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SCOPE AND CONTENTS: 

A brief review of the theoretical and experimental aspects 

of liquid droplet nucleation from vapours and of crystal nucleation 

from aqueous solution is presented. In order to study the 

nucleation and crystal growth of several analytically important 

metal chelates, methods were developed to measure the size 

distribution of crystals growing in a supersaturated solution. 

These methods involved rapid mixing techniques followed by measure­

ment of the size distribution of the precipitated particles using a 

Coulter counter and multichannel analyser. The size distributions 

were dumped from the analyser onto magnetic tape and recovered using 

computer methods. The mixing and counting techniques were calibrated 

and tested using barium sulphate and spheres of known size distribu­

tion. 

From the size distributions obtained for the metal chelates, 

conclusions were made regarding the nucleation step, and the para­

meters important in the classical Volmer-Weber-Becker-Doring theory 

of nucleation were calculated. The validity of the values were 
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evaluated and comparisons made with values obtained by other workers. 

The laws controlling the crystal growth of the metal chelates 

and their importance in elucidating the type of nucleation process 

were also investigated. 
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I. INTRODUCTION 

I.A. Statement of the problem 

The literature concerning the nucleation of one phase from 

another contains many theoretical and experimental contradictions. 

This is especially true for the nucleation of crystals from aqueous 

solution. The nucleation step and the subsequent crystal growth 

determine the variation with time, of the number, size and shape of 

the crystals formed in a precipitation. The purpose of this investigation 

was, therefore, to measure these parameters in order to elucidate the 

type of mechanism controlling the initial phase transformation and 

to assess the validity of the classical nucleation theory. For 

metal chelates this required the development of new experimental 

techniques. These also enabled comparisons to be made with the 

results obtained by other authors, for similar compounds, using 

widely different techniques. 
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l.B. Historical Background 

The process of nucleation and growth of a new phase has been 

known and used for over a millenium in the purification of substances. 

The literature on the subject is very substantial and while much is 

known empirically and theoretically about the subject it has often 

been difficult to put unequivocable theoretical interpretations on the 

empirical results. Any knowledge gained regarding the interpretation 

of experimental results in the light of known theory is therefore of 

considerable interest. 

Any advance in the understanding of the nucleation phenomenon is 

of added interest as problems involving phase changes occur in many 

widely diverse scientific and technological disciplines. Among these 

are metallurgy, meteorology, physics, bioiogy, astrophysics, geo­

chemistry, engineering, aerodynamics and chemistry. 

In particular analytical chemists are interested in the problem 

because the nucleation of crystals from solution is important both in 

its own right and as a process which controls the number, size and 

morphology of the precipitated crystals. This knowledge is important 

in the elucidation of empirical problems encountered by the analytical 

chemist such as the unfilterability of certain precipitates, the 

presence of coprecipitated foreign ions and poor fractional crystal­

l ization. 

Probably the most important fact regarding the nucleation and 

growth of one phase from another is that any vapour or liquid or 

solution can be supercooled or supersaturated beyond the point where 
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the old phase and the new phase should be in equilibrium. This 

phenomena of supercooling was first investigated scientifically in 

the early eighteenth century by Fahrenheit (1) who found that water 

could be kept overnight at 15°F in sealed air free glass vessels 

without freezing. He also found that crystallization could be 

induced by addition of some ice crystals and by violent concussion. 

These observations were confirmed and extended by many other workers 

in the eighteenth century. For example Lowitz (2) discovered super­

saturation phenomena in aqueous salt solutions. Gay Lussac (3,4) 

showed that supersaturation was a very general phenomenon occurring 

wherever a phase change occurred. 

Many methods of inducing crystallization in supersaturated salt 

solutions, such as shaking, scratching and rubbing, were investigated . 

Gay Lussac found that sound had no effect in inducing crystallization. 

The recent literature, on the other hand, contains many references to 

experiments where crystallization has been induced by ultrasonic 

r adiation (5,6,7) and by magnetic fields (8,9). 

At this time it was realized (10) that atmospheric dust could 

contaminate the supersaturated solutions of salts and act as centres 

of growth. Significant steps forward were made by de Coppet (11) and 

Ostwald (12). The former measured the average time lag bef ore crystal­

lization occurred in solutions of known supersaturation and the latter 

recognized two types of supersaturation - metastable . and labile . 

Metastable solutions did not crystallize after long periods of time 

whereas labile solutions crystallized very quickly. Tamman (13) and 

von Weirman (14) showed that the metastable state could be made labile 
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by increasing the concentration of the solute and also that if the 

metastable state was left for a sufficiently long time crystallization 

would in fact occur. 

At this time therefore it was clear that crystallization probably 

consisted of two steps. The first step (termed nucleation) consisted 

of the formation of discrete submicroscopic nuclei and the second 

their growth to a visible size. It was also clear that the nuclei 

could be formed either entirely of the new phase or that growth could 

occur on foreign particles already present in solution. The former 

process is termed homogeneous nucleation and the latter, heterogeneous 

nucleation. The formation of the nuclei is difficult to study 

experimentally as they are usually smaller than 100 Xin diameter and 

so are not amenable to direct study. In this respect, some recent 

work using molecular beams (15-18) appears promising for the case of 

the condensation of a liquid from its vapour. 

Theories of nucleation have been developed primarily for the 

condensation of liquids from their vapours. These, in modified form> 

also describe the nucleation of solids from condensed phases. Vapour 

t o liquid nucleation can be treated more rigorously and is more exactly 

described by theoretical models. The theories have developed along two 

main lines. The first is the approach, using a procedure suggested by 

Szilard (19), of Volmer and Weber (20) who recognized that the phenom­

enon of metastability of supersaturated phases was the result of kinetic 

effects. Their approach has subsequently been improved by many authors, 

notably Farkas (21), Stranski (22), Becker and Doring (23), and 

Zeldovich (24). This theory, known as the classical theory, has been 
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widely accepted because it is in agreement with much of the experimental 

evidence found since it was proposed. 

The second approach is a statistical mechanical one based on 

Mayers' (25) theory of condensation. This theory has been developed 

by Frenkel (26), Becker (27), Rodebush (28), Reiss (29), Dunning (30), 

Lothe and Pound (31) and Oriani and Sundquist (32). Lothe and Pound 

1017(31) obtained theoretical rates of nucleation which were as much as 

times greater than those predicted by the classical theory for super­

saturated water vapour. Reiss and Katz (33) have challenged the con­

clusions found by Lothe and Pound (31), although the latter authors (34) 

and Abraham and Pound (35) have shown Reiss and Katz to be in error. 

In a very recent paper Abraham and Pound have modified the factor of 

101 7 to a factor of 108. The evaluation of this factor is a matter of 

continuing discussion at the present time. 
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l.C. Nucleation Theory 

l.C.l. The nucleation of liquid drops from the vapour phase 

The literature on the subject of vapour to liquid nucleation is 

extensive and together with the original papers previously mentioned 

(Section l.B.) many excellent reviews (36-41) on the subject exist. 

The experimental aspects of vapour to liquid nucleation for which 

any theory of nucleation must account are as follows. All phases can 

be made supersaturated without spontaneous formation of a new phase. 

This implies that as the two phases are not in thermodynamic equilibrium 

there is a free energy barrier to the formation of the new phase analog­

ous to the activation energy for a normal chemical reaction. Also, the 

new phase forms in large numbers of discrete particles which do not 

become visible until a finite length of time has elapsed. A theory of 

nucleation must therefore account for this energy barrier and predict 

t he rate of formation of the particles of the new phase. 

Statistical fluctuations with a supersaturated vapour of pressure 

Pl give rise to aggregates containing various numbers of molecules. It 

has been shown (42) that the clusters are probably built up by the 

addition of single molecules 

where A. represents a cluster containing i molecules of A. If the 
1 
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supersaturation is small these clusters tend to evaporate and disappear. 

As the supersaturation is increased, however, the frequency of cluster-

molecular collisions increases so rapidly that there are an appreciable 

number of large clusters. 

In order to account for the energy barrier the energy of formation 

of a cluster of i molecules must be calculated. If the cluster is at 

rest then the free energy of formation is simply (neglecting the change 

in energy due to changes in volume) 

[1] 

A plot of 6G versus i is found to have a maximum at 6G* and i*. If the 

cluster has a size i* then the addition of a single molecule to it 

decreases the free energy of the cluster and it grows unhindered into 

a macroscopic part of the new phase. Clusters with the size i* have 

the maximum free energy 6G* and are termed critical nuclei. This max­

imum in the free energy versus size curve is the reason for the existence 

of the phenomenon of supersaturation. Putting i = 4nr1 /3v2 in Equation 

[1] it is found that 

r* = [2] 

where r* is the radius of the critical nucleus. The ratio (p is
1
/p 100) 

usually referred to as the supersaturation S. Equation [2] is the 

well known Gibbs-Thompson equation. Further, the following equations 

for 6G* and i*, the free energy of formation of the critical nucleus 

and the number of molecules in the critical nucleus may be derived from 

Equation [2]. For a spherical nucleus: 
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llG* = [3] 

[4] 


The next problem is then to calculate the rate of nucleation J. 

The "classical" theory is derived largely from the treatment of 

Becker and Doring (23). The assumption is made that the supersaturated 

phase is in a state of quasi-equilibrium in which the size distribution 

of clusters of all sizes up to the critical size is essentially station­

ary with time and that drops may form and grow. These are removed when 

they reach a size just greater than the critical size. The vapour 

pressure is maintained at a constant level by the continuous introduction 

of single molecules so that there is a steady stream of molecules from 

one cluster size to the next. Also a spherical surface, of area o'.,
1 

surrounding the embryo is chosen such that a molecule passing through 

i t from the vapour is regarded as captured and on passing through it 

f rom the embryo is regarded as having escaped. The steady state flux 

t hrough the system is then 

[5] 


where w1 is the impingment frequency and w2 (i+l) is the evaporation 

frequency per unit area. 

Becker and Doring solved these equations for J by the successive 

el imination of n . 
1 

and the use of the Gibbs-Thompson theory in the form 

= exp 
2ov2 
~ 

1 
Cr* 

1 
- r:-) [6] 

1 
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This involves the assumption that the Gibbs-Thompson equation is valid 

for all sizes of embryos. This assumption cannot be justified for 

small embryos which consist of only a few molecules. Using this method 

however Becker and Doring (23) and Zeldovich (24) found that the rate 

of nucleation was given by 

J = ZS*n1 exp(-6G*/kT) [7] 

where 6G* is given by Equation [3], Z, the Zeldovich factor, is 

(6G*/3nkTn* 2 )
1/ 2 and S* = P10*/(2nmkT) 1/ 2. For typical condensations 

from the vapour Z = lo-2 and the pre-exponential factor is 1025 . 

The form of this equation is such that J remains negligibly small 

until the supersaturation ratio (p 1 /p 1 ~) reaches a critical value, the 

Ostwald metastable limit, at which J suddenly and dramatically increases. 

Although J is a smooth function of the supersaturation the change in J 

is so dramatic that the value of the supersaturation at this point is 

sharply defined and is termed the critical supersaturation. The theory 

t herefore qualitatively accounts for all the experimental observations 

r egarding phase changes. 

Theoretically the equation has been questioned by many authors. 

The criticism has been based on the recalculation, using statistical 

mechanics, of the energy of formation of the clusters. The value of 

t his formation energy dictates the equilibrium concentration of the 

cr i tical nucleus. This concentration is in turn the most important 

f actor in determining the nucleation rate. 

The classical theory of nucleation described thus far, completely 

i gnores the translational and rotational partition functions of clusters 
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and nuclei. Frenkel (43) and Rodebush (44) provided the first improved 

derivation of the free energy of the embryos. Kurt (45) also provided 

a complete derivation of the equilibrium distribution of clusters in a 

vapour. According to Lothe and Pound (46) an error in Kurt's work made 

the work of formation of the nucleus nearly equal to that of the 

classical theory. Allowing the translational and rotational contribu­

tions, the free energy of a cluster is given by 

kT n·F = iµ2~ + oO. - ~ ln(A 1 /n.!] - kT ln q + kT ln q (8]
i n. i r rep.

1 

where A = (2~nmkT) 31 2/h3 


is the translational partition function, and 


is the rotational partition function. 


The replacement term, kTlnq , takes into account the increase i n f ree 
rep 

energy arising from the deactivation of six degrees of freedom in t aking 

t he cluster from the bulk liquid. From Equation [8] the equil ibrium 

distribution of clusters was found to be 

[9] 

Much controversy exists in the literature (48) at present, the main 

ar guments centering around the evaluation of the replacement factor i n 

Equation (8]. Estimates of the factor by which nucleation rates shoul d 

be adjusted vary from 1 (33) to 101 7 (31). The classical theory and 

s t atistical mechanical version make the assumption that there is a steady 

s t ate size distribution. In a real situation however each cluster may 
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not be in dynamic equilibrium with the next size and also a time lag 

will be present before the supposed steady state is built up. Zeldovich 

(24) was the first to attempt an estimate of the time lag for approach 

to the steady state. Several other authors (49-52) have also studied 

the time lag problem. Abraham (53) gives ari overall picture of how the 

system relaxes into a steady state. In general the estimates of the 

time lag are approximately 10-6 seconds. 

l.C.2. Nucleation of crystals from condensed phases 

Qualitatively the calculation of the rate of nucleation of crystals 

from either melts or solutions follows the same path as that outlined 

above for vapour to liquid nucleation. The work of formation of each 

cluster, the steady state concentration of clusters and the flux of 

monomers impinging on the clusters are calculated. The rate of nucleation 

is then found. Quantitatively differences exist in all of these calcula­

tions. 

Analogous with Equation [2), the radius of the critical nucleus was 

shown (12) to be 

2av2 
r* = -:-=,.,,--..,..---..~...,,.. [10)kTln(a 1 /a 1 ~) 

Analogous with Equation [3], the free energy of formation of clusters i s 

Sa3v22 
(11] 

The free energy of a crystal will include the contributions from edges 

and corners. In Equation [11], these have been neglected and also the 

surface free energies for each face of the crystal are replaced by an 
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average surface energy cr. B is a shape factor and for a spherical 

nucleus equals 16n/3. 

Turnbull and Fisher (54) have calculated the rate of nucleation 

in condensed systems using the theory of absolute reaction rates. 

They have shown the steady state concentration of clusters to be 

[12] 


and the rate of nucleation to be 

J = n*(A 1 /9n) 1/ 2 (N 1 kT/h) exp [-(~g* + ~G*)kT] [13] 

where ~g* is the free energy of activation for the short range diffusion 

of molecules. By separating the exponential powers, putting 

-~g*A = n*(A 1 /9n) 1/ 2 (NkT/h) e [14] 

ecr 3v2 
and replacing ~G* by the rate of nucleation may be written 

2 ' k3T3 (lnS) 

[15] 


The assumptions made in developing the theory for aqueous solutions 

are the same as those made in the theory of vapour to liquid nucleation . 

These assumptions are, that the Gibbs-Thompson equation is valid for the 

smallest clusters, that a steady state cluster size distribution is 

obtained and that the time lag taken to obtain this distribution is 

small compared with the length of time over which nucleation occurs. 

Several authors also have shown that assumptions that the time lag is 

small and the steady state instantaneous are good except for very viscous 

liquids. 

In the condensed phase the free energy of formation of a cluster 
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found by excluding the rotational and vibrational contributions is 

probably accurate as both are relatively small. Values of the pre­

exponential factor A lie in the region 10 33±3 for both the nucleation 

of crystals from pure liquids and the nucleation of crystals of solute 

from solution. For the latter case, however, this value may well be 

much lower due to the fact that desolvation of the monomers must occur 

before clusters can form. 

l.C.3. Heterogeneous nucleation 

The theories of nucleation already discussed in Section l . C.l . 

and Section l.C.2. apply to nucleation which occurs solely as the result 

of fluctuations in the sizes and numbers of clusters in the original 

phase. This type of nucleation is termed homogeneous. Macroscopi c 

crystals may, however, also grow by the addition of monomers to micro ­

scopic particles or motes, already present in the system. This t ype 

of nucleation is termed heterogeneous. The heterogeneous particles 

on which growth is initiated may be dust particles, the walls of the 

vessels, or seed particles of the new phase deliberately i ntroduced 

i nto the system. When nucleation and growth occur in this way t he 

energy of formation of a heterogeneous cluster is much lower than that 

f or a homogeneously formed cluster. Consequently heterogeneous 

nucleation occurs at much smaller supersaturat ions than homogeneous 

nucleation. This fact is used to advantage in many crystallizat i on 

procedures by chemists who induce heterogeneous nucleation by scratching 

the walls of the vessel or adding seed crystals to the supersaturated 

sol utions. 
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It has been shown (68) that the ability of a heterogeneous particle 

to act as a growth site is related to the match between its crystal 

lattice and that of the growing crystal. Consequently, other authors 

(98) have postulated that heterogeneous particles have a range of 

nucleating abilities. As dust particles are probably always inadvertently 

present in solutions, heterogeneous nucleation on them and the walls of 

the vessel is probably always present in any crystallization process from 

solution. It is therefore a very important consideration when evaluating 

the validity of the theory of homogeneous nucleation as applied to 

nucleation of solids from aqueous solution. 
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l.D. Experimental Assessment of Nucleation Theory 

l.D.l. Nucleation of liquid droplets from the vapour phase 

Experimental investigations of vapour to liquid nucleation fall 

into three classes: 

(i) adiabatic expansions using cloud chambers; 

(ii) adiabatic expansions using supersonic jets; and 

(iii) molecular beams. 

The classical experiments of Volmer and Flood using a cloud chamber 

to detect the onset of condensation of the vapour of several organic 

liquids have provided the best experimental vindication of the classical 

theory of nucleation. In these experiments no actual measurement of the 

nucleation rate is made. The critical supersaturation, being that 

supersaturation which just produces a visible vapour, is measured and 

compared with theory. The results of the experiments of Volmer and 

Flood are shown in Table I. The point at which condensation was just 

observable was made equal to a rate of 1 particle/cm3/sec. The agree­

ment between calculated and observed values is good for all the vapours 

studied except methanol. 

3/2 Pl
From Equation [3] T ln ~-should be constant when the critical 

P1 00 

supersaturation is measured at various temperatures. Powell (56) has 

measured the temperature dependence of the critical supersaturation 

f or water and found that the relationship holds. Katz and Ostermier 

(57) have also found that similar relationships hold for methanol, 

ethanol and hexane. In all these cases the values found agree with the 

classical theory and not with Lothe and Pounds (31) modification of it. 
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TABLE 1 

Observed and calculated values of P/P (critical).
00 

Substance P/P (critical)
00 

Calculated Observed 

Water 4.2 4.2 

Methanol 1.8 3.2 

Ethanol 2.3 2.3 

n-Propanol 3.2 3.0 

Isopropanol 2.9 2.8 

n-Butanol 4.5 4.6 

Nitromethane 6.2 6.1 
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Hill (58), using supersonic nozzles to induce nucleation, finds that, 

for water, the experimental results verify the classical theory and 

that the critical supersaturations found are much lower than those 

predicted by Lothe and Pound (31). Experimental investigations with 

supersonic molecular beams have recently given direct evidence of the 

presence in the beams of clusters of various sizes. This technique 

coupled with mass spectrometry is potentially very powerful for the 

study of homogeneous nucleation of liquids from their vapours. 

l .D.2. Nucleation of solutes from aqueous solution 

(a) Interpretation of the experimental results for solutions 

The nuclei formed in precipitation from solution are usually very 

small and as such are not amenable to direct observation. It is 

necessary, therefore, that the nuclei grow to macroscopic size before 

their numbers, sizes and rate of appearance at the detector may be 

measured. The period between the formation of the critical nucleus 

and the detection of a macroscopic crystal is determined by its rate 

of crystal growth. As many factors, which may change discontinuously 

t hroughout the precipitation, control the rate and type of crystal 

growth, the interpretation of experimental results in terms of liquid 

nucleation theory becomes very difficult. The effect of crystal 

growth on the observed nucleation rates must therefore be taken into 

account in order to assess the experimental results. 

Nielsen (42,59,60) has discussed the interpretation of nucleation 

r esults in detail. A generalized diagram showing the nucleation 

velocity as a function of the supersaturation ratio for various values 
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of the surface energy for nickel dimethylglyoximate is shown in Figure 

2. This plot is very useful in interpreting experimental results and 

also in evaluating how a variation in any one parameter affects the 

value of the others. From Figure 2, it can be seen that the plots of 

lnJ against lnS are almost straight lines over several decades of J. 

Therefore it is a fairly good approximation to write 

lnJ = lnk + nlnS [16 ] 
n 

or J = k Sn [17]
n 

for intervals of restricted lengths. This formula is the same as that 

first proposed by Christiansen (61). Equation [14] is useful in that 

the power n is easily folUld from the slope of lnJ against lnS curves 

and can be shown (42) to be equal to i* the number of molecules in the 

critical nucleus. The size of the critical nucleus may then be deter­

mined directly from experiments. 

Perhaps the best test for correspondence between experimental 

results and theory is obtained by rewriting Equation [IS] in logarithmic 

form 

lnJ = lnA - B' (lns)- 2 [18] 

where B' = 

A plot of lnJ against (lnS)- 2 should therefore yield a straight line. 

Experiments on nucleation from solution have as their objectives to 

verify the functional relationship between J and S and to measure the 

values of the parameters in Equation [13], primarily the values of the 

pre -exponential factor A and of the surface tension a. In many experi­
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ments the critical supersaturation is measured and J is set equal to 

1 at this supersaturation. In these experiments the variation of J 

with S is not measured. 

A critical nucleus, once formed, may grow according to one of 

five mechanisms or a combination of them. The mechanisms and their 

linear rates of growth, dr/dt, are the following (59). 

1. 	 Screw Dislocation 


dr = DkTcg(lnS) 2 

[19]dt 200' 

2. Mononuclear Layer Growth involving surface nucleation with 

one surface nucleus per molecularor ionic layer. 

dr 4Dr2g -~G'* 
[20 ]dt = v exp ( kT ) 

3. Polynuclear Growth (Surface nucleation with several inter-

growing surface nuclei per layer.) 

[21 ] 


4. Diffusion (the growth rate being controlled by the diffusional 

t ransport through the solution). 

dr Dv (c-s) [22 ]dt = r 

5. Convection (where the rate of diffusional growth is enhanced 

by 	convection). 

dr F Dv(c-s) [23]dt = 	 r 

These equations for crystal growth may be used in conjunction with 

t he theory of the rate of nucleation to predict the amount of reaction 
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a at any time t and also the size distribution of particles at that 

time. This is a useful tool for distinguishing between heterogeneous 

and homogeneous nucleation (a primary purpose in many experiments). 

The relationship between the degree of reaction a and the time 

for all combinations of nucleation and growth laws is given by 

Nielsen (42,59,60). For heterogeneous nucleation the number of 

particles is assumed to be essentially constant. This leads to one 

way of distinguishing between heterogeneous and homogeneous nucleation. 

That is, for heterogeneous nucleation, increasing the supersaturation 

and thereby increasing the amount of material available for crystal­

lization results in particles of a larger average size, as the number 

of particles has stayed essentially constant. Some authors (98) have 

pointed out, however, that the heterogeneous particles may have a 

r ange of nucleating abilities. This would result in an increase in 

t he number of crystals formed with increasing supersaturation as less 

active heterogeneous particles catalyzed the nucleation process. For 

homogeneous nucleation, however, the particle number increases very 

r apidly with increasing supersaturation with the result that the 

average size of the particles becomes smaller with increasing super­

saturation. This has been demonstrated by many authors. 

(b) Experimental results 

Several excellent reviews (87,79) have been written describing 

al l aspects of precipitation from solution. Melia and Moffitt (62) 

have written that "the literature on the subject of crystal nucleation 

from aqueous solution is both extensive and confusing. Few reliable 



23 

numerical data are available and many of the recorded conclusions are 

contradictory". This is undoubtedly true because most of the experi­

ments reported in the literature have been concerned with heterogeneous 

nucleation on impurities present in solution no matter how carefully 

the solutions and containers have been cleaned. Experimental procedures 

must therefore be designed so that the effect of these impurities may be 

isolated from the process of true homogeneous nucleation. This has been 

effected in different ways. Several authors (62-66) have recently used 

the droplet technique in which the sample is dispersed as a large number 

of droplets in an immiscible oil. The number of droplets is assumed t o 

be much greater than the number of impurities present so that in a 

majority of the droplets only homogeneous nucleation may take place. 

A second technique, used by Nielsen (67) and others, is to increase the 

supersaturation to a point where homogeneous nucleation competes effect ·· 

i vely with any heterogeneous nucleation present. For supersaturations 

gr eater than this value homogeneous nucleation predominates. These 

supersaturations are initiated by a direct mixing technique. 

Another technique widely used to produce supersaturation i s 

precipitation from homogeneous solution. In this technique one of 

the precipitants is produced in situ in the presence of the other 

precipitant. This has been successfully combined with the droplet 

technique by Hileman and Valazquez (63). 

Most of the work done on the precipitation of crystals from 

solution has involved sparingly soluble ionic salts, e.g., BaS04. 

In general the work has been directed towards estimating the pre­

exponential factor A, (Equation [15]), the "critical" supersaturation, 
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the surface tension a and the size of the critical nucleus. The value 

of A = 1030 cm-3 sec-1 was calculated by Turnbull and Vonnegut (68) 

for the homogeneous nucleation of most crystals from their supercooled 

melts. This value, or a value close to it, has usually been assumed 

to apply to the nucleation of ionic salts from aqueous solution. The 

actual values of A found experimentally vary widely from this value. 

Melia and Moffitt (69) have reported values of A lying in the range 

103 - 105 cm- 3 sec- 1. Similar differences between the theoretical and 

experimental values of A have been found by Dunning for the nucleation 

of cyclonite from aqueous acetone solution (70) and for the nucleation 

of sucrose (71) from aqueous solution. Some typical values of A found 

experimentally are shown in Table 2. 

Another problem is that the surface energy cr cannot be measured 

or calculated independently. Values of a and critical supersaturations 

f ound for several classes of compounds are shown in Table 2. Attempts 

(42) have been made to relate the value of the interfacial energy to 

the Moh hardness scale without much success. 

The size of the critical nucleus has also been calculated from 

experimental results (usually assuming A= 1030). Some values for the 

s i ze of critical nuclei for the different classes of compounds (i* 

[number] or r* [radius]) are shown in Table 2. The form of Equation 

[15] is such that the calculated values of a and i* are very insensi­

tive to changes in the values of the pre-exponential factor A and the 

supersaturation S. 

The values of these parameters (Table 2) vary widely, probably 

because in some cases heterogeneous rather than homogeneous nucleation 
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TABLE 2 


Parameters for crystal nucleation from aqueous solution. 


Compound log A (J i* r* (A0
) S* Reference 

BaS04 	 126 4.3 1000 67 
141 8 4.3 1090 78 

22.3 	 151 80 
135 15 59 

SrS04 103 14 5.1 49 78 
52 7 82 
86 	 5.1 39 83 

11.8 	 70 80 
85 33 59 
84 84 

PbSOi+ 	 100 14 5.1 50 78 
79 	 5.3 78 83 

20.0 	 119 80 
100 	 20 59 

6 85 

PbC03 81 23 5.7 10.8 78 
112 4.5 106 83 
125 24 59 

SrC03 	 92 5 30 83 

SrC204 	 2 83 

AgC£ 77 5.4 5.5 83 
5 86 

CaF 2 	 114 4.3 21 83 
13.5 	 140 80 

140 9 80 87 
180 88 

MgF 2 	 129 9 30 87 

Ag Br 	 56 15 37 87 

Ag2S04 	 62 14 19 87 

BaCr04 120 15 	 59 
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TABLE 2 (cont.) 

Compound log A <1 i* r* (A0 
) S* Reference 

BaC03 ll5 18 59 

BaMo04 103 17 59 

BaW04 94 16 59 

PbCr04 170 9 59 
100 88 

5 136 89 

KCW3 56 3.2 90 

NH4CR. 3.27 35 1.5 90,69 
66 107 9.0 2.8 91 

NH4Br 2.96 69 

KN03 5.31 57 3.4 90,69 

NH4 I 15.4 1. 21 92 

K2Cr2o7 72 12 90 
82 43 8.6 18.6 91 

NH4SCN 37 151 12.1 2.07 91 

NH4N03 47 141 10.5 2.33 91 

(NH4)zCr207 58 58 9.6 6.85 91 

(NH4)2C204•H20 129 29 6.4 49.0 91 

Mg(OH) 2 ll5 30 4 94 

CaP04 2.3 95 

(CH2 (NH2) •COOH 40 30 2.1 87 

Cholesterol 17 28 1. 3 87 

Sucrose 6 100 1.6 96 

Pd(C7H11N202)z 6.7(a) 23 38 16 21 76 

76Pd(C5H9N202)2 12.0(a) 36 19 12 249 
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TABLE 2 (cont.) 

Compound log A cr i* r* (A0 
) S* Reference 

Ni(CGH9N202)2 8.0(a) 34 2S 12 88 76 

Ni(C7H11N202)2 7. 3 (a) 29 30 14 46 76 

Ni(C4H7N202)2 40 soo 77 

Ca(OH)2 6S SS 93 

(a) 	 These values of log A were found experimentally. The theoretical 
value, log A= 30, was used to calculate the values of the other 
parameters in the table. 
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was being investigated. 

Together with the references shown in Table 2 there exists a 

vast quantity of literature on other qualitative and quantitative 

aspects of the nucleation and growth of crystals. These studies 

include the effects of the age of solution, the effect of the 

previous history of solutions, the effect of added ions and seed 

crystals, on the number and morphology of the crystals formed. 



29 

l.E. Nucleation of Metal Chelates 

In comparison with the work done on the nucleation and growth 

of ionic salts from solution the literature on the nucleation and 

growth of metal chelates i s sparse, despite the fact that they might 

well be expected to show less anomalous behaviour because of their 

non-ionic character. As it is known (68) that the existence of 

heterogeneous nucleation depends to a large extent on the match of 

the lattices of the mote and growing crystal, then metal chelates 

may well be expected to be less susceptible to nucleation by a 

heterogeneous pathway. 

The behaviour of metal chelates of analytical interest (e.g., 

metal dioximes) in aqueous solution is well known from purely 

analytical studies and so are the conditions under which the pre ­

cipitate formed has various shapes and s i zes of crystals . A s t udy 

of the nucleation characteristics of metal chelates should therefore 

be of use in the elucidation of nucleation problems and al so give a 

f urther insight into analytical conditions required to give precipitates 

wi t h opt imum characteristics. 

The nucleation of nickel nioximate has been studied by Duke and 

Br own (72) using a direct mixing technique and visual ly count ing t he 

t otal number of particles formed. Several authors (73-75) have applied 

t he technique of precipitation from mixed solvents t o the study of the 

nuc l eation of metal chelates. These have been concerned mai nly with 

crystal growth laws and none have investigated the validity of the 

theory for homogeneous nucleation or measured the parameter s invol ved. 

A combination of the droplet method and the technique of preci pitation 
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from homogeneous solution has been used by Hileman and Velazquez 

(63,76) and Thompson and Gordon (64). The former authors have found 

that the pre-exponential factor varied from 107 · 3 to 1012 cm-3 sec-1 

for various nickel and palladium dioximates. The corresponding 

variation in o and i*, using a value of 1030 for the pre-exponential 

factor, was from 23 ergs cm- 2 to 36 ergs cm- 2 and from 19 to 38 

molecules respectively. They also found that their data fitted the 

relationship between the logarithm of the rate of nucleation and the 

reciprocal of the square of logarithm of the supersaturation predicted 

by the classical theory of homogeneous nucleation. 

Thompson and Walton have used a direct mixing technique and a 

visual counting method to study the nucleation of nickel and palladium 

dimethylglyoximates. They concluded that the nucleation step occurring 

was heterogeneous. From the upper limit of the supersaturations 

obtained they calculated that the value of the surface free energy 

2was approximately 40 ergs cm- . 

A precipitation system is only completely described by the 

variation of both the numbers of particles produced and their distri­

bution with time. These parameters characterize the nucleation and 

cr ystal growth periods in the precipitation. Further, metal chelates 

seem to offer several advantages over ionic compounds in a study of 

t he nucleation process. Metal chelates may possibly be less susceptible 

t o heterogeneous nucleation than ionic compounds and the fundamental 

description of the nucleation step may be less complex. 

The purpose of this thesis was therefore to develop methods to 

measure the variation with time of the size distributions of the 
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particles precipitated for several metal chelates, in order to 

elucidate the type of nucleation and crystal growth laws occurring 

and to measure the parameters important in the classical theory of 

homogeneous nucleation. 



2. EXPERIMENTAL 

2.A. Apparatus and Reagents 

2.A.l. Apparatus 

Particle Counter 

Particle sizes and numbers were measured using a Coulter Counter 

Industrial Model B and accessories supplied by Coulter Electronics 

Industrial Division. The counter was modified so that the voltage 

pulses after amplification and pre-amplification but before shaping 

could be fed to a multichannel analyser. 

Multichannel Analyser 

The pulses obtained from the counter were analysed by, and stored 

in the memory of, a multichannel analyser type ND 160 supplied by 

Nuclear Data Inc. Spectra of pulse sizes thus obtained were dumped 

onto magnetic tape using a magnetic tape unit Mf36 supplied by t he 

Potter Instrument Co. Inc. The tape was then read using an IBM 7040 

computer. 

Fi ltering Apparatus 

Solutions were filtered through a PVC membrane filter, type MFlO , 

of pore size 0.1 micron and diameter 47 nun. The filter was held in a 

stainless steel filter holder type 2220 supplied by the Gelman 

Ins trument Company. The solutions were filtered, under pressure, 

from a 5-gallon stainless steel pressure cylinder supplied by the 

Cor nelius Company Ltd. For small quantities of solution a 100 ml 

32 
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pressure filter holder supplied by Millipore Ltd. was used. 

Spectrophotometric Measurements 

Spectrophotometric measurements were made using a Spectronic 600 

spectrophotometer supplied by Bausch and Lomb, Inc. and cells supplied 

by the Scientific Cell Company Ltd. 

Standard Mono-sized Particles 

Polystyrene spheres and ragweed pollen, both of known size and 

standard deviation were obtained from the Dow Chemical Company and 

Coulter Electronics Industrial Division. 

Glassware 

Pyrex glassware was used and calibrated pipettes and volumetric 

f lasks used where applicable. 

Microscope 

For visual examination of both mono-sized particles and crys tals 

obtained in precipitation experiments a Lumax microscope, model 24404 , 

supplied by the Fisher Scientific Company Ltd., was used. 

Constant Temperature Bath 

A constant temperature bath, type 2073A, supplied by Forma 

Scientific Inc. was used to keep reactant solutions at constant 

temperature. 

2. A. 2. Reagents 

Electrolyte solutions for use with the Coulter counter were made 

up from ammonium chloride of Analar quality supplied by the Fisher 
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Scientific Company, Ltd. 

Nickel(!!) solutions were made up using Analar quality nickel 

chloride supplied by B.D.H. Ltd. 

Barium(!!) solutions were made up using Analar quality barium 

chloride supplied by the Aldrich Chemical Company Inc. 

Dimethylglyoxime was supplied by the Eastern Chemical Company. 

1,2-Cycloheptanedioxime was supplied by K &K Laboratories Inc. 

1,2-Cyclohexanedioxime was supplied by the Aldrich Chemical 

Company Inc. 
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2.B. Introduction 

As indicated in Section l.E. one of the purposes of this thesis 

was to determine experimentally the variation of the size distribu­

tions with time of growing crystals in a metal chelate precipitation 

system. Various methods have been used to measure the size distri­

butions of precipitated crystals and also to count the total numbers 

of crystals formed in a precipitation experiment. These have 

included microscopic methods, sedimentation methods and methods 

involving particle counters. All of these methods are somewhat time­

consuming. For example, they usually involve many separate precipi­

tation experiments. 

Particle counters, however, do appear to be most suitable for 

incorporation into a system which would give a rapid and reliable 

s ize distribution of crystals formed during the precipitation of a 

solid phase from aqueous solution. The basic principle of such a 

counter is as follows. Sample particles suspended in an electrolyte 

pass through an orifice in a wall separating two platinum electrodes. 

A D.C. voltage is applied between the two electrodes to give a 

specific and controlled constant current. The electrolyte chamber 

i s in contact with a mercury manometer. Application of a vacuum to 

t he electrolyte chamber causes the mercury to fall. When the vacuum 

i s shut off the mercury rises drawing the suspension in the outer 

chamber through the orifice. The mercury, while moving up the mano­

me t er, passes two additional electrodes which are separated by a 

known volume. If signals from these electrodes are used to start 

and stop the measuring operation, particle counts can be made on a 
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known volume of suspension. 

The fluid in the orifice defines a volume of resistivity to 

the flow of current between the electrodes. When a particle passes 

through the orifice, the resistance temporarily increases. The 

resulting decrease in current causes the constant current source to 

generate a voltage pulse in a series resister. The magnitude of 

this pulse is linearly proportional to the volume of the particle 

for particles with diameters up to 40% of the diameter of the orifice. 

Normally, the number of pulses is recorded on a digital readout on 

the counter and size distributions are obtained by varying the 

voltage range to which the digital readout responds. This technique 

requires that many readings be taken at various combinations of 

different gate widths and lower threshholds. Also the size range of 

particles is such that this has usually to be repeated for many 

different amplifications of the original pulses. A typical particle 

counter operation is shown in schematic form in Figure 3. 

In order to be able to obtain size distributions for a growing 

precipitate, ideally one would wish to make one instantaneous measure­

ment and obtain a size distribution at that particular time and also 

t o be able to repeat the measurement an instant later and obtain a 

new size distribution. In pursuit of this ideal it was decided to 

feed the amplified voltage pulses from the particle counter to a 

multichannel analyser. In order to free the analyser for inunediate 

reception of another size distribution the spectrum from the analyser 

was dumped onto magnetic tape. The time taken for this was less than 

0.5 seconds. The spectra were then to be retrieved later in either 
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graphical or tabular form by printout from a computer. 

Acceptable pulses for the analyser, a Nuclear Data Model ND 161F, 

should have the following characteristics. The rise time should be 

not less than 1 microsecond and not greater than 5 microseconds, with 

a subsequent period of from a few tenths of a microsecond to a few 

microseconds in which the pulse should be essentially flat. The 

pulse should also be positive, either single ended or bipolar, and 

lie between 0-100 volts with the positive portion of the pulse 

carrying the energy information. These waveforms are recommended 

for maximum resolution and linearity but are not necessarily the only 

tolerable waveforms. 
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2.C. Procedures 

The following procedures were devised from a study of the 

calibration and use of the particle counter and analyser as a system 

for the measurement of size distributions of both mono-sized particles 

and of particles produced in the precipitation of some insoluble com­

pounds from aqueous solution. The procedures used to produce the 

supersaturation of the insoluble compounds are also described. 

2.C.l. Preparation of electrolyte solutions 

The electrolyte stock solution needed to provide a conducting 

solution for the particle counter was made up from ammonium chloride 

(1% w.v.) and filtered at least twice through a 0. 1 µ PVC membrane 

f ilter and stored in glass vessels. The vessels were steam-cleaned 

by the method of Nielsen (102) and washed with filtered electrolyte 

before use. This electrolyte was used to make up all the other 

re~gent solutions and was always checked before use to ensure that 

t he background noise in the particle counter had a constant low value. 

2 . C.2. Preparation of calibration solutions 

Calibration solutions of 1.099 µ, 3.49 µ, 11.7 µand 18.8 µ 

diameter particles were made up by dispersing quantities of each size 

in electrolyte solutions by gentle stirring until all particles were 

individually dispersed and no agglomerates remained. For the smallest 

par ticles (1.099 µ diameter) this was difficult to achieve. Best 

results were obtained when a few drops of a 1% (v.v.) solution of 

Triton X·lOO in electrolyte were added. The individual dispersion of 

part icles was checked visually with a microscope. These solutions 
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were then suitably diluted with electrolyte until each contained 

approximately 105 particles/ml. This dilution was required so as 

to minimize coincidence counting by the particle counter. 

2.C.3. Calibration procedures 

The Coulter counter probe was inserted into 100 mls of the 

calibration solution and the number of particles in 0.5 mls counted 

over the ten amplification settings of the instrument. Between 

each count the solution was manually stirred using a 10 ml hypodermic 

syringe. Other types of stirrers, magnetic and electrical, seriously 

increased the level of the background noise. The size distribution 

for each amplification setting was dumped onto magnetic tape. Later 

a complete size distribution was printed out by the computer. This 

procedure was carried out for each of the 1.099 µ, 3.49 µ, 11.7 µ 

and 18.8 µ diameter calibration particles and in addition for several 

particle counter aperture sizes. 

2.C.4. Precipitation procedures 

Two direct mixing procedures for producing supersaturated 

solutions were investigated. These were a continuous flow system and 

a stopped flow dilution system. 

The apparatus used in the continuous flow system is shown in 

Figure 4. Equal amounts of reactants were mixed in a Roughton cell 

(A) by positive pressure on the storage vessels (B). The mixed 

solution in which precipitation and growth of crystals were occurring 

was sampled at various points along the precipitation tube (C). The 

Coul ter counter probe (0) was welded to a small hole in the precipitation 
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tube. The entire apparatus was enclosed in an earthed Faraday cage. 

This system was studied extensively with both mono-sized particles 

of known diameter and with barium sulphate, nickel dimethylglyoximate, 

nickel nioximate and ntckel heptoximate as precipitating crystals to 

see if this method of mixing and size distribution determination 

would give reproducible results. The results obtained are described 

in Section 3.B. of this thesis. 

The apparatus used in the stopped flow dilution method is shown 

in Figure 5. In this system the reactants were mixed with a Roughton 

cell directly into a clean container and the mixed solution was 

diluted suddenly with electrolyte after a given time. A and B are 

two 10 ml syringes which are forced down together so that mixing of 

reactants C and D occurs at E and the mixture then passes into syringe 

F. Each of the syringes A and B were cleaned thoroughly with the 

reactant which each was to contain. The Roughton cell E, the syringe 

F and connecting tubes were steam cleaned and dried. The solutions 

were kept in a constant temperature bath at 25°C and the experiment 

was carried out with the apparatus also at this temperature. After 

a noted time the solution in syringe F was transferred to a beaker 

containing enough electrolyte so that the resulting mixture gave 

approximately 105 counts/ml. 

2.C.S. Measurement of size distributions of particles of barium sulphate 

Crystals obtained in the precipitation of barium sulphate were 

dispersed in 100 mls of filtered electrolyte solution which had been 

saturated with barium sulphate. The size distributions were obtained 

as described in section 3.A. 
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2.C.6. Measurement of size distribution of crystals of nickel oximates 

Crystals obtained in the precipitation of nickel oximates were 

dispersed in 100 mls of filtered electrolyte solution. The size dis­

tributions were obtained as described in Section 3.A. 

2.C.7. 	 Nucleation and crystal growth experiments 

The procedures for mixing and counting described in Sections 

2.C.3. and 2.C.4. were used to measure the size distributions of 

particles obtained in the precipitation of barium sulphate, nickel 

nioxime, nickel dimethylglyoxime and nickel heptoxime. 

Solutions of barium2+ (O.l M) and nickel (O.l M) were prepared 

by dissolving their respective chlorides in the standard electrolyte 

solution. Stock solutions of dimethylglyoxime (3 x 10- 3 M), nioxime 

(1 .0 x 10-2 M) and heptoxime (1.0 x 10-2 M) solutions were each made 

up in 1% electrolyte solution. All other concentrations were pre­

pared from these stock solutions by dilution with the standard 

electrolyte solution. Before use, each solution was filtered at 

l east twice through 0.1~ PVC membrane filters. The background count 

wa s checked to ensure that it was nearly the same constant low value 

as for the pure electrolyte alone. Barium sulphate precipitations 

were carried out at pH 7.0,nickel dimethylglyoxime precipitations at 

pH 7.0, nickel heptoxime precipitations at pH 3.28 and nickel nioxime 

precipitations at pH 2.8. 

2. C.8. Measurement of the nickel dioximate solubilities. 

The solubilities of the nickel dioximates were determined 

spectrophotometrically as follows. The same procedure was followed 
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for each dioximate. A weighed amount of the dioximate was dissolved 

in electrolyte solution (1% NH Cl) at pH 0-1. This solution was
4

diluted with electrolyte to give calibration solutions of appropriate 

dioximate concentrations for construction of a Beer's law plot. A 

200 ml portion of each of these solutions was then extracted at 

pH 7 with three 5 ml aliquots of chloroform. For each solution the 

three extracts were combined and reduced to 5 mls. The absorbance 

of each of these chloroform solutions was measured at 375 mµ and a 

linear Beer's law plot drawn. 

An excess of the dioximate was then added to 200 mls of the 

electrolyte at the pH used in the nucleation studies (Section 2.C.7.). 

This suspension was shaken for three days, filtered through a 0.1µ 

PVC filter, shaken for another three days and filtered again. The 

f iltrate was extracted with three S ml aliquots of chloroform at 

pH 7. The combined extracts were reduced to 5 mls. The absorbance 

at 375 mµ was measured. The solubility for each dioximate was then 

r ead from the appropriate calibration curve. 



3. RESULTS AND DISCUSSION 

3.A. Calibration of the Apparatus for Measuring Size Distributions 

The "Coulter counter" circuitry was interrupted at point A, 

Figure 3, so that the amplified pulses could be fed to the multi­

channel analyser. The pulse sizes and shapes obtained at this point 

in the circuitry using standard sized particles of known size and 

standard deviation, were examined with an oscilloscope to determine 

how closely the pulse shapes agreed with the limits set for the 

analyser. Figure 6a shows typical pulse shapes and sizes for standard 

particles of 3.49 µ diameter. The pulses have an average total length 

of about 10 microseconds with a rise time of 4 or 5 microseconds. The 

pulse is never actually flat on top but does remain close to its 

maximum value for approximately 1-3 microseconds. The characteristics 

of most of the pulses fall approximately within or close to those 

r ecommended for best resolution and linearity. Having shown that the 

pulse shapes produced by spherical mono-sized particles were approx­

i mately the correct shape it was then necessary to ascertain if the 

pulse shapes obtained with particles from a real precipitation system, 

e. g. , nickel dimethylglyoximate, were similar to those obtained for 

spherical mono-sized particles. An example of the shapes obtained are 

shown in Figure 6b. The pulses, which varied in height, were of the 

same general shape and time duration as those of the mono-sized 

part icles. These results indicated that the spherical mono-sized 

part icles could be used as calibration standards to relate the 

analyser channel number to size and, further, that these calibration 
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curves could be used to measure the size distribution of particles 

obtained in the precipitation of metal chelates. 

Before setting up calibration curves, the values of the resistance 

of the electrolyte in the aperture and of the current between the 

electrodes were first optimised. These variables affected the size of 

the pulses, the signal to noise ratio and determined the smallest pulse 

which could be distinguished from the background. It was found in 

these investigations that for apertures of all sizes (except the 30 µ 

diameter aperture) an electrolyte concentration of 1% (w.v.) ammonium 

chloride and a current of 8 milliamps were suitable. For the 30 µ 

diameter aperture currents greater than 4 milliamps caused the amplifier 

to be overloaded and spurious pulses were obtained. 

Having shown that the voltage pulses from the particle counter 

could be fed to the analyser and size distribution spectrum obtained, 

t hen, in order to completely calibrate the system, it was necessary to 

do the following three experiments: 

(i) Show that reproducible calibration curves which related 

analyser channel number to size could be prepared. 

(ii) Determine the standard deviation of mono-sized particles 

of known dispersion. 

(iii) Measure the size distribution obtained for a mixture of 

var ious mono-sized particles. 

Spherical mono-sized particles of diameter 1.099 µ, 3.49 µ, 11.7 µ, 

and 18.8 µ particles were used to calibrate the particle counter­

multichannel analyser combination. This was done by using the visual 

readout onto an oscilloscope and recording the channel number of the 
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analyser at which the maximum number of pulses occurred. The known 

diameter of the particles was then plotted against channel number. 

Because the voltage pulses are proportional to the volume of the 

particles their magnitude varies widely as the particle diameter 

increases from 1.099 microns to 18.8 microns. It was, therefore, 

necessary to use different signal amplifications so that the peak 

would fall within the 1024 channels available and not in the electrical 

noise at l@w channel numbers or off scale at high channel numbers. 

Consequently for each aperture, there was a series of calibration 

curves. Each one corresponded to a different signal amplification. 

Such a set of calibration curves for the 30 µ diameter aperture is 

shown in Figure 7. Similar curves were constructed for 100 µ and 

200 µ apertures. Since the 30 µ diameter was found to have the highest 

sensitivity it was used almost exclusively in subsequent work. Because 

of the size range of calibration particles and the rapid change of 

s ignal height with particle diameter only a few points fell on each 

calibration curve. As a result it was difficult to set up a completely 

empirical calibration curve. If the channel number which corresponded 

t o zero volts was carefully chosen, the calibration curves could be 

s et up so that they were accurately described over a range of 4 to 5 

mi crons by Equation [24] 

p = v 
[24]I.A.K 

where P is the channel number corresponding to the diameter d of 

a particle, 

V is the volume of the particle of diameter d, 



so 


I is the current between the electrodes, and 

K is a constant calculated from the empirical data for the 

mono-sized particles. 

Using Equation [24] and the empirical calibration points found using 

mono-sized particles accurate calibration curves, such as those shown 

in Figure 7 were constructed. 

It is a relatively simple matter to obtain these channel number­

diameter calibration curves. If the method is to be useful, however, 

the resolution of one particle size from another must be assessed. 

The standard deviations of several sizes of particles were calculated 

from the experimental data for several amplifications and compared 

with the standard deviations quoted by the supplier (where available). 

These results are shown in Table 3. For the 1.099 µ diameter particles, 

where a quoted resolution was available, the poorer resolution is 

probably due to the fact that all pulses from one particle size are 

not in fact identical because of interference effects at the aperture. 

These effects were minimized by using a sufficiently dilute suspension. 

In subsequent studies, which were carried out using the 30 µ diameter 

aperture, most of the particle sizes fell within the diameter range 

1 to 4 microns where the standard deviation was found to be from 0.03 

to 0.09 µ. Table 4 shows the size ranges covered for each amplification 

set ting .for the 30 µdiameter aperture, at an aperture current of 4 

mi l liamps. The size range covered for each amplification setting is 

small especially for small sizes (high amplifications). 

Preliminary investigations with nickel dimethylglyoximate showed· 

that crystal diameters were likely to fall in the range 0 to S microns 
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FIGURE 7. 	 Calibration curves relating channel number to 


diameter for mono-sized spherical particles . 
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TABLE 3 

Standard deviations found for standard-sized particles. 

Aperture 
Diameter (µ) 

Particle 
Size (µ) 

Amplification 
Setting 

a Found 
µ 

a Quoted 
µ 

30 1. 099 1/4 
1/2 

1 

0.060 
0. 047 
0.036 

0.0059 

3.49 2 
4 
8 

0.068 
0.065 
0.097 

Not available 

11. 7 64 0.47 Not available 

70 1.099 1/8 0.39 0.0059 

11. 7 8 
16 
32 
64 

0 . 89 
0 . 79 
0. 72 
0.66 

Not available 

18.8 32 
64 

0.67 
0.64 

Not available 
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TABLE 4 

Size ranges for each amplification setting. 

Amplification setting Size range 

1/8 0 - 1. 8 lJ 

1/4 0.5 - 2.0 lJ 

1/2 1 - 2.6 lJ 

1 1.5 - 3.5 lJ 

2 2 - 4.2 lJ 

4 3 - 5 lJ 

8 4 - 6.5 lJ 

16 5.2 - 8 lJ 

32 7 - 10 lJ 

64 8.5 - 12 lJ 
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and would have distributions wider than the range covered by any one 

of the amplification settings. Consequently, for one aperture size, 

it was necessary to measure over the ten amplification ranges of the 

particle counter to produce a complete size distribution. The size 

distribution spectra from the ten different amplification ranges were 

dumped onto magnetic tape. The tape was read by computer and the 

number of counts in each channel printed out for each amplification. 

A computer programme was written which manipulated the data in 

the following manner. From the calibration curves channel numbers 

were identified with particle diameters and the number of pulses 

calculated for 0.1 µ increments over the whole size range of the 

amplification setting. This was done for each amplification and gave 

t en overlapping spectra of the number of particles per 0.1 µversus 

di ameter. The overlapping parts were averaged and then a composite 

spectra from 0 to 12 µ was printed out in increments of 0.1 µ i n 

either graphical or tabular form. The computer programme to accomplish 

this is shown in Appendix I. 

Figure 8 shows a composite size distribution spectrum obt ai ned 

fo r a mixture of two sets of mono-sized particles, of diameter 1 . 099 µ 

and 3.49 µ. A schematic diagram of the entire apparatus is shown in 

Figure 9. 

It was found early in the investigation that it was essential to 

have all solutions as clean as possible because blocking of the aperture 

whi l st a measurement was being taken was a major problem. All electro­

lyte solutions and reactant solutions were therefore filtered, under 

pressure, through 0.1 µmembrane filters. A second reason for thorough 
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cleaning of solutions was to keep the signal to noise ratio as high 

as possible. After two filtrations the electrolyte solutions 

registered a count of 103 particles/ml with diameter greater than 

0.7 µ. Below this size electrical noise swamped all other signals. 

Further filtrations failed to reduce the background count which was 

therefore probably due to electri cal noise rather than foreign 

particles present in the solution. These low background counts and 

high signal to noise ratios also enabled the size distributions of 

dilute crystal suspensions to be measured. It was necessary to use 

suspensions as dilute as possible in order to minimize coincidence 

counting. A further advantage of filtering the solutions was that 

the possibility of heterogeneous nucleation of the metal dioximates 

was reduced. Every effort was made to reduce the electrical noise 

by putting electrical filters in the high voltage supply line and 

adequately grounding the counter. 

For the mono-sized calibration particles the length of time 

t aken to measure the size distribution and the length of time taken 

between measurements were not important. When growing crystals were 

involved these times were important and were kept as low as possible. 

To minimize the time taken for measurement the volume of solution was 

kept as small as was consistent with adequate statistical counting. 

For the 30 µdiameter aperture the minimum volume was 0.05 mls. 

Approximately 30 seconds were required for this volume to pass through 

the aperture. To minimize the time taken between measurements a 

magnetic tape unit was used in conjunction with the multichannel 

analyser. This enabled the dumping of the spectra onto the magnetic 
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tape to be performed in less than 0.5 seconds. It could then be 

stored on tape until its subsequent retrieval at will using computer 

methods. 
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3.B. Mixing Methods 

3.B.l. Continuous flow method 

Numerous problems were encountered with this method. The main 

problem was that the electrolyte, required in the counting cell, 

acted as an antenna and picked up enough electrical noise to com­

pletely swamp the small voltage pulses generated by the passage of 

the particles through the aperture. This background was reduced to 

a tolerably low level by enclosing the mixing cell, stock solutions 

and counting cell in a Faraday cage. The electrical noise could 

also be minimized by using the shortest tube which was compatible 

with a measurable flow of reactants, so that the size distribution 

measurement took place close to the mixing site. Under these 

conditions, when particles of known size were dispersed in the 

e lectrolyte size distributions corresponding to those taken in a 

s tatic solution were obtained. 

A total count of less than 2 x 105 counts/ml ©f suspension was 

r equired so that coincidence counting by the counter and the analyser 

could be neglected. Preliminary experiments with barium sulphate and 

several nickel dioximes showed that for most concentrations of 

reactants the number of crystals produced was much in excess of 

2 x 105/ml. As a result, therefore, the coincidence counting was 

ver y high and the size distributions obtained were meaningless. Only 

in the case of low initial concentrations of reactants were the number 

of particles produced low enough to reduce the coincidence counting to 

a negligible level. At these concentrations, however, a very long 



60 

reaction tube was required even at low flow rates. To overcome the 

problem of excessive coincidence counting it was attempted to set 

up a second mixing cell, at various distances along the precipitation 

tube, in which the suspension was diluted with electrolyte. The 

dilution required was, however, 100-200 to 1 (v.v.) and was very 

irreproducible. The method also used vast quantities of electrolyte. 

The third problem encountered with the continuous flow system 

was that growth of the precipitate occurred on the walls of the 

precipitation tube, on the counter probe and in the probe aperture. 

Large crystals broke off from the growth on the walls and blocked 

t he aperture. 

The continuous flow method because of the above difficulties 

was used only in a very few instances, for example early in a fast 

precipitation where the supersaturation was high and few particles 

had appeared. 

3 . B.2. Stopped flow dilution method 

The difficulties with the continuous flow method indicated 

that in order to make a meaningful measurement of size distribut i on 

three conditions would have to be satisfied. 

(i) The precipitation suspension would have to be diluted so 

as to minimize coincidence counting. 

(ii) The counter probe should not be in a suspension of growing 

particles. 

(iii) The volume of solution should be kept as small as posstble 

so as to minimize electrical noise. 
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A stopped flow dilution method (described in Section 2.C.4.) which 

satisfied these conditions was therefore used in most of the 

experiments subsequently carried out. In this method samples were 

taken at various times after mixing and crystal growth stopped by 

dilution of the sample with electrolyte. 

For this method to be successful the following additional 

conditions had to be met. 

(i) The method of mixing and transference to a counting 

chamber should in itself give rise to no increase in background 

count. 

(ii) The dilution, which was sufficient to give a reasonable 

number of particles above the background, should also be sufficient 

to stop the growth of crystals, or at least to slow t he growth down 

enough so that no detectable size distribution change would occur 

within the time of measurement of the size distribution. 

(iii) The time of mixing should be as short as possible so that 

all particles would stop their growth at the same time. 

In experiments to test (i) above, first one reactant and then 

t he other were run through the mixing procedure and diluted. No 

detectable change in the background reading was noted. 

To test the truth of (ii) above, that the dilution necessary 

t o give a reasonable counting rate also stopped the crystal growth, 

the following experiments were carried out. After dilution, the 

size distribution of a precipitate suspension was immedi ately 

measured. The measurement was repeated many times in succession 

over a period of hours. The suspension was manually stirred using 
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a syringe before each count. The results showed that no detectable 

difference occurred in the size distribution over a long period of 

time. As the size distribution was measured immediately upon dilution 

and no change occurred thereafter it was reasonable to suppose that 

the size distribution measured was that of the original solution. 

The time taken to mix the reactants [(iii) above] is made up of 

the time taken to physically mix the solutions and the time taken for 

each component to distribute itself homogeneously throughout the 

solution. It has been shown (105) that for this method of mixing 

using a Roughton tube the latter time is less than 10- 3 sec. The 

former time was observed to be less than 0.5 sec. 

The method used to dilute the sample, was to inject it from 

syringe F (Figure 5) into 200 mls of diluting electrolyte. This 

operation required less than 0.5 sec. [~ii) above] so that all the 

crystals stopped growing at the same time. 
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3.C. The Nucleation of Barium Sulphate 

The nucleation and crystal growth properties of barium sulphate 

have been widely studied by a large number of investigators (67,103, 

78,80,59). As a result a large amount of experimental data exists 

in the literature regarding its precipitation by bot h direct mixing 

techniques and techniques in which the sulphate ion is produced in 

situ. Barium sulphate was therefore chosen as a precipitation system 

on which both the mixing methods and the entire apparatus for measure­

ment of size distributions, described earlier, could be tested. Com­

parisons between the results obtained by the methods described in 

this thesis and those reported by other investigators could then be 

made. If agreement was found between the results obtained and those 

r eported in the literature then the methods used for producing pre­

cipitation and measuring size distributions could be applied with some 

degree of confidence to the investigation of the nucleation and 

cr ystal growth of some nickel dioximates. 

It was attempted to measure the size distributions of the pre­

cipitates obtained when barium2+ and sulphate 2 - were di rectly mixed 

usi ng the mixing procedures described in Section 2.C.4. 

In the method of continuous flow it was found that it was 

impossible, for most of the precipitations studied, to measure the 

size distribution of the precipitated barium sulphate because of the 

very high number of particles produced. Also for those cases where 

the particle number may have been sufficiently low it was found that 

the crystals nucleated and grew on the walls of the precipitation 

tube "upstream" from the counting probe and in the probe itself. 
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Any size distribution analysis was therefore impossible. The stopped 

flow dilution method was therefore used to measure the final size 

distributions of barium sulphate crystals obtained for various initial 

concentrations of barium2+ and sulphate2- ions. The precipitations 

were carried out at pH 7. Solutions of barium2+ and sulphate2- ions 

were made up from BaCt2 and (NH4) 2S04 in 1% NH4Ct solution. This 

solution was buffered to pH 7 and filtered so that t he background 

count was as low as possible. 

The main qualitative features of the size distributions obtained 

are as follows. 

(1) The total number of particles formed varies from 106 ~ 107 

particles/ml of solution in the concentration range studied. 

(2) The particles of barium sulphate showed wide variation in 

t heir size distributions but in general varied from 1 µ to 7 µ in 

diameter. 

(3) The average size of the particles formed got larger as the 

supersaturation increased. 

(4) At a definite supersaturation the number of particles rose 

dr astically, the induction period shortened drastically and the size 

of the particles went below the lowest size which the instrument 

could measure. The presence of these particles was indicated by the 

large number of coincidence counts recorded by the instrument. 

Table 5 shows the variation of the total number of particles 

fo r med with the initial barium sulphate supersaturation. In Figure 

10 the total number of particles formed is plotted against the initial 

supersaturation. 
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TABLE 5 

Variation of the total number of barium sulphate crystals 
formed with initial supersaturation. 

Total Number log N Co (moles litre- 1) s log S 
N 

0.9 x 106 5.96 5.00 x 10-4 2.37 x 101 1. 36 

1.29 x 106 6.11 7.50 x 10-4 3.55 x 101 1.55 

1.61 x 106 6.20 1.25 x 10-4 5.91 x 101 1. 77 

5.67 x 106 6.75 2.50 x 10-4 1.18 x 102 2.07 

7.03 x 106 6.8 5.00 x 10-3 2.37 x 102 2.43 

8. 32 x 106 6.92 7.50 x 10-3 3.55 x 102 2.55 

10.0 x 106 7.00 10-2 4.74 x 102 2.671.00 x 

12.1 x 106 7.08 10- 2 7 .11 x 102 2.851.50 x 

» 108 2.00 x 10-2 9.49 x 102 2.97 
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FIGURE 10. 	 Variation of the total number of precipitated 

barium sulphate crystals with supersaturation. 
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The size distributions obtained can be interpreted in terms of 

the initial nucleation event being either homogeneous or heterogeneous. 

If homogeneous nucleation were occurring the rate of nucleation and 

hence the total number of crystals formed should increase exponent­

ially with increase in the initial supersaturation. The dependence 

found in the present study, as shown in Figure 10, is such that the 

total number formed increases only slowly with increasing supersatur­

ation. On Figure 10, the range of values found for each concentration 

is shown. These ranges are sufficiently wide that all points almost 

lie within the same range. For the numbers corresponding to the 

lowest supersaturations a substantial unknown proport i on of them lie 

below the limit of detection of the instrument. This relationship 

between the total number of particles formed and the initial super­

saturation is indicative that nucleation was occurring on a practically 

constant number of heterogeneous sites. The slight increase can be 

explained by postulating that some impurities are more efficient 

nucleators than others. Then, as the supersaturation increases, the 

less efficient sites catalyse the nucleation process. The result 

that the average size of the particles produced increases with 

increasing supersaturation also indicates that heterogeneous nucleation 

. . . b 1 ow 102 · 85is occurring at supersaturations e 

The fourth feature of the study indicates that at a well-defined 

supersaturation the number of particles formed rises drastically with 

a s l ight increase in supersaturation. In this investigation no study 

of this dependence was possible because the particles produced were 

below the lower limit of detection of the instrument. Other authors 
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have shown that this dependence of number of particles formed with 

supersaturation is consistent with the Volmer-Becker-Doring theory 

of homogeneous nucleation. From this study, identifying the marked 

change in number with the onset of homogeneous nucleation then it 

can be concluded that homogeneous nucleation predomi nates at super­

85saturations above 102· . Putting the rate of nucleation= 1 at 

log S = 2.85 and using the relation 

16~cr3v2 

J = A e [15]
3K3T 3 (lnS) 2 

the surface tension a may be calculated assuming a spherical nucleus. 

The value of A used commonly in the literature and here is 1030 . The 

volume of a barium sulphate molecule (calculated from the density and 

formula weight) used is 4.30 x l0-23cm3. The value of a calculated in 

t his way is 130 ergs cm- 2 which is in good agreement with that quoted 

by Nielsen (67) for the surface tension of the barium sulphate nucleus. 

The number of ions in the nucleus. was also calculated from the same 

equation and found to be 21 (see Table 2). 

The results found in this study are both qualitatively and 

quantitatively in agreement with those for barium sulphate in the 

literature. This indicates that even though it was very difficult 

to r eproduce individual size distributions some degree of confidence 

coul d be placed in the trends shown in the size distributions and on 

the calculations made on the averages of many measurements. The 

counting and mixing techniques were therefore used in a more complete 

study of the nucleation and growth of several nickel dioximates. 
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3.D. Nucleation of Nickel Dioximates 

The procedures described in section 2.C. were used to measure 

the size distributions of the crystals formed when bis(l,2-butane­

dione-dioximate)nickel(II), bis(l,2-cycloheptanedione-dioximate)­

nickel(II), and bis ~,2-cyclohexanedione-dioximato)nickel(II) were 

precipitated from aqueous solution. Hereinafter, the chelates will 

be referred to by their more conunon names of nickel dimethylglyoximate, 

nickel heptoximate and nickel nioximate respectively. The size 

distributions obtained were used to elucidate whether the type of 

process controlling the nucleation step in the precipitation of each 

of the above chelates was homogeneous or heterogeneous. 

The results were evaluated in terms of the classical theory of 

homogeneous nucleation and were used to determine the parameters of 

importance in equation [15]. 

[15] 

These parameters were the pre-exponential factor A, the value of the 

sur face free energy a and the number of molecules i* in the critical 

nucleus. To evaluate these parameters it was necessary to experiment­

ally measure the dependence of the rate of nucleation J on the super­

saturation S and to measure the size distribution of the precipitated 

par~ ic les at various times. The variables, J and S, and the variation 

of si ze distributions with time and with supersaturation were measured 

for the three nicke l dioximates mentioned earlier. The validity of 

the measurements of J and S and the assumptions involved will be 

discussed later. 
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The size distributions of the crystals obtained were recorded 

in terms of the distribution of diameters of the crystals. All of 

the nickel dioximates studied crystallize in the form of long thin 

needles. This raises the important question as to whether differ­

ences in pulse heights due to the particles passing through the 

aperture of the counter are a result of different orientations of 

the crystal in the aperture. Fortunately, however, due to the 

viscous flow of the suspension through the aperture of the counter 

cell, all of the crystals pass through it with their long axis 

perpendicular to the plane of the aperture. This was confirmed by 

visual observation, with a microscope, of the crystals in a suspension 

moving along a tube. The length of the voltage pulse obtained was not 

substantially affected by the varying lengths of the crystals. This 

was due to the fact that the electrical field around the aperture 

extended to several of its diameters on either side and the voltage 

pulses were initiated when the crystals enter this force field and 

end when they left the force field. The size distributions measured 

were thus diameter distributions. 

The particle size distribution may be expressed in terms of the 

size distribution function N(d,t), the number, per unit volume, of 

those crystals whose size is greater than d at time t. Thus N(0, 00 ) 

is the total number of particles formed at the end of a precipitation 

(neglecting agglomeration and aging effects). Also the rate of 

nucleation J can be expressed as 

J = dN(O,t)/dt = (aN/at)d=O [25] 
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All size distributions in this thesis are recorded in terms of the 

first derivative of the size distribution function. The size dis­

tributions, at various times t, are therefore plots of (aN/ad)t 

against the diameter d. Experiment actually gives a histogram of 

the number of crystals in diameter intervals of 0.1 µ. As the 

diameter interval is small and the number of intervals is large, 

this histogram can be replaced by the .continuous function (aN/ad)t. 

3.D.l. The nucleation of nickel dimethylglyoximate 

The crystal and molecular structures of nickel dimethylglyoximate 

have been studied (101). It has been assigned a square planar structure 

with a strong nickel-nickel bond between molecules. The crystal 

structure has shown the unit cell to have the dimensions a = 16.88, 

b = 10.44, c = 6.49 and Z = 4. From this data the density may be 

calculated to be 1.70 giving a molecular volume of 2.97 x 10-22 cm 3 • 

The evaluation of the volume is of importance in the final determination 

of the surface free energy a and the size of the critical nucleus i*. 

In the present investigation solutions of nickel chloride and 

dimethylgloxime were made up as described in Section 2.C.7., buffered 

to pH 7 with ammonium hydroxide and mixed in stoichiometric amounts 

using the direct mixing procedures described in Section 2.C.4. These 

are the conditions (except for stoichiometry) used in the analytical 

precipitation of nickel using dimethylglyoxime as the precipitating 

agent. Preliminary investigations showed that these conditions would 

give particles of a suitable final size for measurement using the 

counter-analyser system described earlier. That is, for the period 



72 

of the reaction in which the greater part of the crystal growth 

occurred the crystals were larger than 0.9 microns in diameter. 

The concentrations of the nickel dimethylglyoximate in solution 

after mixing were 1.0 x 10-3 M, 5.0 x 10-4 M, 2.5 x l0- 4M, 1.0 x 10-4 

M, 5.0 x 10-s Mand 2.5 x lo-s M. 

After direct mixing the suspension was sampled at various times 

and diluted so as to give a count of approximately 5000 to 10000/0.05 

mls. To obtain the optimum dilution factor required several trial 

and error experiments. The variation of the size distributions with 

time so obtained for an initial nickel dimethylglyoximate concentra­

tion of 10-3 Mis shown in Figure 11. These are typical size distri­

butions obtained. The size distributions were recorded many times 

for each run and while the actual positions of the peaks at particular 

times were difficult to reproduce exactly the trends shown in Figure 

11 were reproducible. Similar representative variations of the size 

distributions obtained for the other concentrations of nickel 

dimethylglyoxime quoted above are shown in Figures 12 to 15 inclusive. 

One of the most important aspects of this series of size distri­

butions is that the average size of the particles decreases with 

increasing supersaturation. That is, even though the total mass of 

material available for precipitation is increasing, the total number 

of particles increases more rapidly. Several authors (67,103) have 

used this effect as a criteria for distinguishing between homogeneous 

nucleation and heterogeneous nucleation. Homogeneous nucleation, if 

described by the classical theory, should give rise to a rapidly 

i ncreasing number of particles as the supersaturation is increased. 

http:10000/0.05


73 

8 


u:> 
'o...... 
x 

~ 
~ 

"° ' z 
l"O-

7 

Time after mixi ng 
6 A. 9. 

B. 30. 

5 c. 300. 

4 

3 
8 

2 
c , 

(secs). 

DIAMETER <microns) 

FIGURE 11. Nickel dimethylglyoximate size distributions 
-3

(c = 1.0 x 10 M).
0 



74 

LO 

'o-x 

-

8 

4 

l ' 

Time after mixing 

A. 10 

B. 15 

c. 20 

D. 30 

E. 60 

F. 120 

G. 300 

(secs). 

1 2 
DIAMETER <microns) 

FIGURE 12. Nickel dimethylglyoximate size distributions 
-4cc0 = 5.0 x 10 M). 

12 


3 



6 

4 

~ 
..­
x 

-
-'t:J
;o 

z ' 
;o-

2 

D 

Time after mixing (secs). 

A. 10 

B. 30 

c. 38 

D. 60 

E. 90 

F. 120 

G. 230 

A 

QI 1I =::::--,., 2 ::=-:-,. r>. =::=,.___ :::::,.3 I 
-...J 

Nickel dimethylglyoximate size distributiP.~AMETER (microns) 
Vl 

FIGURE 13. 

(c = 2.s x io-4M).
0 

4 



--

10 

Time after mixing (mins). 

A. 	 1 F. 8 


B. 	 1.5 ...., 5 

c. 2
0- D. 	 3 


4 


x 


;g 
z' 
IO-

QI I 	 I :--:=:,.::=-... --.. I '-~ 


1 2 3 


DIAMETER <microns> 

FIGURE 14. Nickel dimethylglyoximate size distributions 


-4

(c	 = 1.0 x 10 M).


0	 ..._, 
(]\ 



Time after mixing (mins). 

A. 1.5 

B. 4 

c. 8c:> 3 
0 D. 15..­
x E. 25 

-+J 

~2 
z 
IO-

1 

:=::::.--.,_ I ~ )I I ...........__ I 3 4 

O 1 2 DIAMETER <microns) 


FIGURE 15. Nickel dimethylglyoximate size distributions 

-5


(c = s.o x 10 M).
0 

'-I 
-...J 



78 

The end result should be less mass per particle and a resultant 


decrease in average final particle size with increasing supersaturation. 


In the concentration range studied here nickel dimethylglyoximate shows 


the same trends as above. Consequently, these trends indicate that 


homogeneous nucleation of nickel dimethylglyoximate is taking place. 


Heterogeneous nucleation, on the other hand, may be expected to take 


place on a constant number of foreign particles. This should result 


in an increase in the final crystal size as the supersaturation is 


increased. Some authors (98) have postulated that heterogeneous 


nucleation could occur on particles of different nucleating abilities 


resulting, as for homogeneous nucleation, in an increase in the number 


of particles formed. While particles of different nucleating abilities 


undoubtedly exist, it would seem unlikely that they would have exactly 


that range of nucleating abilities necessary to give the increase in 


numbers expected assuming a homogeneous nucleation mechanism. 


The other main qualitative aspects of the Figures 11 to 15 inclusive 

are as follows. 

(i) The size distributions move through 1 µ, the position of the 

peak moving to larger diameters with time. This shows that the crystal 

growth is occurring at measurable rates and that crystals do not 

appear visibly immediately after the nucleation event. 

(ii) All of the size distributions show at least one maximum 

(except for those taken early in the precipitation where the maximum 

i s below the level of detection of the instrument). For those pre­

cipitations carried out at high supersaturations there is a single 

maximum of narrow diameter range (Figure 11). For a lower supersatur­
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ation, i.e., Figure 12, the single peak has broadened slightly and 

has a shoulder on the high diameter side. In Figure 13 two distinct 

peaks are visible early in the precipitation and the distribution 

has broadened considerably. At later times in this same precipitation 

the maxima broaden further and the larger diameter maximum becomes a 

plateau (Figure 13). At even lower supersaturations (Figures 14 and 

15) the maxima broaden further and more, large particles are formed. 

(iii) It was found that it was very difficult to reproduce the 

actual position of the maxima from experiment to experiment. The 

trends shown by the sizes distributions were however quite reproduc­

ible within any particular experiment. 

(iv) The total number of particles formed varied widely for 

different initial supersaturations. 

For each of the size distributions in Figures 11 to 15 inclusive 

a total number against time plot was drawn. The total number of 

crystals formed at any time t is given by the equation 

N(O,t) (26) 

As the apparatus used had a lower limit of accurate detection of just 

l ess than 1 µ,it was not possible to measure directly N(O,t). The 

total number of particles above 1 µat time t, N(l,t), was therefore 

used instead of N(O,t). Plots of N(l,t) versus t for the initial 

concentrations quoted above are shown in Figures 16 to 20 inclusive. 

Tables 6 to 8 inclusive show the variation of N(l,t) with time for 

var i ous initial concentrations. 

All of these plots show the same general characteristics. N(l,t) 
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TABLE 6 

Variation of the tot al number of nickel dimethylglyoximate 
crystals formed with time . 

Co = 1. 00 X lo-3 M Co = 5.00 X 10-4 M 

Total Number Time Total Number Time 
x lo-7 (secs) x lo- 6 (secs) 

0 . 61 6 0.71 10 

1.8 9 0 . 36 10 

2.9 15 1.03 15 

3.2 30 0.85 15 

3.6 30 2.2 20 

3 .8 60 6 .4 30 

2. 4 120 4 .9 30 

2 .9 120 10 . 1 60 

3 .2 120 10 .3 60 

2.7 210 9.1 60 

2.3 210 9.2 120 

2.2 300 8 .5 120 

2. 2 300 5.9 300 

2.9 300 8. 4 300 

7 . 8 300 
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TABLE 7 

Variation of the total number of nickel dimethylglyoximate 
crystals formed with time. 

= 2.5 x 10- 4 Mc0 

Total Number Time Total Number Time 
x lo-s (secs) x lo-s (secs) 

0.89 10 22.0 90 

0.62 10 23.7 90 

1.8 20 20.1 120 

3.0 20 20.6 120 

4.1 30 21.1 120 

6.2 30 18.8 210 

8.1 38 18.1 210 

12.8 60 14.5 300 

15.3 60 16.5 300 

10.7 60 15.9 300 
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TABLE 8 

Variation of the total number of nickel dimethylglyoximate 
crystals formed with time. 

Co = 1.0 x lo- 4 M Co = 5.0 x 10-s M 

Total Number Time Total Number Time 
x lo- 5 (mins) x 10-s (mins) 

2.4 1 0.15 1.5 

1.8 1 0.49 2 

4.3 1.5 0.61 2 

2.7 1.5 0.91 4 

6.3 2 2.7 8 

8.9 3 3.1 8 

9.8 4 4.6 15 

11.3 4 5.4 15 

9.5 8 4.2 25 

9.9 8 4.0 30 
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rises almost linearly to a maximum and then decreases slightly. 

This decrease is most pronounced for higher initial supersaturations. 

This effect is probably due to agglomeration of the smaller particles. 

This is indicated by the increase in the number of large particles 

and the decrease in the number of smaller particles as shown by the 

size distribution curves corresponding to the longest times in 

Figures 11 to 15 inclusive. That the effect is not due to sedirnenta­

tion was demonstrated by the fact that the size distributions did not 

change when the solutions were stirred more vigorously. 

The rate of nucleation J - (aN) was equated with the rate of- at d=O 

appearance of crystals to the counter, i.e., The rate of 

appearance of particles to the counter was taken as the slope of the 

linear portion of the total count versus time plots. The validity 

of these assumptions will be discussed later. 

Figure 21 shows on the same scale the final size distributions 

for three different initial supersaturations. This figure indicates 

that errors, due to poor reproducibility of size distributions and 

the assumption that J is equal to the rate of appearance of crystals, 

are small compared with the relative magnitudes of J obtained for 

different initial supersaturations. The values of J calculated in 

this fashion for each supersaturation are shown in Table 9 together 

with the corresponding values of S, log J, log Sand (log s)- 2 . The 

supersaturation is calculated by dividing the initial concentration 

of nickel dimethylglyoximate by its molar solubility, under the 

conditions of the precipitation, as found in Section 2.C.8. 

This supersaturation has been calculated without taking into 
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account the activities of the monomers in solution. Banks and 

Anderson (101) have shown that the equilibrium constant for the 

reaction 

Ni(HD) 2 

(where HD represents a singly ionized dimethylglyoxime molecule) 

is 10 17 . Nickel dimethylglyoximate exists therefore predominantly 

as the molecular species in solution. The activity may therefore 

be equated with its concentration and the effect of the high ionic 

strength may be neglected. The high ionic strength will, however, 

lower the solubility due to salvation effects. 

A plot of log J versus log S is shown in Figure 22 which can 

be compared with the theoretical diagram shown in Figure 2 for nickel 

dimethylglyoximate. It is immediately seen that the dependence of 

log J on log S found experimentally for nickel dimethylglyoximate is 

qualitatively consistent with the theoretical dependence predicted 

by equation [15]. 

Perhaps the most theoretically reliable criteria for determining 

whether experimental results are consistent with the theory of 

homogeneous nucleation is a plot of log J versus (log S)- 2 . This 

should be a straight line with an intercept on the log J axis of log A. 

A plot of log J versus (log S)- 2 for nickel dimethylglyoximate is 

shown in Figure 23. This linear relationship indicates that homo­

geneous nucleation is occurring in the supersaturation range studied. 

The intercept found by extrapolation to (log S)- 2 = 0 gives the value 

of log A to be 9.4. 

The value of the surface free energy may be calculated from the 
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TABLE 9 

Variation of the nucleation rate with supersaturation 

for nickel dimethylglyoximate. 


Co s J log J log S l/(log S) 2 

(moles litre-I) (cm-3sec- 1) 

1.0 x lo- 3 6.90 x 102 1.31 x 106 6.12 2.84 0.124 

5.0 x 10-4 4.05 x 102 1.96 x 105 5.29 2.61 0.14 7 

2.5 x 10-s 2.38 x 102 2.76 x 104 4.43 2.38 0.177 

1.0 x lo- 4 1.18 x 102 5.55 x 103 3.74 2.07 0.233 

5.0 x 10-S 6.91 x 101 6. 03 x 101 1. 78 1.84 0.295 

2.5 x 10-s 4.06 x 101 1 0 1.61 0.386 
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slope of the straight line. From Equation [15] the slope is given 

by 

d log J = 
(2.303 kT) 3 

(2.303 kT)3 1/3from which cr = ( S· 2 x slope] 

where the shape factor S equals 109 for a rod 1 x 1 x 10 1 and equals 

16.7 for a sphere (42). The molecular volume vis 2.97 x 10-22 cm3. 

The surface free energy for nickel dimethylglyoximate, assuming that 

the nucleus is rod-shaped (1 x 1 x 10 1), is found to be 13 ergs cm- 2 . 

If a spherical nucleus is assumed the surface free energy is found to 

The size of the critical nucleus is predicted from Equation (13] 

to vary with supersaturation and the value most often quoted is that 

corresponding to a critical supersaturation where J = 1 and log J = 0. 

Under these conditions 

i* = 
(2.303 kT)3(logs)3 

from Figure 23 log J = 0 at log S = 1.6 (i.e., S* = 77) . This gives 

i* = 12 molecules for nickel dimethylglyoximate. 

3.D.2. The nucleation of nickel heptoximate 

For nickel heptoximate the sequence of experiments and calculat ions 

was the same as that already described (Section 3.D.l.) for nicke l 

dimethylglyoximate. That is, the counting and mixing techniques des ­

cribed in Sections 2.C.3. and 2.C.4. were used to measure the variation 

of the crystal size distribution with time and initial supersaturation . 
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It was not possible to carry out the precipitations at pH 7 because 

the crystals formed were much too small to be detected by the counter. 

Banks and Anderson (101) have measured the solubility product and 

intrinsic solubility for nickel heptoximate and found that, at pH 7, 

it is much less soluble than nickel dimethylglyoximate. This means 

that for a given supersaturation there is much less mass of material 

available for the crystal growth of the former chelate than the 

latter. Consequently, if equal numbers of crystals are formed, the 

nickel heptoximate crystals will be much smaller and undetectable 

by the counter. The mass available for crystal growth can be 

increased by increasing the initial concentration of the reactants. 

The theory of homogeneous nucleation, however, predicts that the 

number of crystals will increase more rapidly than the increase in 

mass available and consequently the final precipitate crystals will 

be smaller still. If the nucleation occurring is heterogeneous then 

the final precipitate crystals should be larger. The former situation 

was the one found experimentally by visually examining the precipitate 

with a microscope. The solubility of the metal chelate and consequently 

the mass available for crystal growth was increased by lowering the 

pH to 3 . 28. At this pH the solubility was 4.0 x 10- 6 M. As in the 

case of nickel dimethylglyoximate the change in the activity of the 

chelate, due to ionic strength, was neglected and its activity equat ed 

with its concentration. The initial concentrations of the nickel 

heptoximate studied were 1.25 x 10-3 M, 1.00 x 10-3 M, 0.75 x 10- 3 M, 

0.50 x 10- 3 M, 0.38 x 10-3 M and 0.25 x 10-3 M. The variation of the 

size distributions with time was measured for each of the above ini t i al 
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concentrations. Also, as in the case of nickel dimethylglyoximate 

the individual size distributions were not very reproducible but 

the trends shown in the size distributions in Figures 24 to 28 

inclusive were reproducible. 

These size distributions showed the same qualitative features 

as those obtained with nickel dimethylglyoximate. In particular 

the average size of the particles produced increased with decreasing 

supersaturation and the shoulder on the main peak was again present 

at low initial supersaturations. At high initial supersaturations 

a substantial number of the crystals were below the limit of 

detection of the instrument. Tables 10 to 12 inclusive and Figures 

29 to 33 inclusive show the variation of the total numbers of crysta ls, 

above the level of the detector, with time. These are plots of 

N(l,t) versus t and again for reasons to be discussed later the slope 

of the initial portion of this curve (~~)d=l is equated with (~~)d=O ' 

the rate of nucleation, J. The final size distributi ons at various 

initial supersaturations bear a similar relationship to each other 

as do those shown in Figure 21 for nickel dimethylglyoximate. 

Table 13 lists J, S, log J, log Sand (log S)- 2 for nickel 

heptoximate. A plot of log J versus log S is shown in Figure 34. 

This plot can be compared with the theoretical diagram (Fi gure 2). 

This comparison is only qualitative as Figure 2 is constructed for 

x 10- 2 2 3nickel dimethylglyoximate whose molecular volume is 2.97 cm . 

The volume of the nickel heptoximate molecule could only be estimated 

as the exact unit cell dimensions were not known. The molecule will 

be only slightly larger than the nickel nU>ximate molecule whose 
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TABLE 10 

Variation of the total number of nickel heptoximate crystals 
formed with time. 

10- 3 M x 10- 3 MCo = 1.25 x = 1.0c0 

Total Number Time Total Number Time 
x lo-6 (secs) x lo- 6 (secs) 

1.5 23 0.11 45 

4.9 41 0.23 60 

5.5 60 3.2 90 

7.2 60 4.9 90 

9.2 80 6.9 120 

17.6 100 7.6 150 

33.8 180 11. 2 180 

34.8 300 12.8 180 

14.2 210 

13.5 270 

11.4 300 

11.2 360 

13.6 360 
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TABLE 11 

Variation of the total number of nickel heptoximate 
crystals formed with time. 

x 10-4 M = 3.75 x 10-4 Mco= 7.5 c0 

Total Number Time Total Number Time 
x 10-4 (secs) x 10- 4 (mins) 

1.6 100 0.11 2 

2.8 140 0.40 4 

5.4 160 0.75 7 

8.2 180 1.5 9.5 

12.5 210 3.4 12 

17.7 251 3.6 15 

17.1 313 5.9 20 

16.7 600 7.8 26 

10.9 1260 7.7 45 
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TABLE 12 

Variation of the total number of nickel heptoximate 
crystals formed with time. 

= 5c0 

Total Number Time 
x 10-4 (mins) 

1.4 2.0 

4.7 3.75 

8.7 4.65 

14.4 5.3 

19.9 6.3 

30.6 7.4 

32.7 8.2 

x 10- 4 M 

Total Number 
x lo- 4 

33.4 

33.5 

33.4 

26.6 

30.6 

28.7 

27.3 

Time 
(mins) 

9.75 

11. 0 

11. 8 

18.0 

23.0 

31. 0 

38.0 
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TABLE 13 

Variation of the nucleation rate with supersaturation 

for nickel heptoximate. 


Co s J log S log J 1/ (log S) 2 

(moles litre-1) (cm- 3sec- 2) 

1. 25 x lo-3 3.12 x 102 2.12 x 105 2.49 5.32 0 .161 

1.00 x 10- 3 2.50 x 102 9. 34 x 104 2.39 4.97 0.174 

0.75 x 10- 3 1.87 x 102 1.13 x 104 2.27 4. OS 0 .194 

5.00 x lo-4 1.25 x 102 9.08 x 102 2.09 2.96 0.227 

3.75 x lo-4 9.33 x 101 5 .89 x 101 1. 97 1. 77 0.257 

2.50 x 10-4 6.16 x 101 1 1. 79 0 0.310 
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volume, calculated from the unit cell dimensions, is 3.31 x 10-22 

3cm . The molecular volume used in subsequent calculations for nickel 

heptoximate was 3.5 x 10-22 cm3. 

Figure 35 is a plot of log J versus (log S)-2 for nickel hepto­

ximate. The relationship is linear satisfying the equation relating 

J to S for homogeneous nucleation. The logarithm of the pre­

exponential factor, A, obtained by extrapolation of the straight line 

to (log S)- 2 = O is 11.26. The values of the surface free energy and 

the number of molecules in the nucleus calculated from the slope of 

the line and Equation [15] are 13.2 ergs/cm2 and 13 molecules res­

pectively. The surface free energy is calculated assuming that the 

shape of the nucleus is a rod of dimensions 1 x 1 x 10 1. If a 

spherical nucleus is assumed the surface free energy is found to be 

24 ergs cm-2. 

3 .D.3. The nucleation of nickel nioximate 

The sequence of experiments carried out with nickel nioximate 

was the same as in the cases of the two chelates already discussed 

(Sections 3.D.l. and 3.D.2.). Firstly, as in the case of heptoxime, 

cr ystals formed at pH 7 were too small to be detected by the counter. 

Banks and Anderson (101) have measured the solubility product and 

-28.80intrinsic solubility of nickel nioximate. At pH 7 they are 10 

and l0- 11 respectively, i.e., much less soluble than nickel dimethyl­

gl yoximate at pH 7. Using a microscope crystals of nickel nioximate 

fo r med in a precipitation at pH 7 were seen to behave similarly to 

those of nickel heptoximate. Namely, the number of crystals increased 
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and their size became smaller as the initial supersaturation was 

increased. This behaviour indicated that homogeneous nucleation 

was taking place. Subsequent precipitations were carried out at 

pH 2.8, the crystals formed at this pH were just large enough to 

be detected by the counter. The solubility at this pH was 

1.5 x 10-6 M (Section 2.C.8.), This value was used to calculate 

the supersaturation S. As in the case of the two previous chelates 

studied, the activity of nickel nioximate was taken to be the same 

as its concentration. The initial concentrations of nickel nioximate 

were 5.00 x lo-4 M, 3.75 x lo-4 M, 2.50 x 10-4 M, 2.00 x 10-4 M 

and 1.25 x 10- 4 M. 

The variation of the size distributions of the crystals formed 

with time was measured for each of these initial concentrations. 

The size distributions obtained are shown in Figures 36 to 39 

i nclusive. The features of these distributions are not as clear as 

t hose of the previous two chelates studied because for most initial 

concentrations a substantial proportion of the crystals were not 

detectable by the counter. Tables 14 and 15 and Figures 40 to 43 

inclusive show the variation with time of the total numbers of 

crystals above the level of the detector. These are plot s of 

aN 
N(1, t) versus t and the slope, (at)d=l' of the linear portions of 

curves is equated with (~~)d=O' the rate of nucleation J. 

Table 16 lists the values of J, S, log J, log Sand (log S)- 2 • 

Fi gure 44 shows the variation of log J with log S. The values of 

l og J at the highest supersaturation is probably low because of the 

inability of the counter to detect all of the crystals formed. 
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TABLE 14 

Variation of the total number of nickel nioximate 
crystals formed with time. 

Co = 5.0 x 10- 4 M co= 3.75 x 10- 4 M 

Total Number Time Total Number Time 
x 10-6 (secs) x io-6 (secs) 

1.43 15 0.22 30 

3.1 30 0.53 60 

9.9 65 1.2 90 

14.2 120 2.9 120 

22.1 150 4.3 120 

22.9 300 7.4 180 

23.3 510 8.3 240 

10.6 270 

13.7 300 

14.2 360 
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TABLE 15 

Variation of the total number of nickel nioximate 

crystals formed with time. 


x 10-4 M x 10-4 MCo = 2.5 = 2.0c0 

Total Number Time Total Number Time 
x 10-s (mins) x 10-4 (mins) 

3.4 3 0.7 2 

2.5 3 2.1 4 

8.1 4 2.6 5 

13.6 6 4.9 7 

14.8 7 10.5 10 

24 .5 9 19.1 12 

49.8 15 20.4 14 

43.2 16 25.1 17.5 

41.6 30 34.2 20 

37.9 24 

38.8 26 
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TABLE 16 

Variation of the nucleation rate with supersaturation 

for nickel nioximate. 


Co s J log S log J 1/ (log s)2 
(moles litre-1) (cm-3sec- 1) 

5.0 x 10-4 3.33 x 102 1.43 x 105 2.52 5.16 0.157 

3.75 x 10-4 2.49 x 102 5.13 x 104 2.39 4.71 0.174 

2.5 x 10-4 1.66 x 102 5.89 x 103 2.22 3. 77 0.202 

2.0 x 10-4 1.33 x 102 2.88 x 102 2 .12 2.46 0.221 

1.25 x 10-4 8.32 x 101 1 1.92 0 0.271 
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Figure 45 shows the variation of log J with (log S)- 2 . The relation­

ship is linear, satisfying the relationship calculated assuming a 

homogeneous nucleation mechanism. Log A, found by extrapolation to 

(log S)- 2 = 0 is 13.55. The slope of the straight line gives a 

value, for the surface free energy cr, of 13.5 ergs cm- 2 assuming a 

rod shaped nucleus of dimensions 1 x 1 x 10 1. If a spherical nucleus 

is assumed cr is found to be 24 ergs cm- 2 . The critical supersaturation 

S*, corresponding to J = 1, is 96 and the corresponding critical 

nucleus contains 14 molecules. 

3.D.4. The evaluation of the nucleation rate J 

The most important parameter measured in the preceeding experiments 

was the rate of nucleation J. As has been stated earlier, one of the 

purposes of this thesis was to measure the functional dependence of the 

rate of nucleation J on the supersaturation S. In order to measure J 

in an experiment in which the supersaturation is built up rapidly by 

direct mixing several assumptions must be made. The first is that a 

steady state equilibrium is attained between clusters of various sizes 

giving a constant rate of nucleation until the supersaturation is 

depleted by nucleation and crystal growth. The second is that the 

supersaturation is immediately constant throughout the solution after 

mixing. If local excesses of supersaturation are attained then there 

will be large variations in the rate of nucleation in different parts 

of the solution. Unfortunately, it is not possible to experimentally 

t est either of the above assumptions. If local excesses of super­

saturation do exist then it would be difficult to reproduce rates of 
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nucleation from one experiment to another. This was indeed found 

experimentally but this irreproducibility is equally well accounted 

for by the critical exponential dependence, as proposed by the 

classical nucleation theory, of the rate of nucleation on the 

supersaturation. 

The rate of nucleation is defined as the rate at which nuclei 

add one molecule to become larger than the critical nucleus. It is 

not possible to observe this event directly and any attempt to 

measure J from measurements made on detectable sizes must necessarily, 

therefore, contain approximations and errors. Moreover it is very 

important to ensure that the variation in these measurements at 

detectable sizes do in fact result from a variation in J and not from 

a variation in some other parameter, e.g., crystal growth. 

In these experiments the variation, with time, of the total 

number of crystals detectable by the counter, N(l,t), was measured. 

For the three nickel oximates studied and for all initial super­

saturations for each chelate, the plots of N(l,t) versus time showed 

the same general shape. They all had an initial linear portion 

which rose to a maximum, e.g., Figures 16, 18, 30, and 31. Therefore 

from this linear portion the rate of appearance of crystals to the 

detector, (~~)d=l' could be measured for each initial supersaturation. 

aNThe relationship between this parameter, Cat)d=l' and the rate of 

aN nucleation, (at)d=O' will be a function of the rate of crystal 

growth. If the rate of growth is simply dependent upon the size of 

t he crystal then it is easily shown that (~~)d=l = However 

for all the types of crystal growth described in Section (l.D.2) 
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the rate of crystal growth dr/dt is also dependent on some power 

of the concentration, c. The concentration changes throughout the 

precipitation process, in a sigmoidal fashion, the asymptotes being 

c , the initial concentration, and s, the final concentration (the
0 

equilibrium solubility). The exact shape of this sigmoidal curve 

is dependent on the relative rates of crystal growth and nucleation. 

Two extreme cases may be identified. The first is the instance in 

which the rate of crystal growth is very fast, so that a crystal 

reaches a detectable size almost instantly after it has nucleated 

and that the growth time is small compared with the time over which 

nucleation occurs. In this case it is a very good approximation to 

put the rate of nucleation equal to the rate of appearance. The 

second extreme is one in which crystals grow very slowly and do not 

reach detectable size until after nucleation has ceased. In this 

instance crystals will be very monodisperse and will all grow to a 

detectable size under approximately the same supersaturation 

conditions. Here again the rate of nucleation may be equated with 

the rate of appearance. In the experiments reported here the 

existence of a linear relationship between the total number formed 

and time also indicates that the rate of appearance is a good 

approximation to the rate of nucleation. If the rate of crystal 

growth had a major effect the relationship would be curved. This 

can be shown from mathematical considerations. Lastly, the 

magnitude of errors in the measurement of J must be considered 

with reference to the many decades over which J is measured (see 

Figure 21). Large errors in the measurement of J will therefore 
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be minor when log J is plotted against log S. For these reasons 

therefore the rate of nucleation J was equated with the rate of 

appearance of crystals with diameter above 1 µ. 

Most authors have measured the rate of nucleation in this way. 

In droplet experiments with both pure liquids and aqueous solutions, 

crystals are assumed to be visible immediately after nucleation. 

For measurements of the rate of nucleation in bulk solution Nielsen 

(67) has used a slightly different approach. This approach has 

been to find the rate of nucleation by dividing the total number 

N(O,~) of particles formed by the induction period. The induction 

period is an ill-defined period of time depending largely on how 

it is measured. It is often measured as that time occurring after 

mixing at which crystals just begin to be detected. The induction 

period is then a function of the detection method and has been 

determined visually (67) or photographically (60). Nielsen (104) 

has also shown that if the induction period is defined mathematically 

as that period of time, after mixing, at which the degree of 

reaction a (a = 1 - ct/c ) is equal to 0.5, then the rate of 
0 

nucleation J, is approximately equal to N(O,~)/tO.S' for crystal 

growth that is either diffusion controlled or polynucleation con­

trolled. The rate of nucleation is here equated with the rate of 

appearance of crystals . This rate is the slope of the total number 

of crystals versus time plot. The slope may be approximately defined 

as the total number of particles formed divided by the time taken for 

t he total number of appear. This time will certainly be of the same 

order of magnitude as the induction period irrespective of how it is 
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defined. 

The calculation of J from the induction period and its calculation 

from the rate of appearance of crystals will therefore be of the same 

order of magnitude. As J varies drastically with S and the results are 

drawn in log-log form (Figures 22, 34, 44) the calculation of J using 

either of these methods will show curves with similar functional 

dependencies of J on S. 

3.D.5. The nucleation parameters A, i* ,a and S* 

The nucleation parameters, A, i*, a and S* found for the three 

nickel dioximates studied here are shown in Table 17. Experimentally 

the value of the pre-exponential factor A (Equation [15]) can only be 

found from a measurement of the functional dependence of J on S. 

Most authors have not measured this dependence and in order to 

calculate other nucleation parameters A is usually assumed to be 

approximately 1030, Where the value of A has been measured experiment­

1025ally its value has been found to lie in the range 103 - (80,90,91), 

many orders of magnitude less than the value calculated (Table 2). The 

values obtained in the present work were also much lower than 1030 . 

The values of A obtained, however, involve extrapolation to 

(log S)- 2 = 0 on the plot of log J versus (log S)-2 (Figures 23, 35, 

45). While the plots are linear in the region shown it is not known 

what the relationship is at values of (log S)- 2 closer to zero. The 

values are however in good agreement for those o~tained (76) for 

other nickel and palladium dioximates. The explanation of the dis­

crepancy between the values of A obtained here and those predicted 
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TABLE 17 


Nucleation parameters for the nickel dioximates 


Compound A a i* S* 
-3 cm -1 sec ergs -2 cm 

Nickel 

dimethylglyoximate 9.4 13.0 12 77 

Nickel 

heptoximate 11.3 13.2 13 65 

Nickel 

nioximate 13.6 13.S 14 96 
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by the classical theory may be due to errors in the theory. 

Dunning (71) has pointed out that entropy effects may play an 

important role in determining the value of the pre-exponential 

factor. These effects are neglected in the classical theory. 

The entropy change due to desolvation of the monomers before 

cluster formation and also the structural complexity of the 

monomers may be cited here. It is interesting to note that in the 

present study the value of A for nickel dimethylglyoximate is the 

lowest. Of the chelates studied nickel dimethylglyoximate has 

been shown (101) to be most solvated. 

The values of a obtained for the chelates studied here may be 

compared with the values obtained by Walton and Thompson (71) for 

nickel dimethylglyoximate and by Hileman and Velazquez (76) for 

nickel and palladium nioximates and heptoximates (Table 2). The 

values of a found in the present study were lower, by a factor of 

two to three, than those found by Walton and Hileman. These authors, 

however, calculated a assuming a spherical nucleus, whereas the 

values reported here are calculated assuming a rod shaped nucleus 

of dimensions 1 x 1 x 10 1. If a spherical nucleus is assumed these 

values of a change from approximately 13 ergs cm- 2 to 24 ergs cm- 2 . 

The form of Equation [15] is such that a is very insensitive to 

large changes in any pa:r.ameter. In theory a should include the 

energy contributed from edges, corners and faces of the crystal 

nucleus. The value of a quoted here therefore is some average of 

a ll these. 

The size of the critical nucleus at the critical supersaturation 
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(the theory predicts that the size of the critical nucleus will vary 

with supersaturation) has attracted the interest of many authors who 

have attempted to relate it to the dimensions of the unit cell or to 

some other primary process at the molecular or ionic level. For the 

nickel chelates Banks and Anderson (101) have shown that they all 

exist in solution exclusively as the molecular monomer and not as 

solvated ions of Ni 2 + and HD- (HD represents the singly ionized 

dioxime ion). The primary process in the nucleation of these chelates 

is therefore the build up of clusters by the addition of molecules of 

Ni(HD) 2 . The values obtained in this study are much lower than those 

calculated (Table 2), using a value of 1030 for A, by Hileman and 

Velazquez (76). They can be compared with other non ionic large mole­

cules (Table 2). It does not seem reasonable in view of the assump­

tions made in the calculation of the various parameters and in the 

theory, to attempt to analyze this size in terms of unit cell 

dimensions. 



136 

3.E. Crystal Growth of Nickel Dioximates 

As the nucleation event itself can not be directly observed 

it is only possible to gain information regarding it by observing 

the crystals after they have grown to a detectable size. The 

purpose of these crystal growth studies was to determine what types 

of crystal growth laws were followed by the nickel dioximate 

crystals and what implications, if any, could be drawn regarding 

the initial nucleation event. 

The more important types of crystal growth laws have been 

listed in Section l.D.2. These are diffusion controlled growth, 

poly-nucleation controlled growth and mono-nucleation controlled 

growth. It is convenient to describe the progress of any precipitation 

reaction in terms of a, the degree of reaction, defined as 

c - c 
a = 

0 t [27]
c 

0 

where c is the initial concentration of solute and ct is the concen­
0 

tration at time t. In general a precipitation reaction starts slowly, 

then accelerates and finally levels off as the supersaturation becomes 

closely equal to the equilibrium solubility. A plot of a versus t 

will therefore be sigmoidal with asympt t s at a = 1 and a = 0 for 

a ll types of crystal growth. The final shape is complicated by 

competing types of growth and by transfer of growth control. 

If it is assumed that heterogeneous nucleation is occurring then 

all crystals will start to grow at the same time. For this instance 

it has been shown (104) that it is possible to calculate the functional 

relationship between a and t for all the types of crystal growth laws 
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and so to relate the shape of the a versus t sigmoidal curve to the 

type of crystal growth occurring. For diffusion, poly-nucleation 

and mono-nucleation controlled growth a has been related to t by 

equations of the type 

t = KI 	 [28] 

where K is a constant depending on the type of crystal growth law, 

and I (a chronomal) is a function of a (this function also depends 

on the type of crystal growth law). These chronomals and their 

theoretical values for all values of a have been given by Neilsen 

(104) for the three types of crystal growth law mentioned above. 

Experimentally these types of crystal growth may then be distinguished 

by plotting the experimental time versus the values of the chronomals 

for the corresponding experimental a. The plot should be linear, as 

given by Equation [28], when a particular growth law is obeyed. 

When homogeneous nucleation is considered the situation is much 

more complicated and it is not possible to rigorously solve the 

equations relating the degree of reaction to time. The first step 

in the approximate evaluation of this relationship is to calculate 

the concentration of unprecipitated solute at any time t. This con­

centration may be written (106, 107) 

ct= 	c - pw JtJ(c )r 3td' [29)
0 W T T, 


0 


where 	p is the crystal density, 


w is a shape factor, 


w is the molecular weight of the solute, 
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r is the radius, at time t, of a crystal nucleated at time T,T,t 


J(c ) is the rate of nucleation at concentration c ,

T T 

and wr 3 is the volume of any crystal. 

It was shown earlier (Section l.D.2.) that if the relationship 

between log J and log S is approximately linear over several decades, 

the rate of nucleation is given by 

J = k en [ 17] 
n 

Equation [17] is sufficiently accurate for use in Equation [29] to 

calculate ct. By substituting this value for J and the value of 

r calculated from the diffusion controlled growth law, in EquationT,t 

[29] the following relationship between a and t is . obtained (106,107) 

a = (w2p2k 223o3w-2)l/Sc (2n+l)/5Jt (1-a) {Jt(l-a) d8}3/2dT [30]n 0 T 8 

0 T 

where T and a are integration variables proportional to time. 

Similar equations relating the degree of reaction, a, to time 

have been calculated (108) for homogeneous nucleation followed by 

poly- and mono-nucleation controlled growth. These equations cannot 

be rigorously solved, as they contain the integral of the time 

dependent degree of reaction. Important approximations may, however, 

be made when a is close to zero (i.e., at the beginning of the 

precipi tation) and when a is close to l (i.e., at the end of the 

precipitation). 

When a is close to zero the approximations for diffusion, poly­

nucleation and mono-nucleation controlled growth are (108) respect-

i vely: 
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a = ki 	t5/2 (31] 

t 4a = k 2 	 (32] 

(33] 

When a 	 is close to 1 the corresponding approximate equations are 

a = 1 	 exp(- k5t) [34] 

k6t-(l/(p-l)]a = 1 [35] 

- k1t-[l/(m-l)]a = 1 	 [36] 

The constants k 1 to k7 depend onthe type of crystal growth process. 

As in the case of heterogeneous nucleation these equations [31,32, 

33,34,35, and 36] may all be reduced to the form 

t = KI 	 [28] 

where K is a constant and I (the chronomal) is a function of a. The 

chronomals for Equations (34], (35] and [36] (i.e., when a is close 

to 1) are very similar to those calculated for heterogeneous nucleation 

and have very similar values. 

In the experiments carried out in this investigation (described 

in Section 3.D.) the variation with time and initial supersaturation of 

the size distribution of the crystals formed for the three nickel 

dioximates were measured. The degree of reaction, a, at any particular 

t i me is easily found when the size distribution at that time is known. 

The calculation is as follows. The concentration of solute at time t 

i s given by 

- p•w JcocaN)r3dr 	 [37]ct = co w ar 


0 
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(38] 

The size distributions were measured and recorded as plots of 

aN 1 aN
Cad)t =2Ca?t• versus d. This diameter size distribution curve 

may be simply converted to a volume size distribution curve, i.e., 

3N d3 

I
a plot of Cad)t 8 versus d. The area under this curve is therefore 

~ aN _ J~ aN
C3d)t 8

d3 
dd - (3r)t r 3dr. The area under the volume size distri­

0 0
bution curve was therefore measured and the value substituted in 

Equation (38]. This gave a series of values of a for each time in 

each sequence of experiments with varying initial supersaturation. 

The accuracy of the values of a measured in the above way was 

subject to limitations. Firstly, the shape factor was estimated 

to have that value, which made the mass of the final size distri­

bution to have the same mass as that calculated from the initial 

concentrations of the reactants. The shape factor was different 

for different supersaturations but in all instances had a value of 

15 to 20 (the shape assumed was wr x r x r). This value was con­

firmed by visual observation. The shape factor was also assumed 

to be the same for all crystals of different sizes within one size 

distribution. Secondly for any size distribution recorded there were 

a certain number of crystals below the detection level of the counter. 

In all the calculations of the degree of reaction the total mass of 

t he crystals present was assumed to be the same as the mass of 

t hose crystals above the detection limit. The error, due to this 

assumption, was worst early in the precipitation when a large 
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proportion of the crystals were below the detection limit. However, 

as those crystals of largest size contributed most towards the total 

weight of the precipitated the error was small in all cases and 

negligible where most of the crystals were above the lower limit of 

detection. Upper estimates of the magnitude of this error may be 

made as follows. If the final crystal number is N then suppose all 

size distributions at earlier times have the same number of crystals, 

N, below the detection limit (lµ) and have a diameter 0.5 µ. The 

weight of these crystals will be~ pN(0.5)3. This weight is added 

to the weight found above lµ and a new estimated a calculated. In 

all cases this amount of undetectable mass is probably grossly exag­

gerated. Table 18 shows comparisons between a found experimentally 

by ignoring the mass below the detection limit and a calculated using 

the exaggerated estimate above. The comparison is made for three 

initial concentrations of nickel dimethylglyoxime. The table shows 

that the two values of a are very close even for very low values of 

a when the comparison is worst. The experimental value of a was 

therefore used in all subsequent calculations. The variation of 

a with t, for each initial supersaturation, is shown in Appendix 2 

for nickel dimethylglyoximate. 

There are two potential pieces of information to be gained 

from the investigation of the variation of a with t. The first of 

t hese is the type of nucleation process occurring in the precipita­

t ion. The second is the type (or types) of crystal growth occurring 

t hroughout the precipitation. The results obtained here do not 

permit any reliable information to be obtained directly about the 
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TABLE 18 


Experimental and estimated values for the degree of reaction 

for nickel dimethylglyoximate. 

-4 
co= 5.0 x 10 c

0 
= 2.5 x 10-4 c

0 
= LO x 10-4 

ex ex ex ex ex ex exp est e:icp est exp est 

0.039 0.057 0.017 0.028 0.087 0.098 

0.074 0.092 0.092 0.102 0.200 0.209 

0.142 0.159 0.225 0.231 0.285 0.293 

0.570 0.578 0.327 0.333 0.439 0.445 

o. 729 0.735 o. 729 0.732 0.640 0.644 

0.925 0.927 0.941 0.942 0.852 0.853 
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early part of the reaction where the crystals are less than lµ in 

diameter and undetectable by the counter. For example, it is not 

possible to make the assumption that a is close to zero (Equations 

[31], [32] and [33]) and investigate whether the dependence of a 

on t indicates heterogeneous or homogeneous nucleation combined 

with a particular type of crystal growth. It is possible however 

that the dependence of a on t later in the reaction will indicate 

whether homogeneous or heterogeneous nucleation is occurring. As 

has been stated earlier the approximate chronomal for homogeneous 

nucleation, for a close to l, has values very close to the chronomals 

for heterogeneous nucleation. This is true for the chronomals corres­

ponding to all of the types of crystal growth. Bransom and Dunning 

(107) and Nielsen (59) have shown that, as the rate of nucleation 

varies very rapidly with supersaturation most of the nuclei are 

formed when a is small. Most of the change in a therefore occurs 

due to crystal growth on particles already formed. The situation is 

therefore both qualitatively and mathematically similar to the case 

where most of the crystal growth has occurred on heterogeneous sites. 

The approximate equations [34], [35] and [36], at a close to 1, 

should therefore also be good approximations over most of the range 

where a is measurable. A plot of the chronomals against time will 

therefore not distinguish between the two possible nucleation pro­

cesses. This is especially so since both the sets of chronomals 

i nvolve drastic assumptions regarding the average size and shapes of 

t he nuclei and crystals. 

The data can however be used to indicate what type of crystal 
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growth law is obeyed. 

The growth law is determined by plotting the chronomals derived 

from Equations [34], [35], and [36] versus time. (These are the 

chronomals derived assuming a homogeneous nucleation process. Those 

derived (104) for a heterogeneous process, having very similar values, 

could equally well be used). Figure 46 shows plots of the chronomal, 

-ln(l-a), for diffusion controlled growth, versus time for several 

initial supersaturations of nickel dimethylglyoximate. Figure 47 

1 1shows plots of the chronomal, (~)P, for poly-nucleation controlled -a 

growth, versus time for the corresponding initial supersaturations of 

nickel dimethylglyoximate. The plots in Figure 47 are for the 

particular case where p = 3. From these plots it can be seen that 

the experimental data only satisfy the functional relationship derived 

assuming that diffusion controlled growth is taking place. Plots of 

the chronomal for mono-nucleation controlled growth versus time show 

more curvature than those for poly-nucleation controiled growth 

(Figure 47). Similar plots of the chronomal for diffusion controlled 

growth, for nickel heptoximate and nickel nioximate are shown in 

Figure 48. (Figure 48 is drawn from values of a, t and the chronomals 

given in Appendix 2.) In these instances, also, the experimental 

data only satisfies the relationship required assuming diffusional 

controlled growth. 

The results then show that for detectable crystals of the nickel 

dioximates studied, the growth was controlled by diffusion of the 

monomers to the surface. At very early stages in the precipitations 

(i.e., at small values of a), the results were not sufficiently 
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FUGURE 46. Variation of -ln (1-a) with time for three initial 
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FIGURE 47. 	 Variation of (l-a)- 2 with time for three initial 

concentrations of nickel dimethylglyoximate. 
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FIGURE 48. 	 Variation of -ln (1-a) with time for nickel heptoximate 

and nickel nioxirnate. 
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accurate or precise to distinguish between the various growth laws. 


It is probable, for very small crystals below the limit of detection 


of the counter, that the growth is not limited by diffusion but by a 


nucleation controlled mechanism. Also it was not possible to 


determine whether the nucleation step was heterogeneous or homo­


geneous because of the similarity of the respective sets of chronomals, 


the assumptions made in their derivation and the imprecision and 


assumptions made in experimentally determining ~. 




4. SUMMARY AND CONCLUSIONS 

1. A system was set up using a Coulter counter, a multichannel 

analyser and magnetic tape recorder in conjunction with computer 

analysis of the data to rapidly measure the size distribution of 

particles, with a wide size range, suspended in an electrolyte. The 

system was calibrated using spheres of known size distributions. 

Rapid mixing techniques combined with a stopped flow dilution method 

were used to produce crystal suspensions suitable for measurement 

using the counting system. The standard spheres and barium sulphate 

crystals were used to test the methods of producing the suspensions. 

For barium sulphate the nucleation parameters calculated from the 

size distribution data agreed with those found by many other investi­

gators. 

2. These mixing and counting techniques were then us ed to obtain 

the variation of the size distribution with time, of the crystals formed 

when three nickel dioximates were precipitated. A set of size distri­

bution versus t ime data was obtained for various initial nickel dio­

ximate supersaturations. 

3. The shape of the size distribution curves and the variation 

of t he shape with time and supersaturation indicated that homogeneous 

nucleation was taking place for each of the .nickel dioximates. 

4. The total number of crystals appearing above the lower limit 

of detection of the counter showed an initial linear rise with time, 
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for all supersaturations and all chelates. The slope of this 

initial linear portion was equated with the rate of nucleation, J. 

S. A linear plot of log J versus (log S)- 2 was obtained for 

all the compounds studied. This result supports the functional 

relationship predicted by the classical nucleation theory (Equation 

(15]). 

6. 	 Values of the pre-exponential factor, A, of the order of 

1014109 - cm-3sec-l were obtained for the chelates studied. These 

27 were compared with the theoretical value of approximately 10 and 

the possible reasons for the discrepancy discussed. 

7. The value found for the surface free energy of all the 

2nickel dioximates was 13 ergs cm- The number of molecules in the 

critical nucleus, when J = l, was found to be from 12-14. These 

values compared favourably with those obtained by other authors. 

8. Crystal growth studies indicated that, over the period 

where the progress of the reaction could be followed experimentally, 

the rate controlling step was the diffusion of the nickel dioximate 

molecules from the bulk solution to the crystal surface. 

9. It was found impossible to use variation of the degree of 

reaction, a, with time as a criterion for distinguishing between 

heterogeneous and homogeneous nucleation. 

10. Future Work. 

This investigation was limited to the study of the nucleation 

of nickel dioxirnates and indicated that similar nucleation parameters 

could be obtained for these chelates even though they were pre­

cipitated under different experimental conditions. It would be of 
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great interest to extend this study to other metal chelates of much 

greater structural difference and investigate any variation in the 

experimental nucleation parameters in relation to the differences 

in structure. 

The development of new and improved experimental methods is of 

continuing importance to the understanding of nucleation phenomena . 

This work has underlined the fact that it is important to study the 

growing crystals as soon as possible after formation of the critical 

nuclei. Future work could improve on the techniques for measuring 

size distributions, with the objectives of instantaneous measurement 

and of lowering the size of the smallest crystals which may be 

detected. 



S. APPENDICES 


APPENDIX 1. 


COMPUTER PROGRAMME TO CALCULATE AND PRINTOUT OVERALL SIZE DISTRIBUTIONS. 


$JOB 000523 HANNA J D 100 010 030 
$PAUSE PLEASE READ TAPE RHT 006 ON T.U. 2 AT 556BPI 
$IBJOB NOMAP,NODECK 
$IBFTC 

DIMENSION AMP(l0),IA(6000),SB(300),DIA(300),BG(300),AL(300) 
READ (5,20) AMP(l),AMP(2),AMP(3),AMP(4),AMP(S),AMP(6),AMP(7), 

$ AMP(8),AMP(9),AMP(l0) 
20 FORMAT (10F6.0) 

READ (S,21) NA,AM,CCU,POS,ST,CUR,AMIN 
21 	 FORMAT (I4,6F7.0) 

Y = (0.52362*(ST**3.0))/(AM*CCU*POS) 
D = (Y*AMP(l)*CUR*AMIN/0.52362)**0.3333 
DO 10 JA = l,NA 
DA = 0.0 
NH 	 = 1 
SC = 0.0 
SD = 0.0 
DO 11 JB = 1, 10 
M = 2049 
IF (JA.EQ.S.AND.JB.EQ.5) GO TO 26 
CALL RDTAPE (IA,M) 

26 	 CONTINUE 
DA = DA-0.S 
IF (JB.NE.) GO TO 12 
DA = D 

12 	 CONTINUE 
DB = (Y*AMP(JB)*CUR*600.0/0.52362)**0.33333 
XA = (DB-DA)/0.1 
NXA = XA 
DO 13 JC = l,NXA 
PA= (0.52362*(DA**3.0))/(Y*AMP(JB)*CUR) 
DA= DA+ 0.1 
PB = (0.52362*(DA**3.0))/(*AMP(JB)*CUR) 
SA = 0.0 
NPA = PA 
NPB = PB 
XPA = NPA 
XPB = NPB 
XDA = PA-XPA 
XDB = PB-XPB 
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APPENDIX 1 (CTD) 

DO 14 JD = NPA,NPB 

AA = IA(JD) 

SA = SA+AA 


14 	 CONTINUE 

ADA = IA(NPA-1) 

ADB = IA(NPB+l) 

SA= SA-(XDA*ADA)+(XDB*ADB) 

SB(NH) = DA 

DIA(NH) + DA 

IF (JA.NE.l) GO TO 23 

BG(NH) = SB(NH) 


23 	 CONTINUE 

IF (JA.EQ.l) GO TO 22 

SB(NH) = SB(NH)-BG(NH) 


22 	 CONTINUE 

AD = SB(NH) 

IF (SB(NH).LT.1.0) AD= 1.0 

AL(NH) = ALOGlO (AD) 

SC = SC+SB(NH) 

NH = NH+l 


13 CONTINUE 

11 CONTINUE 


WRITE (6,18) JA 

18 FORMAT (25H SIZE DISTRIBUTION SERIES, I4) 


J G = 1 

JH = 129 
DO 15 JE = 1,32 

WRITE(6,16) (SB(JF),DIA(JF),AL(JF),JF = JG,JH 32) 


16 	FORMAT (5(F8.0,F6.2,F6.2)) 

J G = JG+l 

JH = JH+l 


15 	 CONTINUE 
WRITE (6,17)SC,SD 


17 FORMAT (2Fl4.0) 

10 CONTINUE 


STOP 
END 

$IBLDR KENTAP 08/11/65 
$CDICT KENTAP 
$TEXT KENTAP 
$DKEND KENTAP 
$ENTRY 
$IBSYS 
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APPENDIX 2. 


Variation of the degree of reaction, a, and the corresponding 


chronomals, with time, for various initial concentrations of 


the nickel dioximates. 

Concentration 

and chelate. 

-4 c = 5.0 x 10 M0 

nickel 

Time. 


(secs) 


10 


15 


dimethylglyoximate 	20 

30 

60 

120 

c = 2.5 x 10-4M 	 10
0 

nickel 30 

dimethylglyoximate 38 

60 

90 

210 

c = 1. o x l0- 4M 	 60
0 

nickel 90 

dimethylglyoximate 120 

150 

180 

240 

-ln (1-a) (1-a) -2 

0.039 0.039 1.08 

0.074 0.076 1.16 

0.142 0.154 1. 36 

0.570 0.844 5.13 

o. 729 1.37 13.6 

0.925 2.59 179 

0.017 0.017 1.03 

0.092 0.097 1.10 

0.225 0.254 1.66 

0.327 0.395 2.20 

o. 729 1.31 13.6 

0.941 2.82 283 

0.087 0.091 1. 20 

0.200 0.223 1.56 

0.285 0.335 1.96 

0.439 . o. 578 3.17 

0.640 1. 02 7.70 

0.852 1. 90 45.3 
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APPENDIX 2 (ctd). 

c
0

= 5.0 x 10-5M 90 0.001 0.001 l. 00 

nickel 240 0.011 0.011 1.02 

dimethylglyoximate 480 0.069 0.072 1.16 

900 0.298 0.298 1.82 

1500 0.437 0.353 2.40 

1800 0.989 0.628 7.23 

c0= 1.25 x 10-3M 41 0.069 0.072 1.16 

nickel 60 0.075 0.079 1.17 

heptoximate 80 0.117 0.125 1.28 

100 0.251 0.289 l. 78 

150 0.586 0.881 5.82 

180 0.185 1.54 21. 7 

c0= LO x 10- 3M 60 0.006 0.006 l. 01 

nickel 75 0.101 0.107 l. 23 

heptoximate 120 0.219 0.247 1.64 

180 0.392 0.498 2. 71 

210 0.534 0.763 4.60 

360 0.741 1.35 14.8 

co= 5.0 x 10-4M 15 0.044 0.045 1.09 

nickel 30 0.097 0.102 l. 23 

nioximate 65 0.363 0.451 2.46 

120 0.524 0.742 4.41 

150 0.701 l. 21 11. l 

300 0.892 2.22 85.7 



156 

APPENDIX 2 (ctd). 

c0= 3.75 x 10-4M 90 0.059 0.061 1.13 

nickel 120 0.236 0.269 1. 71 

nioximate 180 0.313 0.376 2.12 

240 0.533 0.761 4.58 

300 0.625 0.982 7.12 

360 0.757 1.41 16.9 
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