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Abstract Phase diagrams of o-phenylenediamine (OPDA)–

N,N-dimethylaminobenzaldehyde (DMAB) and salicy-

lamide (SAM)–m-nitro benzoic acid (NBA) systems,

determined by the thaw-melt method, show the formation of

two eutectics and one inter-molecular compound (IMC) in

each case. These inter-molecular compounds were synthe-

sized by the solvent-free method involving thermally initi-

ated molten state reactions. Their characterization by the IR

and the 1H NMR techniques suggest the formation of a new

compound. Absorption spectrum of IMC of OPDA–DMAB

system shows band at 245 nm due to the p ? p* transition

and another broad band observed from 280 to 440 nm is

attributed to the n ? p* transition. Their IMC shows fluo-

rescence at 388 nm with a Stokes shift (93 nm) and quantum

efficiency (0.0032) upon excitation at 350 nm in ethyl

alcohol. Emission and absorption were observed in case of

SAM–NBA system too. While the values of enthalpy and

entropy of fusion of inter-molecular compound in case of

OPDA–DMAB are 23.58 kJ mol-1 and 57.20 J mol-1,

respectively, in the case of SAM–NBA system the corre-

sponding values are 69.50 kJ mol-1 and 170.00 J mol-1.

The values of interfacial energy in case of OPDA–DMAB

and SAM–NBA inter-molecular compounds are

37.84 9 10-3 and 40.39 9 10-3 J m-2, respectively.

Keywords Organic eutectics � Isothermal solid–liquid

equilibria � Enthalpy of fusion � Green synthesis of inter-

molecular compounds � Excess thermodynamic functions

Introduction

With a view to cater the needs of modern civilization, the

current age of science and technology demands advanced

functional materials with specific properties at low cost.

Materials science and engineering, in general, and crystal

engineering, in particular, play a very important role

although selection of a suitable material for a specific pur-

pose is a very complicated task. However, one can simplify

the choice if the details of materials about operating

parameters, manufacturing processes, functional require-

ments and cost considerations are known. Although metallic

systems [1–6] are capable of producing materials of desired

specifications, their frequent preparations and uses are dif-

ficult because of high transformation temperature, difficul-

ties involved in purification, opacity, high-density-driven

convection effects and limited choice of materials. During

the past few decades binary metal eutectics, monotectics and

intermetallic compounds are being used for various pur-

poses. However, binary organic systems [7–12] have gained

potential importance for physicochemical investigations due

to low transformation temperature, ease of purification,

transparency, wider choice of materials, and minimized

convection effect due to closeness in the values of the

density of organic compounds. In addition, the excellent

resistance to corrosion, ease of fabrication into desired shape

and size, fine luster, light weight, strength, and rigidity have

established the organic polymeric materials a suitable re-

placement of metals. Organic materials have also been

reported for various electronic and optoelectronic applica-

tions such as transistor, conductor, light-emitting diode,

liquid crystal display, and nonlinear optical materials.

Organic molecules are widely explored to engineer the

molecules for ferromagnetic materials, optical sensor, and

supra-molecular device applications [13–15].
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With a view to develop some binary organic materials,

o-phenylenediamine (OPDA)–N,N-dimethylaminoben-

zaldehyde (DMAB) and salicylamide (SAM)–m-nitro

benzoic acid (NBA) systems were chosen, and their phase

diagrams were determined to know the melting tempera-

ture and composition of eutectics and inter-molecular

compounds. They were synthesized by the thermally ini-

tiated molten state reaction and characterized by X-ray

diffraction and thermal and optical methods. Their prop-

erties were also studied to assess their optical absorption

and emission.

Experimental

Materials and their purification

Starting compounds, namely OPDA, DMAB, SAM, and

NBA, were purchased from Sigma-Aldrich (Germany).

While OPDA and NBA were purified by recrystallization

in methanol, those of DMAB and SAM were purified by

ethanol and deionized water, respectively. The purity of

each of the materials was ascertained by the determination

of their melting temperatures which were found to be very

close to their literature values [16]. The melting tempera-

tures of OPDA, DMAB, SAM, and NBA were found to be

103.0, 73.0, 140.0, and 142.0 �C, respectively.

Phase diagram

The phase diagrams of DMAB–OPDA and SAM–NBA

systems were determined by the thaw-melt method by

taking appropriate amount of each of the compounds in the

entire range of compositions by weighing required amount

of materials in a test tube using a digital balance (Denver

SI-234, Germany) of accuracy ±0.0002 g. After sealing

the mouth of each test tube these mixtures were homoge-

nized by repeating the process of melting the mixture fol-

lowed by chilling in ice-cold water. The process of melting

and chilling was repeated five times to ensure proper

homogenization. The melting points of these mixtures were

determined using Toshniwal melting point apparatus

attached with a thermometer with accuracy of ±0.5 �C
[17]. The phase diagram of a system was determined by

plotting a graph between mole fraction of compound on X-

axis and their melting points on Y-axis.

Spectroscopic and optical characterizations

Infrared spectra of the pure components and their inter-

molecular compounds were recorded at 300 K in the region

4000–400 cm-1 using a Perkin Elmer FTIR Spectrum 1000

infrared spectrometer. The NMR spectra were recorded in

CDCl3 by JOEL 300 MHz Spectrometer. The absorption

spectra of the inter-molecular compounds as well as parent

components were studied using UV/Vis/NIR (JASCO

model V-670) spectrometer from 190 to 1200 nm. Fluo-

rescence spectra were recorded on a Varian Cary Eclipse

Fluorescence spectrophotometer using pyrene as reference

at room temperature.

Enthalpy of fusion

The values of heat of fusion of parent components,

eutectics, and inter-molecular compounds were determined

by the differential scanning calorimeter (Mettler DSC-4000

system). Indium and zinc samples were used to calibrate

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 of the pure components, their

eutectics, and their inter-molecular compounds were

recorded by Rigaku D/Max-2500/PC X-ray diffraction unit

with Cu Ka radiation (k = 1.5418 Å). The powder sam-

ples were scanned from 10� to 70� with scanning rate

4� min-1.

Results and discussion

Phase diagram study

In the phase diagram of DMAB-OPDA system (Fig. 1), the

melting points of pure compounds, DMAB and OPDA, are

represented in the extreme left and right sides of the

150

140

130

120

110

100

90

80

70

60

50

T
em

pe
ra

tu
re

/°
C

Melting temperatures

L

L + C(S)

D
M

A
B

(S
) 

+ 
L

E1

E2

DMAB(S) + C(S)

C(S) + OPDA(S)

C(S) + L

L 
+ 

O
P

D
A

(S
)

C (IMC)
C

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

Mole fraction of OPDA

Fig. 1 Phase diagram of DMAB and OPDA

968 U. S. Rai et al.

123



diagram at 73.0 and 103.0 �C, respectively. The numerical

values of mole fraction of different compositions were

reported at X-axis and their melting temperatures were

recorded on the Y-axis of the diagram. The melting point of

DMAB decreases with addition of OPDA up to E1

(mp = 66.0 �C, 0.100 mol fraction of OPDA), and there-

after, it increase and reaches the maximum point at C

(mp = 139.0 �C) Fig. 1 where the composition of DMAB

and OPDA are in 1:1 molar ratio [18]. For each eutectic,

the IMC behaves as one of the parent components. The

phase diagram study reveals that there are three invariant

points in the DMAB–OPDA system, namely eutectic-1,

IMC, and eutectic-2.

The phase diagram of the SAM–NBA system shows the

formation of an 1:2 (SAM:NBA) inter-molecular com-

pound (IMC) at point C having congruent melting point

and two eutectics E1 and E2 containing 0.342 and

0.667 mol fraction of NBA, respectively. The melting

points of E1, E2 and the inter-molecular compound are

126.0, 124.0 and 137.0 �C, respectively (Fig. 2).

Spectroscopic studies

DMAB: The peaks observed at 2795, 2713, and 1662 cm-l

in its spectrum is indicative of C=O stretching frequency of

carbonyl of aldehyde groups. In 1H NMR spectrum of

DMAB peaks appear at d = 9.87 ppm (1H s), 7.63 ppm

(2H d), 6.78 ppm (2H d) and 2.85 ppm (6H s).

OPDA: The peaks observed at 3386 and 3364 cm-1 are

due to –NH2 group, which are due to the characteristic

symmetric and asymmetric –N–H stretching vibrations.

The band observed at 1609 cm-1 is due to the –N–H

wagging. The 1H NMR spectrum of OPDA shows peaks at

d = 5.04 ppm (4H s), 7.14 ppm (1H s), 6.47 ppm (1H d)

and 7.30 ppm (1H d).

Inter-Molecular Compound: The peaks observed at 3466

and 3366 cm-1 are due to cyclic secondary amine (–NH–)

group, which are due to the characteristic symmetric and

asymmetric -N–H stretching vibrations. The band observed

at 1606 cm-1 is due to the –N–H wagging. In the 1H NMR

spectrum of the complex, the peak for -NH2 proton of

OPDA (5.04 ppm) is absent. Instead, a new peak in 1H

NMR at 5.023 ppm is present due to (–NH) proton [19]

suggesting thereby the formation of a new compound.

FTIR of the synthesized inter-molecular compound is

different from those of the parent components. The peaks

observed at 3460, 3360, 3085 cm-l in the spectrum of the

IMC of SAM-NBA system are due to stretching frequency

of –O–H of carboxylic group of SAM and NBA, respec-

tively, whereas the peaks observed at 1738 and 1566 cm-l

are due to the C=O stretching frequency of carboxylic

group of the NBA and SAM, respectively. The peaks

observed at 1651, 1623 and 1594 cm-l in the spectrum are

indicative of aromatic –C=C– stretching frequencies of

IMC and peaks at 1530, 1491 cm-l in spectrum are due to

asymmetrical and symmetrical stretching frequency of

nitro group. It can be inferred from the spectroscopic data

on DMAB–OPDA and SAM–NBA systems that their inter-

molecular compounds are new compounds.

Thermal studies

Enthalpy of fusion

The DSC plots of the parent components, the eutectics and

the IMC for OPDA–DMAB and SAM–NBA systems are
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given in Figs. 3 and 4, respectively, and the values of their

enthalpy of fusion, determined by the DSC method, are

reported in Table 1. For the purpose of comparison, the

values of enthalpy of fusion of eutectics and IMC, calcu-

lated by the mixture law [20], are also reported in the same

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

difference between the experimentally determined and the

calculated values of the enthalpy of fusion is also given in

Table 1. As such, three types of structures are suggested

[21]: quasi-eutectic for DmixH[ 0, clustering of molecules

for DmixH\ 0, and molecular solution for DmixH = 0. The

highly negative value of enthalpy of mixing in cases of E1

of DMAB–OPDA system and E2 of SAM–NBA system

suggests that there is strong associative interaction in the

molecules of eutectic melt and their respective inter-

molecular compounds [22] and in cases of E2 of DMAB–

OPDA and E1 of SAM–NBA system positive value sug-

gests that there is quasi-eutectic formation. When a melt is

cooled below its melting temperature, it does not solidify

spontaneously because, under equilibrium condition, the

melt contains number of clusters of molecules of different

sizes. As long as the clusters are well below the critical size

[23], they cannot grow to form crystals, and therefore, no

solid would result. During growth, the radius of critical

nucleus is influenced by under cooling as well as the

interfacial energy of the surface involved. However, the

interfacial energy (r) is given by

r ¼ C � DfusH

NAð Þ1=3
Vmð Þ2=3

ð1Þ

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

ume, and parameter C lies in the range 0.30–0.35. How-

ever, to compute the interfacial energy of the eutectic, the

mixture law was used. The calculated values of interfacial
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Fig. 4 DSC plots of SAM, NBA, their eutectics, and inter-molecular

compound

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

and IMCs of the both systems

S.N. Materials Enthalpy of

fusion/kJ mol-1
Heat of Mixing/

kJ mol-1
Entropy of fusion/

J mol-1 K-1
Roughness

parameter

Interfacial energy

910-3/erg cm-2

OPDA–DMAB system

1. DMAB 20.03 57.70 6.94 31.45

2. OPDA 23.75 63.20 7.60 44.24

3. Eutectic 1 (Exp.) 17.59 -3.15 51.70 6.22 32.73

(Cal.) 20.74

4. Eutectic 2 (Exp.) 25.46 1.77 69.80 8.40 39.98

(Cal.) 23.69

5. IMC (Exp.) 23.58 1.68 57.20 6.88 37.84

(Cal.) 21.90

SAM–NBA system

6. SAM 25.55 61.70 7.42 48.16

7. NBA 20.49 49.40 5.94 36.51

8. Eutectic 1 (Exp.) 52.19 3.41 131.10 15.77 44.05

(Cal.) 48.79

9. Eutectic 2 (Exp.) 34.81 -5.24 87.90 10.57 38.06

(Cal.) 40.05

10. IMC (Exp.) 69.52 47.34 170.00 20.45 40.39

(Cal.) 22.18
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energy are also reported in Table 1. It is well known that

decrease in free energy favors the formation of nucleus,

while an increase in interfacial energy destabilizes its

formation. In case of OPDA–DMAB system, the value of

interfacial energy is the maximum in case of OPDA, and it

is the minimum in DMAB, while in case of E1, E2, and

IMC the values are in between these two limits. This

suggests that the role of interfacial energy is the maximum

in DMAB, and it is the minimum in OPDA in destabilizing

the formation of nucleus which is the first step in the for-

mation of a crystal. Similarly the value of interfacial

energy being maximum in the case of SAM and minimum

in NBA suggests that it is more influential in SAM in

comparison with NBA in destabilizing the formation of the

nucleus.

Excess thermodynamic functions

The deviation from the ideal behavior can best be expres-

sed in terms of excess thermodynamic functions, namely

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

entropy (sE), which gives more quantitative idea about the

nature of molecular interactions. The excess thermody-

namic functions can be calculated by using a method

reported earlier [23, 24], and the calculated values are

given in Table 2. The positive values of excess free energy

for E1 and E2 in both systems indicate that there is strong

association between like molecules DMAB–DMAB and

IMC–IMC, etc. [24], and weak interactions among unlike

molecules IMC–DMAB and IMC–OPDA. In case of

SAM–NBA system, the interactions SAM–SAM, NBA–

NBA, and IMC–IMC are higher than those of IMC–SAM

and IMC–NBA interactions.

X-ray diffraction studies

Powder X-ray diffraction patterns of parent compounds and

their eutectics and the IMC in case of OPDA–DMAB and

SAM–NBA systems are depicted in Figs. 5 and 6, respectively.

In case of OPDA–DMAB system, it is evident from the

figure that the XRD patterns of IMC show some new peaks

which could not be assigned for either of the parent compo-

nents. In addition, a change in the intensity of some of the parent

peaks was also observed suggesting thereby the formation of a

new compound [25]. While the powder XRD pattern of the E1

shows the peaks of the IMC and OPDA that of theE2 shows the

presence of X-ray peaks of the IMC and DMAB, confirming

thereby that the eutectics E1 is mechanical mixture of OPDA

and IMC and eutectic E2 is mechanical mixture of IMC and

DMAB. For eutecticsE1 andE2, the X-ray peaks of DMAB and

OPDA, respectively, could not be observed. In case of SAM-

NBA system, the X-ray diffraction pattern of E1 contains

almost all peaks of IMC and SAM and thatE2 has all the peaks

Table 2 Excess thermodynamic functions of eutectics of the both

systems

S. no. Systems gE/kJ mol-1 hE/kJ mol-1 sE/kJ mol-1 K-1

OPDA–DMAB system

1 Eutectic 1 0.2666 13.4554 0.0388

2 Eutectic 2 0.5723 -2.3260 0.0079

SAM–NBA system

3 Eutectic 1 0.8342 -16.1987 -0.0428

4 Eutectic 2 0.7684 -19.6869 -0.0478
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of IMC and NBA. In addition, in many cases there is a change in

the intensity of the peaks suggesting thereby that E1 is

mechanical mixture of IMC and SAM, and theE2 is mechanical

mixture of IMC and NBA. The appearance of the peaks of IMC

in both eutectics suggests that the IMC behaves as a parent

component for both the eutectics in both systems.

Optical study

UV–Vis spectra

The optical absorption spectrum of DMAB, OPDA, and the

IMC recorded at room temperature in ethanol solution

(1.0 9 10-5 M) in the UV–visible range 200–700 nm is

shown in Fig. 7. The spectrum of DMAB shows bands at

241 and 340 nm, ascribed to the p ? p* and n ? p*

transitions, respectively [25]. The bands observed in the

absorption spectrum of OPDA at 240 nm is attributed to

the p ? p* transition, while a band at 295 nm appears to

be due to the n ? p* (primary amino group) transition

[26]. The redshifts for the absorption band at 245 nm of the

pure components may be due to the extension of conju-

gation in IMC (Fig. 7). Another new broad band observed

from 280 to 440 nm is attributed to the n ? p* transition,

which have lower wavelength as compared to OPDA

maximum absorption band because in IMC there is cyclic

secondary amine as compared to primary amine present in

OPDA. The broad band of IMC shows dual peaks in other

solvents (except alcohols) at 336 and 377 nm, and the same

wavelength of maximum has been observed in the almost

all selected solvents as shown in Fig. 8.

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

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

band at 262 nm comparatively of low intensity due to

p ? p* transition. SAM shows three bands at 204, 237,

and 303 nm due to n?r*, p ? p*, and n ? p* transi-

tions, respectively, in decreasing order of intensity. The

IMC does not show any additional peak, but it retains three

bands of SAM with an increase in absorption intensity

(Fig. 9). It is in accordance as hyper-chromic transitions

which are sensitive to hydrogen bonding.

Fluorescence spectra

The DMAB and OPDA do not show any noticeable fluo-

rescence upon excitation at 340 and 295 nm, respectively.

Their IMC shows fluorescence at 388 nm with a Stokes shift
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(93 nm) and quantum efficiency (0.0032) upon excitation at

350 nm in ethyl alcohol Fig. 10. Quantum efficiency and

stokes shifts of the IMC in different solvents upon excitation

at 350 nm are tabulated in Table 3. The fluorescence

behaviors of the inter-molecular compound may be attrib-

uted to the formation of a cyclic secondary amine moiety

[27]. The fluorescence spectra of the IMC in different sol-

vents at the same concentration are shown in Fig. 11. SAM

shows emission in 325–550 nm range on kmax excitation,

while NBA does not show emission on kmax excitation. IMC

also shows emission in 325–550 nm range on kmax (332 nm)

excitation with slightly higher intensity.

Conclusions

The phase diagram of OPDA–DMAB and SAM–NBA

systems, determined by the thaw-melt method, gives two

eutectics and one inter-molecular compound. While in case

of OPDA–DMAB, there is formation of 1:1 IMC; in case

of SAM–NBA system, it is 2:1 IMC in which concentration

of NBA is twice that of SAM. While the negative values of

enthalpy of mixing in E1 of OPDA–DMAB system and E2

of SAM–NBA system suggest association of molecules in

their melt, the positive values of enthalpy of mixing in

other two cases indicate cluster formation in their melts.

The X-ray diffraction and spectral studies in both the

systems suggest that eutectics are mechanical mixture of

two components, while the inter-molecular compounds

behave as a pure compound in both systems. The positive

values of excess free energy function (gE) in both E1 and E2

of OPDA–DMAB and SAM–NBA systems show associa-

tive interaction among like molecules. The IMC of OPDA-

DMAB system was found to emit noticeable emission at

388 nm with Stokes shift (93 nm) and quantum efficiency

(0.0032), and parent components do not show such emis-

sion. In SAM–NBA system, the IMC shows more emission

and absorption than those of parent components.
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