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Abstract
Novel cocrystals of ciprofloxacin with pyrazinoic acid and p-aminobenzoic acid in the 1:1 stoichiometric ratio were obtained 
by the mechanochemical method, under conditions of liquid-assisted grinding (LAG/ethanol) and neat grinding. They were 
characterized by powder X-ray diffractometry, infrared spectroscopy, simultaneous thermogravimetry, differential thermal 
analysis, differential scanning calorimetry (DSC) and DSC-Microscopy system. The results confirmed the successful synthe-
sis of the cocrystals and indicated the functional groups responsible for the formation of the new supramolecular synthons. 
In addition, from the thermal analysis, it was possible to evaluate the thermal stability, composition, crystallization processes 
during heating, polymorphic transitions and construct the binary phase diagrams.
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Introduction

In the pharmaceutical industry, enhancing the essential 
properties of an active pharmaceutical ingredient (API), 
i.e., aqueous solubility and bioavailability, without compro-
mising therapeutic efficacy is one of the major challenges 
faced in the discovery and development of a new drug [1–4]. 
Solid forms, such as cocrystals and salts, are approaches 
potentially used to improve the physicochemical properties 
of APIs [4–10]. Pharmaceutical cocrystals can be defined 
as multicomponent crystalline compounds, containing an 
API and one or more cocrystal formers (coformers), in a 
definite stoichiometric ratio, linked by intermolecular inter-
actions, such as hydrogen bonds. Usually, in the formation 

of a cocrystal, both components are in the solid state and 
non-ionic species at ambient conditions [3, 10–12].

Ciprofloxacin (CIP;  C17H18FN3O3), shown in Fig. 1a, is a 
broad-spectrum bioactive agent widely used in the treatment 
of bacterial infections, acting primarily on DNA-gyrase and 
inhibition of topoisomerase IV. Thus, CIP is approved for the 
treatment of 14 types of infections, especially in the urinary 
tract [13–16]. Its aqueous solubility is strongly pH depend-
ent due to the formation of zwitterionic species resulting 
from the protons transfer of the carboxylic acid to the basic 
piperazine ring. Such dependence generates low solubility 
at neutral pH, limiting the bioavailability of the compound. 
In addition, CIP has low permeability across biological 
membranes. As a result, such API is a class IV drug in the 
Biopharmaceutical Classification System (BCS) [17, 18]. In 
the literature, some studies have reported the formation of 
CIP salts and cocrystals, showing improvements in the phys-
icochemical properties of this API, especially in its solubil-
ity, as we have previously reported that the CIP cocrystals 
with nicotinic and isonicotinic acids could show a 20-fold 
increase in solubility of both compounds [17–21].

To form a pharmaceutical cocrystal, at least a second 
compound is needed in addition to the API. Frequently, such 
additional compound is chosen among pharmaceutically 
acceptable molecules or from the “generally recognized as 
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safe” (GRAS) list, such as flavonoids, nutraceuticals, vita-
mins, minerals, food additives, preservatives, excipients, 
amino acids, biomolecules and other APIs [22–26]. In the 
present, pyrazinoic acid (PZCA;  C5H4N2O2) and p-amin-
obenzoic acid (PABA;  C7H7NO2) were chosen as coformer.

Pyrazinoic acid or pyrazine-2-carboxylic acid, shown in 
Fig. 1b, is the product of the bioconversion of pyrazinamide 
by the enzyme pyrazinamidase, which is considered the 
active form with activity against Mycobacterium tubercu-
losis [27–29]. This acid is commercially available, stable, 
soluble in water and exhibits a rich coordination chemistry, 
being widely used in the preparation of different metal com-
plexes, coordination polymers or metal–organic structures 
[27, 29, 30]. It has a molar mass of 124.10 g mol−1, and 
its structure is composed of carboxylic acid and pyridine 
groups, which enable the formation of salts and cocrys-
tals, as reported by Drozd et al. [31] and Prasad et al. [32], 
respectively.

The 4-aminobenzoic acid or p-aminobenzoic acid, shown 
in Fig. 1c, is a white-yellowish solid having molar mass 
equal to 137.14 g mol−1 [33]. Also known as vitamin  B10, 
this compound is not synthesized by the human body, but 
can be found in food, such as grains, eggs, milk and meat. 
In addition to being used as an anti-inflammatory, antibac-
terial, anticoagulant agent and UV radiation blocker, in the 
human body, PABA is necessary for the synthesis of folic 
acid [33–36]. Moreover, such compound has been used in 

many studies mostly because of its pharmaceutical proper-
ties and ability to form multicomponent solid forms, which 
is attributed mainly to the amine and carboxyl functional 
groups capable of forming hydrogen bonds [31, 37, 38].

This study reports the synthesis of new multicomponent 
solids of ciprofloxacin with pyrazinoic acid and p-amin-
obenzoic acid using the mechanochemical method in neat 
grinding (NG) and liquid-assisted grinding (LAG) condi-
tions. The characterization was performed using infrared 
(FTIR) spectroscopy and powder X-ray diffractometry 
(PXRD) to confirm the synthesis of the new cocrystals and 
to infer the probable sites of interaction between the mol-
ecules. In addition, to determine the thermal properties of 
the compounds obtained, a thorough thermoanalytical study 
was performed using thermogravimetry–differential thermal 
analysis (TG–DTA), differential scanning calorimetry (DSC) 
and DSC-Microscopy. Finally, the binary phase diagram of 
these systems was constructed to confirm the stoichiometry 
of the prepared cocrystals.

Experimental part

Materials

Ciprofloxacin (CIP, 98% purity), pyrazinoic acid (PZCA, 
99% purity) and 4-aminobenzoic acid (PABA, 99% purity) 
were obtained from Sigma-Aldrich and used as received. 
Additionally, the solvent used during the LAG was the etha-
nol (EtOH, 99.5% purity), purchased from Dinâmica.

Mechanochemical synthesis

The mechanochemical synthesis of the new multicomponent 
solid forms of CIP with PZCA and PABA was carried out 
in a Retsch ball mill, model MM400, using steel grinding 
jars of 10 mL volume and one stainless steel grinding ball 
of 7 mm diameter.

The neat grinding (NG) and liquid-assisted grinding 
(LAG) using ethanol as solvent were carried out in a 1:1 
molar ratio between the drug and the coformers, at the grind-
ing frequency of 15 and 30 Hz with total sample mass of 
100 and 500 mg, respectively. The amount of solvent added 
in the synthesis was calculated from the 0.25 μL  mg−1 ratio 
(volume/total sample mass), as determined by Friscic et al. 
[39]. The conditions of synthesis and the quantity of pre-
cursors used in the cocrystal preparation are presented in 
Table 1.

After the synthesis, the material was maintained at 50 °C 
for 24 h in a forced air circulation oven and stored in a glass 
desiccator containing anhydrous calcium chloride until the 
analyses.
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Fig. 1  Structural formula of ciprofloxacin drug (a), pyrazinoic acid 
(b) and p-aminobenzoic acid (c)
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Equipment

Powder X-ray diffractograms were obtained from Rigaku 
MiniFlex model using the CuKα radiation of a copper tube 
(λ = 1.54056 Å), subjected to 40 kV, 15 mA current. The 
angular experimental range was 5 ≤ 2θ ≤ 50°.

Infrared (FTIR) spectra were obtained on the Thermo 
Scientific spectrometer, Nicolet iS10, using the germa-
nium crystal attenuated total reflectance method, in the 
wavelength range of 675 to 4000 cm−1, with the resolution 
of 4 cm−1 and 32 scans per spectrum.

The DSC curves were obtained in an equipment of TA 
Instruments, model Q10, using closed aluminum cruci-
ble of 40 µL (sample and reference) with lids with a pin-
hole in the center, sample mass of 2.5 mg, heating rate of 
10 °C  min−1 and dynamic air atmosphere with flow rate of 
50 mL min−1. To obtain the DSC curve of pure pyrazinoic 
acid, a sealed aluminum crucible was used, because the 
sample completely sublimated before melting.

The DSC-Microscopy system analysis was obtained 
using a Mettler Toledo DSC 1 STARe system coupled 
to an OLYMPUS digital camera, model SC 30, which 
incorporates a 3.3-megapixel CMOS sensor and an opti-
cal subassembly mechanic Navitar 1-6232D with 6.5X 
zoom. The experimental conditions were similar to those 
used to obtain the DSC curves, except that an uncovered 
α-alumina crucible was used.

The TG–DTA analysis was done using an equipment 
of TA Instruments, model SDT 2960. The curves were 
obtained in α-Al2O3 crucible (70 μL), with sample mass 
of approximately 5.0 mg, heating rate of 10 °C  min−1, 
dynamic air atmosphere with flow rate of 50 mL min−1 
and temperature range of 30–800 °C.

Finally, the experimental binary phase diagram for 
these systems was constructed from the extrapolated tem-
peratures (Tonset) of the first melting peak and the peak 
temperatures (Tp) of the last melt peak observed in the 
DSC curve (total sample melt) [2, 40]. These temperatures 
were obtained from the DSC curves of the mixtures of 

ciprofloxacin with PABA and PZCA in the molar fractions 
of 0, 0.25, 0.33, 0.5, 0.66, 0.75 and 1.0.

Results and discussion

CIP–PZCA (1:1) system

PXRD and FTIR spectroscopy

The PXRD diffractograms and the FTIR spectra of the 
cocrystal and the isolated components are shown in Fig. 2.

The diffractograms of this system differ significantly from 
those obtained from its precursors. The CIP–PZCA systems 
synthesized at 15 Hz (NG and LAG) and the system pre-
pared at 30 Hz (NG) show a diffraction pattern very similar 
to each other, although the latter showed amorphization dur-
ing the mechanochemical synthesis [41], as suggested by the 
diffraction halo in its diffractogram. These samples have new 
diffraction peaks in 2θ equal to 5.5°, 18.9°, 26.4°, indicating 
the presence of a new crystalline phase, which is an evidence 
of the cocrystal formation.

For the CIP–PZCA/LAG (30 Hz) system, a distinct dif-
fraction pattern is observed, with new peaks in 2θ equal 
to 5.5°, 10.8°, 11.5°, 15.0°, 18.9°, 19.5° and 26.0°, which 
suggests the obtention of another polymorph or polymorph 
mixture in this condition of synthesis, as already reported in 
other studies [42, 43].

The main FTIR assignments of CIP, PZCA and 
CIP–PZCA systems are shown in Table S1 (supplemen-
tary material). In the FTIR spectrum of CIP, the bands at 
1589 cm−1 and 1375 cm−1 were observed and assigned 
to the asymmetric and symmetric stretching vibrations 
of the carboxylate group (νasym  COO− and νsym  COO−), 
respectively; the low intensity band in the region of 
2580–2680 cm−1 was assigned to the stretching vibra-
tions of the  NH2

+ group. These bands show evidence that 
in the solid state, CIP assumes zwitterionic form [15, 44]. 
In turn, the main bands observed in the infrared spectrum 

Table 1  Conditions chosen to 
synthesize the CIP cocrystals

Systems Total mass/mg API: coformer mass/mg Synthesis time/min Frequency/Hz Ethanol 
volume/μL

CIP–PZCA 500 363.76: 134.24 30 30 125
0

100 72.75: 27.25 15 25
0

CIP–PABA 500 353.63: 146.37 30 125
0

100 70.73: 29.27 15 25
0
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of PZCA are attributed to C=O stretching vibrations at 
1715 cm−1 and the two broad bands around 2500 cm−1 
and 1900 cm−1 are assigned to intermolecular hydrogen 
bonding OH···N between the carboxylic group and the 
aromatic nitrogen [29, 30].

The FTIR spectrum of the CIP–PZCA system shows 
significant changes in relation to the pure component 
spectrum, mainly the absence of the νasymCOO− and 
νsymCOO− of CIP and vibrations assigned to intermo-
lecular hydrogen bonding OH···N between the molecules 
of PZCA. In addition, there is a hypsochromic shift of 
the absorption band attributed to νC=O of the carbox-
ylic group of PZCA from 1715 to 1726 cm−1. Also, in 
the spectra, a weak band at 3450 cm−1 is observed and 
attributed to νO–H, a slight shift of the band attributed 
to νC=O (ketone group) from 1616 to 1626 cm−1, as well 
as the appearance of a broad band between 3200 and 
2000 cm−1 attributed to νO–H superimposed on the νC–H 
bands. These changes in the spectra suggest the establish-
ment of new supramolecular synthons, such as hydrogen 
acid–acid bonds, suggesting as well that these changes 

occurred due to the formation of a cocrystal rather than 
a salt.

TG–DTA and DSC analyses

The TG–DTA and DSC curves of the pure compounds and 
CIP–PZCA cocrystal are shown in Fig. 3a, b, respectively.

The thermoanalytical curves of CIP show that it melts at 
270 °C, has thermal stability up to 280 °C and undergoes 
thermal decomposition in three overlapping steps, according 
to the recently reported results [19].

The TG–DTA curves show that pyrazinoic acid under-
goes a total mass loss in a single step between 150 and 225° 
C, corresponding to the endothermic peak at 218 °C in the 
DTA curve. The compound was placed in a test tube and 
heated to 10 °C  min−1 in a melting point apparatus, which 
showed that it sublimates and condenses on the walls of the 
tube, without undergoing thermal decomposition, as also 
confirmed by FTIR analyses of the material. The DSC curve 
(closed crucible) of pyrazinoic acid shows an endothermic 

Fig. 2  PXRD diffractograms (a) 
and FTIR spectra (b) of the pure 
components and the CIP–PZCA 
systems
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peak at 225 °C (ΔHfus = 872.8 J g−1), attributed to the melt-
ing of the compound.

The TG–DTA curves of the CIP–PZCA (1:1) cocrys-
tal show at least three overlapping mass loss steps in the 
TG curve and thermal stability of approximately 205 °C. 
The first step, between 205 and 265  °C, is attributed 
to the beginning of the thermal decomposition of the 
cocrystal with release of the coformer (ΔmCalc. = 27.0%; 
ΔmTG = 26.7%). The following two mass loss steps, cor-
responding to the endothermic and exothermic events 
in the DTA curve, are attributed to thermal degradation 
of the remaining drug. The endothermic peak at 252 °C 
(CIP–PZCA/NG or LAG (15 Hz)) or 261 °C (CIP–PZCA/
LAG (30 Hz)) in the DSC curve is attributed to incongru-
ent melting. In the DSC curve of the synthesized sam-
ple without addition of solvent (net grinding) at 30 Hz, 
two consecutive melting peaks (252 °C and 258 °C) are 
observed, which suggests a mixture of polymorphs.

The TG–DTA curves of both systems synthesized at 
15 Hz (NG and LAG) show a small mass loss up to 80 °C, 

corresponding to a small endothermic peak in the DTA 
curve, and the subtle event present in the DSC curve is 
attributed to residual solvent elimination and/or water 
adsorbed by the samples.

The exothermic events at 130  °C (CIP–PZCA/NG 
(30 Hz)) and 172 °C (CIP–PZCA/LAG (30 Hz)) in the 
DSC curves were investigated in more detail by heating 
these samples to temperatures after these thermal events 
followed by the characterization by PXRD and FTIR spec-
troscopy as discussed in the next sections.

Study of the exothermic events in the DSC curves

The PXRD diffractograms and FTIR spectra of the heated 
CIP–PZCA/NG (30 Hz) cocrystal and of the cocrystal 
after 5 months of synthesis are shown in Fig. 4.

These diffractograms show that the diffraction halo dis-
appears over time or when the sample is heated, increasing 
the intensity of the diffraction peaks. This suggests that 

Fig. 3  TG–DTA (a) and DSC 
(b) curves of the pure com-
pounds and the CIP–PZCA 
system
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the exothermic event present in the DSC curve is attrib-
uted to a crystallization process of the material, which is 
common in materials that undergo amorphization during 
grinding [41]. In addition, this thermal event almost disap-
pears from the DSC curve obtained from the material after 
5 months of synthesis (Fig. S1, supplementary material). 
The FTIR spectra confirm this interpretation, since the 
spectral pattern remains very similar, ruling out possible 
polymorphic transitions [45–47].

The PXRD diffractograms and FTIR spectra of the heated 
CIP–PZCA/LAG (30 Hz) cocrystal and of the cocrystal after 
5 months of synthesis are shown in Fig. 5.

The diffractograms show that at a higher temperature than 
the exothermic event in the DSC curve and with time, a new 
diffraction pattern is observed in the sample. In addition, 
this thermal event disappears from the DSC curve obtained 
from the material after 5 months of synthesis (Fig. S2, sup-
plementary material). This indicates that the exothermic 

Fig. 4  PXRD diffractograms (a, 
b and c) and FTIR spectra (a*, 
b* and c*) of the CIP–PZCA/
NG (30 Hz) cocrystal at 25 °C 
(a and a*), heated up to 190 °C 
(b and b*) and after 5 months 
of synthesis (c and c*)
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Fig. 5  PXRD diffractograms (a, 
b and c) and FTIR spectra (a*, 
b* and c*) of the CIP–PZCA/
LAG (30 Hz) cocrystal at 25 °C 
(a and a*), heated up to 205 °C 
(b, b*) and after 5 months of 
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event in the DSC curve refers to an irreversible crystalline 
phase transition, that is, a monotropy relationship between 
the polymorphs [48]. Moreover, changes in the FTIR spec-
tra are observed, especially in the region between 3600 and 
2000 cm−1, probably due to changes in the intermolecular 
interactions in the solid state, which confirms this polymor-
phic transition [42, 43].

CIP–PABA (1:1) system

PXRD and FTIR spectroscopy

The PXRD diffractograms and the FTIR spectra of the 
CIP–PABA systems are presented in Fig. 6a, b, respectively.

The diffractograms of the systems prepared with ethanol 
addition (LAG) showed new peaks in 2θ equal to 6.5°; 9.6°; 
23.5°; 27.6°, which confirms the formation of a new crystal-
line phase. This also shows that the liquid-assisted grinding 
(LAG) improved the formation reaction of the new mate-
rial, as previously reported by other authors [39, 49]. The 

diffractograms of the systems obtained without addition of 
solvent (NG) did not present new diffraction peaks, being 
just the combination of the diffraction patterns of their pure 
precursors, suggesting that these systems are just a physical 
or eutectic mixture.

The main FTIR assignments of CIP–PABA systems 
and the precursors are shown in Table S2 (supplementary 
material). The FTIR spectrum of 4-aminobenzoic acid 
shows a band at 1662 cm−1 attributed to the C=O stretch 
(νC=O, –COOH group) and a broad band in the region of 
3300–2200 cm−1 which overlaps with the C–H stretches 
(νC–H), attributed to the O–H stretch (νO–H, –COOH 
group). The two bands attributed to the N–H stretch (νN–H, 
 NH2 group) are also present at 3460 cm−1 and 3363 cm −1 
[35, 50].

The FTIR spectra of the systems synthesized by the LAG 
method show a band shift assigned to νC=O (PABA) from 
1662 to 1717 cm−1 (Δν = 55 cm−1). This shift, however, is 
not very pronounced in the spectra of the samples synthe-
sized by the NG method (Δν = 0 cm −1 for the 15 Hz sample 
and Δν = 17 cm−1 for the 30 Hz sample), showing only a 

Fig. 6  PXRD diffractograms (a) 
and FTIR spectra (b) of the pure 
components and the CIP–PABA 
systems
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combination of the spectra of its precursors. In addition, 
bands related to the carboxylate group of the drug were 
observed at 1590 cm−1 and 1380 cm−1 assigned to νasym 
 (COO−) and νsym  (COO−), respectively, indicating a cocrys-
tal formation between the zwitterionic form of the drug with 
the coformer in the neutral form.

TG–DTA and DSC analyses

The TG–DTA and DSC curves of the system obtained 
between CIP and PABA are shown in Fig. 7a, b, respectively.

The TG–DTA curves show that the PABA is thermally 
stable up to 170 °C and presents two mass loss steps, corre-
sponding to the endothermic event (240° C) and exothermic 
event (545 °C) in the DTA curve, respectively. These mass 
losses correspond to the partial evaporation and decompo-
sition of the coformer, generating a carbonized residue that 
is oxidized slowly at higher temperatures [33]. The endo-
thermic peak at 190 °C (DTA) and 189 °C (DSC), without 
significant mass loss in the TG curve, corresponds to the 
melting of the coformer.

For CIP–PABA cocrystal, the TG–DTA curves show that 
it is thermally stable up to 200 °C, which is between the ther-
mal stability of the drug and the coformer. The TG curves 
also show four mass loss steps, corresponding to endother-
mic and exothermic events in the DTA curves, attributed to 
the thermal decomposition of the cocrystal. The first step 
between 200 and 280 °C is attributed to the thermal decom-
position of the cocrystal with partial release of the coformer 
(ΔmCalc. = 29.1%, ΔmTG = 27.8%). This difference of 1.3% 
between the calculated and experimental values is attributed 
to partial thermal degradation of PABA with the formation 
of carbonaceous residue, as observed in the TG–DTA curves 
of the isolated coformer. The other three mass loss steps, 
corresponding to endothermic and exothermic events in the 
DTA curve, are attributed to the thermal degradation of the 
remaining drug.

The DSC curves show three thermal events: the first 
endothermic peak at 212 °C corresponding to the incon-
gruent fusion of the samples, the second peak at 230° C 
corresponding to partial volatilization of the PABA and the 
third event, a very subtle exotherm around 230–245 °C, 

Fig. 7  TG-DTA (a) and DSC 
(b) curves of the pure com-
pounds and the CIP–PABA 
system
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corresponding to crystallization of the remaining CIP, as 
can also be observed in the DSC-Microscopy micrographs 
(Fig. S3, supplementary material) and in the video (supple-
mentary material). In addition, the systems obtained by the 
NG method show a third exothermic peak at 132 °C in the 
DSC curve, which was investigated by PXRD and FTIR, and 
the results will be presented further below.

The thermal behavior characteristic of these systems sug-
gests the formation of CIP–PABA cocrystals in all the syn-
thesis conditions (NG and LAG), although the diffraction 
and spectroscopic data show that this occurs only for the 
systems synthesized by the LAG method. These differences 
between the thermal and spectroscopic data are related to the 
exothermic event observed in the DSC curves of the systems 
obtained by the NG method.

Study of the exothermic events in the DSC curves

The PXRD diffractograms and FTIR spectra of the heated 
CIP–PABA/NG (15 Hz) physical mixture are presented in 
Fig. 8a, b, respectively.

These data show that the heating causes changes in PXRD 
diffractograms and FTIR spectra, leading to the appear-
ance of diffraction peaks and FTIR bands corresponding to 
cocrystal formation. These changes occur drastically and 
are completed after the exothermic event in the DSC curve, 
promoting the complete formation of the cocrystal, since 
the diffraction and spectral pattern become the same as the 
cocrystals obtained by the LAG method. Therefore, these 

Fig. 8  PXRD diffractograms (a, 
b, and c) and FTIR spectra (a*, 
b* and c*) of the CIP–PABA/
NG (15 Hz) systems at 25 °C 
(a, a*), heated up to 100 °C (b, 
b*), 125 °C (c, c*) and 175 °C 
(d, d*)
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results suggest that the heating promotes the cocrystalliza-
tion of the physical mixture, as already reported [49].

Binary phase diagrams

The binary phase diagrams constructed from the data of the 
DSC curves (Figs. S4 and S5, supplementary material) are 
shown in Fig. 9. These diagrams are W-shaped, characteris-
tic of cocrystals [2, 51, 52], confirming the formation of the 
CIP–PZCA and CIP–PABA cocrystals in the ideal stoichi-
ometry of 1:1 (API/coformer), since the molar fraction 0.5 
represents the center point of the “W.”

Conclusions

Cocrystallization has become an important approach to 
improve physicochemical properties of non-ionic com-
pounds, such as the case of ciprofloxacin in its zwitterionic 
form. Following these lines, here the successful synthesis 
of cocrystals of ciprofloxacin with pyrazinoic acid and 
p-aminobenzoic acid by the mechanochemical method was 
reported, both with and without the use of solvent.

Via FTIR spectroscopy, PXRD, TG–DTA, DSC and 
DSC-Microscopy, it is demonstrated that both the LAG 
and NG approaches are efficient for the synthesis of 
CIP–PZCA cocrystals, although different polymorphs can 
be obtained. For the synthesis of the CIP–PABA cocrys-
tals, the addition of solvent provided more efficiency, 
and it was not possible to obtain it by the NG method. 
Moreover, the binary phase diagrams indicate that 1:1 is 
the ideal stoichiometry for the cocrystal formation in both 
CIP–PZCA and CIP–PABA systems.

Finally, the thermoanalytical techniques are fundamen-
tal in the study and characterization of these multicompo-
nent solids, since they provided information on composi-
tion, thermal stability, melting temperature and enthalpy, 
thermal decomposition profile, detection of crystallization 
processes for the CIP–PZCA cocrystal and polymorphic 
transition to CIP–PABA cocrystals.
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