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Abstract
A liquid-assisted grinding approach was used to synthesize three cocrystals between the coformers: salicylic acid, fumaric

acid, and malic acid with meloxicam, a nonsteroidal anti-inflammatory drug. The spectroscopic techniques, Raman and

Fourier transform infrared (FTIR), confirm the formation of these compounds by showing evidence of hydrogen bonds

between NH or OH and CO groups. Powder X-ray diffraction verified the formation of the cocrystals by comparing the

results with a crystallographic database. Differential scanning calorimetry (DSC), simultaneous thermogravimetry and

differential scanning calorimetry (TG-DSC), evolved gas analysis (EGA by TG-FTIR), DSC-photovisual analysis, and

videos of the cocrystals being heated were used to study the thermal behavior, analyze the composition, identify poly-

morphic transitions in meloxicam cocrystal with malic acid, and understand the decomposition phenomena of these solids.

The malic acid compound shows a unique degradation step that was confirmed by TG-DSC data and FTIR analysis of the

residue formed. A solubility test was performed: fumaric cocrystal showed an enhanced performance compared to pure

drug, and malic and salicylic cocrystals showed a slower dissolution profile.
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Introduction

Research related to cocrystals has significantly increased

over the past years. This is partly due to the growing

interest of the pharmaceutical industry in the possibility of

modifying the physical properties of pharmaceutical assets

through the use of this methodology [1–3]. Cocrystals are

crystalline materials composed of two or more different

molecules. Typically, they have an active pharmaceutical

ingredient (API) and cocrystal formers (‘‘coformers’’) in

the same crystal lattice [4]. The most important factor

reported for this approach is the possibility of improving

properties such as chemical stability, solubility, dissolution

rate, and bioavailability, without modifying the therapeutic

properties of the API. This may be possible, because these

solids are formed through noncovalent interactions [5, 6].

Almost 70% of the APIs are classified as Biopharma-

ceutical Classification System II (BSC II) [7], with aqueous

solubility lower than 0.1 mg mL-1, which limits the clin-

ical performance of these compounds. Given this context,

the strategy of using pharmaceutical cocrystals to improve

the solubility and dissolution rate has been widely used in

BSC II drugs [8]. In addition, there are reports of cocrystals

with modified melting points, hygroscopicity, and com-

pression behaviors [9–11].

In this context, meloxicam, a nonsteroidal anti-inflam-

matory drug (NSAID), was originally developed by

Boehringer Ingelheim, and it is prescribed to treat

rheumatoid arthritis, osteoarthritis, postoperative pains, and

fever. The pharmacologically pure substance exists as a

yellow solid which is substantially insoluble in water. It is

classified as a BCS II, and its solubility is highly dependent

on pH because it has multiple ionization states [11–13].
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Several reports have attempted to alter the pharma-

cokinetic profile of meloxicam by complexation, solvation,

and synthesis or production of salts [11, 14–17]. The

preparation of polymorphic crystal forms is described.

However, improvement in the dissolution profile of these

compounds has not been promising. Thus, some approa-

ches with cocrystals have been used and have demonstrated

an improved dissolution rate that could improve oral

absorption of the API. There are literature reports where

grinding or solvent-assisted milling is used to produce

meloxicam cocrystals with various coformers such as

succinic, maleic, benzoic, glycolic, fumaric, hydrocin-

namic, and other acids [9–11].

In the present article, we report the synthesis, charac-

terization, and thermo-analytical study of three meloxicam

(MLX) cocrystals using the coformers: salicylic acid

(SLY), fumaric acid (FUM), and malic acid (MLC) as

shown in Fig. 1.

The characterization was performed by powder X-ray

diffraction (PXRD), Fourier transform infrared spec-

troscopy (FTIR), Raman spectroscopy, and thermo-ana-

lytical techniques that include simultaneous

thermogravimetry and differential scanning calorimetry

(TG-DSC), differential scanning calorimetry (DSC), and

DSC-photovisual analysis. Some coformers previously

cited are already reported in the literature. However, dif-

ferent characterization results are presented in this article,

and no previous work has reported a systematic thermo-

analytical study of these cocrystals. It is important to

mention that only few reports discuss the thermal behavior

of cocrystals, even though these studies have been reported

to be important research that was done in order to

comprehend physical and chemical stability, improve

knowledge of drying steps, avoid possible problems with

long-term stability, and provide information to understand

and develop enhanced solid-state systems [18–20].

Experimental

Synthesis

The cocrystals were synthesized by liquid-assisted grinding

(LAG). Meloxicam was reacted with three selected

coformers: SLY, FUM, and MLC. All reagents and sol-

vents were 98% pure and were obtained from Sigma-

Aldrich (São Paulo, Brazil). The mixtures were prepared

with a 1:1 stoichiometric ratio (MLX/coformer) with

450 mg of total mass and 112 lL of solvent. Tetrahydro-

furan was the solvent for MLX/FUM, and ethanol was used

for MLX/SLY and MLX/MLC. The LAG methodology

was followed with g = 0.25 v:m (total solvent/total mass)

[21]. The reagents were ground at a frequency of 15 Hz for

30 min using a Retsch MM 200 mill with 10 mL stainless

steel jars and one 7 mm stainless steel sphere. The

cocrystals were then dried at 50 �C for 8 h to remove any

residual solvent.

Experimental equipment and conditions

Thermogravimetric and differential scanning calorimetry

analyses were obtained with two thermal analysis systems:

simultaneous thermogravimetry and differential scanning

calorimetry TG-DSC 1 (Mettler Toledo) and DSC Q10 (TA

Instruments). Two types of purge gases were used:

dynamic dry air and nitrogen for TG-DSC and only

nitrogen for DSC. Both were used at a flow rate of

50 mL min-1. A heating rate of 10 �C min-1 was adopted.

Samples weighed about 10 mg for TG-DSC and 2 mg for

DSC. Alumina and aluminum crucibles, the latter with a

perforated cover, were used to record the TG-DSC and

DSC curves, respectively.

The DSC-photovisual analysis was obtained using a

Mettler Toledo DSC 1 stare system coupled to an

OLYMPUS digital camera, model SC 30, which incorpo-

rates a 3.3-megapixel CMOS sensor and an optical sub-

assembly mechanic Navitar 1-6232D with 6.5 9 zoom.

The experimental conditions were similar to those used to

obtain the DSC curve.

The videos were made with a device adapted in our

laboratory. It consisted of digital melting-point equipment

from Micro Quimica which was used to heat the sample

and a digital camera from Asus, model ze55ekl, that was

used to record the videos. The experimental conditions

used to obtain the videos were as follows: heating rate of
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0.5 �C min-1, a static air atmosphere, a small beaker for

the sample holder, resolution of 480 pixels, 30 frames per

second, and clip speed 7.0 9 runtime.

The evolved gas analysis (EGA by TG-FTIR) of prod-

ucts released during the thermal decomposition of the

cocrystals was carried out using a TG-DSC 1 Mettler

Toledo coupled to a Nicolet FTIR spectrophotometer with

a gas cell and a DTGS KBr detector. The furnace and

heated gas cell (250 �C) were coupled through a heated

(225 �C) 120 cm stainless steel transfer line with a diam-

eter of 3.0 mm that was purged with dynamic dry air

(50 mL min-1). The FTIR spectra were recorded with 16

scans per spectrum at a resolution of 4 cm-1. Identification

of the gaseous products was based on the reference spectra

available in the spectrometer software (OMNIC 8.0) and

literature data.

Powder X-ray diffractograms were obtained using a

Rigaku MiniFlex II X-ray diffractometer (Rigaku Corpo-

ration) employing CuKa radiation (k = 1.54056 Å) with a

setting of 40 kV and 30 mA. The samples were analyzed

from 5� to 50� (2h) with a scanning speed of 2� min-1

(continuous scan mode).

Infrared spectra were obtained using a Nicolet iS10

FTIR spectrophotometer using an ATR accessory with a

Ge window. The FTIR spectra were recorded with 32 scans

per spectrum at a resolution of 4 cm-1.

The Raman spectroscopy analyses were performed in a

RAMMI spectrophotometer (Bruker, Germany). The sys-

tem was equipped with a helium–neon laser operating at

the 1064 nm line for excitation and a Ge detector cooled

with liquid nitrogen. The slits were set for a 2 cm-1

spectral resolution with 200 mW power and 512 scans. The

spectra were recorded using the spectral range between 200

and 3400 cm-1. The powder samples (pure components

and cocrystals) were placed in a glass tube for analysis in a

scattering geometry and collected at 90�.
Solubility study experiments were conducted in 50 mM

sodium phosphate buffer solution at pH 6.7 and 37 �C to

simulate intestinal physiological conditions [22]. In each

dissolution experiment, an excess of the crystalline solid

and 12 mL of buffer solution were used. The amount of

solid introduced in each falcon tube was sufficient to

maintain a supersaturated solution for the duration of the

study. Three replicates of each material were prepared. The

study was performed in a KASVI Thermo Shaker (São José

dos Pinhais, Brazil), model K80-200, set to 500 rpm.

Approximately 1 mL of sample solution was taken at 6, 12,

18, and 24 h. The samples were filtered through a 0.45-lm
nylon filter and diluted for further quantification. After

each sampling, the volume of the liquid removed was

compensated with buffer solution. Solution samples were

analyzed with a spectrophotometer LAMBDA 1050

(Waltham, USA), and the maximum absorbance was

measured at 366 nm.

Results and discussion

Meloxicam (MLX)

The TG-DSC curves of the pure meloxicam drug obtained

in dynamic dry air and in a N2 atmosphere are shown in

Fig. 2. These curves indicate that the drug is thermally

stable up to 230 �C in both atmospheres. Above this tem-

perature, the thermal decomposition occurs in two con-

secutive and overlapped steps between 230–360 �C
(Dm1 = 75.31%) and 360–600 �C (Dm2 = 22.58%) in air

atmosphere and 230–360 �C (Dm1 = 74.08%) and

360–800 �C (Dm2 = 9.23%) in N2 atmosphere. The first

step was attributed to the thermal decomposition of the

drug and was associated with the exothermic peak at

267 �C in the DSC curve.

The second step of mass loss in the TG curve is strongly

influenced by the atmosphere used. In air atmosphere, it is

attributed to oxidation of the carbonized material formed in

the previous step, corresponding to the exothermic peak in

the DSC curve, while in an inert atmosphere, it is attributed

to a slow pyrolysis process without any corresponding

thermal event on the DSC curve.

A DSC curve (Fig. 3) with an endothermic peak at

261 �C shows an enthalpy of 35.0 kJ mol-1 that is attrib-

uted to the incongruent fusion of meloxicam and this is in

agreement with a previous report [23].

PXRD analysis (Fig. S1) shows that the drug meloxicam

used in this work is in the polymorphic form I, the form

marketed in pharmaceuticals [11], with maximum intensity

at 2h equal to 15� and 25.8�. The peak at 13� present in

meloxicam form III was not found, which confirms that the

precursor is in form I.

The FTIR and Raman spectra of meloxicam are shown

in Fig. 4, and the assignments of the main bands are listed

in Table S1. Characteristic vibrational modes of the pure

compound, such as t O–Henol at 3290 cm-1, t C=O ? d
N–H at 1621 cm-1, t C–Hthiazole ring at 2999 cm-1, t C–

H(CH3 group) at 2968 cm-1, and t SO2 at 1344 cm-1 were

identified, and all were in agreement with previously

reported data [12, 23].

SLY and MLX/SLY (1:1)

The TG-DSC curves of the SLY, MLX, and MLX/SLY

(1:1) systems obtained in dynamic dry air and nitrogen

atmosphere are shown in Fig. 2.

The TG-DSC curves of the salicylic acid in both

atmospheres show that the compound is thermally stable up
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to 110 �C. Above this temperature, the total mass loss

occurs in a single step, corresponding to an endothermic

peak at 186 �C in the DSC curve. This was attributed to

partial sublimation and evaporation of the compound. The

endothermic peak at 166 �C in the DSC curve corresponds

to the melting of the compound.

The TG-DSC curves of the MLX/SLY (1:1) system that

were obtained in a dynamic dry air atmosphere have a

different thermal behavior from the pure components.

These changes suggest the formation of a cocrystal,

because a multicomponent system exhibits a different

profile than the individual components and is not just the

sum of them [24]. The TG curves show that the thermal

stability of the MLX/SLY (1:1) system is higher than

coformer and lower than MLX up to 150 �C. Above this

temperature, the thermal decomposition occurs in three

consecutive and overlapping steps between 150 and

670 �C. The steps correspond to endothermic and

exothermic events in the DSC curve. The first mass loss

between 150 and 236 �C corresponds with an endothermic

peak at 214 �C. It is attributed to the thermal decomposi-

tion of the MLX/SLY system with release of SLY

(DmTG = 28.09%, DmTheor. = 28.21%). The mass loss

confirms the 1:1 stoichiometry of the cocrystal. The second

(236–420 �C) and third (420–670 �C) steps of mass loss

correspond to endothermic (258 �C) and exothermic peaks

(265 and 590 �C) in the DSC curve. These are attributed

to thermal decomposition and oxidation of the API

(Dm TG = 71.91%, DmTheor. = 71.79%), and the steps are

very similar to those observed in the TG-DSC curves of the

pure drug.

The TG-DSC curve obtained in nitrogen atmosphere

shows that the thermal behavior of the MLX/SLY(1:1)

system is very similar to that presented in the dynamic dry

air atmosphere, at least up to the first two stages. The third

mass loss, without a thermal event in the DSC curve, is

attributed to the slow pyrolysis of the carbonized material

formed in the previous step due to thermal decomposition

of the drug.

In addition, to discard the formation of solvate cocrystal

or the presence of residual solvent in the material, an EGA

of MLX/SLY was performed (Fig. S2). The only gaseous

products identified were carbon dioxide, carbon monoxide,

and carbonyl sulfide. Characteristic absorption bands of

ethanol molecules were not observed. This rejects the

presence of solvent in the synthesized cocrystal.

The DSC curves of the SLY, MLX, and MLX/SLY (1:1)

systems are shown in Fig. 3. The DSC curve of SLY shows

two endothermic peaks at 160 �C (DH = 19.29 kJ mol-1)

and 219 �C (DH = 34.37 kJ mol-1) that are attributed to

30
00

25
00

20
00

15
00

10
00 3000

(c)

(b)

(a)

(c*)

(b*)

(a*)

2500 2000

Wavenumber/cm–1

Reciprocal wavenumber/cm

R
am

an
 in

te
ns

ity

Tr
an

sm
itt

an
ce

1500 1000 500

Fig. 4 FTIR and Raman* spectra for (a, a*) MLX, (b, b*) MLX/SLY (1:1) cocrystal, and (c, c*) SLY

Mechanochemical synthesis, characterization, and thermal behavior of meloxicam cocrystals…

123



melting and evaporation of the remaining material,

respectively.

The DSC curve of the MLX/SLY (1:1) system shows

two endothermic peaks. The first one at 207 �C
(DH = 63.64 kJ mol-1) is attributed to cocrystal decom-

position with a release of SLY from the system. The second

at 259 �C (DH = 44.78 kJ mol-1) is attributed to the

incongruent melting of the meloxicam drug. In addition,

thermal events associated with the melting of the coformer

were not observed on DSC curve, which suggests the for-

mation of the cocrystal. All peak temperatures and

enthalpy values are further described in Table S2.

The images obtained by DSC-photovisual analysis

(Fig. 3) and the video of the MLX/SLY (1:1) system being

heated (Supplementary Material) show that after the first

endothermic event at 230 �C, the sample has a brighter

appearance which is a result of the thermal decomposition

of the cocrystal. As can be seen in the video, part of the

material evaporates and condenses on the vessel wall and

solidifies into a needle shape during cooling. The crystals

were collected and analyzed by FTIR. The infrared spec-

trum of the collected material is identical to the spectrum

of SLY, confirming the decomposition of the MLX/SLY

(1:1) system with release of salicylic acid.

The powder X-ray diffractograms of the pure compo-

nents and of the MLX/SLY (1:1) system are presented in

the Supplementary Material (Fig. S3). The diffractogram of

the MLX/SLY (1:1) system presents new peaks at 8.6�,
9.3�, 11.8�, 12.7�, 14.4�, 16.3�, 23.3�, 26.7�, 28.8�, 33.6�,
34.5�, 35.8�, and others that differ from the pure compo-

nents but are not just the sum of the diffractograms of the

isolated components. This confirms the formation of the

MLX/SLY (1:1) cocrystal through LAG methodology [25].

In addition, when comparing the diffractogram of MLX/

SLY (1:1) with the previously reported cocrystal (Fig. S4)

[9], the MLX/SLY (1:1) system has similar peaks and this

confirms that form III of the MLX/SLY (1:1) cocrystal was

obtained.

The FTIR spectra for the cocrystal and the pure com-

ponents are shown in Fig. 4. The C=O stretching band at

1653 cm-1 (SLY) and N–H stretching band at 3290 cm-1

(MLX) are not observed in the cocrystal spectrum; this

may indicate the establishment of hydrogen bonding

between the groups N–H (MLX) and C=O (SLY) in the

cocrystal structure, since this type of interaction has

already been reported in cocrystal formation [3]. The bands

at 1550 and 1529 cm-1 in MLX appear shifted to higher

energies at 1562 and 1539 cm-1 in the MLX/SLY (1:1)

spectrum, and the band assigned to m SO2 changes from

1263 cm-1 in MLX to 1277 cm-1 in the MLX/SLY (1:1)

spectrum. Other changes occur between the pure compo-

nents and the cocrystal, with all the principal vibrations

described in Table S2.

The Raman spectra of SLY, MLX/SLY (1:1) cocrystal,

and MLX are shown in Fig. 4. The strong band at

3073 cm-1 from SLY spectrum, attributed to aromatic C–

H stretching (mar C–H), has its intensity decreased in the

cocrystal spectrum, while the bands at around 2925 cm-1,

attributed to C–H stretching (CH3 group), have their

intensity increased in the cocrystal spectrum. The signifi-

cant decrease in the m C=O (carboxylic group) at

1637 cm-1 suggests that this group interacts with meloxi-

cam as already observed in infrared spectra. Changes in the

bands attributed to out-of-phase CCO stretching (moop
CCO) were observed, with an intensity increase in the band

in 1322 cm-1 and 1308 cm-1, and the disappearance of the

band at 1246 cm-1. Interestingly, the same increase in moop
CCO was not seen in the intense band at 771 cm-1

assigned as CCO stretching, which disappears in the

cocrystal. Some bands were not observed in the cocrystal,

such as the aromatic C=C ring stretching (m CC ring) at

1584 cm-1, 1024 cm-1 and angular deformation of CCO

group (d CCO) at 566 cm-1 and 457 cm-1.

FUM and MLX/FUM (1:1)

The TG-DSC curves of MLX, FUM, and MLX/FUM (1:1)

systems obtained in dynamic dry air and N2 atmosphere are

shown in Fig. 5.

The TG-DSC curves of the fumaric acid in both atmo-

spheres show that the compound is thermally stable up to

200 �C. Above this temperature, the mass loss occurs in a

single step between 200 and 310 �C. This corresponds with
the endothermic peak at 278 �C on the DSC curve, which

is attributed to fusion and evaporation of the compound

[26].

The TG-DSC curves of MLX/FUM (1:1) in dynamic air

atmosphere show that the system is thermally stable up to

200 �C. Above this temperature, the mass loss occurs in

two overlapped steps between 200 and 650 �C. The first

mass loss between 200 and 344 �C is attributed to thermal

decomposition of the MLX/FUM (1:1) system with release

of FUM and decomposition of MLX, respectively (DmTG-

= 75.48%, DmTheor. = 75.31%); this step confirms the 1:1

stoichiometry with less than 1% error. The endothermic

peak at 244 �C on the DSC curve is associated with

incongruent fusion of the MLX/FUM (1:1) system. The

second mass loss between 344 and 650 �C (Dm = 23.41%)

is associated with the exothermic peak at 575 �C, and it is

attributed to the oxidation of the carbonized material

formed in the previous step.

The TG-DSC curves obtained in nitrogen atmosphere

show a profile very similar to those obtained in dynamic

dry air atmosphere up to 400 �C. Above 400 �C, the profile
changes due to the absence of oxygen that causes the

oxidation of the organic matter in the region between 500
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and 700 �C. Mass loss on the TG curve is observed up to

800 �C without any thermal event in the DSC curves. This

is attributed to pyrolysis of the carbonized material pro-

duced in the previous step.

The EGA of the released gaseous products during the

thermal decomposition of MLX/FUM (1:1) in dynamic dry

air is shown in Fig. S5. The main products detected were

similar to the MLX/SLY (1:1) system with bands at 2400,

1800, and 650 cm-1 and without signals associated with

tetrahydrofuran, which indicates that the solvent is not

present in the cocrystal.

The DSC curves of FUM, MLX, and MLX/FUM (1:1)

are shown in Fig. 6. The DSC curve of FUM shows an

endothermic peak at 280 �C (DH = 85.17 kJ mol-1) that is

attributed to evaporation and melting of the compound, in

agreement with the TG-DSC results. On the other hand, the

DSC curve of the MLX/FUM (1:1) system contains an

endothermic peak at 243 �C (DH = 105.93 kJ mol-1) that

is attributed to the incongruent melting of the MLX/FUM

(1:1) system, which occurs at lower temperatures than in

the DSC curves of the isolated compounds, as already

observed in the TG-DSC curves. Table S2 summarizes all

peak temperatures and enthalpy values of the thermal

events observed. Also, the video from MLX/FUM system

heating is available in the supplementary data.

The powder X-ray diffractograms of the pure compo-

nents and of the MLX/FUM (1:1) system are presented in

the Supplementary Material (Fig. S6). The diffractogram of

the MLX/FUM system presents peaks at 11.8�, 13.8�,
14.4�, 16.2�, 26.6�, and others that differ from pure com-

ponents. The difference in the diffractograms confirmed the

formation of the MLX/FUM (1:1) cocrystal.

In addition, a comparison of the diffractogram of the

synthesized MLX/FUM (1:1) cocrystal with that of the

MLX/FUM (1:1) cocrystal previously reported [9]

(Fig. S7) shows a great similarity. However, the peaks at

28� and 29� are only present in the cocrystal diffractogram

reported in this article, suggesting the formation of a new

polymorphic form.

When compared with pure components, the cocrystal

FTIR spectrum (Fig. 7) shows that the C=O stretching at

1662 cm-1 (m C=O) from FUM and N–H stretching in

3290 cm-1 (m N–H) from MLX is not observed in the

cocrystal spectrum. This may indicate a hydrogen bonding

between C=O���H–N in the cocrystal structure. The t
C=O ? d N–H at 1621 cm-1 from MLX shows a weaker

intensity when compared to cocrystal. Other vibrational

frequencies are shown in Table S1.

The Raman spectra of the FUM, MLX, and MLX/FUM

(1:1) cocrystal are shown in Fig. 7. The band at 1686 cm-1

attributed to the m C=O (–COOH) of the FUM is not
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observed in the cocrystal spectrum. This suggests that the

carboxylic group is involved in the interaction with MLX,

which agrees with the FTIR results. The intensity of the

band at 3072 cm-1 attributed to C–H stretching (m C–H)

decreases, while the bands in the region between 1000 and

300 cm-1 are not observed in the cocrystal spectrum.

Compared to MLX, there are significant changes in the

region between 1600 and 1200 cm-1. The bands at

1530 cm-1 (mthiazole ? d N–H ? d C–HCH3group),

1344 cm-1 (m SO2), and 1550 cm-1 (d O–H ? m C–Har ?

m C=Car) have increased intensity in the cocrystal spectrum.

MLC and MLX/MLC (1:1)

The TG-DSC curves of the MLX, MLC, and MLX/MLC

(1:1) systems that were obtained in dynamic dry air and N2

atmosphere are shown in Fig. 8.

The TG-DSC curves of the MLC in both atmospheres

show that the compound is thermally stable up to 155 �C.
Above this temperature, the total mass loss occurs in a

single step that corresponds with the endothermic peaks at

232 �C and 253 �C on the DSC curve. This is attributed to

evaporation of the material. The endothermic peak at

140 �C, without mass loss on the TG curve, corresponds to

the melting of the compound.

As few papers report the thermal behavior of this

compound, a deep thermal study was performed for the

MLC coformer. The video (available in the Supplementary

Material) of malic acid being heated to 250 �C illustrates

that it melts and partially evaporates (condenses on the

vessel wall). The evaporated material that condensed on

the vessel wall and the residue remaining in the vessel

bottom after cooling was analyzed by FTIR (Fig. S8). The

FTIR spectrum of the evaporated product has a spectrum

similar to maleic acid. The bottom residue showed a

spectrum similar to fumaric acid. These results suggest that

the fused malic acid decomposes into maleic acid and

fumaric acid and that the maleic acid evaporates at a

temperature above 135 �C, but the fumaric acid stays solid

up to 200 �C. This is in agreement with the thermal

behavior of both acids, since maleic acid has lower thermal

stability than fumaric acid [27]. From these results, a

thermal decomposition mechanism of malic acid was pro-

posed and presented in the Supplementary Material

(Fig. S9). Furthermore, the formation of these two com-

pounds explains the endothermic peaks observed on the

DSC curve of MLC, which corresponds to evaporation and

melting of the two products formed.

The TG-DSC curves of the MLX/MLC (1:1) in dynamic

dry air atmosphere show that the system is thermally

stable up to 160 �C. Above this temperature, the mass loss

occurs in two consecutive and overlapping steps between

160 and 660 �C. The first mass loss between 160 and

300 �C (DmTG = 74.33%) corresponds with two

endothermic peaks at 212 �C and 228 �C on DSC curve. It

is attributed to the thermal decomposition of the MLX/

MLC (1:1) system with a release of MLC and other

decomposition products; this mass loss confirms the 1:1

stoichiometry of the cocrystal formed. The endothermic

peak at 137 �C, without mass loss on the TG curve, is

attributed to a physical phenomenon, which will be dis-

cussed together with DSC-photovisual analysis. The sec-

ond mass loss between 300 and 660 �C (DmTG = 25.06%)

is associated with the exothermic peak at 548 �C. It is

attributed to the oxidation of carbonized material or of

gaseous products evolved.

The TG-DSC curves obtained in nitrogen atmosphere

show a profile similar to those obtained in dynamic dry air

atmosphere up to around 300 �C. These curves are asso-

ciated with the phenomena previously described in air

atmosphere. Above 300 �C, the TG curve indicates a slow

mass loss up to 800 �C (DmTG = 89.62%) with no thermal

event on the DSC curve. This is attributed to the slow

pyrolysis of the carbonized material produced in the pre-

vious steps.
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The EGA of the released gaseous products identified

during the thermal decomposition of MLX/MLC (1:1) in

dynamic dry air is shown in Supplementary Material

(Fig. S10). The main products detected were similar to the

MLX/SLY system with bands of CO2, CO, and carbonyl

sulfide. A high-intensity signal was observed near

1800 cm-1 that was attributed to some ketone formed in

the degradation of the MLX/SLY (1:1) system. Maleic acid

was not observed in EGA, probably because it degraded in

the heated transfer line.

The DSC curves of MLX, MLC, and MLX/MLC (1:1)

are shown in Fig. 9. The DSC curve of malic acid shows

two endothermic events. The first peak at 133 �C
(DH = 30.86 kJ mol-1) is attributed to melting of the

compound, and the second broad peak at 256 �C
(DH = 141.73 kJ mol-1) is attributed to thermal decom-

position, evaporation, and melting, as already discussed in

the TG-DSC curves.

The DSC curve of the MLX/MLC (1:1) system is sig-

nificantly different from the DSC curves of the pure

components, which suggests MLX/MLC (1:1) cocrystal

formation. The first endothermic peak at 131 �C
(DH = 17.16 kJ mol-1) is attributed to physical phe-

nomenon. The second thermal event with a peak at 211 and

226 �C (DH = 120.83 kJ mol-1) is attributed to thermal

decomposition of the cocrystal. Table S2 summarizes all

peak temperatures and enthalpy values of the thermal

events observed.

The results obtained by DSC-photovisual analysis

(Fig. 9) and the video of MLX/MLC (1:1) being heated

(Supplementary Material) confirm that the first thermal

event is not related to the melting of the MLX/MLC (1:1)

system or excess coformer, because the sample presents the

same physical characteristics up to 150 �C. This thermal

event is associated with a polymorphic transition which

was confirmed by PXRD analysis of the heated sample at

120 �C (before the thermal event) and 150 �C (after ther-

mal event). The diffractogram (Fig. S11) shows significant

changes in the regions near 6.5�, 11.3�, 20.1�, 23�, 25�,
32.7�, and 37.5�. The cyclic DSC experiment indicates that

this endothermic event is associated with an irreversible

phase transition (Fig. S12) that is probably due to kinetic

issues, since up to 120 �C, the polymorph obtained in the

synthesis is the most stable phase, and during heating, it

absorbs energy (endothermic event) to become stable at

higher temperatures. Thus, these two polymorphs have an

enantiotropic relationship [28].

The powder X-ray diffractograms of MLC, MLX, and

MLX/SLY (1:1) are shown in Fig. S13. The MLX/MLC

(1:1) system presents a distinct diffraction pattern when
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compared to the pure substances. The system has unique

peaks at 11.8�, 14.2�, 16.4�, 27.3�, 32.8�, and 33.5�, which
confirm cocrystal formation and are in agreement with a

previous report [9].

The FTIR and Raman spectra for the cocrystal and the

pure components are shown in Fig. 10. The cocrystal FTIR

spectrum does not show m O–H from MLX at 3290 cm-1

and m O–H from MLC at 3442 (Fig. 10). The m C=O ? d
N–H at 1621 cm-1 from MLX shifts to 1635 cm-1, and the

m C=O from MLC shows a weaker signal in MLX/MLC

(1:1). These changes suggest a N–H and C=O hydrogen

bond between the two compounds in the cocrystal lattice.

The cocrystal Raman spectrum presents a characteristic

spectral pattern which indicates the establishment of a new

solid-state interaction, as already seen in the FTIR spec-

trum. The medium- and strong-intensity bands at 2992 (mas
C–H) and 2944 cm-1 (ms C–H) of CH2 group fromMLC are

weaker on the MLX/MLC (1:1) cocrystal spectrum. How-

ever, the band at 3073 cm-1 (m C–H) of the CH3 group from

MLX shows a slight increase in intensity. Comparison of

MLX and MLX/MLC (1:1) cocrystal spectra finds signifi-

cant changes in the region between 1600 and 1200 cm-1,

with a weaker band at 1530 cm-1 (m C=Cthiazole ring ? d N–
H ? d C–HCH3group) and stronger bands at 1598 cm-1 (d
O–H ? m C–Har ? m C=Car) and 1304 cm-1 (m SO2).

Solubility study

The solubility profile of meloxicam and cocrystals is

shown in Fig. 11. All crystalline material showed a maxi-

mum concentration of the drug at 18 h, followed by a
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decrease in meloxicam concentration, described as ‘‘spring

and parachute’’ [29]. The mechanism is explained by the

presence of the coformer, which presents higher solubility

than the drug and is drawn out of the crystal lattice. The

API (hydrophobic molecule) becomes supersaturated in

aqueous medium and has higher energy compared to

crystalline phase, showing higher solubility than the pure

drug. This high-energy phase becomes the stable form over

time (crystalline API), losing solubility.

MLX/FUM system shows higher solubility in most part

of the experiment, with 84% and 33% higher meloxicam

concentration at 12 and 18 h when compared to the API.

MLX/MLC and MLX/SLY show similar result with the

pure drug before 12 h and minor meloxicam concentration

after 18 h when compared to MLX.

Conclusions

The study of the compounds by the thermo-analytical

techniques established the fingerprint of the cocrystals

formed. Also, observation of the thermal behavior of each

of the components individually and together made it pos-

sible to visualize the changes in the thermal stabilities due

to the hydrogen interactions formed in the cocrystals.

The DSC-photovisual analysis helped to understand the

phenomena that occur during the heating of the systems

and to verify changes in the characteristics of the cocrys-

tals. The cyclic DSC enabled observation of an irreversible

polymorphic transition in the MLX/MLC (1:1) cocrystal

with subsequent confirmation by XRD before and after the

transition.

Observation and more detailed study of the compound

malic acid allowed the discovery of two degradation

products, confirmed by FTIR, in the collected materials and

the proposition of a reaction mechanism that explained the

formation of fumaric and maleic acids.

The powder X-ray patterns confirmed the formation of

cocrystals, and spectroscopic techniques helped identify

which localities allowed the interaction between coformers

and API. FTIR and Raman spectroscopy suggest a group

interaction due to the decrease in some absorption bands

and show hydrogen bonds between NH, OH, and CO

groups in the cocrystals.

Mechanochemistry methods together with the use of the

ethanol solvent were effective, considering the ease and

low cost of the method when compared to methodologies

that use a high volume of solvent or high temperature to

form cocrystals.

Solubility test of the materials has shown that FUM/

MLX cocrystal exhibited a greater meloxicam concentra-

tion compared to API, showing that cocrystallization can

provide solutions to overcome poorly soluble drug prob-

lems in the pharmaceutical field.
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