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 Abstract 

The dependence of the induction period of crystallization on super cooling was determined for the system lithium 
chloride—potassium acid phthalate (KAP) over the composition of 1mole % LiCl2. This dependence can be 
described by 1/ ( lnS) 2 against ln τ curve. In order to reduce the effect of heterogeneous nucleation on the 
nucleation parameters, the interfacial energy was calculated from the slopes determined in the linear region of the 
line plots. Nucleation parameters like free energy change, rate of nucleation and critical radius were determined 
using the value of interfacial energy.  Correction was made to the interfacial energy based on the 
thermodynamically approach. An attempt has been made to calculate the nucleation parameters corresponding to 
the critical super saturation ratio using the modified classical nucleation theory. 
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1. Introduction 

 Super cooling of liquids is a phenomenon the nature of which is not yet fully understood. 
The existence of a liquid in thermodynamically unstable state at the temperature lower than is its 
equilibrium temperature of solid—liquid transition can be explained by an anomalous slow-
down of nucleation of crystals. A quantitative measure of super cooling is the induction period of 
crystallization [1]. This induction period corresponds to the time at which the first observable 
crystal forms in the liquid at given super cooling. Generally it holds that the induction period 
shortens when super cooling increases. At the critical temperature of super cooling it reaches its 
minimum value, the so-called critical induction period of crystallization. If the temperature is 
further decreased the induction period of crystallization starts to increase as a result of increasing 
viscosity of the liquid.  
 Ability of some salt solutions for super cooling has been studied by several authors [1—
3]. It has been found that salt solutions are suitable model systems for investigation of the 
influence of salts on super cooling. The aim of this work is to present the results of investigation 
of the influence of composition on the induction period of crystallization in the system potassium 
acid phthalate — lithium chloride. The interfacial tension (σ) between the solid-liquid interfaces 
is evaluated by measuring the induction period. Gibb’s free energy (∆G*), the critical radius (r*) 
and number of molecules in the formation of a critical nucleus of the pure and 1mol% LiCl 
doped potassium acid phthalate crystals grown from aqueous solution using classical 
homogeneous nucleation theory. It has been noticed that the interfacial tension of curved surface 
differs from that of the planar surface only for very small drops and bubbles. Hence the classical 
nucleation theory (CNT) is modified by incorporating the size factor for the interfacial tension 
and this modified classical theory (MCNT) is applied to the nucleation of the system potassium 
acid phthalate –lithium chloride (LKAP) solutions.  
 
 
2. Experimental procedure  
 
2.1 Induction period 
  
 In the present investigation, the direct vision observation method was employed to 
measure the induction period. The saturated solution was cooled to the desired temperature and 
maintained at that temperature and the time taken for the formation of the first speck was 
measured [4]. The critical nucleus can be observed only after the nucleus reaches a sufficient size 
with time. The appearance of first visible speck of nucleus was noticed at the bottom of the 
container and hence the induction period was recorded. The consistency of the reading was 
verified by repeating the experiment three or four times.  
 
 
3. Nucleation kinetics of LKAP 

 The change in the Gibbs free energy (∆G) between the crystalline phase and the 
surrounding mother liquor results in a driving force which stimulates crystallization. For rapid 
crystallization, ∆G < 0; “The energy required to form LKAP nuclei is given by Eq. (1)”. 
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                                           ∆G = (4/3)πr3
∆Gv + 4πr2

γ                                               (1) 
 

Where ∆Gv is the energy change per unit volume, γ is the interfacial tension and r is the radius of 
the nucleus. The first term expresses the formation of new surface and the second term expresses 
the difference in chemical potential between the crystalline phase (µ) and the mother liquor (µ0). 
At the critical state, the free energy formation obeys d(∆G)/dr = 0;  Hence “the critical nucleus is 
expressed as Eq. (2)”. 
 

         r*= -2 γ/∆Gv                                                                                     (2) 
 

Where ∆Gv = - ∆µ / v, ∆µ = (–kT/v) ln S, S = C/C*, C – actual concentration C* – equilibrium 
concentration. Hence “the radius of the critical nucleus is expressed as Eq. (3)”. 
 

                                                             r*= 2 vγ / ∆µ                                                                (3) 
 
“The critical free energy barrier is expressed as Eq. (4)”. 
 

                                              ∆G* = 16πγ3v2 / 3 (∆µ)2                                                                                   (4) 
 

“The number of molecules in the critical nucleus is expressed as Eq. (5)”.  
 
                                                             i* = 4π (r*)3 / 3v                               (5) 

  
 
3.1 Modified classical nucleation theory  
 
 The classical nucleation theory makes use of the capillarity approximation. According 
to which, the physical properties of nucleus at micro level are assumed to be the same as those in 
the macro level. The application of the concept of surface tension to nucleation phenomena and 
the strong dependence of the nucleation rate, as derived in the classical nucleation theory on the 
value of the surface tension, led to a renewed interest in the problems [5]. Since the interfacial 
energy plays an important role, a correction has to be applied and the classical theory was 
suitably modified to calculate the nucleation parameters of the critical nucleus. Some new results 
for the curvature dependence of droplets were also derived based on thermodynamically 
considerations. The “interfacial energy of a spherical shaped nucleus of size ‘r’ can be written as 
Eq. (6)”,  
 

                                                    γ =  γ0 – ( dγ /dr) r                                                               (6) 
 

where, γ be the interfacial energy of the spherical shaped nucleus when the size is ‘r’, γ0 is 
interfacial energy of the macro level and dγ/dr  is the surface energy gradient. When the size of 
the nucleus is equal to the size of the single monomer, there is no interface at all. It means, when 
r = δ, the size of the single monomer, γ = 0. At this condition “interfacial energy of the spherical 
shaped nucleus is given as Eq. (7)”. 
 

                                                       γ = γ 0 (1- (δ/r)                                                                  (7) 
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Thus when r = ∞, the “value of the interfacial energy is determined as in Eq. (8)”. 
 

                                                                                      γ = γ0                                                                                                 (8) 
 
When the crystal nucleus just forms, there is no formation of interface between the crystal and 
the solution and hence the interfacial energy is zero. When the crystal nucleus attains 
considerably large size the interfacial energy becomes equal to the bulk value. This condition 
implies that interfacial energy depends on the size of the nucleus. “The critical radius was given 
by the Eq. (9)”. 
 

                                r* = (γ0/∆Gv) (1+ (1- (∆Gvδ / γ0) 
½)                                          (9) 

 
“The critical free energy change associated with the critical nucleus was obtained as in Eq. (10)”,  
 
                                ∆G* = 4r*π (γ0 (r* - δ) – (1/3)r*2∆Gv)                                       (10) 
 
Now, “the rate of nucleation is given as Eq. (11)”  
 
                                   J = A exp (-∆G*/kT)                                                                (11) 
 
 
4. Results and Discussions 
 
 The crucial parameter involved between a growing crystal and the super cooling 
mother liquor is the interfacial tension ‘γ’ [6]. This complex parameter has been determined by 
conducting the nucleation experiments on saturated solution of pure potassium acid phthalate 
(KAP) and LKAP under stirred condition.  Plots of ln (τ) against 1 / [ln S] 2 is given in the “Fig. 
1” are nearly linear [7]. It is inferred from our experiments that the interfacial tension for LKAP 
solution is 0.4729mJ/m2. 
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Figure 1:  Plot of ln τ vs 1/(ln S)2 
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 In the present study, in order to estimate the criticial nucleation parameters, the 
interfacial tension has been calculated using the experimentally measured induction period 
values by the relation Eq. (12) [8]. 
 

                                                     ln τ = – lnB + 16πγ3v2NA /3 R3T3 (lnS)2                                                      (12) 
 
 The free energy change as a function of supersaturation ratio (S) for KAP and LKAP 
solutions are given in “Fig. 2”.  
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Figure 2: Variation of free energy change with supersaturation ratio of (a) pure and (b) 1mol% LiCl 

doped KAP solutions 
 

The evaluated radius of critical nucleus and rate of nucleation as a function of supersaturation 
ratio (S) is shown in “Fig. 3” and “Fig. 4” respectively. 
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Figure. 3: Variation of Rate of nucleation with Supersaturation Ratio of (a) pure and (b) 1mol% LiCl 

doped KAP solutions 
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Figure 4: Variation of Nucleation radius with Supersaturation Ratio of (a) pure and (b) 1mol% LiCl 

doped KAP solutions 
   
 When the nucleation rate is unity, the growth rate was controlled and good quality 
crystal can be grown. Hence an attempt was made to calculate the supersaturation ratio required 
to grow one nucleus per unit volume in one second (i.e) the critical supersaturation, using the 
classical nucleation theories at 45˚C. The critical supersaturation ratio for LKAP at 45˚C was 
evaluated to be 1.003954. Since the classical nucleation theory was based on capillarity 
approximation a correction was made to the interfacial energy based on the thermodynamical 
approach. The values of nucleation parameters corresponding to the critical supersaturation ratio 
were also calculated using the modified classical nucleation theory. 
 

Table 1: Critical Nucleation parameters of LKAP solution (T=318K and γ0 = 0.4729 mJ/m2) 
S -∆Gv ×××× 

104 J/m3 

r* (Å) ∆G*×10-12J J (nuclei/m3/sec) 
CNT MCNT CNT MCNT CNT MCNT 

1.003951 8.3693 113.0083 112.5060 2.5298 2.4627 0.9205 4.270 
1.003952 8.3714 112.9800 112.4777 2.5285 2.4615 0.8482 4.3649 
1.003953 8.3735 112.9516 11.2.4493 2.5272 2.4602 0.9767 4.4960 
1.003954 8.3757 112.9219 112.4197 2.5259 2.4589 1.0061 4.6312 
1.003955 8.3778 112.8936 112.3914 2.5246 2.4577 1.0363 4.7596 
1.003956 8.3799 112.8653 112.3631 2.5233 2.4565 1.0675 4.8915 

 

A comprehensive data was prepared for the better understanding of the growth kinetics for the 
successful growth of LKAP single crystals from aqueous solution and presented in the “Table 1”.  
 
 
5. Conclusions 
 
 Induction period was recorded for pure and 1mol% lithium chloride doped potassium 
acid phthalate solutions at different supersaturation values. A linear graph was obtained between   
1/[ln S]2 and  ln τ for pure and doped solutions. The interfacial energy was calculated from the 
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slopes of the graphs. The calculated values of the interfacial energy decrease for the LKAP 
solutions. 
 The nucleation parameters such as free energy change, rate of nucleation and 
nucleation radius for pure  and doped solutions were calculated and represented graphically at 
45ºC using the classical homogeneous nucleation theory. The free energy change was found to 
be reduced for the large value of the supersaturation ratio. The value of free energy change 
decreases for the doped solutions. The rate of nucleation increases by the addition of alkali metal 
ions to the potassium acid solutions. The radius of the nucleus decreases for alkali metal ions 
added solutions.  
 The critical supersaturation ratio for the pure and doped solution at 45˚C was calculated 
by applying homogeneous classical theory. The critical supersaturation ratio decreases for the 
LKAP solution. The variation in the nucleation parameter based on the modified classical theory 
also calculated. 
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