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Abstract
The phase diagram of anthranilic acid (AA)–m-nitro benzoic acid (NBA) system, determined by the thaw–melt method,

shows the formation of a 2:1 (AA:NBA) inter-molecular compound (IMC) and two eutectics E1 and E2 containing 0.084

and 0.917 mol fractions of AA, respectively, with one eutectic on either side of the IMC. The heat of mixing, entropy of

fusion, roughness parameter, interfacial energy, and the excess thermodynamic functions were calculated from the enthalpy

of fusion data, obtained by the DSC method. While the spectroscopic investigations (IR and NMR) and optical studies

suggest the presence of hydrogen bonding between the components, the powder X-ray diffraction spectra of eutectics and

the IMC suggest that the eutectic E1 is a mechanical mixture of the IMC and NBA and the eutectic E2 is a mechanical

mixture of the IMC and AA. A single crystal of cocrystal of AA and NBA was grown using slow evaporation technique at

room temperature from its saturated solution in methanol solvent. Single-crystal analysis of the grown cocrystal shows the

mode of the intermolecular hydrogen bonding in the molecule and the triclinic crystal structure with P - 1 space group.
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Introduction

In the modern age of science and technology, materials

with diverse properties and low cost are required to cater

the needs of current civilization. Low transformation

temperature, ease of purification, transparency, wider

choice of materials, and minimized convection effects are

the special features which have prompted a large number of

research workers [1–6] to use organic systems for detailed

physicochemical investigations. Recently, organic materi-

als have also been reported [2, 7] for various electronic and

photoelectronic applications such as transistor, conductor,

light-emitting diode, liquid crystal display, and nonlinear

optical materials. Horiuchi et al. [8, 9] have discovered a

new class of organic materials in which cocrystals with

non-covalent bonding form supramolecular structure,

having a first-order ferroelectric phase transformation and

high dielectric permittivity and resistivity. Abbott et al.

[10] have found that eutectic mixtures of urea and a range

of quaternary ammonium salts are liquid at ambient tem-

perature and have interesting solvent properties. Organic

eutectics and IMC have their potential applications in

medicine and pharmaceutical industries [11, 12]. The role

of crystallization and interaction between the molecules are

well recognized for manufacturing of the advanced func-

tional materials via the modification of physicochemical

properties [13]. In addition, the parent compounds with

acidic or phenolic and amine groups are found to show

interesting interactions through non-covalent bondings [14]

such as hydrogen bonding (O–H���O, O–H���N or N–H���O),

dipole–dipole interaction, and dispersion forces. On the

other hand, the parent components with acidic/phenolic and

amine groups are found to be interesting for the interac-

tions through hydrogen bonds in solid phase and have been

found promising for crystal engineering [15, 16]. It is quite

interesting that the physicochemical investigations show
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intermolecular hydrogen bonds between the parent com-

ponents and insist on the further investigation to synthesize

novel materials by retaining their functional groups [17].

AA (C7H7O2N) has so many industrial, biological,

pharmaceutical applications as its esters are used in

preparing perfumes to imitate jasmine and orange in

addition to their use to generate benzyne [18]. In addition,

NBA (C7H5O4N) is a nitro group and a carboxylic group

containing compound suitable for non-covalent bonding

with the compound containing amino and hydroxyl groups.

With a view to elucidate the chemistry of AA–NBA system

and to prepare their eutectics and IMC without any solvent

involving solid-state reaction, phase diagram of the system

was studied to determine their composition and melting

temperatures. The binary compounds were characterized

by spectral, thermal, and X-ray diffraction methods. A

single crystal of the convenient size as cocrystal was also

grown by the solvent evaporation method at room tem-

perature from its saturated solution in methanol solvent.

Experimental

Materials and their purification

The parent compounds, AA and NBA, received from

Aldrich, Germany, were purified by repeated crystalliza-

tion from methanol. The purity of each of AA and NBA

compounds was ascertained by the determination of their

melting temperatures which were found to be 147.0 and

140.0 �C, respectively. The melting points are quite close

to their values reported in the literature [16].

Phase diagram

The phase diagram of AA–NBA system was determined by

preparing the mixtures in the entire range of compositions,

by weighing appropriate amount of each of AA and NBA

using four-digit balance (Denver SI-234, Germany) of

accuracy ± 0.0002 g. After sealing the mouth of each test

tube to avoid the flight of molecules, these mixtures were

homogenized by repeating the process of melting the

mixture followed by chilling in ice-cold water. The process

of melting and chilling was repeated five times to ensure

complete homogenization. The melting points of these

mixtures were determined using Toshniwal melting point

apparatus attached to a thermometer with accu-

racy ± 0.5 �C [18]. The phase diagram of the system was

determined by plotting graph between mole fraction of AA

and NBA compounds on X-axis and their melting points on

Y-axis.

Spectroscopic studies

FTIR spectra of the pure components and the IMC were

recorded at 300 K in the region 4000–400 cm-1 using a

Perkin Elmer FTIR Spectrum 1000 Infrared Spectrometer.

The proton NMR spectra were also recorded in CDCl3 by

JEOL AL300 MHz spectrometer.

Enthalpy of fusion

The values of heat of fusion of the pure components, the

eutectics, and the IMC were determined by DSC (Mettler

DSC-4000). Indium and zinc samples were used to cali-

brate the DSC unit. The amount of test sample and heating

rate were about 7 mg and 5 �C min-1, respectively.

X-ray diffraction

Powder X-ray diffraction (XRD) patterns of the pure

components, the eutectics, and the inter-molecular com-

pound were recorded using an 18 kW rotating (Cu) anode-

based Rigaku powder diffractometer fitted with a graphite

monochromator in the diffracted beam. The samples were

scanned from 10� to 70� with a scanning rate of 4�/min.

Study on single-crystal growth and atomic
packing

To obtain its single crystal, we dissolve the synthesized

novel IMC materials in methanol at room temperature to

get its saturated solution. A single crystal of the cocrystal

of AA–NBA was grown from the saturated methanol

solution by slow evaporation technique. Single-crystal

X-ray diffraction data were collected using the X Caliber

Oxford CCD diffractometer. While the data reduction was

carried out using Chrysalis Pro software, the structure

solution and refinement were studied utilizing SHELXS

and SHLEXL-97 [19].

Optical studies

The absorption spectra of pure compounds and the IMC

were recorded using a UV/Vis/NIR (JASCO Model V-670)

spectrometer from 190 to 700 nm at room temperature in

methanol solution (1.0 9 10-5 M). Fluorescence spectra

were also recorded on a Varian Cary eclipse fluorescence

spectrophotometer using pyrene as reference at room

temperature in the same solvent and identical

concentration.
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Results and discussion

Phase diagram

The phase diagram of the AA–NBA system shows the

formation of a 2:1 (AA:NBA) inter-molecular compound

(IMC) at point C having a congruent melting point and two

eutectics E1 and E2 containing 0.084 and 0.917 mol frac-

tion of AA, respectively. The melting points of E1, E2 and

the IMC are 136.0, 140.0, and 174.0 �C, respectively

(Fig. 1). It is evident from this figure that the melting point

of NBA decreases with the addition of the second com-

ponent AA and it attains the minimum value (136.0 �C) at

the first eutectic point E1. Further addition of AA causes

the melting point to rise till it attains the maximum at C

(174.0 �C) where the compositions of liquid and solid

phases are identical. This maximum temperature is the

congruent melting point of the IMC. Due to further

increase in mole fraction of AA, the melting point of the

mixtures decreases and it attains the minimum (140.0 �C)

at the second eutectic point E2. The melting points of each

mole fractions are given in supplementary data (Table S1).

The existence of a maximum and eutectic points on either

side of the maximum point imparts stability [20] to the

IMC. The reaction between two components giving a

congruent melting compound may be represented by

equation:

AAð Þ2þ NBAð Þ ! AA2NBA solidð Þ � AA2NBA liquidð Þ
ð1Þ

In the liquid phase, the IMC (AA2NBA) may remain either

in dissociated or in the molecular form. If there is no dis-

sociation in the IMC in the molten condition, the phase

diagram would show a sharp maximum. However, when

dissociation occurs in the molten state, the products of

dissociation lower the effective mole fraction of the solute,

and the curve would be flattened. For each eutectic, the

IMC behaves as one of the components. The observed
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Fig. 2 DSC plots of AA, NBA, their eutectics, and the cocrystal

Table 1 Enthalpy of fusion, heat of mixing, entropy of fusion, roughness parameters, and interfacial energy of pure components, their eutectics,

and the IMC

S. no. Materials Enthalpy of

fusion/kJ mol-1
Heat of

mixing/kJ mol-1
Entropy of

fusion/J mol-1 K-1
Roughness

parameter/a
Interfacial

energy 9 10-3/J m-2

1. AA 24.72 58.90 7.08 48.49

2. NBA 20.49 49.40 5.94 36.51

3. Eutectic 1 (Exp.)

(Cal.)

22.67

26.54

- 3.88 55.40 6.66 37.51

4. Eutectic 2 (Exp.)

(Cal.)

30.26

35.75

- 5.49 73.30 8.82 47.49

5. IMC (Exp.)

(Cal.)

68.87

23.31

45.56 15.34 18.45 44.50
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maximum in the system under investigation is flat indi-

cating thereby that the IMC is capable of existing in solid

in equilibrium with the liquid of the same composition.

Spectroscopic studies on the IMC

IR spectra

The peaks observed at 3086 and 1693 cm–l in NBA spec-

trum (Fig. S1) are due to O–H and C=O stretching of

carboxylic group (–COOH), respectively, and those at

1615, 1584, and 1415 cm-l in the spectrum are indicative

of aromatic –C=C– stretching frequencies. The peaks

observed at 1531 and 1448 cm-l in the spectrum of NBA

are indicative of asymmetrical and symmetrical stretching

frequency of nitro group. The peaks observed at 3325,

3240, 1677, and 1662 cm-l in AA (Fig. S2) are due to N–

H, O–H, and C=O stretching frequency of amine, hydroxy,

and carbonyl of carboxylic groups, respectively. The peaks

observed at 3489, 3379, 3094 cm-l in the IMC spectrum

(Fig. S3) are due to stretching frequency of –O–H of car-

boxylic group of AA and NBA, respectively, and peaks at

1683 and 1560 cm-l are due to C=O stretching frequency

of the carboxylic group of the NBA and AA, respectively.

The peaks observed at 1615, 1592, and 1486 cm-l in the

spectrum of IMC are indicative of aromatic –C=C–

stretching frequencies. The peaks at 1521 and 1448 cm-l in

the spectrum of IMC are due to asymmetrical and sym-

metrical stretching frequency of nitro group. Shifting of –

NH2 frequency of AA and that of C=O frequency of NBA

of –COOH suggest that there is intermolecular hydrogen

bonding between AA and NBA.

NMR spectra

In 1H NMR spectrum of NBA (Fig. S4), the peaks were

observed at d = 11.41 ppm (1H s), 8.96 ppm (1H s),

8.48 ppm (1H d), 7.31 ppm (1H d), 7.26 ppm (1H t), in 1H

NMR spectrum of AA (Fig. S5), the peaks were observed

at d = 6.67 ppm (4H d), 7.32 ppm (2H s), and 7.94 ppm

(1H s), and in 1H NMR spectrum of IMC (Fig. S6), the

peaks were observed at d = 13.72 ppm (1H s), 13.04 ppm

(1H s), 8.63 ppm (1H s), 6.86 ppm (4H t); region d = 8.5

to 7.30 ppm indicates aromatic protons. The peaks of

carboxylic protons, d = 11.41 ppm of NBA and

d = 7.94 ppm of AA of both parent components, appeared

with shifted d = 13.72 ppm and 13.04 ppm in IMC spec-

trum, suggesting thereby the formation of a new IMC.

Table 2 Excess thermodynamic functions of eutectics of AA–NBA

system

S.N. Systems gE/kJ mol-1 hE/kJ mol-1 sE/kJ mol-1 K-1

1 Eutectic 1 0.2547 10.3279 0.0246

2 Eutectic 2 0.2421 56.1572 0.1354
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Enthalpy of fusion

The idea about the structure of eutectic melt and the nature

of interaction between the two components forming the

eutectics and the IMC could be obtained from the knowl-

edge of their enthalpy of fusion values. The DSC plots of

the pure components, the eutectics, and the IMC are given

in Fig. 2. The IMC and both eutectics are showing only one

peak in their DSC spectra due to their melting points, and

both parent compounds show one additional peak before

their melting which may be due to any kind of phase

transition because both compounds have intramolecular

hydrogen bonding. For the purpose of comparison, the

experimental values of enthalpy of fusion and the values

that are computed using the mixture law [21] are included

in Table 1. The value of enthalpy of mixing, which is the

difference between the experimental and the calculated

values of heat of fusion, is negative, suggesting thereby a

clustering of molecules for both binary eutectic melts [22].

The entropy of fusion (DfusS) of the pure components, the

eutectics, and the addition compound can be calculated

using the equation:

DfusS ¼ DfusH

T
; ð2Þ

where T is the melting temperature and DH is the value of

enthalpy of fusion of the compound. The values of the

entropy of fusion (Table 1) being positive suggest that

there is increase in randomness of the system during

melting as expected. The enthalpy of fusion values also

influences the critical radius and interfacial energy. When a

melt is cooled below its equilibrium melting temperature,

the liquid phase does not solidify spontaneously because,

under equilibrium condition, it contains a cluster of

molecules. So long as the clusters are all below the critical

size [23], they cannot grow to form crystals and, therefore,

no solid would result. The interfacial energy (r) is related

to the critical size (r*) of the nucleus according to the

following equation:

r� ¼ 2rTfus

DfusH:DT
ð3Þ

where Tfus, DfusH, and DT are melting temperature of

eutectic, heat of fusion, and degree of undercooling,

respectively. The interfacial energy is given by the

expression:

r ¼ C:DfusH

NAð Þ1=3
Vmð Þ2=3

; ð4Þ

where NA is the Avogadro number, Vm is the molar vol-

ume, and parameter C lies between 0.30 and 0.35. The

interfacial energies of pure components and eutectics were

calculated by making use of enthalpy of fusion data and are

reported in Table 1. It is evident that the value of interfa-

cial energy in case of AA is the maximum and it is the

minimum in case of NBA. Other values are in between

these two limits. This suggests that the role of interfacial

energy is the maximum in case of AA and it is the mini-

mum in case of NBA in the formation of the critical

nucleus.

Excess thermodynamic functions

A measure of deviation from ideal behavior can be best

expressed in terms of excess thermodynamic functions,

namely excess free energy (gE), excess enthalpy (hE), and

excess entropy (sE), which give a more quantitative idea

about the nature of molecular interactions. The excess

thermodynamic functions (YE) are defined as the difference

between the thermodynamic functions of mixing for a real

system and the corresponding values for an ideal system at

the same temperature and pressure. Thus,

YE ¼ DYmix realð Þ � DYmix idealð Þ; ð5Þ

Table 3 Crystal data and details of the refinement for the cocrystal

NBA–AA

Formula C14H12N2O6

Mr 304.26

CCDC No. 1422766

Crystal system Triclinic

Space group P - 1

a/Å 7.4707(14)

b/Å 7.6082(14)

c/Å 14.171(3)

a/� 87.188(16)

b/� 79.897(16)

c/� 61.105(19)

V/Å3 693.7(3)

Z 2

Dcalcd/g cm-3 1.457

l (MoKa)/mm-1 0.116

F(000) 316.00

hkl range ±10, ± 10, - 18/19

T/K 298

Reflections measured 5322

Reflections unique 3135

Data with Fo[ 4r(Fo) 1419

Rint 0.0403

Parameters refined 397

R(F) (for Fo[ 4r(Fo)) 0.0895

wR(F2) (all reflections) 0.2697

GoF (F2) 1.029
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where Y is any of the excess thermodynamic functions. The

excess thermodynamic functions could be calculated using

the thermodynamic equations reported earlier [24–26], and

the values are given in Table 2. The positive values of

excess free energy indicate that the interaction between the

like molecules (NBA–NBA and IMC–IMC) is stronger

than the interaction between the unlike molecules (NBA–

IMC) in case of E1 and in case of E2, interaction between

AA–AA and IMC–IMC is stronger than the interaction

between the unlike molecules (AA–IMC) [26].

X-ray diffraction studies

Powder X-ray diffraction patterns of parent components

(AA and NBA) and their eutectics and IMC were recorded

at room temperature and are depicted in Fig. 3. It is evident

from the figure that the XRD pattern of IMC is quite dif-

ferent from either component. X-ray diffraction patterns of

IMC show some new peaks which could not be assigned

for either of the parent components. The intensity of some

of the peaks of the parent compounds has shown significant

changes in it. This observation confirms the formation of

IMC (a new compound) [27]. The powder XRD pattern of

the E1 shows the peaks of the IMC and NBA, whereas the

E2 shows the presence of X-ray peaks of the IMC and AA.

These observations confirm that the eutectic E1 is

mechanical mixture of NBA and IMC and eutectic E2 is the

mechanical mixture of IMC and AA. For eutectic E1, the

X-ray peak of AA could not be assigned, and similarly for

eutectic E2, the peaks of NBA cannot be assigned; rather,

we could assign the peaks of IMC in both eutectics from

which it can be inferred that IMC behaves as a parent

component for both the eutectics. The experimentally

generated powder XRD pattern of the cocrystal from its

single-crystal XRD data (Fig. S7) was found to be almost

same as the powder XRD pattern of the IMC.

Single-crystal X-ray diffraction of the cocrystal

The single crystal of the cocrystal was grown from the

saturated solution of methanol using slow evaporation

technique at room temperature. A yellowish transparent

single crystal was selected for X-ray diffraction and anal-

ysis. From the single-crystal X-ray diffraction analysis of

the crystal, it can be inferred that it has been crystallized as

cocrystal in monoclinic unit cell with P - 1 space group.

The lattice parameters as well as various other
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crystallographic data of the cocrystal are given in Table 3.

The selected bond length and bond angle between different

atoms of the cocrystal are given in Table [S2] and

Table [S3], respectively. The ORTEP view and numbering

scheme of cocrystal are shown in Fig. 4a, and unit cell

diagram is given in Fig. 4b. The cocrystal of NBA and AA

is bonded via intermolecular hydrogen bonding. The

asymmetric unit of cocrystal consists of one AA and one

NBA in 1:1 molar ratio. The cocrystal shows synthonic

interactions (in bc plane, Fig. 5a), in which –COOH group

of NBA is bonded with –COOH group of AA (synthon I,

Fig. 5a) via O���H–O and O���H–O strong hydrogen bond-

ing and –NO2 group of NBA is bonded with –NH2 group of

other AA (synthon II, Fig. 5a) via O���H–N and N���H–N

hydrogen bonding. The cocrystal is also having O���H–C

intermolecular interaction between aromatic H-atom of

NBA and synthon I of other molecular pair (synthon III,

Fig. 5a). The other synthons IV, V, VI, and VII (Fig. 5a)

are the consequences of synthons I, II, and III. In addition

to these interactions, the cocrystal also has p–p staking

(3.352 Å) between two layers (which have synthonic

interactions) along the diagonal of ab plane (Fig. 5b). The

H-bonding distance parameters are tabulated in Table 4.

Table 4 Hydrogen bond

parameters (Å and �) in the

cocrystal

Symmetry code Interactions Geometry

D���A/Å H���A/Å D–H���A/�

x, y, z N2–H2B���O6 2.712 1.96 125

- x, - y ? 1, - z C4–H4���O5 3.449 2.52 143

C9–H9���O2 3.436 2.59 135

C4–H4���O2 3.568 2.90 121

x - 1, ? y ? 1, ? z C5–H5���O1 3.643 2.66 152

C10–H10���O6 3.615 2.68 145

- x, - y ? 1, - z - 1 C11–H11���O3 3.429 2.49 145

C6–H6���O3 3.529 2.90 117

- x ? 1, - y, - z - 1 N2–H2A���N1 3.713 2.69 172

N2–H2A���O3 3.266 2.36 146

N2–H2A���O4 3.361 2.37 160

C12–H12���O4 3.600 2.66 145

- x ? 1, - y, - z O2–H2C���O5 3.582 2.86 135

O2–H2C���O6 2.613 1.68 175

O5–H5A���O1 2.647 1.71 174

O5–H5A���O2 3.582 2.86 135
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Optical study of AA, NBA, and their IMC

UV–Vis spectrum of NBA shows two bands one an intense

peak at 210 nm due to n ? r* transition and the other band

at 262 nm of comparatively low intensity due to p ? p*

transition. AA shows three bands at 215, 249, and 332 nm

due to n ?r*, p ? p*, and n ? p* transitions, respec-

tively, in decreasing order of intensity. The IMC does not

show any additional peak, but it retains three bands of AA

with an increase in absorption intensity (Fig. 6a). It is in

accordance with hyperchromic transitions which are sensi-

tive to hydrogen bonding [28]. AA shows emission in

355–515 nm range on rmax excitation, and NBA does not

show any emission on rmax excitation. The IMC also shows a

broad emission band from 355 to 525 nm with 13.2%

quantum yield on excitation at rmax absorption (332 nm) in

comparison with pyrene emission, which is more than twice

of the AA (Fig. 6b). The increment of quantum yield of the

IMC is due to extension of conjugation [29].

Conclusions

The phase diagram study on AA–NBA system shows the

formation of 2:1 (NBA:AA) inter-molecular complex

(IMC) with congruent melting point and two eutectics (E1

at 0.084 and E2 at 0.917 mol fraction of AA) on either side

of the IMC. The spectroscopic studies suggest the forma-

tion of hydrogen bonding between AA and NBA which

yield their polycrystalline materials known as IMC. The

values of heat of mixing (- 3.88 for E1 and

- 5.49 kJ Mole-1 for E2) suggest the clustering of mole-

cules for both eutectics, while the study of excess free

energy (0.2547 for E1 and 0.2421 kJ Mole-1 for E2)

reveals the favored molecular associations between unlike

molecules in the eutectic melt. The UV–Vis spectra of IMC

show the hyperchromic effect with respect to AA and

NBA. A single crystal in 1:1 molar ratio was crystallized as

cocrystal in the triclinic crystal system with P - 1 space

group, and it is cocrystal of AA and NBA, which retains

the identity of functional group of parent components. The

cocrystal shows different synthonic interactions having

O���H–O, O���H–N, and N���H–N strong hydrogen bonding,

between both parent compounds along with p–p staking

(3.352 Å).
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