powders with those for starting materials.
3. Ago Co-crystal Preparation by Solvent Evaporation

For AGO-RES co-crystal, 2 :1 mixture of AGO (973mg, 4mmol)
and RES (220 mg, 2 mmol) was dissolved in 100 mL of ethyl ace-
tate. The solution was left open in a container at room temperature
until fully evaporated. Usually it took a full day. For AGO-HYQ
co-crystal, 1 : 1 mixture of AGO (973 mg, 4 mmol) and HYQ (440
mg, 4 mmol) was dissolved in 100 mL of ethyl acetate. The solu-
tion was treated exactly the same as the AGO-RES combination.
After the evaporation was complete, the remnant solid was collected
and dried overnight under vacuum, followed by various character-
ization procedures.

The powder specimen for the single crystal X-ray diffraction (SC-
XRD) was obtained by vapor diffusion method. Co-crystal pow-
ders prepared by solvent evaporation were used as raw material
for growing single crystals of a sufficient size by the vapor diffu-
sion experiment. AGO-RES co-crystal of 100 mg was dissolved in
2 mL of ethyl acetate in a 5 mL vial. Then, the vial with slightly
opened cap was placed in a chamber containing 10 mL of hexane.
Approximately after four days, colorless clear crystals were obtained.
An optical microscope was used to pick the best quality crystal
powder for SC-XRD measurements.
4. Powder X-ray Diffraction (PXRD)

PXRD data were recorded on a MiniFlex 600 X-ray diffractom-
eter (Rigaku, Tokyo, Japan) using a Cu-K radiation source (=
1.5406 Å) at 40 kV and 15 mA. Diffraction patterns were collected
over a 2 range of 5-30o with a step size of 0.02o and a scan rate of
10o/min. D/teX ultra-detector with greater intensity measurement
capability was used for higher resolution.
5. Single Crystal X-ray Diffraction (SC-XRD)

X-ray reflections were collected on a diffractometer (Enraf-Nonius
CAD-4, Delft, Holland) diffractometer with graphite mono-chro-
mated Cu-K radiation (=1.54178 Å). The crystal powder speci-
men was placed on a fiber needle, and then mounted on the
goniometer of the X-ray diffractometer. Data were collected and
processed using CAD-4 PC (Enraf-Nonius) software. Structure was
solved by direct methods and SHELXL was used for least-squares
refinement.
6. Thermal Analysis

Differential scanning calorimetry (DSC) was performed using a
DSC-60 instrument (Shimadzu, Kyoto, Japan). Samples (3-5 mg)
were loaded in an aluminum pan (with a blank pan as reference)
and scanned from 30 to 200 oC at a heating rate of 10 oC/min under
a nitrogen atmosphere (flow rate: 50 mL/min).

The weight loss of samples as a function of temperature was
measured using a TGA Q50 (TA Instruments, New Castle, DE,
USA). Specifically, approximately 10 mg of sample was placed in
the sample pan and heated over a range of 25-350 oC at a heating
rate of 10 oC/min with a nitrogen purge.
7. Vibrational Spectroscopy

IR spectra were obtained with a Nicolet iS10 FTIR spectrometer
(Thermo Scientific, MA, USA), equipped with a smart iTR-atten-
uated total reflection (ATR) accessory with a ZnSe crystal. FTIR
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spectra were recorded in transmittance mode at a resolution of
4 cm1 over a wavenumber range of 4,000-650 cm1.

Raman spectra were obtained using an InVia Raman micro-
scope (Renishaw Plc, Gloucestershire, UK) with a 785-nm laser
source. Spectra were collected in extended scan mode over a range
of 3,200-100 cm1.
8. Solubility and Intrinsic Dissolution Rate (IDR)

Solubility was determined by using the shake-flask method, by
stirring an excess amount of solid powder (AGO, AGO-RES and
AGO-HYQ) into water at 37 oC for 24 h. Samples were withdrawn
at predetermined time intervals and filtered with 0.45-m nylon
filters. The concentration of AGO was measured by ultraviolet (UV)
spectroscopy; absorbance was measured at 328 nm to avoid inter-
ference. Calibration plots were constructed through a concentra-
tion range of 2-50g/mL (R2=0.99, n=5) prior to solubility and dis-
solution experiments.

Intrinsic dissolution rate (IDR) experiments were conducted with
a Distek 2100 dissolution apparatus, equipped with a heater/circu-
lator. Each compound (AGO=50 mg, AGO-RES=~61 mg, and
AGO-HYQ=~73 mg) was compressed in a stainless steel die using
a hydraulic press (Specac Ltd., MO, USA) to form drug pellets (d=
13 mm). PXRD analysis confirmed that no phase change occurred
during pellet preparation. Only one side of the drug pellet was
exposed to a solution of 900 mL of phosphate buffer (pH=6.8)
and 0.1 M HCl (pH=1.2) in a jar, which was preheated to 37 oC
and stirred at 50 rpm. At regular time intervals, 2 mL of the sam-
ple was withdrawn, filtered using a 0.45-m nylon filter, and ana-
lyzed for AGO concentrations using UV spectroscopy.
9. High Pressure Liquid Chromatography (HPLC)

Solute composition during dissolution experiment was deter-
mined by high pressure liquid chromatography (HPLC). Desig-
nated amount of individual components was dissolved in methanol
and analyzed for concentration calibration. An Agilent 1100 series
HPLC (Agilent Technologies, CA, USA) with a diode array detec-
tor and a ZORBAX eclipse plus C18 column (Agilent, 4.6×150
mm, 3.5m) were used. The HPLC analysis was at room tem-
perature with a flow rate of 1 mL/min, and the mobile phase was a
mixture of methanol and ultrapure water (80 : 20% (v/v)). The
volume of the injected samples was 5L and AGO content was
assayed at 230 nm. A calibration curve was constructed using
standards of 0.005-0.05 mg/mL in methanol.

RESULTS AND DISCUSSION

1. AGO-RES Co-crystal Structure by SC-XRD Measurements
Single crystal X-ray diffraction analysis confirmed co-crystal

formation and a 2 : 1 stoichiometry of the individual components.
AGO-RES co-crystal molecules crystallized in the monoclinic P21/
c space group with two molecules of AGO and one molecule of
RES in the asymmetric unit (Table 1 and Fig. 2). The amide group
of AGO interacts with the phenolic O-H groups of RES to form
N-H∙∙∙O [N1'-H1'∙∙∙O4, 2.218 Å, 2.987(4) Å, 147.85o] and O-H∙∙∙O
[O3-H3∙∙∙O2', 1.86(4) Å, 2.736(3) Å, 173.55o] hydrogen bonds
(Table 2). These interactions propagate along the b-axis and form
zigzag chains (Fig. 2). In addition to this interaction, one phenolic
O-H group of RES forms O-H∙∙∙O [O4-H4∙∙∙O2, 1.72(3) Å, 2.637(3)

Å, 174.93o] hydrogen bond to the amide C=O group of the sec-
ond AGO molecule. Overall, the adjacent layers in the crystal struc-
ture pack in antiparallel fashion and the interlayer regions are
dominated by weak van der Waals interactions. The diffraction
patterns of AGO-RES co-crystal obtained by solvent evaporation
matched the calculated diffraction patterns from the single crystal
structure.
2. AGO-RES Co-crystal by Grinding

There are many cases where eutectic products result instead of
the anticipated co-crystal materials. In terms of PXRD patterns, co-
crystals should be clearly different from individual components
caused by hydrogen bonds and intermolecular interactions, whereas
eutectics would appear very similar to starting constituents.

In our AGO-RES case, there was a clear differentiation in PXRD
patterns because strong diffraction peaks from AGO and RES pow-
ders were not detected for the AGO-RES pair. Thus, produced
were ARI-ORC co-crystals, not eutectic materials. It might be nec-
essary to investigate further the AGO-CAT pair because eutectics
can confer dual advantages of solubility (because of high thermo-
dynamic functions) and stability (due to their crystalline nature) as
bioavailable drug forms [21].

PXRD analysis was the primary tool used to identify new co-
crystals by differentiating the co-crystal forms either from physical
mixtures of the AGO and coformers or from eutectic products. Fig.
3(a) shows a typical PXRD pattern of the AGO-RES combination
obtained by NG. Characteristic peaks for AGO-RES co-crystals
were observed at 2=7.25, 7.95, 8.35 and 14.45o. Accordingly, it is
obvious that there is a distinct difference between the products
and the starting materials.

Fig. 3(b) illustrates typical DSC thermograms of AGO-RES pow-
ders obtained by NG, which presents two endotherms (at approxi-
mately 60 oC and 85 oC) that are different from the melting peaks

Table 1. Crystallographic data for AGO-RES Co-crystal
AGO-RES

Chemical formula C36H40N2O6

Formula weight 596.70
Crystal system Monoclinic
Space group P21/c
T (K) 298(2)
a (Å) 12.0312(5)
b (Å) 21.0836(10)
c (Å) 12.8392(7)
 (o) 90.00
 (o) 99.575(4)
 (o) 90.00
V (Å3) 3211.4(3)
Dcalc (g cm3) 1.2342
 (mm1) 0.6767
 range 3.73-67.43
Z 4
R1, wR2 [I>2(I)] 0.0674, 0.1751
R1, wR2 [all data] 0.0863, 0.1910
GOF 1.046



Agomelatine co-crystals with resorcinol and hydroquinone: Preparation and characterization 987

Korean J. Chem. Eng.(Vol. 35, No. 4)

of the individual components (AGO=109 oC and RES=110 oC).
For RES, there is a shoulder peak right in front of the main melt-
ing peak. A similar DSC peak shape was found in an article [22].

Since all coformer powders used in this study were of high purity
(99.0%), the small peak for RES is not likely to be associated with
impurity.

It has been reported that a binary drug-coformer mixture capa-
ble of forming co-crystal results in two invariant endotherms in
DSC curves, where these endotherms can be attributed to eutec-
tic and co-crystal melting [23-26]. To examine this premise, physi-
cal mixtures of AGO and RES were compounded for NG at two
molar ratios (1 : 1 and 2 : 1) and analyzed via DSC at a heating rate
of 5 oC/min.

Fig. 3(c) shows that there are two invariant temperatures in the
DSC thermogram, indicating endotherms at 60 oC and 85 oC. By
comparing this with DSC data for ground AGO-RES (Fig. 2(b)), it

Fig. 2. (a) Crystal structure of AGO-RES co-crystal showing the interactions between AGO and RES molecules. (b) Packing diagram of
AGO-RES co-crystal. The AGO molecules were drawn with wireframe model while RES molecules were highlighted as ball and stick
model.

Table 2. Hydrogen-bond geometries for AGO-RES co-crystal
D-H∙∙∙A H···A (Å) D···A (Å) D-H···A (o)
N1'-H1'∙∙∙O4a 2.218 2.987(4) 147.85
O3-H3∙∙∙O2' 1.86(4) 2.736(3) 173.55
O4-H4∙∙∙O2b 1.72(3) 2.637(3) 174.93

ax+1, +y+1/2, z1/2
bx1, y+1/2, +z1/2.



988 M.-J. Lee et al.

April, 2018

could be speculated that the first endotherm is attributed to eutec-
tic melting of unreacted AGO-RES, whereas the second is to the
melting of AGO-RES co-crystal. This indicates that the formation
of AGO-RES co-crystals by NG is eutectic-mediated co-crystalli-
zation [27,28]. The conversion to pure co-crystal phases was not
fully achieved merely by NG or LAG alone.
3. AGO-RES and AGO-HYQ Co-crystals by Solvent Evapora-
tion

Fig. 4 summarizes the results of the ARI-RES combination with

2 : 1 molar ratio by solvent evaporation. The PXRD pattern (Fig.
4(a)) of the solid product shows that AGO-RES co-crystal was
generated. This was further confirmed by DSC analysis (Fig. 4(b)),
which gives a single sharp endothermic peak at 87 oC attributed to
AGO-RES co-crystal melting. TGA profile (Fig. 4(c)) presents there
was no weight loss corresponding to solvent loss. Meanwhile, the
DSC curve of the evaporation product at a 1 : 1 molar ratio shows
two endotherms, similar to products obtained by grinding (not
shown). Therefore, 2 : 1 is a more suitable stoichiometric ratio than
1:1 for the AGO-RES co-crystal. It was also confirmed by the com-
position analysis of the pure AGO-RES co-crystal powder using

Fig. 3. (a) PXRD patterns and (b) DSC thermograms of AGO, RES
and AGO-RES grinding products, and (C) DSC thermo-
grams of AGO-RES 1 : 1 and 2 : 1 mixture powders.

Fig. 4. (a) PXRD patterns, (b) DSC thermograms, and (c) TGA pro-
files of AGO-RES (2 : 1) co-crystal prepared by solvent evap-
oration.
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HPLC. Since the AGO content in the co-crystal powder was 80.55±
0.28 (%), the molar ratio of AGO and RES was proved to be 2 : 1.

AGO-HYQ co-crystal was also prepared by solvent evapora-
tion. Fig. 5(a) compares the PXRD patterns of the various materi-
als. Although there is a slight down-shift in XRD peak positions,
the XRD pattern of our AGO-HYQ co-crystal powders is very simi-
lar to form I among two polymorphs reported in the literature [1].
Since peaks at higher Bragg angles gave a larger shift compared to
those at lower 2 values, this peak shift would be primarily due to
the lattice expansion. The HPLC analysis showed the percentage
of AGO was 69.03±0.36% by weight, and it coincides with the
theoretical percentage of 68.05% AGO for the 1 : 1 stoichiometry
between AGO and HYQ. TGA result signifies that there is no
residual solvent in the crystal prepared by solvent evaporation.

Fig. 5(b) shows DSC thermograms of AGO-HYQ combination
powder prepared by solvent evaporation in comparison with the
AGO and HYQ powders. Two polymorphs have been known for
AGO-HYQ co-crystal by a previous study [1] based on two DSC
melting points at 81 oC (form I) and 93 oC (form II). In this study,
however, we observed a sharp endotherm at 95 oC (onset) clearly
different from the above two. According to the literature [1], AGO-

HYQ form I and form II co-crystals are monotropically related.
This means that form II is thermodynamically more stable than
form I at all temperatures below the melting point of form II.
However, it could be changed if the melting point of form I is not
81 oC. Therefore, further experiments would be necessary to fig-
ure out the thermodynamic relationship between AGO-HYQ co-
crystals form I and form II because understanding the thermody-
namic relationships in co-crystal polymorphs is crucial for subse-
quent production of the desired polymorph in bulk [29-31].
4. Spectroscopic Analysis

FTIR spectroscopy has been widely used as a technique that
can provide evidences of co-crystal formation [32]. Overlaid FTIR
spectra of AGO, RES, and AGO-RES are illustrated in Fig. 6(a).
AGO shows characteristic absorption peaks at 1,620 and 3,240
cm1, which can be assigned to C=O and N-H stretching of the
secondary amide, respectively. The RES spectrum shows a broad
peak corresponding to phenolic O-H stretching at 3,186 cm1. The
N-H stretching frequency of AGO and the phenolic O-H stretch-
ing frequency of RES dramatically shift to higher wavenumbers

Fig. 5. (a) PXRD patterns and (b) DSC thermogram results of AGO-
HYQ (1 : 1) co-crystal prepared by solvent evaporation.

Fig. 6. FTIR spectra of (a) AGO-RES and (b) AGO-HYQ co-crystals.
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(3,398 and 3,340 cm1, respectively) for the AGO-RES co-crystal.
These blue shifts suggest the formation of new supramolecular
synthons during co-crystallization. The C=O stretching frequency
of the AGO also shifted to 1,624 cm1, indicating that the C=O
group participates in hydrogen bonding when the co-crystal is
formed. Such a change can also be observed in the AGO-HYQ
co-crystal system (Fig. 6(b)). The O-H stretching frequency of
HYQ and the AGO N-H stretching frequency are shifted to 3,348
and 3,255 cm1 for the co-crystal. Spectral changes associated with
other functional groups in addition to N-H and O-H groups are
summarized in Table 3. These results suggest that the molecular
complex of AGO-HYQ exists as a co-crystal form.

Raman spectroscopy was also employed to identify co-crystalli-
zation, as its high capability to provide a molecular fingerprint has
been well known [33]. Fig. 7(a) and (b) show the Raman spectra
of AGO-RES, AGO-HYQ, and starting materials over the 1,700-
800 cm1 region, where representative vibrational wavenumbers
and assignments are listed in Table 4. Spectral peak positions of
AGO-RES were different when compared with AGO and RES,
providing definitive evidence for co-crystal formation. The main
peaks of AGO are associated with amide I C=O stretching at
1,624 cm1 and aromatic ring C=C stretching at 1,583 cm1. Peaks
in the 1,490-1,340 cm1 region are usually assigned to the CH2 and
CH3 deformation, whereas other peaks in the 1,340 to 1,050 cm1

spectral region are assigned to the amide III band (C-N stretch-
ing, C-N bending, and N-H bending), as well as C-O stretching,
C-C stretching and various bending vibrations [34,35].

The Raman spectrum of RES has characteristic bands at 1,606,
1,311 and 1,084 cm1, where the first may be attributed to C=C
stretching within the aromatic ring, and two other bands to C-O
stretching vibration of the hydroxyl group. Formation of the AGO-
RES co-crystal causes AGO and RES Raman bands to shift with
an overall decrease in intensity. This is especially true for the peak

Table 3. Infrared characteristics of AGO, RES, HYQ, and associated co-crystals
Wavenumber (cm1) Peak assignment

(Mayo et al., 2004; Socrates, 2001)AGO RES HYQ AGO-RES AGO-HYQ
3240 3398 3348 N-H stretching

3186 3190 3340 3255 O-H stretching
1620 1624 1628 C=O stretching
1600 1604 1516 1581 1600 Aromatic C=C stretching
1540 1531 1562 N-H bending (amide II)
1250 1296 1190 1284 1211 C-O stretching

Fig.7.Raman spectra of (a) AGO-RES and (b) AGO-HYQ co-crystals.

Table 4. Characteristic raman peaks of AGO, RES, HYQ, and associated co-crystals
Wavenumber (cm1) Peak assignment

(Mayo et al., 2004; Socrates, 2001)AGO RES HYQ AGO-RES AGO-HYQ
1624 1626 1623 C=O stretching
1583 1606 1606 1585 1585 C=C stretching
1310 1300

(broad)
1305 

(broad)
Amide III band

(C-N stretching, N-H bending )
1212 1084 1254 1081 1258 C-O stretching
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at 1,606 cm1 in the RES spectrum and bands observed at 1,433,
1,132, 1,061 and 868 cm1 in the AGO spectrum, all of which
decrease greatly in the AGO-RES co-crystal spectrum. In addition
to these changes, a new peak at 1,151 cm1 was observed in the
AGO-RES co-crystal spectrum, which was not detected in either
AGO or RES spectra.

Characteristic bands at 1,606, 1,254 and 1,164cm1 were observed
from the Raman spectrum of HYQ. The first band may be assigned
C=C stretching vibrations from the aromatic ring while the others
would be attributed to C-O stretching vibrations of the hydroxyl
group. These bands shift to 1,610, 1,258, and 1,160cm1 in the AGO-
HYQ co-crystal spectra. Although there are no new peaks in the
Raman spectrum of AGO-HYQ, the bands of AGO and HYQ are
shifted and the intensity reduced upon co-crystallization similar as
the AGO-RES co-crystal. Analysis of Raman spectra thus con-
firms that there is significant alteration in intermolecular interac-
tions (specifically hydrogen bonding) upon co-crystal formation.
5. Solubility and Intrinsic Dissolution Rate (IDR)

AGO is one of the insoluble drug substances (<0.1 mg/mL in
water) whereas the RES and HYQ are much more soluble in aque-
ous media (RES=1,100 mg/mL; HYQ=70 mg/mL). To measure
solubility, excess powder samples of AGO-RES and AGO-HYQ
co-crystal powders were suspended in purified water and stirred
at 37 oC for 24 h. Each testing solution was sampled at designated
time intervals and diluted prior to determining the AGO concen-
trations using UV spectroscopy. The resulting solubility profiles are
illustrated in Fig. 8. Peak AGO concentration values for both AGO-
RES and AGO-HYQ co-crystal powders were reached at 30 and
90 min, respectively. On the other hand, the AGO concentrations
of AGO-RES and AGO-HYQ combinations measured after 24 h
were approximately 2.5 and 3.5 times greater, respectively, than
that of the pure AGO powder specimen.

Fig. 9 illustrates the results of PXRD analysis on the solids remain-
ing after solubility experiments. For the AGO-RES co-crystal, AGO
dissolved from the co-crystal was partly precipitated to create the
AGO form I, while supersaturated AGO from the AGO-HYQ co-
crystal was solidified to a mixture of co-crystal and AGO form III.

Although PXRD results indicate that both AGO-RES and AGO-
HYQ are not indefinitely stable in water, the concentration of AGO
plateaus until 24 h. This supports the “spring and parachute” effect
of co-crystals, which can be described as follows: the dissociation
of the co-crystal into an amorphous-like drug form, the genera-
tion of a metastable form, and maintenance of a high drug con-
centration over an extended time [3].

In many cases, the solubility of co-crystals is highly proportional
to the solubility of its coformer compounds [36]. Hence, a novel
co-crystal with a higher solubility could be anticipated by incorpo-
rating coformer molecules with greater aqueous solubility into the
superlattice structure. The solubility of RES is much higher than
that of HYQ, whereas the solubility of AGO-RES is lower than the
solubility of AGO-HYQ. A possible cause for this solubility dis-
crepancy between the expected and measured values could be the
pH values of suspensions. The pH value of AGO suspension after
solubility experiment was 5.46, while the pH values of aqueous
suspensions of AGO-RES and AGO-HYQ were 5.09 and 4.25,
respectively. These values were not significantly different from the
pH values of RES aqueous solution (5.08) and HYQ aqueous solu-
tion (4.31). Considering the pKa of AGO (15.96) [37], it is readily
anticipated that the solubility of AGO-HYQ is higher than the sol-
ubility of AGO-RES. This might also have influenced the transfor-
mation of different metastable forms in the “parachute” stage. As
shown in Fig. 9, AGO-RES and AGO-HYQ co-crystals were mostly
converted to AGO forms I and III, in which the AGO form I has
a lower reported solubility than form III in aqueous solutions [38].

For intrinsic dissolution rate (IDR) measurements, powder sam-
ples were compressed into a 1.33 cm2 pellet for a fixed surface area
and exposed to two types of dissolution media, the phosphate buf-
fer (pH 6.8) and hydrochloric acid buffer (pH 1.2). Sample solu-
tions were collected at designated time intervals to measure the
AGO concentrations using calibrated UV spectroscopy. IDR pro-

Fig. 8. Solubility profiles of AGO (▲), AGO-RES (●), and AGO-
HYQ (■).

Fig. 9. PXRD patterns of precipitates after solubility analysis of
AGO-RES and AGO-HYQ co-crystals.
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files of AGO, AGO-RES, and AGO-HYQ pellets are shown in Fig.
10 and the calculated IDR values are summarized in Table 5. Sim-
ilar to the observation in solubility testing, both co-crystals gave
increased dissolution rates over the pure AGO. Three-fold increase
in the dissolution rate was achieved in the hydrochloric acid buf-
fer medium, whereas a two-fold enhancement was observed in
the phosphate buffer solution.

It was reported that UV-Vis spectra of solutions can be em-
ployed to differentiate co-crystals from physical mixtures in solu-
tion [39]. It seems feasible to monitor the whole process of solva-
tion during the dissolution testing for pharmaceutical co-crystals.

CONCLUSION

A screening study to prepare agomelatine (AGO) co-crystals
with three dihydroxybenzene isomers, resorcinol (RES), hydroqui-
none (HYQ) and catechol (CAT), based on a secondary amide-
hydroxyl hetero-synthon design was conducted. A novel AGO-
RES co-crystal and AGO-HYQ co-crystal form I was synthesized.
DSC analysis of the mixture of two co-crystal-forming compo-
nents made the relationship between eutectic and co-crystal phases
evident. FTIR and Raman spectroscopy made certain the existence
of hydrogen bonding interactions between the amide group of AGO
and the hydroxyl groups of the coformer to create co-crystal lat-
tices, which supports the usefulness of these two spectroscopic meas-
urement tools.

The primary motivation for investigating pharmaceutical co-

crystals was to improve the aqueous solubility of insoluble drug
substances. Both AGO-RES and AGO-HYQ co-crystals showed
substantial enhancement in this aspect, showing a higher solubil-
ity and dissolution rates than the pure AGO. Even though HYQ is
less soluble than RES in water, the AGO-HYQ co-crystal was more
soluble than the AGO-RES co-crystal. This is probably due to the
gradual transformation of co-crystals after dissolution, into various
metastable crystalline forms of AGO, which could greatly affect
the pharmaceutical behavior and effectiveness of AGO.
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