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Abstract The phase diagram study of an organic analogue

of a nonmetal–nonmetal system involving 4-bromochloro-

benzene and resorcinol shows the formation of a eutectic

and a monotectic. The phase equilibrium shows the large

miscibility gap region with the consolute temperature

143.0 �C. Growth kinetics of the eutectic, the monotectic

and the pure components studied at different undercooling,

suggests the applicability of Hillig–Turnbull’s equation. For

binary materials and parent compounds, the heat of mixing,

entropy of fusion, roughness parameter, interfacial energy

and excess thermodynamic functions were calculated from

the enthalpy of fusion values determined by the DSC

method. The solid–liquid interfacial energy shows the

applicability of Cahn’s wetting condition. The effects of

solid–liquid interfacial energy on solidification behaviour

of monotectic alloy have also been discussed. The micro-

structures of monotectic and eutectic show the uniform

array of droplets and broken lamella, respectively.

Introduction

The desires of human for variety of materials, for different

applications, are becoming wider and demand newer

materials of specific properties and of economic cost. The

preferred molecule can be synthesized by choosing the

parent compounds of specific nature as well as by choosing

their interesting composition. The interactions among the

constituent molecules result in newer binary materials with

changed properties. The binary materials such as metallic

eutectics [1, 2], monotectics [3, 4], and intermetallic

compounds [5, 6] constitute an established field of inves-

tigation in metallurgy and materials science. But due to

high transformation temperature, density driven convection

effect, opacity, fewer choices of materials etc., they are not

suitable for detailed study. The organic materials, similar to

metallic systems [7–9], are more scoped due to low

transformation temperatures, minimized density driven

convection effects and wider choice of materials and also

provide an opportunity of direct observation of phase-

transformation phenomena. In addition, these materials

have been found for nonlinear optical, electronic, and

various optoelectronic applications [10–12]. A number of

research groups have been prompted to consider organic

systems, which are analogues of metallic and non-metallic

systems [13–15], as model systems for study in detail. The

monotectic systems with liquid phase immiscibility have

been studied very less and the mystery of miscibility gap is

still unanswered. Therefore, the exploration for more and

more binary organic materials as well as monotectic system

seems to be worthwhile.

In the present investigation, binary organic system

involving 4-bromochlorobenzene (BCB)–resorcinol (R)

system have been selected. These materials have high

enthalpy of fusion values and could be simulated as organic

analogue of nonmetal–nonmetal system. The details of

studies concerning phase diagram, linear velocity of crys-

tallization, heat of fusion, Jackson’s roughness parameter,

interfacial energy, excess thermodynamic functions, and

microstructural studies of BCB–R system have been

reported.
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Experimental

Materials and purification

Resorcinol (Thomas Baker, India) was purified by crys-

tallization from hot water while 4-bromochlorobenzene

(Aldrich, Germany) was purified by recrystallization from

methanol. The melting temperatures of BCB and R were

found to be 65.0 and 110.5 �C, respectively, which are

fairly close to their reported values [15, 16].

Phase diagram

The phase diagram of BCB–R system was established in the

form of temperature—composition curve [16, 17]. The

mixtures of two components, covering the entire range of

compositions, were prepared and these mixtures were

homogenized by repeating the process of melting followed

by chilling in ice cooled water for several times. The melting

points of completely miscible compositions and the misci-

bility temperatures of mixtures showing miscibility gap were

determined using a melting point measuring apparatus

attached with a precision thermometer of accuracy ±0.5 �C.

Enthalpy of fusion

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

eutectic and the monotectic were determined [18, 19] by

differential scanning calorimeter (Mettler DSC-4000 sys-

tem). Indium sample was used to calibrate the system and the

amount of test sample and heating rate were about 7.0 mg

and 10 �C min-1, respectively, for each estimation. The

values of enthalpy of fusion are reproducible with in ±1.0%.

Growth kinetics

The growth kinetics of BCB–R system was studied at dif-

ferent undercoolings by measuring the rate of movement of

the solid–liquid interface in U-shaped thin glass tube with

about 150 mm horizontal portion and 5 mm internal diam-

eter [15]. The molten sample, pure component/eutectic/

monotectic, were separately taken in U-tube and placed in a

silicone oil bath. The temperature of oil bath was maintained

using microprocessor temperature controller of accuracy

±0.1 �C. At different undercoolings, a seed crystal of the

same composition was added to start nucleation, and the rate

of movement of the solid–liquid interface was measured

using a travelling microscope and a stop watch.

Microstructure

Microstructures of the pure components, the eutectic and

the monotectic were recorded by placing a drop of molten

compound on a hot glass slide [16]. A cover slip was glided

over the melt and it was allowed to solidify unidirection-

ally. The slide was placed on the platform of an optical

microscope (Leitz Labourlux D). The different regions

were viewed and interesting regions were photographed

with suitable magnification of camera attached with the

microscope.

Results and discussions

Phase diagram

The phase diagram of BCB–R system, established between

compositions and their melting/miscibility temperatures,

shows the formation of a monotectic and a eutectic as

depicted in Fig. 1. Melting point of R is 110.5 �C and it

decreases on the addition of BCB. When the mole fraction

of BCB reaches 0.11, the immiscibility between the melts

of BCB and R appears and at a certain temperature these

two liquids become completely miscible. With an increase

in composition of BCB, the miscibility temperature also

increases and attains a maximum value when the mole

fraction of BCB reaches 0.50. This maximum temperature

is known as the upper consolute/critical temperature (Tc) is

143.0 �C which is 35.0 �C above the monotectic horizontal

(Mh). The both components are miscible in all proportions

above this critical temperature. The thermal study of dif-

ferent compositions reveals that there are three reactions of
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interest, which occur isothermally on solidification. The

first reaction concerns the phase separation in two liquids

as the single liquid phase, above 143.0 �C, is cooled below

the critical temperature (Tc), and can be written as

L$ L1 þ L2

The direct observation on kinetics of phase separation

from liquid L to L1 and L2 is interesting but the explanation

of mechanism is complicated. The disturbance in the whole

liquid was observed which might be the consequence of

diffusion, collision between droplets, convection, and

movement by buoyancy driven fluid flow. A small decrease

in temperature from the critical solution temperature

(143.0 �C) is enough for the phase separation process to

occur within few seconds. Although, in organic systems,

the exact reason for the existence of miscibility gap is not

clear, in the metallic systems the numbers of possibilities

such as compound formation tendencies, atomic radii dif-

ference, valence differences of the component associating,

etc. [20, 21] may be responsible for the occurrence of the

miscibility gap in the liquid state. The intermolecular space

and its variation with temperature as well as the intra and

intermolecular forces may be the other possible reasons for

miscibility gap in organic compounds. The second reac-

tion, known as monotectic reaction, is quite similar to the

eutectic reaction except that one of the product phases is a

second liquid L2, as follows:

L1 $ S1 þ L2

The third reaction is the eutectic reaction in which the

liquid L2 decomposes to give two solids as

L2 $ S1 þ S2

The monotectic, the eutectic, and the critical solution

temperatures in the present case are 108.0, 62.0, and

143.0 �C, respectively. The monotectic and the eutectic

points are the invariant points.

Growth kinetics

In order to study the crystallization behaviour of the pure

components, the eutectic and the monotectic the crystalli-

zation rate (v) have been determined at different undercoo-

lings (DT) by measuring the rate of movement of solid–liquid

interface in a capillary. The plots between log DT and log v,

for different materials, are given in Fig. 2 and the linear

dependence of these plots are in accordance with Hillig and

Turnbull [22] equation

v ¼ u DTð Þn ð1Þ

where u and n are constants and depend on the solidifica-

tion behaviour of the materials involved. The experimental

values of these constants are given in Table 1. The value of

u for the monotectic is greater than those of their pure

components, and for the eutectic it is less than the pure

components. These results may be explained on the basis of

the mechanism proposed by Winegard et al. [23].

According to this, in a binary system, eutectic/monotectic

crystallization begins with the formation of a nucleus of

one of the phases. The phase with metallic behaviour or

with higher melting point one will start nucleating first and

it will grow until the surrounding liquid becomes rich in the

other component and a stage is reached when the second

component also starts nucleating. Now there are two pos-

sibilities, either the two initial crystals may grow side-by-

side or there may be alternate nucleation of the two phases.

It is evident from the Table 1 that the crystallization

velocity of the monotectic is more than the pure compo-

nents and explains the alternate nucleation process of two

phases involved. On the other hand, the rate of crystalli-

zation of the eutectic is less than the rate of crystallization

of the pure components. The two phases of eutectic solidify

and grow side-by-side mechanism.

Thermochemistry

Enthalpy of fusion

The values of enthalpy of fusion of the pure components,

the eutectic and the monotectic are determined by the DSC

method and have been reported in Table 1. For compari-

son, the value of enthalpy of fusion of eutectic calculated

by the mixture law [17] is also included in the same table.
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The enthalpy of mixing which is the difference of experi-

mentally determined and the calculated values of the

enthalpy of fusion are found to be -2.94 kJ mol-1. From

enthalpy of mixing, three types of structures are suggested

[18]; quasi-eutectic for DmixH [ 0, clustering of molecules

for DmixH \ 0 and the molecular solution for DmixH = 0.

The negative value of DmixH for the eutectic suggests the

cluster structure in the binary melt of the eutectic. The

entropy of fusion (DfusS) values, for different materials has

been calculated by dividing the enthalpy of fusion by their

corresponding absolute melting temperatures (Table 1).

The positive values suggest that the entropy factor favours

the melting process. The entropy of fusion value of eutectic

is less than that of the parent components which shows that

randomness of the eutectic composition is relatively low

and infers the more stability of eutectic.

Size of critical nucleus and interfacial energy

When liquid is cooled below its melting temperature, it

does not solidify spontaneously, because under equilibrium

condition the melt contains number of clusters of mole-

cules of different sizes. As long as the clusters are well

below the critical size, they cannot grow to form crystals,

and no solid would result. The critical size (r*) of nucleus

[18] is related to interfacial energy (r) by the equation,

r� ¼ 2rTfus

DfusH:DT
ð2Þ

where Tfus, DfusH, and DT are melting temperature, heat of

fusion, and degree of undercooling, respectively. An

estimate of the interfacial energy [16] is given by the

expression

r ¼ C:DfusH

NAð Þ1=3: Vmð Þ2=3
ð3Þ

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

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

calculated values of critical nucleus at different under-

coolings and interfacial energy for different materials are

reported in Tables 2 and 3, respectively.

Excess thermodynamic functions

The deviation from the ideal behaviour can best be

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 [18] could be calculated by using

the following equations and the values are given in

Table 4.

Table 1 Heat of fusion, entropy of fusion, roughness parameter and values of u and n for pure components, monotectic and eutectic

Materials Heat of fusion

(kJ mol-1)

Entropy of fusion

(J mol-1 K-1)

Roughness

parameter (a)

u (mm s-1 deg-1) n

BCB 19.90 58.90 7.08 2.92 9 10-3 2.68

R 22.20 57.90 6.96 4.56 9 10-3 3.94

Monotectic 22.25 58.40 7.02 5.11 9 10-3 2.36

Eutectic (Exp.) 16.98 50.70 6.10 4.08 9 10-4 4.59

(Cal.) 19.92

Table 2 Critical radius of BCB, R and their monotectic and eutectic

Undercooling

DT (�C)

Critical radius 9 108 cm

R BCB Monotectic Eutectic

2.0 5.660

3.4 3.330

5.0 0.026

6.0 0.022

6.5 0.063

7.0 0.019

7.5 1.510 0.055

8.0 0.017

8.5 0.049

9.0 1.260

9.5 0.043

10.0 1.630

11.0 1.481

12.0 1.360

13.0 1.250

Table 3 Interfacial energy of BCB, R and their eutectic and

monotectic

Parameter Interfacial energy 9 106 (kJ m-2)

rSL1
(R) 47.17

rSL2
(BCB) 33.30

rL1L2
(BCB–R) 1.20

rE (BCB–R) 33.44
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gE ¼ RT x1lncl
1 þ x2 ln cl

2

� �
ð4Þ

hE ¼ �RT2 x1

o ln cl
1

oT
þ x2

o ln cl
2

oT

� �
ð5Þ

sE ¼ �R x1lncl
1 þ x2 ln cl

2 þ x1T
o ln cl

1

oT
þ x2T

o ln cl
2

oT

� �
ð6Þ

where cl
i, xi, and

o ln cl
i

oT are activity coefficient in liquid state,

the mole fraction and variation of log of activity coefficient

in liquid state as function of temperature of component i.

It is evident from Eqs. 4–6 that activity coefficient and

its variation with temperature are required to calculate the

excess functions. Activity coefficient (cl
i) could be evalu-

ated [24] by using the equation

� ln xic
l
i

� �
¼ DfusHi

R

1

TE
� 1

Ti

� 	
ð7Þ

where xi, DfusHi, Ti, and TE are mole fraction, enthalpy of

fusion, melting temperature of component i and eutectic

melting temperature, respectively. The variation of activity

coefficient with temperature could be calculated by

differentiating Eq. 7 with respect to temperature

o ln cl
i

oT
¼ DfusHi

RT2
� oxi

xioT
ð8Þ

oxi=oT , in this expression can be evaluated by taking two

points near the eutectic. The negative value of excess free

energy, gE, suggests that the interactions between unlike

molecules are stronger than those between like molecules

[24].

Microstructure

It is well known that in polyphase materials the micro-

structure gives information about shape and size of the

crystallites, which play a very significant role in deciding

about mechanical, electrical, magnetic, and optical prop-

erties of materials. The growth morphology [25] of a

eutectic system is controlled by the growth characteristics

of the constituent phases. According to Hunt and Jackson

[26] the type of growth from melts depends upon the

interface roughness (a) defined by

a ¼ nDfusH=RT ð9Þ

where n is a crystallographic factor which is generally

equal to or less than one. The values of a are reported in

Table 1. If a[ 2 the interface is quite smooth and the

crystal develops with a faceted morphology. On the other

hand, if a\ 2, the interface is rough and many sites are

continuously available and the crystal develops with a non-

faceted morphology.

Microstructure of monotectic

In monotectic solidification when liquid of monotectic

composition (Fig. 1) is allowed to cool, below the mono-

tectic temperature (TM), the stability of two liquid phases

L1, L2 and a solid phase S at the solid–liquid interface are

required. The necessary conditions for the stability of three

phases in contact have been explained by Chadwick [27].

Whether droplets nucleate in the melt or on the solid–liquid

interface depends on the relative magnitude of the three

interfacial energies. The requirement for the balance of

interfacial energies is given by the conditions:

rSL2
� rSL1

þ rL1L2
ð10Þ

and

rSL2
� rSL1

þ rL1L2
ð11Þ

where rSL1
, rSL2

, and rL1L2
are the interfacial energies of

solid S and the liquid L1, solid S and the liquid L2, and

liquids L1 and liquid L2, respectively. The surface energies

were calculated by using the equation reported earlier [15,

16], and have been tabulated in Table 3. The Cahn wetting

condition [28] could be successfully applied to the present

system as the interfacial energies are related by

rSL2
\rSL1

þ rL1L2

which is indicating that the BCB–R liquid (L1) wets the

solidified BCB perfectly. The unidirectional solidify opti-

cal microphotographs of monotectic (Fig. 3a, b), show the

solidification features of monotectic alloy. The rapidly

solidify microstructure (Fig. 3a) shows the tendency of

lamella formation with elongated spherical shape of drop-

lets while slow rate solidify microstructure (Fig. 3b) shows

well arranged and equidistant array of spherical droplets in

a particular direction. In Fig. 3b the BCB has got sufficient

time to form the droplets.

Microstructure of the eutectic

The thermal gradient could not be maintained unidirec-

tional during the growth of microstructure of eutectic

(Fig. 3c). The middle part of the structure, which has

unidirectional temperature gradient, shows broken lamellar

and elongated droplets. To have minimum surface energy,

the tendency of liquid phase is to acquire the spherical

shape and it depends on the availability of time. The

elongated spherical structures are frequently observed if

Table 4 Excess thermodynamic functions for the eutectic

Material gE (kJ mol-1) hE (kJ mol-1) sE (kJ mol-1 K-1)

Eutectic -0.04 -13.080 -0.039
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time of formation of sphere is more than the freezing time

of other phase.

Conclusions

The experimentally determined phase diagram of 4-bro-

mochlorobenzene–resorcinol shows the formation of a

eutectic and a monotectic where the mole fraction of BCB

are 0.99 and 0.11, respectively. The consolute temperature

was found to be 35.0 �C above the monotectic horizontal.

The growth kinetics of pure components, the eutectic and

the monotectic determined at different undercoolings sug-

gest that growth takes place according to the Hillig–

Turnbull equation. The entropy of fusion, enthalpy of

mixing, excess thermodynamic functions and interfacial

energy were computed using the enthalpy of fusion values

determined by the DSC method. The negative value of

DmixH for the eutectic suggests the cluster structure in the

binary melt of the eutectic, while the relation of interfacial

energies, rSL2
\rSL1

? rL1L2
, confirm the applicability of

Cahn wetting condition to the present system. Micro-

structural investigations of eutectic and monotectic show

broken lamella and well arranged array of droplets.
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