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Abstract
This work synthesized and characterized the NOR-RIB 1:1 (mol–mol) cocrystal. During a study of the reagents, Riboflavin

(RIB) melted at 304 �C, which is different from the temperature previously reported in the literature (280–290 �C);

therefore, this compound was characterized individually. Subsequently, the cocrystal was synthesized with the active

pharmaceutical ingredient (API) norfloxacin (NOR) with the RIB coformer, and the mechanochemical synthesis route was

adopted. NOR, RIB, and the cocrystal were characterized by thermogravimetry–differential thermal analysis (TG–DTA),

differential scanning calorimetry (DSC), DSC coupled to a microscope (photo-DSC), mid-infrared spectroscopy (MIR),

and powder X-ray diffraction. The results of thermal analysis showed that the RIB starts decomposition process (260 �C)

and then melts (304 �C). The MIR found that beginning at 295 �C, the RIB passes into the form of a decomposition

intermediate; therefore, the melting point observed in the DSC curve is related to this decomposition material. The

cocrystal presented thermal stability (200 �C) lower than the API (235 �C) and the coformer (260 �C). The DSC curve did

not contain a melting peak. The bands at 1726 cm-1 (C=O of the carboxylic acid) for the NOR, and the band at 3326 cm-1

(stretch O–H), among others, were not visible for the cocrystal in the MIR spectrum, indicating interactions in these

regions. The X-ray diffractograms showed a new diffraction pattern, which proved the obtainment of a new phase and

cocrystal formation.
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Introduction

The development of solid oral dosage forms has been of

great interest in the pharmaceutical industry, having lower

manufacturing costs and greater stability; however, these

forms depend on their release, solubility, and permeability

across the membranes of the gastrointestinal tract [1–3].

According to the biopharmaceutical classification system

(BCS), class IV drugs are low solubility and low perme-

ability compounds; consequently, these drugs encounter

problems to reach desirable therapeutic blood levels. In this

way, the solubility of an active principle is the main target

of improvements, since it has a direct relationship with the

improvement in its bioavailability [4, 5]. Cocrystals are an

interesting opportunity to modify the properties of an

active pharmaceutical ingredients (API), such as process-

ability, stability, solubility, and bioavailability [6]. Break-

age or formation of covalent bonds is not required to

cocrystal formation [7].

A cocrystal can be defined as a multicomponent crys-

talline solid bound by non-covalent interactions, mainly

hydrogen interactions. Its aim is to improve the physico-

chemical properties of organic compounds, such as medi-

cations [8–10]. The mechanochemical method, solvent-

assisted grinding, consists of grinding the components in

the solid state with a few microliters of solvent, which acts

Electronic supplementary material The online version of this
article (https://doi.org/10.1007/s10973-018-7696-7) contains
supplementary material, which is available to authorized
users.
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on the kinetics of the interaction reaction between the

reactants [11]. This method is widely used due to better

homogeneity, obtaining a single crystalline phase in the

synthesis product, and uses fewer reagents compared to the

solvent evaporation crystallization method [8, 12, 13].

Norfloxacin (NOR), 1-ethyl-6-fluoro-4-oxo-7-piperazin-

1-yl-1H-quinoline-3-carboxylic acid, is a class 4 antibiotic

according to the biopharmaceutical classification system

(BCS) with low permeability in biomembranes and low

solubility in water. It is used to treat urinary tract infections

[14]. In this work, NOR was the API with the intention of

obtaining a cocrystal of this drug. Riboflavin (RIB), 7,8-

dimethyl-10-[(2S, 3S, 4R)-2,3,4,5-tetrahydrox-

ypentyl]benzo[g]pteridine-2,4-dione, is a water-soluble

vitamin [15], used in this work as a coformer. According to

the literature, RIB melts at approximately 280 �C followed

by decomposition [15–17], or simultaneously melts and

decomposes at 290 �C [18].

Thermogravimetry–differential thermal analysis (TG–

DTA) and differential scanning calorimetry (DSC) are very

relevant thermoanalytical techniques to analyze drugs and

cocrystals. Alterations in the thermal stability, changes in

the decomposition events, and the melting point of the

synthesis product indicate interaction between the reagents.

Changes in melting point and other thermal events indicate

the formation of a new product [13]. Powder X-ray

diffraction (PRXD) provides information on the sample

phase, allowing differentiation of a physical mixture of a

cocrystal, because a cocrystal occurs by the formation of a

new crystalline phase, resulting in a new diffraction pat-

tern. In the physical mixtures, only a physical mixture of

the reactants results in the overlap of the diffractograms.

Mid-infrared spectroscopy (MIR) indicates the functional

groups of interaction between the API and the coformer.

The aim of this work is to elucidate the thermal behavior of

Riboflavin as well as the characterization of its cocrystal

with norfloxacin by LAG (liquid-assisted grinding).

Materials and methods

Mechanochemical study of reagents

To verify whether the mechanochemical method used for

cocrystal synthesis could cause polymorphic transition to

pure NOR or RIB, 0.5004 g of NOR and 0.5006 g of RIB

were separately milled at 30 Hz for 30 min in a ball mill,

with one stainless steel ball for each sample.

Synthesis of the cocrystal

The reagents, norfloxacin (purity C 98%), Riboflavin form

A (purity C 98%), and analytical grade chloroform were

purchased from Sigma-Aldrich and used without purifica-

tion. The synthesis was done by mechanized grinding, in

Retsch MM 400 ball mill, assisted by 15 lL of the chlo-

roform solvent, in a molar ratio of 1:1 (API/coformer) at a

frequency of 30 Hz, for 30 min. The mass used was of

0.3002 g of the NOR API (9.94 9 10-4 mol) and 0.3536 g

of the RIB coformer (9.40 9 10-4 mol).

Powder X-ray diffractograms (PXRD)

The PXRD was obtained with the Rigaku Diffometer

MiniFlex 600 model, using copper tube, submitted to

20 kV, current of 20 mA, Cu ja, k = 1.54056 Å. The

samples were placed in a glass support and exposed to

radiation (3� B 2h B 50�).

Thermogravimetry–differential thermal analysis
(TG–DTA)

The TG/DTG–DTA curves were obtained by the Netzsch

model STA 449 F3, using a sample mass close to 7.0 mg

and a heating rate of 10 �C min-1 in dry air atmosphere

with a flow of 50 mL min-1 and temperature range of

30–800 �C.

Exploratory differential calorimetry and photo-
DSC

The DSC curves and images were obtained with the Met-

tler-Toledo model DSC 1 Stare System coupled to a SC 30

digital camera, which incorporates a 3.3 megapixel CMOS

sensor, Navitar 1-6232D mechanical optical subset with

6.5 9 zoom. Sample masses of approximately 2.0 mg and

heating ratio of 10 �C min-1 were used in a dry air

atmosphere with a flow of 50 mL min-1, 40 lL aluminum

crucible, with perforated lid and crucible of open a-alu-

mina, 30 lL (photo-DSC) and heating intervals of

30–330 �C for RIB and 30–240 �C for NOR and cocrystal.

A complementary study was done with the RIB, which was

heated to 295 �C and maintained in isotherm at this tem-

perature for 3 min.

Mid-infrared spectroscopy (MIR)

MIR spectra were obtained using Bruker’s Vertex 70

spectrometer, which were obtained by means of the

attenuated reflectance (ATR) method, with a scanning

range from 500 cm-1 to 4000 cm-1 (resolution of 4 cm-1)

in a diamond crystal as carrier.
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Results and discussion

TG-DTA

The TG/DTG–DTA curves indicate that the NOR is

stable up to 235 �C (Fig. 1a) and presents four steps of

mass loss. The first step is related to water evaporation and

the second step to organic matter degradation. The third

and fourth steps of mass loss are associated with the

decomposition and oxidation of carbonaceous material

(related to exothermic events in DTA curve). The

endothermic peak at 213 �C in the DTA curve is associated

with melting of the compound.

The TG/DTG–DTA curves show that the RIB is

stable up to 261 �C (Fig. 1b) with three steps of mass loss.

The first and second steps are overlapping and consecutive

events, which are considered a complex thermal decom-

position, relative to the degradation of the compound. The

third mass loss is associated with the decomposition and

oxidation of carbonaceous material. The endothermic peak

at 298 �C on the DTA curve is associated with melting of

the compound.
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Fig. 1 TG/DTG–DTA curves of

a NOR, b RIB, and c cocrystal
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The TG/DTG–DTA curves of the cocrystal (Fig. 1c)

showed that the compound is stable up to 200 �C and has

four steps of mass loss. The first one referring to the loss of

volatiles (water/chloroform), and the second step of mass

loss refers to the degradation of the compound followed by

the third step. Finally, the fourth step of mass loss is

associated with the decomposition and oxidation of car-

bonaceous material.

No residue was observed at the end of the analyses. The

temperature ranges, mass loss (Dm), and peak temperature

(TP) observed at each step in the TG/DTG–DTA curves of

NOR, RIB, and NOR-RIB 1:1 are illustrated in Table 1.

TG/DTG–DTA techniques are not widely used in the

study and characterization of cocrystals in others works,

however, these techniques are essential to determine the

thermal stability of these compounds, the presence of

unbound or adsorbed water and solvent, and may indicate

the interaction between the reagents by interpretation of the

thermoanalytical curves. They are necessary for better

interpretation of the DSC curves. Changes in the thermal

stability of the mechanochemical synthesis product indi-

cate interaction between API and coformer [19]. The

cocrystal had a thermal stability (200 �C) different from

the API (235 �C) and the coformer (261 �C), indicating an

interaction between the reagents.

DSC

Figure 2 shows the DSC curves of NOR (a), RIB (b), and

cocrystal (c). In the DSC curve of the NOR (Fig. 2a), an

endothermic event is observed in the range of 75–110 �C

referring to water vaporization (DH = 28.3 J g-1), which

agrees with the data of the TG-DTA curves (Fig. 1a) and

with Salceanu et al. [20], who describe that this event

occurs due to NOR dehydration. A sharp peak at 221 �C is

also observed for the NOR melt (DHmelting = 128.2 J g-1).

In the DSC curve of the RIB (Fig. 2b), some overlapped

endothermic and exothermic events were observed, in the

range of 270–325 �C that are related to decomposition/

oxidation of organic matter and melting of the decomposed

product. The melting peak temperature is about 304 �C;

however, it is not possible to calculate the enthalpy event

due to overlapped events. The data obtained in the present

work disagree with the references [15–18]. According to

Sheraz et al. [16], the RIB melts at approximately 280 �C
followed by decomposition. Moffat reports that the RIB

starts a darkening process from 240 �C and melting at

278–282 �C, followed by decomposition [15]. In the DSC

curve of the cocrystal (Fig. 2c), the two large endothermic

peaks correspond to the evaporation of water/chloroform

solvents at 81 �C (DH = 43.2 J g-1) and 111 �C
(DH = 26.7 J g-1). An exothermic peak at 207 �C
(DH = 82.8 J g-1) is attributed to the decomposition of

organic matter.

The DSC curve of the NOR/RIB 1:1 blend did not show

API and coformer melting peaks, and a decrease in thermal

stability is still observed. Thus, it was evident that the

mechanochemical synthesis promoted an interaction
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Fig. 2 DSC curves of a NOR, b RIB, and c cocrystal

Table 1 Temperature ranges (h �C), mass loss (Dm), and peak tem-

perature (TP) observed at each step in the TG/DTG–DTA curves of

NOR, RIB, and NOR-RIB 1:1 TG/DTG–DTA curves

Material 1st

Step

2nd

Step

3rd Step 4th Step

NOR

h/�C 393–467 467–790

Dm/% 3.48 29.19 11.57 55.76

TP/�C – 377 : – 647 :

RIB

h/�C 260–398 398-760 –

Dm/% 46 54 –

TP/�C (299–401)* 554 : –

NOR-RIB 1:1

h/�C 35–125 200-292 29-380 380–760

Dm/% 4.62 11.13 25.30 58.95

TP/�C – – – 553 :

; Endothermic peak; : exothermic peak; *exotherm
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between the API and the coformer agent, which suggests

the formation of a cocrystal.

DSC-photovisual

Figure 3 shows the images obtained by photo-DSC from

RIB (Video S-1). The constant change in RIB coloration

from yellow to orange during heating, in the range of

50–140 �C (Fig. 3a–d), may be due to the loss of surface

water in the sample.

The RIB initiates a more pronounced decomposition

process after 250 �C (Fig. 3j–l), and at 304 �C the product

of the decomposition melts, which agrees with the obser-

vations of the TG/DTG–DTA and DSC curves of RIB. The

same behavior was observed in N2 atmosphere (DSC curve

S-2 and Video S-3).

Photographs obtained in the photo-DSC system of the

cocrystal (Video S-4) are presented in Fig. 4. At 170 �C
(Fig. 4e–g), the sample began to darken, which is attributed

to a decomposition process and associated with the

exothermic event at 200 �C in the DSC curve (Fig. 2c).

The melting event is not observed in the cocrystal

(Fig. 4g–i), and at 200 �C the mass loss of the decompo-

sition process begins.

DRX

Comparing the X-ray diffractograms in Fig. S-5, there was

partial amorphization of the sample, due to the grinding

process, and there were changes in the orientation

preferences. However, the grinding did not cause changes

in the crystalline structure of the ground compound in

relation to pure NOR (without grinding). This means that

Fig. 4 Photo-DSC of the cocrystal. Images obtained at temperatures

of a 25 �C, b 57 �C, c 105 �C, d 150 �C, e 170 �C, f 200 �C,

g 208 �C, h 213 �C, i and 220 �C

Fig. 3 Photo-DSC of pure RIB. Images obtained at temperatures of

a 25 �C, b 50 �C, c 100 �C, d 150 �C, e 200 �C, f 250 �C, i 290 �C,

j 295 �C, k 300 �C, and l 310 �C

Fig. 5 X-ray diffractograms by the powder method of a NOR, b RIB,

and c cocrystal

Investigation and characterization by TG/DTG–DTA and DSC of the fusion of Riboflavin… 585

123



the NOR did not undergo polymorphic transition during the

grinding process under the conditions adopted. The same

behavior was observed in the diffractogram of the RIB

(Fig. S-6), with no polymorphic transition due to the

mechanochemical process.

The diffractogram of the NOR-RIB 1:1 mechanochem-

ical synthesis product (Fig. 5-c) shows the disappearance

of the peaks at 7.9�; 14.9�; 20.3�; 21.2�; 22.8�; 23.4�;
26.4�; 28.3�; 30.3�; and 32.5�, as observed by the dashed

lines shown in Fig. 5. Therefore, a new diffraction pattern

was observed, which proves the formation of a cocrystal.

Due to the difference in solubility between the reactants, it

was not possible to obtain the monocrystal [21, 22].

MIR

Figure 6a–b shows the MIR of the RIB heated at 295 �C
and the RIB at room temperature. The spectra are different,

which indicate changes in the absorption bands. The

spectra contain CO stretch of primary alcohol at

1068 cm-1 and secondary alcohols at 1012 cm-1, and NH

and OH stretches at 3496 cm-1 and 3325 cm-1, symmet-

rical and asymmetric stretching of C=O at 1653 cm-1 and

1733 cm-1, which are characteristic bands of the RIB

[23, 24], thus confirming that the melting of the compound

at 304 �C (endo DSC event Fig. 2-b) is an intermediate

thermal decomposition.

Figure 7 shows the absorption spectra in the infrared

region of NOR, RIB, and cocrystal. Figure 7-a presents the

NOR C=O bands of carboxylic acid at 1724 cm-1, car-

boxylate ion at 1614 cm-1 (asymmetric axial deformation)

and 1440 cm-1 (symmetrical axial deformation), and pro-

tonation of the piperazine at 2550 cm-1 [25, 26]. The RIB

bands are (Fig. 7-b) NH stretching at 3494 cm-1, OH

stretching at 3326 cm-1, symmetrical and asymmetric

stretches of the carbonils at 1647 cm-1, axial deformation

of the C=O bond of the lactam at 1539 cm-1, and the

primary and secondary alcohols at 1070 cm-1 and

1014 cm-1, respectively.

The aforementioned bands are not present in the

absorption spectrum in the infrared region of the cocrystal

(Fig. 7c). It is therefore believed that NOR and RIB

interacted through these functional groups forming a mul-

ticomponent crystalline solid, i.e., a cocrystal. Figure 8

shows a proposal for the interaction between API and

coformer in the formation of the NOR-RIB 1:1 cocrystal.
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Fig. 7 Absorption spectra in the infrared region a NOR, b RIB, and c

cocrystal
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Conclusions

Riboflavin presented a thermal behavior different from that

reported in the literature. Photo-DSC images show the

darkening process of the sample, and TG/DTG–DTA

curves show mass loss and thermal decomposition before

fusion of the decomposition product at 304 �C. The MIR

indicated that after the sample darkens, it presents a dif-

ferent spectrum from the RIB.

The mechanochemical method made it possible to

obtain the norfloxacin cocrystal with Riboflavin in the

molar ratio of 1:1. The thermoanalytical techniques, TG/

DTG–DTA, were fundamental to characterize the com-

pound and provided evidence of the interaction between

the API and the coformer. The synthesis product resulted in

a cocrystal with lower thermal stability, which decomposes

after 200 �C and does not melt. X-ray diffraction confirmed

the formation of the cocrystal with a new diffraction pat-

tern. The MIR spectra showed that the NOR interacts with

the protonated pyridine and carboxylic ion with the RIB

alcohols and lactam groups to form the cocrystal.
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viral classe II: Efavirenz. J Basic Appl Pharm Sci.

2015;36:239–49.

6. Douroumis D, Ross SA, Nokhodchi A. Advanced methodologies

for cocrystal synthesis. Adv Drug Deliv Rev. 2017;117:178–95.

7. Wang N, Xie C, Lu H et al. Cocrystal and its application in the

field of active pharmaceutical ingredients and food ingredients.

Curr Pharm Des. 2018.

8. Kuminek G, Cao F, de Oliveira Bahia, da Rocha A, et al.

Cocrystals to facilitate delivery of poorly soluble compounds

beyond-rule-of-5. Adv Drug Deliv Rev. 2016;101:143–66.

9. Prado LD, Rocha HVA. Estado Sólido na Indústria Farmacêutica:
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