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SYMBOLS AND NOTATION
a activity of a solute
c concentration of a solute
c equilibrium solubility of a solute
k Boltzmann constant = 1.38 x 1071° ergs/deg
m number of available monomers
m mole* of solute

n number of molecules involved in a phase transformation+

r radius of the spherical aggregate T
t time

v the molecular volume; or, the volume of a droplet
the pre-exponential factor in the nucleation rate equation

A
A surface area of the spherical aggregate*
D droplet diameter after time, t

D initial droplet diameter

G the “"neat phase" of aliphatic soap solutions

AG change in Gibbs free energy+

AG, free energy of activation for diffusion

J rate of nucleation

N concentration of molecules available for reaction
M] the "middle phase" of aliphatic soap solutions
M

5 the "inverse middle phase" of aliphatic soap solutions

P probability of finding a crystallized droplet at any time, or the
fraction of droplets crystallized

PFHS precipitation from homogeneous solution

S supersaturation, the ratjo of the actual concentration to the equi-
1ibrium molar solubility

an asterisk (*) associated with this symbol denotes a critical

parameter, X
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absolute temperiture

volume of an aggregate

the "viscous isotropic" phase of aliphatic soap solutions

the "inverse viscous isotropic" phase of aliphatic soap solutions

Zeldovich factor
frequency of capture of a monomer

chemical potential

excess surface free energy
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INTRODUCTION

I.A. HISTORICAL BACKGROUND

It has been recognized since the beginnings of science that matter
may exist in three fundamental states of aggregation: solid, isotropic
liquid and gas. Transitions between these states have long occupied the
curiosity of scientists. This work is a result of such curiosity.

Nucleation is the process whereby a new phase is generated from
an unstable initial phase. When this process is spontaneods (ie. not
effected by external factors) it is termed homogeneous nucleation; other-
wise, it is heterogeneous nucleation.

Any circumstance involving a phase change is governed by a nu-
cleation process, thus nucleation is of interest to researchers engaged
in many branches of science, engineering and biophysical science. In
particular, analytical chemists are concerned with the fundamental role
of nucleation in determining the morphology and purity of analytical pre-
cipitates. Furthermore, manufacturing chemistry invariably involves the
separation of materials through crystallization. Thus any study leading
to a better understanding of the crystallization process has consider-
able value.

I.A.1. CONCEPT OF NUCLEATION

In spife of its very long use as a purification process, there
had been very little progress in the understanding of crystallization
phenomena until the work of Ostwald near the end of the last century.

That it was possible to exceed the normal solubility of a substance in

1



solution was recognized as early as 1775 by Lowitz (1) and he drew the an-
alogy with Fahrenheit's (2) earlier discovery of the supercooling of water.

By the middle of the 19th. century scientists had discovered that
the atmosphere contained sub-microscopic particles many of which could
act as foreign crystal growth centres in supersaturated solutions. Con-
trol of this type of contamination led to the observation of higher super-
saturations* and it became clear that spontaneous nucleation occurred only
when a solution was hignly supersaturated.

Ostwald (3) realized that before a crysfa] could grow spontaneous-
ly to a stable new phase, its initial fragment must achieve a minimum size.
He performed some empirical experiments to estimate this minimum size, but
recognized that his estimates represented upper limits. Ostwald classi-
fied solutions according to their degree of supersaturation (see Figure 1),
these being: a stable solution from which crystallization could never occcur,
a meta-stable solution of higher concentration which would not crystallize
unless induced to do so, and at still higher concentration a labile sol-
ution from which homogeneous nucleation was possible after a limited time.
It remains one of the objectives of a nucleation study to determine this
metastable 1imit. Von Weimarn (4) showed that a marked decrease in size
and increase in number of crystals formed accompanied an increase in the
relative supersaturation of the system.

From these early observations it was evident that there were two
steps involved in the crystallization process, and that there was a

significant energy barrier to the first step, the formation of a nucleus.

+ For the purpose of this thesis, supersaturation will be used
in the sense of the ratio of the actual concentration to the
equilibrium molar solubility.



Figure 1. Ostwald's classification of solutions.
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This barrier was dependent upon the degree of supersaturation and on the.
cleanness of the solution. The second step, crystal growth, was assumed
to be free of any significant energy barrier compared to the first step.
With the recognition of two separate steps to the crystallization process,
attention was directed towards the investigation of the nucleation step.
In the middle 1800's, several workers observed that the extent of
supercooling was much greater for a decreased sample size. Dufour (5)
was one of the first to suspend drops of water in an immiscible liquid;
when he cooled these droplets he found that the smaller droplets requir-
ed more undercooling than the larger ones to cause crystallization. Turn-
bull (6), proposing that foreign nuclei were sequestered in a small num-
ber of individual droplets, adopted this droplet idea as a method of
studying the kinetics of nucleation. He applied the droplet technique
successfully to the nucleation of supercooled mercury droplets (7). The
droplet technique has since gained widespread acceptance as a tool for the
study of homogeneous nucleation of solids from melts and from solutions.
The early attempts to apply the droplet technique to solutions fol-
lowed the pattern established for the study of melts in that hot aqueous
solutions weré cooled. Among the first to apply this technique to solu-
tions were White and Frost (8) who studied the homogeneous nucleation of
potassium nitrate from water. The technique had several difficulties of
which the main drawback was the requirement of a high temperature-coef-
ficient of solubility. A more sophisticated technique was that recently
employed by Velazquez and Hileman (9) who combined the technique of pre-
cipitation from homogeneous solution (PFHS) with the droplet technique to
study the nucleation of analytically important metal chelates by the in

situ generation of the insoluble metal chelate from soluble precursors.



I.A.2. DISCOVERY OF LIQUID CRYSTALLINE BEHAVIOUR

Besides the three fundamental states of matter it is now known
that intermediate phases (mesophases) are stable. The first suggestion
of their existence came near the end of the last century from the work
of Reinitzer (10) and Lehmann (11). Independently they recorded some
interesting observations on the properties of a new class of compounds.
These compounds, now termed 1iquid crystals, exhibited optical proper-
ties of a crystal while possessing the mechanical properties of a 1iquid.
Numerous examples of this behaviour followed its discovery.

The early rationales due to Tamman, Nernest, and Quincke (12) de-
scribed these phenomena as stemming from the colloidal effect of small cry-
stals suspended in an isotropic liquid, or from the presence of impurities
giving an emulsion of two liquids. Later, when it was found that these mes-
ophases gave a clear field of view in the ultramicroscope and that tran-
sitions between the crystal and the mesophase, and between the mesophase
and the isotropic liquid were perfectly well-defined and reproducible, they
became accepted as a true state of matter, intermediate between the soiid
and isotropic liquid. Since the early studies on 1iquid crystals, the use
of modern techniques, particularly X-ray diffraction, has shown them to pos-
sess extensive ordering in the liquid state and has confirmed their exis-

tence as true states of matter.



1.B. CLASSICAL THEORY OF HOMOGENEOUS NUCLEATION FROM SOLUTION

Historically the classical theory of homogeneous nucleation from
the melt and from solution has evolved from the earlier theories of va-
pour condensation (13, 14, 15) which had been successfully verified by
experiment. The qualitative concepts of nucleation theory when extended
to melts and solutions have gained widespread acceptance, although quan-
titatively the theory leaves much for discussion (Section I.B.3). There
js, however, enough agreement between the theory and the experimental
observations, to justify its continued use (in the absence of a viable al-
ternative) by experimentalists.

There -are several books (16 - 19), and excellent reviews (20 -
23) dealing with the subject of nuc]eafion. The following is intended to
give only a brief outline of classical nucleation theory and to develop a

few equations pertinent to this thesis.

I.B.1. THERMODYNAMIC BASIS OF NUCLEATION THEORY

A successful theory of nucleation must account for the experimen-
tal observations; namely, the existence of an energy barrier to the nuclea-
tion process manifested in the existence of a supersaturation, and the cri-
tical dependence of the rate of crystal formation on this supersaturation.
To achieve thts,classical nuc]eatibn theory has developed from an unusual
coupling of equilibrium thermodynamics and kinetics.

The crystallization event can be represented by the equation

nX -+ Xn

in which 'n' molecules of solute X give a bulk crystal Xn. This process
of crystallization can be divided further into two stages - nucleation and

growth.
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Nucleation is believed to occur through the formation of clusters
or aggregates by a series of bimolecular collisions between these aggre-
gates and single molecules as illustrated by the sequence:

X +XZ X

x2 + X2z X3
-5
X3 + X2 X4
X; *+X < X,i {nucleus)
X1- +X¢X1.+]
x1+] + X -+ crystal growth

The contribution to the formation of clusters by other processes such as
multi-molecular collision and combination of aggregates themselves is as-
sumed to be negligible. There exists a critical sized aggregate, Xi, de-
signated the critical nucleus which can either decompose to smaller clusters
or grow spontaneously into a crystal. Clusters smaller than the critical
nucleus are referred to as embryos, while those larger are nuclei. It is
generally assumed that once an aggregate has passed the critical size it
cannot decompose to embryos.

In the classical concept, nucleation is considered as being control-
led by two factors: change in free energy in going from the unstable homo-
geneous phase to the stable heterogeneous phase, and the energy required
to form the interface between the two new phases. The former is the driv-
ing force dependent upon the number of molecules(n) being transformed to
the new phase and predominates at large values of n, while the latter is

the barrier to nucleation and is dependent upon the number of surface mole-



cules and dominates at low values of n. It is the purpose of nucleation
theory to determine the critical parameters resulting from a balance of
these two factors.

When 'n' molecules of a substance are transformed from one phase
where its chemical potential is u;, to another phase of chemical potential

Hys the change in Gibbs free energy for the system is

AG = --(1.1.I - uz)n + oA. (1)

o is the excess of surface energy/unit area. The term (u] - "2) repre-
sents the change in Gibbs free energy between two phases of infinite
volume referred to one molecule and oA represents the free energy of
formation of the new interface. Since A is proportional to the number

of molecules transformed then

AG = - Aun + Kn2/3o. (1a)

Figure 2 shows the behaviour of AG as the size of the embryo increases.
It is clear from the figure that, for solutions which are not super-
saturated, AG will increase steadily with increasing n, while the plot
for supersaturated solutions exhibits a maximum value of AG resulting
from a balance of the driving force and the impeding force to nucleation.
This maximum represents the critical-sized nucleus. Either growth or
decomposition of the nucleus results in a decrease in the free energy.
This point represents a metastable equilibrium since gﬁg- = 0, but a
slight change in either direction causes a shift from equilibrium with
no tendency to return.

Differentiation of equation (1a) with respect to n and imposition

of the equilibrium conditions gives:

_ 2 gA
Au = -§- ?‘T



Figure 2. The dependence of the Gibbs free energy of formation, AG on

the size of the aggregate.
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Therefore, AG* = %'OA* (2)t

This relationship is what Gibbs called the work of formation of a "fluid

of different phase within any homogeneous fluid" and is referred to by La

Mer (21) as "the master key to the problem of nucleation”. It can be used

to determine the important nucleation parameters at the critical point.
Knowing that u = u + kTin a, where 'a' represents the activity of the

solute and is normally approximated by the known value 'c', the concen-

tration, we can write

kT Inc - kT 1n <

Au

kT In S. (3)
Where S = c/co is the supersaturation. Assuming sbherical nuclei of radius
'r' we can write

_ 3nv
A= r

'v' is the molecular volume assuming no "dead space" ie. v = V/n. Now,
using equations (1), (2) and (3) we can define all of the critical values

of interest from

86* = -nkT 1n 5% + o [30¥] = 15 30V
Therefore, r* = ET—%%lg; . (4)
Then, n* = ¥-= :—égﬂgf!z——g and (5)
3(kT 1n S*)
a6r = L onx - _16moV2 (6)

3(kT 1n s*)°

+ Throughout the text an asterisk denotes a "critical" parameter.
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Since the supersaturation is experimentally measurable and the
other parameters (except o) are known, the solution to each of the above
equations depends on the evaluation of the interfacial energy. .
1.B.2. KINETICS OF NUCLEATION

The process of nucleation has been likened to a chemical reaction
and the metastability of a supersaturated phase has been recognized as
a problem of kinetics; however, unlike a chemical reaction the activation
energy (assumed to bevthe free energy of formation of a nucleus) for the
process of nucleation is not constant but varies sharply Qith supersatura-
tion. The treatment of the rate of nucleation in solution has evolved by
modification of the corresponding treatment for vapour condensation.

It is generally agreed that embryos grow by the addition of mono-
mers to aggregates according to the scheme of Farkas (24) given in Section
I1.B.1. Thus, by calculating the difference between the rate of growth by
monomer impingement on the critical-sized aggregate and the rate of dis-
solution by loss of a monomer, an expression for the rate of nucleation can
be obtained. In order to apply the equilibrium thermodynamic conditions
of Section I.B.1., a steady state must be assumed in which clusters above
a certain size are considered to be removed and replaced by an equivalent
number of monomers. This then allows a steady flux of clusters through the
system while the reactions leading to embryo formation can be considered
to be in a steady state equilibrium. This flux is taken to be the rate of
nucleation.

Before the proposal of the steady state approximation, Volmer and
Weber (25) found that the frequency of formation of critical nuclei was
proportional to exp (-AG*/kT). Application of the steady state approxi-

mation and other correction factors from the treatments of Becker and
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Doring (26), Zeldovich (27) and others results in the following equation
for the classical rate of nucleation for vapour condensation.

=AG*
J = Zgm exp[ ﬁ$ ]

where Z is the Zeldovich factor (of the order 10'2).
B is the frequency of capture of a monomer,
m is the number cf available moncmers.

The Zeldovich factor, Z, is a correction term attempting to account
for two facts (28): ‘

1. that the number of critical clusters in a steady state system is
smaller than the equilibrium number of such clusters,

2. that a cluster of size greater than the critical nucleus can in
fact return to smaller than critical size.

A similar expression for condensed phases was derived by Turnbull
and Fisher (29) who applied Eyring's theory of absolute reaction rates to
the following step of the Farkas model (see Section I.B.1.)

i * X% Xy

They obtained an equation for the rate of nucleation of the form
= NKT
J ="

exp[. i:a] exp [:%$3J

where AGa is the free energy of activation for short-range diffusion of
the transferring component (usually a constant) and N is the concentration
of X units available for reaction. The working form of the rate equation,

substituting for AG* from equation (6) then, is given by

3.2
J=A exp[——m—"-g—u-—z- . (7a)
3(kT) (In S)
The pre-exponential factor, A, is a constant and differs slightly from the

Turnbull and Fisher value above by the inclusion of the Zeldovich factor.

Calculated values of this pre-exponential term have ranged from 10]7 to
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10~ but are usually of the order 10
Qualitatively equation (7) describes the experimental results.

The exponential term is a critical function of supersaturation, consequen-

tly, at some characteristic value of S for a given system it increases

dramatically. The rate of nucleation is very small until this critical

value is reached, then it becomes very high. This explosive increase in

the nucleation rate explains the sudden collapse of a supersaturated system

at the Ostwald metastable limit (Figure 1).

I.B.3. LIMITATIONS OF CLASSICAL NUCLEATION THEORY

There has been a great deal of controversy in the literature con-
cerning the validity of classical nucleation theory. Much of its early
success was attributed to fortuitous agreement; The experimentalists who
use this simplified theory readily concede that its shortcomings are numer-
ous; however, in spite of them, it continues to serve as a qualitative de-
scription of the nucleation process and a quantitative basis for data com-
parison.

Theoreticians have attempted for many years to develop a statis-
tical mechanical descripfion of nucleation. This approach is showing pro-
mise when applied to vapour condensation but the behaviour of condensed
systems is presently beyond its scope. The further complications encoun-
tered in concentrated solutions will further delay progress in theoretical
jnterpretation. It is only through the development of new instrumental
techniques (eg. Raman spectroscopy) that interest has been renewed in the
study of the nature of concentrated aqueous soluticns (30). Even here the
findings show only the degree of hydration and association of single ions,
and the study of aggregates of the complexity of a critical nucleus con-

tinue to be beyond its scope.
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The major difficulty with the classical theory of nucleation arises
from the description of the nucleus in terms of macroscopic thermodynamic
functions. That is, can one discuss surface tension, a bulk-average con-
cept, when describing a nucleus which at best is only a few hundred mole-
cules in size? Also, in the event of a small nucleus, as those reported
for BaSO4 (31), then the differentiation between surface and interior mole-
cules becomes impossible. This appears to be the weakest point of the
theory since such small clusters probably cannot be realistically expected
to conform to bulk thermodynamics. This observation has prompted Melia (20)
to comment that "real progress in extending the theory will not be achieved
until macroscopic quantities like the interfacial free energy . . . are
replaced by parameters which take due account of the molecular processes
jnvolved in nucleus formation."

Accepting the applicability of surface tension then leads to the
question of the definition of the surface of a nucleus. It may be expected,
especially for melts and solutions of highly soluble substances, that the
change from the solution to an actual solid-like embryo would be gradual.
Thus the precise definition of a surface of tension comes in doubt. Some
reports of low values for the interfacial energy term have been interpreted
in terms of the high degree of solvation (32). It is well known that a
greater interaction between the solvent and solution results in a lower
interfacial evergy (33).

The critical nucleus is usually assigned a spherical shape. This
is a matter of convenience based on the fact that a spherical shape will
result in a lower energy barrier to the nucleation event. If necessary,
correction for shape can be made to give an average interfacial energy for

a nucleus of any regular configuration. Unless there is strong evidence

_J
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for a particular shape inferred from the geometry of the resulting crystal
the nucleus is assumed to be spherical.

The app]icability'of the assumption of an equilibrium shape was
questioned by Binsbergen (34, 35) who performed a computer simulation of
the growth of a rucleus. By considering all the possible ways of addition
of monomers to a Kossel crystal model, he has shown that an equilibrium
shape for the nucleus does not exist. From this he draws the provocative
conclusion that “nuclei do not exist". His suggestion that the rate of
nucleation does not depend on the thermodynamic’ stability of a particular
configuration, but upon the kinetic probability of reaching certain con-
figurations, may provide a useful basis for an alternative theory of nucle-
ation. The classical theory does not.account for differing configurational
arrangements.

The present nucleation theory applies only to a stationary nucleus.
Additional corrections for rotational and translational motion of a nucleus,
factors not considered in the early theories, have recently been attempted
(36). It appears that except. for the case of vapour condensation the neg-
lect of these terms is not important.

Statistical thermodynamic theories have provided a means of correct-

ing some of the difficulties of the classical theory, however, since they

retdin essentially the same model of the nucleation process they are subject

to some of the same limitations. Also none have been applied rigorously
to condensed systems.

Classical nucleation theory does not take proper account of the
specific liquid structure and the nature of the crystallizing species.
Chemical association, solution viscosity and solvation effects influence

the nucleation process. These effects are reflected in the pre-exponen-

]
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tial kinetic factor of the classical rate equation. Often experimental

values of the order of 10° - 106,1nstead of 1030

are reported (see for
example Melia and Moffitt (36)). Such low values may also arise from a
more fundamental restriction to the theory. It was mentioned in Section
1.B.2. that in order to obtain a rate equation the dynamic process of
embryo growth resulting in a continuous depletion of monomers was replaced
by a steady-state approximation. Corrections for this assumption were in-
cluded in the kinetic constant and their improper evaluation would lead to
discrepencies in this term.

Recently, Daee et al (38) have shown for the case of water conden-
sation that the free energy of formation of clusters was not a smoothly in-
creasing function of the number of molecules. They proposed a clathrate-
like structure for the pre-nucleation cldsters and found that the concen-
tration of clusters of certain sizes was higher than others. This con-
tradicts the basic thermodynamic principles of classical nucleation theory
and thus casts further doubt on certain fundamental assumptions. In their
study Daee et al used a molecular model approach with statistical mechanics
which did not require the use of bulk thermodynamic properties.

In view of these serious limitations classical nucleation thcory
must be used with reservation. However, the agreement between its pre-
dicted functional relationships and experimental observations is far from
discouraging. Nevertheless, because of the serious conflicts involved we
must disagree with Binsbergen (35) when he states "we will have a hard
time to change the generally accepted concepts of the nucleation theory
as it stanQS today". Classical nucleation theory is indeed in need of

revision!
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I.Cc. EXPERIMENTAL METHODS USED FOR THE STUDY: OF NUCLEATION

The lack of a proper understanding of the nucleation process had
resulted in part from the size of the critical nucleus. Being less than
100 R in diameter it is impossible to observe a nucleus directly. Thus,
the nature of the nucleus must be elucidated from observations made on
bulk crystals. This in turn introduces other difficulties arising from.
crystal growth, dissolution and agglomeration. In addition, because of
the explosive increase which occurs in the nucleatiorn rate at a particular
supersaturation, it becomes extrehely difficult to méasure this rate. To
compound the problem even further, homogeneous nucleation is not the
normal process of initiation of phase change in bulk samples. Usually,
the presence of sub-microscopic dust particles (motes) of the order of
10’7 cm diameter and defects on container walls serve to lower the energy
barrier to crystallization and result in heterogeneous nucleation. Nu-
cleation experiments are thus directed toward the elimination of the effect
of these motes and the measurement of the rate of nucleation as a function
of supersaturation, by means of some physical characteristic of the macro-
scopic crystals which result from the nucleation event.

The total number of motes in a solution is considered to be about
106 particles m]']; however, with extreme difficulty, by careful distil-
lation and filtration, this number in some cases (water), can be reduced
to the order of a few hundred per ml. Even so, for nucleation experiments
the presence of a single effective mote in a supersaturated solution will
cause its collapse. There are two separate paths to follow for the eli-
mination of the effect of motes. That used in direct mixing experiments
is to increase suddenly the supersaturation to such an extent that it can-
not be relieved by growth on heterogeneous centres. This technique has

been popularized by Nielson (39). Another method due to Vonnegut (40) is
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the droplet technique. In this case a portion of the solution of interest
_55 subdivided into tiny, non-communicating droplets whose number greatly
exceeds the number of motes in the system.

The direct mixing technique has several worthwhile advantages;
namely, it is isothermal, it utilizes a constant supersaturation at the
time of the nucleation burst and the initial supersaturation can be easily
varied by changing the starting conditions. A variety of detection methods
are available including visual observation, microscopy, conductivity and
light-scattering methods. It is, however, limited to the study of sparing-
ly soluble compounds and it does require a great deal of sophistication to
overcome the problems of local concentration inhomogeneities during mix-
ing. Also the very high rate of nucleation is difficult to measure. This
technique has been used extensively by Nielson (39) who has determined a
critical supersaturation of 1000 for BaSO4. This extremly high vaiue has
since received wide-spread acceptance. Recently, he has applied this tech-
nique to the unusual case of the nucleation of a 1iquid from solution (41).
Hanna and Hileman (42, 43) have used the technique with a particle counter-
multichannal analyzer as the detector for the study of some analytically
impartant metal chelates and have found good agreement with the results for
the same compounds studied with the droplet technique.+

Many authors have referred to the droplet technique as an "ingen-
eous" device for the study of homogeneous nucleation. Since its introdu-
ction 25 years ago for the study of the solidification of molton metal

droplets (see for example Turnbull (44)) it has found much wider applica-

+ There have been few comparisons of different experimental tech-
niques used for the study of nucleation. It is satisfying to
find agreement between the results of two widely different methods.
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tion. Presently, the droplet technique is being expanded to include crys-
tal nucleation from solution, while its use in the study of solidification
of pure substances (in particular, the freezing of water) is continually
receiving refinements in data interpretation.

! it can be shown that for

With solutions containing 106 motes ml~
a population of 100 droplets of diameter 25 microns, only one drop will con-
tain a mote and will be subject to heterogeneous nucleation. This illus-
trates the great advantage of the droplet technique for the preparation of
mote-free solutions. .Also, droplet study allows observations to be made
on a great number of separate experiments simultaneously, thus giving the
results statistical significance. Furthermore, the rate of nucleation
can be obtained from the rate of appearance of crystals in the droplets by
photographically recording the observations at regular time intervals.

In the initial applications of the droplet technique to solutions,
the supersaturation was generated by cooling hot saturated aqueous solutions
dispersed in mineral oil (see for example, Melia and Moffitt (45)). This
method, however, restricted the selection of compounds to those which had
a highly temperature-dependent solubility. Velazquez and Hileman (9) ex-
tended its applicability to sparingly soluble substances when they report-
ed the combination of the droplet technique with a PFHS method for the ge-
neration of metal chelates. Velazquez and Hileman (46) also described a
complimentary technique to that of PFHS for the isothermal build-up of
supersaturation in solutions of soluble compounds. This new technique
takes advantage of the selective extraction of the solvent into the sup-
porting medium to achieve supersaturation. They illustrated the new tech-
nique for salts such as K20r207 and NH4N03. Very recently, Bempah and
Hileman (47) have employed this droplet contraction method in the study of
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a family cyanoplatinates.
The technique of droplet contraction has a very wide application
and for this reason was selected for the purposes of this thesis. Its ad-

vantages and limitations will be discussed further in Section III.B.
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I.D. INTERPRETATION OF THE EXPERIMENTAL DATA

In the droplet contraction technique the supersaturation within
the droplet is continuously built-up as the solvent diffuses into the sur-
rounding medicm. The calculation of this supersaturation can be carried
out exactly only if the density of the solution is known. Since this can-
not be measured, it was assumed that the solution behaved ideally.

A relationship between droplet diameter D, and time can be shown
(see Appendix 2) to be

0% = 0% - kot . (8)

where Do is the initial droplet diameter and k, is a constant. This equa-
tion results from the assumption of physical transfer of one component from
a spherical drdp]et of an ideal solution with the following restrictions:
1. The concentration of the transferring component (water) in the buik
phase remains constant (ie. small amounts of transferring component invol-
ved).
2. The concentration at the droplet-bulk interface corresponds to e~
quilibrium conditions.
3. The solute concentration is uniform within the droplet.
4. The equilibrium concentration for the transferring component is in-
dependent of the concentration of non-transferring component in the droplet
(this will be true for small concentration changes).
These assumptions are reasonable for the experimental conditions except
that a small local increase in the concentration of water in the oil medium
is to be expected.

If equation (8) is found to hold experimentally then this model
satisfactorily predicts the concentration of the solute within each drop-

let as a function of time. The result at any time, t is
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c 6mS'or 1 1 ] (9)
= c + 1 - — R
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Here, CS, CS°

lute. Equation (9) predicts that the concentration of solute in droplets

are solute concentrations, mg is the number of moles of so-

of different initial diameter will not be equal after a time interval has
elapsed. This problem will be discussed further in Section III.B.
It is shown in Appendix 2 that the degree of supersaturation from

equation (9) reduces to

c D
__s . r.0q3
S=¢— [ﬁ—l . (10)
So

That is, the supersaturation can be written simply as the ratio of the ini-
tial to the final volume.

The rate of nucleation is obtainable from the results of a droplet

experiment by use of the following expression due to Turnbull (44):
J = %- ]IP (%%), where (1)

P is the fraction of droplets solidified after a time, t. The same expres-
sion was obtained from the statistical studies by Bigg (48) and Carte (49).

Having expressions for the calculation of the rate of nucleation
and the degree of supersaturation from the experimental data, the nucleat-
jon rate equation (7a) can be solved. Taking the logarithm of equation

(7a) we have

]6n03v2

3(2.303kT)3(10g §)%

log J = log A - (7b)

Thus from the slope of the plot of (log J) vs (log S)'2 we can calculate
the only unknown parameter, o. With this we can then solve equations (4,

5, and 6).

_
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1.E. LIQUID CRYSTALS
I.E.1. CLASSIFICATION OF LIQUID CRYSTALS
When certain solid organic compounds are heated, they do not pass
directly to the isotropic liquid state. Although they melt quite sharp-
1y, the melt will remain definitely opaque in an intermediate state which
is both birefringent and fluid. At higher temperatures this mesophase
transforms to the isotropic liquid.. Compounds displaying this tempera-
ture dependent phencmenon are termed thermotropic liquid crystals.
Solutions of some compounds often display a liquid crystalline
character. In particular, our interests are in those molecules which are
water soluble, and amphiphilic, ie. those containing a hydrophilic polar
group while the rest of the molecule is hydrophobic. These systems are
termed lyotropic 1iquid crystals.
There are three clearly distinguishable types of liquid crystal
phase:
1. The smectic mesophase which is turbid and somewhat viscous. This
phase has a stratified structure with the long axis of the molecules

normal to the layers.
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2. The nematic mesophase which is turbid and mobile with the molecu-

les arranged paraliel but unstratified.l
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3. The cholesteric mesophase which is turbid and mobile but displays

some unique optical properties resulting from optical activity due
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to its iwisted nematic structure.
A substance may exhibit more than one of these mesophasas, the
smectic always occurring at the lower temperature, since it has the higher

degree of order and is thus more allied to the crystalline state.

I.E.2. MOLECULAR STRUCTURE AND NATURE OF INTERMOLECULAR FORCES

The reason for the existence of the mesomorphic state is suggested
by the molecular structures of the compounds which assume it. They have
molecules which are very much elongated, and often flattenéd as well, and
they possess at least one polar group. The shape of the molecules causes
them to adopt an arrangement in which they are parallel to one another.

In the crystalline state they are arranged in the same way and are held to-
gether by local attachments due to the electrostatic attractions of the
polar groups @nd van der Waal's forces. ’

Almost any organic compound with elongated molecules will give rise
to a liquid crystalline state (50). Usually substitution in the para-po-
sition favours wiesomorphism while ortho- and meta- substituents (which could
“broaden” the molecule) can cause a loss of this characteristic.

The intermolecular forces operative in these systems are of two
types: electrostatic and electrokinetic (51). The electrostatic inter-
actions pertain to the hydrophilic groups and arise from charged ions o
dipoles. These attractive interactions tend to be destroyed by the ther-
mal motion of the molecules and will decrease at higher temperatures.

The electrokinetic interactions arise through the motion of elec-
trons within the molecules. When in phase they produce attractive forces
between molecules. This type of interaction is almost wholly responsible
for the interactions resulting in lipophilic character.

Thus, thermotropic liquid crystals result from the breaking of the

_J
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weaker linkages in the crystalline solid, leaving the molecules some free-
dom of relative movement before they have acquired sufficient thermal ener-
gy to overcome the tendency to lie parallel to one another and achieve the
random arrangement of an jsotropic liquid. Thus, the medium acquires the
ability to flow but remains birefringent owing to the preferred orientation
of the molecules.
In lyotropic systems the cohesion between molecules is diminished

both by thermal agitation (1yotropic systems are also thermotropic), and
by dissolution in the solvent (usually water) of the hydrophilic region of
the molecule. Amphiphiles which best display liquid crystalline proper-
ties are those in which the opposing tendencies are strong and equally
balanced. Typical polar groups include the salts of carboxylic and sul-
fonic acids and the 1ipophilic group is generally a long chain hydrocarbon
(> 8).
I.E.3. SOLUTIONS OF AMPHIPHILES

Much of the early work in the field of lyotropic 1iquid crystals
was done by researchers in the soap jndustry. The "neat phase", the end-
product of the soap boiling operation has been known since late in the
19th century (52) and the "middle phase", occurring with higher water con-
tent, has been recognized for almost 50 years (53). Now other phases are
known to be stable: the "“inverse middle phase" at a lower water content
than the neat phase, and two jsotropic phases which are stable at concen-
trations intermediate between each of the above phases.

These mesophases will be referred to by the following commonly
used designation:

G - neat phase

V] - viscous isotropic phase

M] - middle phase
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V2 - inverse viscous isotropic

M2 - inverse middle

S - jsotropic solution

If all these mesophases were to occur at a given temperature then

the order of appearance with increasing amphiphile concentration would Be
(54)

S+ M] - V] + G+ V2 - M2 .
The complete series has not been observed for any one system. Generally

M], V], G or G, v2, M2 in the above sequence are observed for a single sy-

stem.

I.E.4. STRUCTURE OF LIQUID CRYSTALLINE SOLUTIONS.

In an ideal solution of non-polar liquids all molecules interact
with each other equai]y and symmetrically and under the influence of ther-
mal motion a random arrangement of molecules arises. However, in a real
solution containing polar molecules a random arrangement no fonger occurs
and local groupings of molecules arise. In aqueous solutions of amphiphiles
there is a tendency for such groupings, called micelles, to arise in which
like is associated with 1ike. Thus for soaps, the non-polar paraffin chains
tend to associate in a fluid arrangement leaving the polar groups in asso-
ciation with the water molecules. For dilute solutions this results in an
jsotropic spherical micelle (55) as illustrated in Figure 3a. These micel-
les are statistical in character and will fluctuate in size and shape under
the influence of thermal motion and will be in equilibrium with neighboring
molecules.

In liquid crystals, however, micellar groupings show marked per-
sistence and long-range intermicellar order. This grouping of amphiphiles

results in various mesophases as the amphiphile to water ratio is changed,



Figure 3. Schematic representation of various micelle structures.
(reproduced from Hartshorne and Stuart (52) with the permis-

sion of Edward Arnold, London.)
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It is believed that in these phases the structure is determined primarily
by the polar groups while the lipophilic parts of the molecules remain in
liquid-1ike association. This has been proven by Clunie et al (56) and
others. In spite of the persistence of long range order Winsor (51) points
out that any local change in conditions (temperature, concentration, shear-
ing) will imnmediately alter the micelle structure.

The observation that the addition of more solvent to 1yotropic
mesophases transformed them into isotropic micellar solutions possessing
no structural order led Ostwald (57) to suggest common constitutive units
for the micellar and lyotropic mesomorphic states. While this is not true
for all cases, there is some contention that the Hartley micelle (spheri-
cal micelle, Figure 3a) is a building block for some mesophases. Now,
additional micellar structures have been proposed to explain these dif-

ferent mesophases.

I1.E.5. TYPES OF MICELLES

The 'G' phase is associated with the smectic state and has a la-
mellar structure consisting of extensive micellar sheets. The amphiphile
molecules form a double layer étructure and the sheets are separated by
layers of water. This is illustrated in Figure 3b. This structure has
gained general acceptance on the basis of conclusive X-ray diffraction
studies (56, 58).

The V] phase on the other hand is the subject of much controversy
and confusion, much of it stemming from the experimental difficulties in-
volved in the isolation of this phase from the G and M1 phases. Also the
model for this phase depends on that structure proposed for the M] phase
which itself is in debate (see below).

Luzzati and Husson (59) first proposed that the V, phase was made
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up of spherical micelles in a face centred cubic lattice. This configura-
tion accounted for its isotropic character and suited their X-ray diffrac-
tion results. They later suggested a body-centred cubic lattice.

Even more serious now, is the question of the structure of the ac-
tual micelles involved. First suggestions that the constituents of the V1
phase were Hartley micelles, were changed to a similar micelle but with
"inverse" structure; ie., the polar heads and water forming the inner core
and the lipophilic chains the fluid. Neither of these models accounts for
the observed birefringence of the V] phase when subjected to a shearing
force.

Luzzati's present view (60) is that the micelles are rods of fi-
nite length similar to those of the M] phase (see below) and that these are
held together in a three-dimensional array. Another suggestion put for-
ward by Winsor (61) is that the V] phase consists of a stable interdis-
persion of micro-units of the G and M] structures. It seems that the sub-
Ject of the structure of this phase will be debated until more conclusive
results are obtained. .

There are presently two models proposed for the structure of the
'M;' phase: a fibrous structure supported by Luzzati et al (58) and a
string-of-spheres constitution supported by Clunie et al (56). In the fi-
brous model the micelles are depicted as being long rods of indefinite
length which are arranged in a hexagonal pattern with water forming the me-
dium between the rods. Within each rod the amphiphiles are arranged ra-
dially about the rod axis with the polar groups on the outside. This is
illustrated in Figure 3c.

The string-of-spheres model arose from the observation by Clunie,

Corkhill and Goodman (56) that the calculated average rod diameter (from
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X-ray and density measurements) was not consistent with those calculated
for the G and V] mesophases. They proposed a hodel having linear chains
of spherical micelles.

Gilchrist et al (61) present evidence against this model'based par-
tially on the fact that the string-of-spheres model does not account for
the marked birefringence of the M] phase since it is made up of isotropic
units. They contend that the fibrous model is correct and support a re-
vision of the V] model as discussed above.

The most popular concept for the M] mesophase is that it is some-
what more organized than the nematic state, but not smectic, and is made
up of indefinitely long rod-like micelles arranged in hexagonal array.

The V2 and M2 phases have received less attention and are usually
assumed to be the inverse of the V] and M] structure respectively. Luzzati
has shown the M2 mesophase to have a structure as illustrated in Figure 3d,
with micellar rods having an inner polar core with the medium between the
rods being lipophilic.

For a more detailed account of 1iquid crystals several excellent

books and reviews are available to the reader (50, 51, 54, 62 - 64).
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I.F. STATEMENT OF THE PROBLEM

The aim of this project is the study of the nucleation of organic
compounds from aqueous solution using the droplet technique. Reports of
other studies of nucleation in organic systems are rare and involve only
the supercooling of bulk solutions or droplets of a melt, so that inves-
tigations relating to the homogeneous nucleation of organic compounds from
aqueous solution are in order.

To this end, our intention was to synthesize water soluble organic

compounds which could be used to gencrate in situ, an insoluble product.

With such compounds in hand, we then hoped to develop a precipitation from
homogeneous solution reaction which could be used in combination with the
droplet technique to observe the homogeneous nucleation of an insoluble or-
ganic product. At the same time, we considered the prospect of a nucleat-
ion study on the water-soluble precursers. Thé very intriguing observa-
tion of optical birefringence of the supersaturated solutions of our star-
ting materials led us to investigate its cause and resulted in an expan-
sion of our main interest to liquid crystalline compounds.

It is the purpose of this thesis to report the results of our
study of the homogeneous nucleation of crystalline solids from a liquid
crystalline solution and of the phase transformations between several 1yo-
tropic mesophases. The classical theory of homogeneous nucleation is used

to calculate some pertinent parameters relevant to the nucleation event.



EXPERIMENTAL

II.A. PREPARATION OF ORGANIC REAGENTS

One of the aims of this project was the preparation of organic
compounds which would have a fairly high water solubility and which could
be used to generate an insoluble material in situ. Furthermore it was es-
sential that these compounds would be stable in neutral aqueous solution.
Esters prepared from sulfoacetic acid are compounds which could offer
these characteristics. Variations in the properties of the esters could
arise from differing alcohol moieties. To avoid the auto-catalytic effect
of the strongly acidic sulfonic acid group, and keeping in mind the need
for water solubility, a method was selected which involved the reaction

of the neutralized acid salt in aqueous ethanol.

II.A.1. SYNTHESIS OF ESTERS

A solution was prepared by dissolving 31 g (0.2 moles) of
sulfoacetic acid (Eastman, practical grade) in 40 ml of water.
This was neutralized by the careful addition of 15.5 g LiOH.H20
(Baker, reagent). The solution was made just acidic to litmus,
then transferred to a 500-m1 round-bottom flask containing 0.2
moles of the appropriate bromide [a-bromo-p-nitrotoluene (Ald-
rich), a-bromo-p-nitroacetophenone (Eastman), a,p-dibromotoluene
(Aldrich), a,p-dibromoacetophenone (Eastman)] and 120 ml of etha-
nol. The mixture was refluxed with stirring for 2 - 3 hours with
alcohol or water being added if necessary to bring about solu-
tion.

While hot, the solution was transferred to a 600-ml beaker,
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diluted with 100-200 m1 of alcohol and left to cool slowly. The
ester separated as large plates and was easily collected on a Bu-
chner funnel. '

The esters were purified by recrystallization from hot aqueous
ethanol.
Note: The lithium p-bromobenzylsulfoacetate would not separate using thie
above procedure. In this case, the cooled reaction mixture was extracted
twice with large portions of ether to remove the organic residues and most
of the alcohol. Further cooling of this concentrate in ice caused preci-

pitation.
II.A.2. ANALYSIS OF ESTERS FOR PURITY

II.A.2.a. Analysis By Hydrolysis

The 1ithium p-nitrobenzylsulfoacetate and 1ithium p-bromophenacyl-
sulfoacetate were analyzed by hydrolysis with excess standard sodium hyd-
roxide fo]lqwed by back-titration of the excess base with standard hydro-
chloric acid using the following procedure.

A sample of the recrystallized ester was dried for 1 hour
at 110°C. Portions of 0.4 to 0.5 milliequivalents of ester were
weighed into 50-ml erlenmeyer flasks and dissolved in 5 ml of
water, then 10.0 ml of standard 0.1N NaOH were added. This was
allowed to react for at least 15 minutes then the excess NaOH was
back-titrated with standard 0.1N HC1 using 3 drops of cresol red-

thymol blue mixed indicator.

I1.A.2.b. Analysis By Ashing

The 1ithium p-nitrophenacylsulfoacetate and the lithium p-bromo-
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"benzylsulfoacetate were analyzed by converting them to lithium sulfate.
Samples of each ester were charred with sulfuric acid. The char was re-
moved by ignition, then the final traces of carbon were oxidized by di-
gestion with nitric acid and then sulfuric acid.

The ester was dried for 1 hour at 110°C, then 0.2 g portions
were weighed into tared platinum crucibles. The ester was char-
red by the addition of 25 drops of conc. H25b4. Ten drops of conc.
HNO3 were added and the acids were gently fumed away. When dry,
the carbon Ehar was removed hy heating for 3 hours at 550°C in a
muffle furnace. The residue was digested with 10 drops HN03; then
10 drops H2504 on a Meker burner. The crucibles were brought to

constant weight by heating with the burner.

II.A.2.c. Elemental Analysis for C, H, S

Samples of each ester were sent out for an independent analysis for

carbon, hydrogen and sulfur.
II.A.3. SOLUBILITY OF ESTERS

I1.A.3.a. Determination By Hydrolysis
The solubility of Vithium p-nitrobenzylsulfoacetate and T1ithium p-
bromophenacylsul foacetate were determined by hydrolysis of their saturated
solutions.
Portions of saturated ester solutions were measured in 1.0-
ml volumetric flasks, then transferred quantitatively to 50-ml
erlenmeyer flasks. These solutions were reacted with 10.0 ml of
standard 0.1N NaOH solution and left to stand for at least 15
minutes. The excess base was back titrated with standard 0.1N

HC1 using cresol red-thymol blue mixed indicator.
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II.A.3.b. Determinavion By Lyophilization

The solubility of 1ithium p-nitrophenacylsulfoacetate and lithium
p-bromobenzylsulfoacetate were determined by 1yophilizing their saturated
solutions and weighing the resulting precipitates.

A 1.0 ml portion of a saturated solution of the appropriate
ester was quantitatively transferred to a tared platinum cruci-
ble and frozen in liquid nitrogen. The crucible was immediately
put in a vacuum desicator, connected to a vacuum pump and left
for 20 hours. After removal the crucible was heated 1 hour at

110°C and on cooling, weighed.

I1.A.4. DENSITY MEASUREMENTS

The density of a saturated solution of each ester was determined
by weighing a portion of the appropriate solution in a tared 1.0-ml
volumetric flask.

The density of each ester was measured by transferring a careful-
1y weighed portion (approximately 1 g) of the appropriste ester into a 10.0-
ml portion of chloroform in a calibrated tube. The tube was centrifuged
to remove trapped air bubbles then the volume change was recorded.

For comparison, the density of KBr was determined by this proce-

dure.
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TI.B.  NUCLEATION STUDIES

| In the droplet technique a drop of the solution of interest is
physically broken up into millions of non-communicating, micron-sized drop-
lets in a suitable oil. This produces a population of droplets most of
which are free of crystallization catalysts, and ensures that they remain
free of contamination from air-borne catalysts and fragments that could
be ejected from neighbouring droplets during the solidification process.
In order to study the rate of crystallization within the collection of
droplets, it is necessary that each droplet remain stationary in the field
of view throughout the experiment. This can be achieved by centrifuging
a sample of the dispersion in a hydrophobic, flat-bottomed container so
that all droplets come to rest on the container bottom. It is then a sim-
ple matter to photographically record the size of each droplet and the

phase changes within it.

II1.B.1. REAGENTS

Silicone fluids of the 200 series (Dow Corning, Toronto) of var-
ious viscosities were used as the supporting medium.

The esters were prepared as described in Section II.A.

The saturated ester solutions were prepared by stirring overnight
excess ester in water then allowing the solution to stand for one day in
contact with the solid. The excess solid was removed by pressure filtra-
tion.

The under-saturated solution of Tithium p-bromophenacylsulfoace-
tate was prepared by suitable dilution of the saturated solution with fil-

tered water.
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11.B.2. APPARATUS

Filtration Apparatus

The solutions were filtered before use through a 0.3 u PVC filter
(Gelman Instruments, Michigan) in a pressure filter holder supplied by the
Millipore Co. (Montreal).
Dispersion Apparatus

The solution was dispersed in the silicone o0il by stirring 1 or 2
drops (1 drop = 0.03 ml) in a 6-ml accessory flask by means of a Virtis
micro-homogenizer (Fisher Scientific, Toronto). Centrifugation was done
with an International Clinical centrifuge (Boston).
Glassware

The initial centrifugation required standard 15-mi centrifuge tubes.

The specially prepared observation cups. were made by fusing 28 mm
diameter, flat Pyrex discs (Lab Glass, New Jersey) onto Pyrex glass tubing
28 mm x 25 mm. The resulting container had a flat bottom which not only
improved its optical properties but also allowed the preparation of more
uniformly populated dispersions than the previously used Nessler cups (46).
These containers were made hydrophobic by coating them with Drifilm SC-87*
(Pierce Chemical Co., Rockford, Il11inois).
Microscope

The microscope used in this work was a Vickers Mi15 polarizing mi-

croscope (Vickers Instruments, Toronto), with a magnification of 75 x (5X

+ Drifilm was found to be superior to the previously used silicone
grease (D.C. 200 - 2 million C.S.) because there was no problem
of distortion during centrifugation. Also since it is untouched
by cleaning solvents cach treatment lasted several weeks.
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objective, 10X eyepiece, 1-1/2 analyser). This was built on an optica1'
bench (Spindler and Hoyer, W. Germany) and set up for Kohler i1lumination
using a 500-watt super-high pressure mercury vapour lamp (Philips Elec-
tronics, Toronto). Both the lamp and the primary condensor of the micro-
scope were housed in water-cooled jackets, and the polarizer was protec-
ted by two heat-absorbing filters (Wild Scientific). The microscope was
equipped with a micrometer stage (Vickers Instruments) and a removable
cell holder for the observation cup. An accurate micrometer dial (Mitu-
toyo, Japan) having a range 0.01 to 20 mm was mounted on this stage; this
allowed the sequentia] observation of several fields of view and ensured
precise re-alignment of each field. The droplet size changes and phase
changes were recorded photomicrographically using an Autowind 35-mm ca-
mera (Vickers Instruments) and Anscochrome D-500 colour reversal film
(G.A.F., Toronto) processed by Benjamin Labs (Toronto). ‘The Autoexposure
unit J-35 (Vickers Instruments) was modified to allow control of the shut-
ter speed for the dark field exposures.

A dry atmosphere was maintained by mounting four drawn-polyethylene
tubes around the objective lens of the microscope so that a stream of dry
compressed-air could be directed into the observation cup. The compressed-
air was cleaned and dried by passing it first through an oil and dust fil-
ter, then bubbling it through concentrated sulfuric acid. Before being
directed into the observation cup it was passed through a mist trap and a
column of Ascarite (Arthur H. Thomas, Philadelphia) to remove the sulfuric
acid mist, then finally through a dust trap.

The film slides were viewed with a Pradovit projector (Lietz, W.
Germany) equipped with a 150-mm lens and a projection screen ruled in

millimeters.
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11.B.3. PROCEDURE

One or two drops of the appropriate ester solution+ were stir-
red in 5 ml of D.C. 200-20 c.s. oil for 5 seconds at 25000 r.p.m.,
then transferred to a standard centrifuge tube containing 9 ml of
D.C. 200-100 c.s. oil. The tube was centrifuged for 1 minute at
4000 r.p.m., then 2-3 ml were removed with an eye dropper from the
middle of the tube and poured onto a thin film of the same oil in
an observation cup. This was centrifuged for 30-60 seconds. The
supernant oil was decanted, replaced with fresh D.C. 200-100 c.s.
0il to a depth of 3 mm and then centrifuged for 30 seconds.

The observation cup was inserted into the cell holder and
fitted on the microscope stage and a suitable region selected for
observation. Usually 5 or 6 adjacent fields of view were recorded,
each being less than 3 mm away from the central field of view.

After processing and sorting, the slides were projected in
turn on the ruled screen. The individual droplet diameters were
measured, the time of the transition to the 1iqﬁid crystal phase
and the time of the crystallization event were both recorded. All
of this information was then punched on cards for processing by a
CDC 6400 computer.

The droplet diameters were converted to microns using a scale
factor determined by calibrating the ruled screen with a photo-
micrograph of a millimeter slide taken at the same magnification

factor.

+ In all cases except lithium p-bromophenacylsulfacetate satu-
rated solutions were used. This solution was 90% saturated.
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Note: To record the liquid crystal phase change and the crystallization
events within the droplet population photomicrographs (crossed polars) were
taken at 1 minute intervals using a 10% N.D. filter and 1/2-second expo-
sure. To record the change of droplet size within the population, photo-
micrographs were taken using transmitted light at regular intervals (us-

ually 5 minutes) using a 0.1% N.D. filter with 1/2-second exposure.



RESULTS AND DISCUSSION

II11.A. PREPARATION OF ORGANIC REAGENTS

As discussed in detail in Appendix 5, one of the aims of this pro-
ject was the development of a method for the generation within an aqueous
solution of an insoluble organic compound suitable for nucleation studies
using the droplet tephnique. To this end water-soluble esters of sulfo-
acetic acid were prepared using the following moieties: p-bromobenzyl
alcohol, p-nitrobenzyl alcohol, p-bromophenacyl alcohol and p-nitrophen-
acyl alcohol.

The esters were first prepared as their sodium salts, but these
were not soluble enough for the proposed PFHS reaction. It was found that
the lithium salts of the esters were much more soluble although the yield
of product was drastically reduced.

To the best of our knowledge these esters are new compounds, SO
that a more detailed description of their preparation, analysis and prop-

erties than would ctherwise be necessary is warranted.

I1I1.A.1. PROPERTIES OF THE ORGANIC REAGENTS
The method of preparation was adapted from that described by Shriner,
Fuson and Curtin (65) for the identification of carboxylic acids. The

chemical reaction involved is

R@(g) n-CHaBr + Liog-CH2503Li - R-@-(g)ncnzo&cuzs%u + LiBr

wheren=0or 1, and R = NO2 or Br.

41
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The products were obtained as pure shiny crystalline plates. No
attempt was made to improve the low yields of these preparations (see Table
1), although the amount of water used and the total solvent volume were
kept to a ﬁinimum to avoid solubility losses to the solvent. Attempts to
collect a second crop of crystals proved impractical as a means of increa-
sing tﬁe yield due to the deposition of gummy polymeric material.

The physical properties of the esters and the results of Section
II.A. are tabulated in Table 1. The analytical methods used to determine
the purity have an experimental error of 14 so that the esters can be con-
sidered to be pure. This was confirmed independently by elemental analysis.
Spectral data for these compounds were recdrded and the characterizing
U.V.-visible, infra-rod and NMR spectra are included in Appendix 1.

The solutions of the 1ithium sélts of p-nitrobenzylsulfoacetate,
p-bromobenzylsulfoacetate and p-bromophenacylsulfoacetate were found to be
stable for several months at room temperature. The solutions of 1ithium
p~nitrophenacylsulfoacetate were stable for up to four weeks. Nevertheless,

freshly prepared solutions were used throughout this work.
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TABLE 1

Properties of the Esters

Property / compound 1 2 3 4
“molecular weight 315 281 343 309
colour pure white pale beige pure white pale yellow
yield (2) 24 32 ' 80 38
purity (%) - 99.4 99.3 99.5 99.0

elemental analysis' %C  34.4(34.3) 38.7(38.4) 35.1(35.0) 38.7(38.8)
®  2.7(2.5)  3.1(2.9)  2.5(2.3)  2.7(2.6)
‘ % 10.1(10.2) 11.0(11.4) 9.4(9.3) 10.4(10.4)
solubility (moles/1) 2.03 1.92 0.75 2.42

density!t (g/m1) 1.99 1.84 1.94 1.89
density.of sat'd
solution (g/ml1) 1.291 1.186 1.145 1.182

melting point 255(dec) 270(dec) 260(dec) 270(dec)
KEY: 1 Tithium p-bromobenzylsulfoacetate

2 Tlithium p-nitrobenzylsulfoacetate

3 Tlithium p-bromophenacylsulfoacetate

4 1lithium p-nitrophenacylsulfoacetate

+ Brackets denote expected value
++ KBr density by this method is 2.70; expected value 2.75



|

III.B. LIQUID CRYSTALLINE CHARACTER OF THESE COMPOUNDS

In the course of some preliminary work, droplet contraction studies
using the sodium salt of p-nitrobenzylsulfoacetate showed that the drop-
lets reached a stage in which they became strikingly birefringent and dis-
played .clearly a Maltese cross. Even when the dispersions were left for
severai days, the droplets remained unchanged; however, when the disper-
sion was left for several hours over PZOS’ the droplets transformed to or-
dinary crystalline masses of irregular shape. For dispersions of a few
readily available, similar compounds [p-sulfobenzoic acid, k* salt; m-
sulfobenzoic acid, Na+-sa1t; sulfosalicylic acid] the droblets remained
jsotropic until the point of crystallization. The unusual behaviour of our
ester led to the question of what was causing the intermediate phase and

interested us in a more detailed study.

II11.B.1. QUALITATIVE OBSERVATIONS OF THE PHASE CHANGES INVOLVED

In the discussion which follows,the experimental observations for
the phase changes within the droplets will be illustrated for the case of
lithium p-bromobenzylsulfoacetate. Differences for the other esters will
be noted later.

Droplets of a saturated solution of 1ithium p-bromobenzylsulfo-
acetate dispersed in a silicone fluid were observed to go through a series
of phase changes as the concentration of the ester increased through ex-
traction of water. Photomicrographs of the droplets illustrating these
phases are included in Figure 4. Each frame represents the same field of
view at increasing degrees of supersaturation.

Initially the droplets are clear and isotropic to polarized light
(not shown), then with only a slight increase in supersaturation they

transform to the first birefringent phase. This phase is evident in Figure



Figure 4. Photomicrographs illustrating the three liquid crystalline
phases of the lithium p-bromobenzylsulfoacetate solution

under crossed polars.
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4a which shows that the droplets shine brightly and exhibit random inter-
ference patterns. As the supersaturation increases, the droplets ex-
tinguish and again become isotropic, this is apparent in some regions of
each frame in Figure 4. It is evident that in the case illustrated, there
is a gradient of increasing concentration from left to right in the field
of view. As the concentration increases, the droplets become birefringent
again, but in this case, each droplet displays the same interference figure,
the Maltese cross, as seen in Figure 4c. Further increase in supersatura-
tion leads to the instantaneous collapse of the droplet into an irregular
mass of crystals (not illustrated).

Under transmitted 1ight the droplets remain completely clear un-
til the moment of crystallization. This is illustrated for the same field
of view in Figure 5. Figure 5a is the first of a series of photomicrogra-
phs which were used to measure the raté of change in supersaturation. Most
of the droplets in this frame, if viewed with polarized 1light, would ex-
hibit the birefringence effects shown in Figure 4a. Figure 5b corresponds
to Figure 4b, being taken one minute later. It is seen that while the
droplets were distinguishable under polarized 1ight, they are not under
transmitted light. Figure S5c shows the droplet at a later time when cry-
stallization Bas begun. The crystallized droplets are clearly distin-
guishable as dark masses. Those droplets which remain uncrystallized,
although clear to transmitted light, would under crossed polars display
the Maltese cross of Figure 4c. Comparison of Figures 5a and 5c shows the
overall change in drcplet diameter during the course of the experiment.

In the case of lithium p-nitrobenzylsulfoacetate and 1ithium p-
nitrophenacylsulfoacetate, only one phase was observed prior to crystal-

lization. The droplets transformed directly from the isotropic liquid to



Figure 5. Photomicrographs of the lithium p-bromobenzylsulfoacetate
droplets under transmitted light at the start, midway and

near the end of an experiment.
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the anisotropic phase displaying the Maltese cross. For lithium p-bromo-
phenacysulfoacetate two birefringent mesophases formed which were not se-
parated by'an.isotropic phase. The two birefringent phases appeared in the
same order and showed the same intérference patterns as those of lithium

p-bromobenzylsulfoacetate.

I11.B.2. EXPLANATION OF THE BIREFRINGENCE PATTERNS

Most descriptions of lyotropic mesophases in aqueous systems involve
long-chain aliphatic sulfonic acids, while studies on thermotropic systems
utilize compounds having more structural complexity with the molecules us-
ually possessing one or more aromatic rings. The molecules described in
this thesis are allied structurally to the latter type but they display
lyotropic 1iquid crystalline characteristics. Although apparently less com-
mon, this situation is not unique since a number of well known dyes, such as
methyl orange, are known to exhibit lyotropic mesophases. The various bi-
refringence effects of the mesophases described in Section III.B.1. can be -
explained in terms of the micelle structures proposed for aliphatic soaps
(Section I.E.5.) .

Birefringence results when a beam of convergent plane-polarized light
is passed through an anisotropic medium. In such cases the refractive in-
dex is different in two directions and the beam is split into two components
vibrating at right-angles to each other. Because of the different refractive
jndices one beam is retarded relative to the other resulting in interfer-
ence when the beam is re-combined. The resultant interference pattern can.
be related to the structure of the system under observation.

The Maltese cross is the characteristic interference pattern of a
uniaxial crjsta] aligned with the line of view coincident with its optic
axis. Such a pattern is well known for spherulites (66) in which a spherical

crystal is built-up in concentric layers. In this case any diameter
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of the sphere corresponds to a normal to the layers and would be an optic
axis. Thus, for the liquid crystalline phase displaying this cross an
onion-like arrangement of micellar layers of the type shown in Figure 3b
would account for the observed interference pattern. This'mesophase then,
is analagous to the "neat" phase of aliphatic soap systems. Having esta-
blished this reference point the other phases observed for 1ithium p-
bromobenzylsulfoacetate and lithium p-bromophenacylsulfoacetate can be
assigned according to the scheme presented in Section I.E.3. That is,
the first birefringent phase observed, which occurs at the lowest con-
centration, would correspond to the M] phase and the iéotropic interme--
diate mesophase to the V] phase.

An arrangement of parallel micellar rods would result in the in-
terference patterns associated with a uniaxial crystal. If the optic axis
was coincident with the microscope axis, then an interference pattern re-
sembling the Maltese cross would be observed. Any other alignment would
result in other interference patterns. In a few cases a Maltese cross was
evident, in some<others the droplets shone uniformly, but in most cases
the pattern displayed was hyperbolic, similar to the seams on a tennis ball.
Thus the first birefrjngent phase is M]-type. The intermediate phase is
isotropic consistent with the expectations for the V] phase.

The existence of both M]-type and G-type phases for two of the es-
ters but only the G-type phase for the others can be explained in terms of
the different nature of the molecules. The absence of the M]-type phase
for lithium p-nitrobenzylsulfoacetate and Tithium p-nitrophenacylsulfo-
acetate is most probably due to the electrostatic repuision of the nitro-
groups which retain a higher electron density than bromo-substituents be-

cause of their conjugation with benzene ring. Thus, the micellar rods of
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the M] phase would be unstable because they require a closer packing of
the lipophilic chains than the lamellar micelle of the G phase.

It should be mentioned that the existence of these phases could not
be confirmed by observing their characteristic textures using conventional
methods because they exist only at concentrations higher than the equili-
brium solubility of the solid. Thus when attempting to observe the sequen-
ce of phases by the usual method of peripheral evaporation of a thin film
of solution, crystals formed at the boundary and simply acted as hetero-
geneous nucleation centres and prevented the required build-up of super-
saturation. The droplet technique, by removing the effect of heterogene-
ous catalysts (Section I.C. and III.C.1.) thus enabled these phases to ferm

under conditions which would not otherwise be possible.

III.B.3.  TRANSFORMATIONS TC THE MESGPHASES

Transformation between thermotropic liquid crystalline phases us-
ually occur at the same well-defined temperature whether the sample is
heated or cooled. In some cases, however, a slight degree of supercocling
has been cbserved. This has usually been attributed to the different tex-
tures involved. Recently, Mocadle (67) has applied the droplet technicue
to the study of some cholesteric liquid crystals and found the transition
temperature for the isotropic 1iquid to mesophase to be up to 10°C lower
than for the reverse transition. For the case of lyotropic systems Winsor
(51) reported that for the G - V] transition with the N,N,N,-trimethyl-
aminododecanoimide - water system, supercoolings of up to 9°C can be ob-
served. Such observations suggest that a nucleation barrier to the tran-
sition does exist.

Generally, by analogy to the crystallization of a solid, a meta-

stability of the initial phase relative to the new mesophase might be an-
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ticipated. In this study there is a problem of how this metastability
should be defined. As has been stated above, the saturated solutions of
these compounds do not exhibit liquid crystalline character, only the un-
stable supersaturated solution is mesomorphic. Thus, the problem is how
to decide in the absence of an equilibrium reference concentration, whether
or not there is any metastability prior to liquid crystal transformations.
For the case of crystal nucleation from solution, a distribution of the
number of droplets crystallized as a function of concentration is obtained
(as in Section III.C.) because the transformation is a stochastic process.
Thus, if within the droplet population there is a distribution of the num-
ber of droplets transformed to the mesophése as a function éoncentration,
then it can be reasoned, by analogy, that the initial phase is metastable
with respect to this mesophase.

The results for the transformation to various mesophases for the
case of lithium p-nitrophenacylsulfoacetate and 1ithium p-bromobenzylsulfo-
acetate are presented in Table 2. For the range of supersaturation+ over
which these transitions occurred the experimental error is about 0.1 unfts.
Thus, there is some doubt in the case of lithium p-nitrophenacylsulfoace-
tate that the spread of values over the narrow supersaturation range is in
fact a distribution due to metastability of the isotropic solution. The
significance of the distribution for both the M] -+ V] and the V] + G
transformations in the case of 1ithium p-bromobenzylsulfoacetate is less

doubtful. Here the spread of supersaturation values for the transitions

+ Here supersaturation still refers to the equilibrium solubility
of the solid, since the equilibrium concentration for the existence
of the mesophase is unknown.



Supersaturations at which Transitions to the Liquid Crystalline Phase

Droplet Size Range 10-20 u
Compound
-Supersaturation/Transition
1.0
1.1
1.2
1.3
1.4
1.5
1.6
1.7
1.8
1.9

total number of droplets
examined

TABLE 2

Occurred

352

176
175
43

477

24
150
202

70

wWw ;N
| S

477
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TABLE 2
(continued)
Droplet Size Range 20-30 n
Compound 1 2
Supersaturation/Transition S+G M]+ Vl V] +> G
1.0 0 0
1.1 87 0
1.2 123 2
1.3 ’ 8 42 3
1.4 1 82 29
1.5 0 53 72
1.6 18 60
1.7 1 28
1.8 1 6
1.9 0 1
totalezgmgﬁzdof droplets 219 200 200

KEY 1. 1lithium p-nitrophenacylsulfoacetate
2. lithium p-bromobenzylsulfoacetate
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is greater than the breadth of the experimental error, so that we can con-
fidently conclude that these mesophases exhibit metastability prior to
transformation. It should be noted for the latter compound that the tran-
sition S » M] had begun in many droplets before the first observations
were made so that this transition could not be completely recorded. The
very slight degree of metastability observed is consistent with that re-
ported by Mocadlo (67), who found supercoolings of up to 10°C for tﬁe
isotropic to mesophase transition. These values were much lower than her
findings of supercoolings of up to 50°C for the solidification process.

The energy changes involved in the development of long-range order
prior to solidification must result in a lowering of the nucleation bar-
rier for the crystallization process. It may be possible, in the future,
to evaluate this lowering of the energy barrier through the energy changes

associated with the metastability of the mesomorphic states.
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III.C. RESULTS OF THE NUCLEATION STUDIES

III.C.1. COMMENTS ON THE DROPLET TECHNIQUE

The droplet contraction technique takes advantage of the selective
extraction of water from a so]qtion thus offering a unique way of bui]ding'
up the concentration of solute in a droplet immersed within it. This has
several advantages over other droplet techniques (see Section I.C.). It
applies to a wider variety of compounds than supercooling methods because
it is not restricted to those compounds which have a high temperature depe-
ndence of solubility; also it is isothermal. The technique does not invo-
lve unnecessary bi-products, as in PFHS methods, which have an undetermined
effect on the nucleation process. It also avoids the complex chemical
problems which can arise with a PFHS method. Furthermore, the rate of change
in supersaturation is slow and comparable to that of supercooling experi-
ments, whereas, in situ generation is usually rapid. In addition, the rate
of reaction in the supersaturated droplet may differ from that in the bulk.

For the droplet contraction method to be useful a means of accurately
determining the concentration of the solution is necessary. It was pointed
out in Section I.D. that the supersaturation could be calculated as the
ratio of the initial to the final volume.

In order to gain confidence in this approximation it is necessary to
show that the boundary conditions outlined in Section 1.D. were upheid.
Thus plots of the diameter squared against time were constructed for 50
randomly selected droplets for the case of lithium p-nitrobenzylsulfoace-
tate. These plots were of the form illustrated in Figure 6. It is clear
that for the early part of the experiment the plot is linear as predicted
by equation (8) but tends to level off near the end. This levelling is a

result of the increase in the concentration of water in the silicone oil



Figure 6. Plot of QE vs. time for lithium p-nitrobenzylsulfoacetate

(selected for illustration from a sample of 50 similar plots)
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in violation of condition (1). That the problem is due to the increasing
water concentration is evident from the fact that the amount of levelling
depends on the population density of the droplets. Also as discussed in
detail below, without some mechanism for the removal of water, the droplets
reach a limiting diameter. If the water could be effectively removed so
that condition (1) was not violated the system should continue tc behave
ideally.

The violation of condition (1) explains the failure of equation (9)
to predict the concentration as a function of time. However, unless the
other conditions are violated, equation (10) serves as a suitable though
more tedious means of calculating the supersaturation.

One main problem associated with the droplet contraction technique
is that the rate of contraction of the droplets is dependent upon the local
concentration of water in the oil. Thus for regions with a high density
of droplets the rate of change in concentration is slower and the super-
saturation lags behind that for sparsely populated regions. Also, since
the rate of loss of water depends on the extent of the surface area (see
Section 1.D.) then droplets of greatly different size will have different
rates of change of supersaturation. This means that since the supersatura-
tion is not the same in each droplet at any instant of time, time in lab-
oratory coordinates cannot be used to determine the rate of nucleation for
reasons outside those related to the nucleation process. The latter pro-
blems can be overcome by simply restricting the size range studied to those
droplets having diameters which do not differ greatly. The first problem
is more serious.

Velazquez (68) took a representative sample of droplets and measured

an average rate of change of supersaturation with time. From this and the
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time of crystallization, he calculated the supersaturation at the time of
crystallization. This means that the most important parameter of the nu-
cleation study is derived, not experimentally measured. Furthermore, a
few randomly selected droplets may not necessarily reflect a true des-
cribtion of the experiment. Bempah (32) found that the supersaturation in
his systems reached a constant value before crystallization began; this
allowed the selection of a zero-time relative to which the time for cry-
stallization could be measured at constant supersaturation. This, however,
is a special case peculiar to his family of compounds. Neither of these
solutions seemed suitable for the purpose of this study.

In this study, it was found that although the rate of change in
supersaturation was irregular over much of the droplet contraction experi-
ment it became linear, or nearly linear, in most cases Just prior to the
crystallization event. Thus, for a 30 minute time interval immediately
before crystallization, the rate of change of supersaturation for each
individual droplet was approximated by a straight 1ine (method of least
squares). Having obtained a value for the rate of change of supersaturat-
ion with time for each droplet in the population, then the most repre-
sentative rate for the population was selected to correlate supersatura-
tion with time. The actual supersaturation was experimentally measured,
so that in effect this caiculation is substituting an average value for
time (instead of an average value of S, as Velazquez used) which then
allows the subsequent calculation of the nucleation parameters to be per-
formed with the experimental value for the supersaturation.

In a droplet contraction experiment it is desirable to obtain all of
the data for a particular system from one set of observations. This then

avoids the problem of large differences in the rate of shrinking of droplets
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in unrelated populations. Experimentally it is convenient to photograph

up to five adjacent fields of view. This means that in order to get a
statistically significant number of droplets from one experiment, the
field of view must contain 100-200 droplets. With such a high population
of droplets, the chemical potential of the water in the silicone 0il be-
comes so high that the droplets stop shrinking before crystallization oc-
curs and are stable for several days. To speed up the extraction of water,
Velazquez (68) placed his observation cup in a desicator over P205. This
technique however, results in a discontinuous rate of change in supersatu-
ration because the container must be removed periodically for observation;
also, since the changes cannot be monitored.while the container is in the
desicator, the start of crystallization may be missed rendering the ex-
periment useless. More important, when the container is finally removed
from the desicator in order to record the phase changes an abrupt decrease
in the rate of change of supersaturation occurs and this new rate cannot

be determined.

In order to solve these problems the same principle was adopted by
making the observation cup into a "mini-desicator” by sweeping dried air
through it. This was effective in allowing a controlled rate of change in
supersaturation thus bringing about crystallization within a reasonable
amount of time. There was no danger of contamination of the droplets by
foreign particles from the air stream because the droplets were covered by
a 3-mm layer of silicone oil.

In the application of the droplet technique to nucleation studies one
question which commonly arises is what effect, if any, the droplet-oil in-
terface has on the nucleation events. Usually the experiments can be re-

peated in a different medium and then, if no difference in the median
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crystallization time is observed, it is concluded that the interface has

no effect. In this work we were restricted in that only one type of oil
could be used to extract water from the droplets. A change from D.C.200-
100 cs 0il to D.C.200-200 cs oil showed no qualitative difference; however,
since the chemical nature of the two oils is so similar this could not be
used as a suitable criterion. We have to rely on the conclusive evidence
in the literature (48, 68, 69) that the nucleation process is not affected

by the droplet-o0il interface.
III.C.2. CALCULATION OF THE RATE OF NUCLEATION

III.C.2.a. Relation of the Rate of Nucleation to Probability
With the restriction of one nucleation event per droplet the follow-
ing expression used by Turnbull (44) can be used to calculate the rate of

nucleation, J.
- _L_l. dp
J = Py [dtJ (11a)

where 'v' is the volume of the droplet and P is the probability of finding
a crystal (ie. a crystallized droplet) after a time t. J is the rate of

nucleation in number of nuclei-cm >-sec™!. This expression has been deri-
ved by Carte (49) and others also. For the supercooling of water at a con-

trolled rate of change of temperature with time, Kuhns and Mason (70) used

3= 755 3 e

dl represents the rate of change in temperature with time and P is

where at
measured as the fraction of droplets crystallized at any temperature.

By analogy we can write
3= 715 1 98y1de (11b)

here %%-is the rate of change of supersaturation with time and P is the
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fraction of droplets crystallized at any supersaturation.

III.C.2.b. Flow of Calculations

The raw data were collected and punched on computer cards so that
the complete history of each individual droplet was recorded on a separa-
te card. Thus, a card contained a series of values for the droplet dia-
meter (in arbitrary units, mm) for specific times, and a series of co-
lumns tabulating: final droplet diameter, time of each 1iquid crystail
transition, time of detection of a crystal, and the field of view identi-
fying the population. The time was represented by a slide number.

The sequence of calculations was as follows:

1. The diameters were read and checked for processing errors,
the times were converted from slide number to actual time
in minutes. A new data deck was punched with these actual
times, which was subsequently sorted and arranged according
to increasing final diameter.

2.  The final diameter in mm was multiplied by a scale factor
to change it tc the actual value in microns then the num-
ber of droplets in each size range was determined. The
size groups were:

0-10u,
10 - 20 u,
20 - 30 u, and
30 - 40 u.

3. The supersaturations corresponding to each value of the
diameter for each droplet were calculated and punched on a
separate deck including as well times of phase transition
and the field of view.

4. The number crystallized as a function of final supersatura-

tion for each size group was determined. From this the
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relative frequency of crystallization and the probability
of crystallization were calculated.

5. Plots of S vs t were prepared for randomly selected drop-
lets.

6. A least squares fit of the -last four points for S vs t was
performed foi each droplet. A punched output for the slope
of the S vs t plot was provided.

7. Using the output from 6, the best slope of the S vs t plot
was selected by plotting the number of droplets having each
particular slope.

8. The median value for the diameter was obtained from the num-
ber of times a particular diameter appeared within a pop-
ulation.

Copies of the programs used for the above calculations for the case of
Tithium p-bromobenzylsulfoacetate are included in Appendix 3.

Plots of relative frequency of crystallization as a function of
supersaturation were constructed and the best curve drawn through these
points. From this curve the probability of crystallization as a function
of time was constructed and used to obtain values of P and %g to calcu-

late J.

IT1.C.3. QUANTITATIVE RESULTS FOR CRYSTAL NUCLEATION

In applying the methods of Section I.D. and Section III.C.2. to
the interpretation of the experimental results it is necessary to make a
few approximations. The data will be presented and discussed for 1ithium
p-bromobenzylsulfoacetate, then the results for other esters will be pre-
sented for comparison. The discussion will also be restricted to the com-

mon size group 10-20 microns. Figures and Tables for the other size ranges
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are compiled in Appendix 4. The raw data from which these results were
obtained can be consulted in Appendix 6.
To calculate the rate of nucleation, J from equation (11b),
- 1L g . (1)
suitable choices for v and dS/dt must be calculated which best represent
the droplet population.

One of the limitations resulting from the use of a microhomoge-
nizer-centrifuge combination for the preparation of the dispersions (see
Section III.B.1.) is that it is not possible to produce a statistically
significant number of mono-sized droplets. Thus the droplet populations
so produced were divided into several size groups in such a-way that
there was a fairly uniform distribution of droplet sizes within each group.
The median diameter was then selected to calculate the appropriate volume
for use in equation (11). Unless there is a large difference in the size
of the droplets within a group the effect on the solution to the nuclea-
tion rate equation (7b) is small.

Usually a dispersion contained droplets ranging from 5 microns
to 60 microns final diameter, however, because of the large increase in
relative error in the measurement of small droplets those below 10 mic-
rons* were not counted. There were only a few droplets greater than 40
microns and these usually crystallized early in the experiment, presu-
mably heterogeneously, thus they were discarded in the analysis. The
size group, 30 - 40 microns, was included for lithium p-nitrophenacyl-
sulfoacetate and lithium p-bromobenzylsulfoacetate but the number of
droplets (about 60) was not statistically significant so that no conclu-

sion could be drawn from the data. The relative frequency plots (see

+ For the case of lithium p-nitrobenzylsu]foacetate droplets great-
er than 8 microns were included.
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below) are, however, included in Appendix 4.

As pointed out in Section II1.C.1. the rate of change in super-
saturation was calculated for each droplet and the most representative
value was used for dS/dt in the rate equation.

- From the number of droplets crystallized at any supersaturation,
plots of relativé frequency of crystallization as a function of time were
constructed. The best curve was drawn through these points as illustra-
ted in Figure 7. From this plot the fraction of droplets crystallized up
to a particular supersaturation was determined. These data were p]ptted
on probability paper and the results shown in Figure 8. Using increments

of S equal to 0.1, %% was calculated for various values of P, from Figure

8.
As discussed in Section I.D. gquation (7b)
3
log J = log A - —18T8V"_ (109 5)~2 (7b)
3(2.303kT)’

can be used to evaluate the interfacial energy, o.

Figure 9 shows the plots of log J vs (log S)"2 for both size
ranges studied for 1ithium p-bromobenzylsulfoacetate. As predicted by
equation (7b) a linear relationship was obtained. The least squares fit
of this data then gave an intercept of 7.2, the value of log A, and a
slope from which o was calculated to be 4.8. The value of the critical
supeisaturation was found by substituting log J = 0 (by tradition) into
equation (7b). This gave S* = 1.4.

The corresponding data for the three other compounds are presen-
ted in Figures 10 to 18. They each showed a similar relative frequency
distribution with no pronounced skewing so that the probability of crys-

tallization as a function of supersaturation is a straight line on pro-



Figure 7. Plot of Relative Frequency of Crystallization vs Supersat-

uration for 1ithium p-bromobenzylsulfoacetate. Size range
10 - 20u. 477 droplets.
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Figure 8. Plot of Probability of Crystallization vs Supersaturation

for lithium p-bromobenzylsulfoacetate. Size range 10 - 20p

477 droplets.
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Figure 9. Plots of log J vs (log S)'z for lithium p-bromobenzylsulfoace-
tate.
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Figure 10. Plot of Relative Frequency of Crystallization vs Supersatura-

tion for lithium p-nitrophenacylsulfoacetate. Size range

10 - 20 u. 356 droplets.
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Figure 11. Plot of Probability of Crystallization vs Supersaturation for

1ithium p-nitrophenacylsulfoacetate. Size range 10 - 20 u.

356 droplets.
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Figure 12. Plots of 1og J vs (log sz for lithium p-nitrophenacylsulfo-

acetate.
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Figure 13. Plot of Relative Frequency of Crystallization vs Supersatura-

tion for lithium p-nitrobenzylsulfoacetate. Size range

10 - 20 p. 506 droplets.
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Figure 14.

Plot of Probability of Crystallization vs Supersaturation for

lithium p-nitrobenzylsulfoacetate. Size range 10 - 20 u.

506 droplets.

N



72

2-1

6 subkErsafuratidn  2°

2:2

15

o & &

o0

14



Figure 15. Plots of log J vs (1og S)'z for 1ithium p-nitrobenzylsulfoacetate.



73

2 4 6 8 10 12 1 ®_1® 0 22 2% 26 28 30
(LOG S)



Figure 16. Plot of Relative Frequency of Crystallization vs Supersatura-

tion for lithium p-bromophenacylsulfoacetate. Size range

10 - 20 u. 113 droplets.
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Figure 17. Plot of Probability of Crystallization vs Supersaturation for

lithium p-bromophenacylsulfoacetate. Size range 10 - 20 u.

113 droplets.
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Figure 18. Plots of log J vs (log S)'Z for lithium p-bromophenacylsulfo-

acetate.
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bability paper. Linear relationships between log J and (log S)'2 were
found also. One problem arose, however, for the case of lithium p-nitro-
phenacylsulfoacetate iﬁ the plot of log J vs (log S)'z. Because of the
very low values of supersaturation over which this compound nucleated,
the plot extended into the region near where (log S)'2 + o (ie. near S -
1), thus it was necessary to exclude from the least square fit those few
low values of S which gave rise to this explosive increase.

Those nucleation parameters of interest, (n*, r*, AG*) discussed
in Section 1.B.1. were calculated using equations (4), (5), and (6). The
resulting values for each of them are compiled in Table 3 along with other
useful derived data (log A, o, S*) for each size group of each compound
studied.

As may have been anticipated, it can be seen that the value of
the interfacial energy is the same for each volume range. The values for
the size of the critical nucleus are also equal within experimental er-
ror. It would be necessary to study a much wider range of droplet sizes,
in order to assess the effect of droplet volume on nucleation parameters.

Also from Table 3 it can be seen that there is close agreement
among the values of the interfacial energy and the pre-exponential con-
stant reported for eaE; ester studied. Since these compounds are struc-
turally very similar, it is not surprising to find such similarity. How-
ever, the large discrepency between these values and normally expected
values requires further comment.

Generally, calculated values of 1og A are found to be between
25 and 30, while the macroscopic values of o are of the order of 100 -
200 ergs-cm'z. In order to understand the large differences between these

values and those obtained in this work (see Table 3), it is necessary to
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TABLE 3
NUCLEATION RESULTS
1 2 3 4
v x 1022(emd) 2.63 2.64 2.54 2.9
10 - 20u .
slope’ 0.159 0.0285 0.0846 0.0669
intercept’ 7.21 6.78 6.89 6.92
o(ergs/cm?) " 4.83 2.71 4.01 3.36
S* 1.41 1.16 1.29 1.25
n* 97 209 124 . 141
r*(R) 19.2 24.7 19.6 21.4
AG*(kcal/mole) 9.48 "~ 8.86 9.10 9.10
20 - 30u ‘ (0-10u)
slope’ 0.155 0.0269 0.0818 0.0696
intercept’ 6.81 6.47 7.64 ' 6.83
o(ergs/cn?) 4.79 2.66 . 3.97 3.41
sx 1.42 1.16 1.27 1.26
n* 90 201 148 135
r*(R) 18.6 24.4 20.8 21.2
" aG*(kcal/mole) 8.98 8.49 10.1 9.03
KEY 1 Tithium p-bromobenzylsulfoacetate
2 lithium p-nitrophenacylsulfoacetate
3 Tithium p~nitrobenzylsulfoacetate
4 Tithium p-bromophenacylsulfoacetate

+ from least squares fit of log J vs (log S)'2
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reconsider the assumptions of classical nucleation theory. It will be
recalled that tﬁe basic theory considers only the equilibrium size and
shape of the aggregate required to form the critical nucleus. There is
no consideration given to the effect of 1iquid structure on nucleation.
The influence of the structure of a solution on the nucleation parameters
appears in two ways. First, it may raise or lower the energy barrier,
AG*, depending on the amount of molecular rearrangement and desolvation,
and, secondly, it may affect the pre-exponential kinetic constant.

Compared with crystal nulceation from isotropic solution a low-
ering of the energy barrier to nucleation should result for the trans-
formation from a highly structured mesophase to a crystal of similar st-
ructure because only slight molecular re-arrangements are required. In
this study the lowering of AG* has been reflected in the lower than nor-
mal value of o. Any significant amount of hydrogen bonding which would
help to relieve excess surface energy would also contribute to the low-
ering of o.

To our knowledge the only other work published an nucleation
from liquid crystalline systems is the recent work of Pochan and Gibson
(71, 72). They have studied the nucleation of thin films of several
cholesteric liquid crystalline melts by measuring the time required for
the appearance of a crystal in a heated sample plunged into a thermo-
stated bath. Their values for the interfacial energy are of the same
order of magnitude as those reported in this work and are presented for
comparison in Table 4.

The pre-exponential factor is a kinetic term and thus depends
on the frequency of collision of monomers with the critical-sized aggre-

gate. This term is usually lower for solutions than for melts because
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TABLE 4
INTERFACIAL ENERGY VALUES FOR PURE CHOLESTERYL DERIVATES REPORTED BY

POCHAN AND GIBSON (72)

Cholesteryl Derivative o= (csoe)]/3 ergs/cm?
Formate 2.82
Propionate 1.07
Pentanoate 1.17
Hexanoate 1.57
Nonanoate 2.25

Chloride . 3.92
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of the smaller number of monomers available. Furthermore it is affected
by the increased viscosity of a supersaturated system since the rate of
diffusion is lowered. In this study we have ignored the effect of the
extensive micellar structure of the solutions prior to nucleation. Un-
til these systems have been studied more fully it will be difficult to
quantitatively account for their effect on the nucleation event. It is
clear, however, that whether an embryo is considered to form by statis-
tical fluctuations within a micelle or by molecular transport between
them, micelles cause a serious restriction in the number of monomers a-

vailable for collision.

III.C.4. ERRORS

Generally researchers in the field of nucleation are negligent
in reporting errors. In view of the limitations in the applicability of
nucleation theory outlined in Section I.B.3. this is not surprising. In
fact it would be mis-leading to report, for example, the size of the cri-
tical nucleus as 100 * 10 molecules, since this is attaching too much
confidence to the quantitative reliability of the present theory. Usual-
ly if the order of magnitude is the same as that reported for similar com-
pounds, the result is acceptable. Here, however, we will report the ex-
perimental errors involved in the various measurements leading to the so-
lution to the nucleation rate equation.

The governing error in the droplet contraction technique is the
measufement of the droplet diameter. The droplets were measured on a mil-
limeter scale and the absolute error in the measurement of any droplet
diameter was thus * 0.2 mm. This means that the relative error in super-
saturation for a 20u droplet (measuring about 12-13 mm) is about 5%.

Other errors will be illustrated for the specific case of 1i-
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thium p-bromobenzylsulfoacetate. The median was selected as the most
suitable diameter to represent the size range of each group of droplets
(the distribution was not symmetrical). Thus in the range 10 - 20u, 70%
of the droplets were 16 * 2y, while 68% of those in the range 20 - 30p
were 23 ¥ 2u. For the most representative rate of change of supersatura-
tion with time, the distribution was quite symmetrical so that the mean
value was used. The mean with its standard deviation was 0.010 * 0.003

T for the range 10 - 20u and 0.014 ¥ 0.003 min.”! for the range

min.”
20 - 30u . The fit of the log J vs (log S)-z data was performed by a
linear least squares method with the following results and standard de-
viations:

for the group 10-20u the slope was - 0.159%0.001 and intercept 7.209%0.007

for the group 20-30u the slope was - 0.155%0.001 and intercept 6.806%0.005.
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III.D.  SUMMARY .

During the course of this work four new esters of sulfoacetic
acid were prepared and characterized. Their supersaturated solutions
were found to exhibit lyotropic liquid crystalline behaviour and advan-
tage was taken of this to make them interesting subjects for a nuclea-
tion study.

The droplet contraction technique, useful for studying the homo-
geneous nucleation of solids from aqueous solution, was employed to study
the various phase changes which occurred as the solution concentration
increased. These phase changes were readily observed using plane polar-
jzed 1ight. Up to three different liquid crystalline mesophases for a
single compound were observed and their existence was explained by analo-
gy with the well-known aliphatic sulfonic acid soaps. There were indi-
cations that the mesophase to mesophase and the mesophase to solid phase
transformations exhibited the metastability associated with a nucleation
energy barrier.

The nucleation of the solid phase was interpreted in terms of
the classical nucleation theory. As is normal for highly soluble subs-
tances the critical supersaturations were found to be very low and the
numbers of molecules involved in the critical nuclei was high. Unlike
other cases, however, the interfacial energy term was quite low. This
is interpreted in terms of the pre-nucleation liquid structure. The va-
lues for the pre-exponential kinetic constant, although much lower than

calculated values, were consistent with usual experimental evaluations.

The results of this work may lead to a more extensive study of
the relationship between liquid structure and crystallization phenomena.

With renewed interest in the chemistry of concentrated aqueous solutions,
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the application of laser-beams is expected to gain prominence in the stu-
dy of supersaturated solutions. In this respect the scattering of laser-
beams by 1iquid crystalline solutions in which mesophase to mesophase
transformations are occurring_can be used to evaluate the entropy'change
of the process.

As mentioned in Section III.B.3. the liquid crystalline behévi-
our is exhibited only in supersaturated systems. Thus, no reference equi-
librium concentration is available to measure the metastability of the
transformations. 3uch a concentration may be obtainable from a super-
cooling experiment in which the reverse transition can be easily brought
about by heating. Furthermore, a supercooling experiment to verify the
results of this study would be of great interest, since there are few
systems available for nucleation studies which lend themselves to inde-
pendent verification.

The droplet contraction technique requires some experimental im-
provements. First, a method for preparing uniform-sized droplets in even-
1y populated dispersions would provide a more uniform rate of change of
supersaturation,(%%) and thus require the measurement of only a few rep-
resentative droplets to provide dS/dt. This would reduce much of the te-
dious and time consuming work of measuring droplets. Also the provision
of a statistically significant number of mono-sized droplets would re-
move the difficulties associated with the grouping of droplets into size
ranges.

With the present availability of automated scanning densitometers
it may be worthwhile to adapt such a device to scan a photographic re-
cord of the experiment for the measurement of droplet sizes and the de-

termination of phase changes. This would increase accuracy, remove human
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prejudice errors and reduce the amount of time required for data acqui-

sition.



APPENDIX 1

CHARACTERIZING SPECTRA OF THE FOUR ESTERS

U.V.-Visible Spectral Data

Amax €m
lithium p-bromobenzylsulfoacetate 222 11,500
lithium p-nitrobenzylsulfoacetate 273 9,000
Tithium p-nitrophenacylsultoacetate . 267 14,700
1ithium p-bromophenacylsulfoacetate 263 17,700

86
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APPENDIX 2

CALCULATION OF SOLUTE CONCENTRATION IN DROPLETS DISPERSED IN SILICONE

FLUID - AN IDEAL CASE

In the droplet contraction technique the concentration of the

solute in a droplet dispersed in a silicone fluid increases by the selec-

tive extraction of water from the droplet. The process involves physi-

cal transfer (ie. no chemical reaction at the interface) from a spherical -

droplet into a stagnant medium. Below is the derivation of the relation-

ship between the concentration and time for an ideal case.

Assumptions: 1.

Notation: ¢

The concentration of the transfering component in the
bulk phase reﬁains constant during the time interval
(ie. small amount of water transferred).

The concentration at the droplet/bulk interface cor-
responds to equilibrium conditions.

The droplet has uniform concentration.

The equilibrium concentration for the transferring
component is independent of the concentration of the
non-transferring component in the droplet (realistic
for low concentrations and small concentration changes).
concentration of water in bulk solution

equilibrium concentration of water in the silicone phase
at the droplet surface

solute concentration
droplet diameter at any time
initial droplet diameter

95
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m - mass
- volume
p - density

is a diffusion coefficient (cmz-sec'])

a
Assuming no volume change on mixing then the concentration of

a species (S) in a solvent (w) is given by

c = __!ELWT_
s VS + W
dc dv
S _ _ =2 7w _
so that g M (Vo + V) 3 - (A-1)

dv '
afﬂ-is related to the rate of mass transfer from the water droplet

d
agﬂ = -kanz(c*-cm)

where kc is a mass transfer coefficient given by kc = g%-

From the density relation m, =°wvw

dv

W o 2 _
then Py dt - kc‘n'D (c* Cw) .
Assuming that the loss in total volume equals the loss of water

dv.  dv, -k anz

Wwo ot . _ .
e G
3 dv 2
i = D7 ¢ _ 3m° db )
Since V, = T then — = S (A-2)

: -2k _(c*-c ) _
giving . " 02 (2 (v - ) (A-3)
Py Pw
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Integrating this expression we have

D t
bdD =g 4o (c* - c,) dt
Do o Pw
DE -0% = k,t where k, = 3¢ (c* - c_) is a constant
2 2 Py L
Thus o - Df-kzt is a straight Tine for DZ vs t. (A-4)

Returning to equation (A-1) and using equations (A-2) and (A-3) we have

2m dD
6 dt

21 3p

-m (&
mS('ﬂ’) DG.

6y21 2m. _4a -
-mS(TI') Ds [3D 6 wa (C* cco)]

1

= k, —
1 DS (A-5)
m
here k] =12 s 4 (c* - ¢_) 1is a constant.
T Py o

Integrating expression (A-5) noting relation (A-4) gives
“ g, L Sk (02 - k,t)"5/2 (=) 4 (02 - k.t)
1'% 2 k2 o 2

o [—— 1 (A-6)
s %, = F (Dﬁ_kzt)s/z 3

2k 6m
where 3T<]' reduces to —W—s . Equation (A-6) thus gives the concentration
2
s
at any time. For our purposes we want the supersaturation - S = .
So

From equation (A-6)



But

thus

Therefore,

m 6ms
c = < B e—
So Vi- 'nD3
(1)
TR
c TD
S S 0 1 1
= =S () i -
cs° T 6ms DS Dg
D
=1+(D2)3-1
c D
S = E§'= (59)3 for an ideal case.
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PROGRAM 1

PROGRAM 2

PROGRAM 3

APPENDIX 3
COMPUTER PROGRAMS

This program was used to calculate the supersaturation
at each time interval. In the input deck each card contain-
ed the raw data for a separate droplet - the diameter (in
arbitrary units) for each time interval, the final dia-
meter, the time for each phase transition and the field of
view from which the data was taken. The cards were arran-
ged in order according to increasing final diameter.

Program 1 converts the diameters to microns and records
the number of droplets in any size group specified by LIMIT1
and LIMIT2. The supersaturation for each time interval is
calculated. The program provides a punched output for these
supersaturations and a tabulation of the supersaturation at
crystallization, the time of each phase transition and the
field of view.

This program was used only to sort the droplets into
size groups. The data deck was arranged in order of in-
creasing final diameter.

Program 2 converts the final diameter to microns with
the factor SCALE. By suitable choice of LIMIT1 and LIMIT2,
the number of droplets in any size range can be obtained.

This program was used to calculate the number of drop-

lets crystallized, the relative frequency of crystallization

99
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and the probability of crystallization as a function of super-
saturation. With minor changes it was used to determine the
most suitable diameter, and the most suitable rate of change of
supersaturation (see below).

Program 3 determines for each size group the number of
droplets crystallized at each final supersaturation using fhe
data deck provided by Program 1. From this the relative fre-
quency and probability of crystallization are calculated. The
number of droplets in each size range determined from Program 2,
is read at the start of this program. The program provides a
printed ou;put as well as a graphic display of the relative fre-
quency and probability of crystallization reshlts.

To use the program for other cases requires only a change
in the reference scale, SAT (I) and in the comparison terms,
statements 000150 and 000153, to make them correspond to the scale
of the input data.

PROGRAM 4 This program was used to fit the four values of supersatura-
tion prior to crystallization to a straight line.

Program 4 reads the supersaturation values provided from
Program 1 and determines the time intervals corresponding to the
last four values of sujersaturation. These pairs of supersatura-
tion and time are then used in a standard 1inear least squares
Program. A punched output is provided for use with Program 3 to
determine the most representative rate of change of supersatura-
tion.

PROGRAM 5 This program was used to calculate the nucleation rate. The

values for the best diameter and the best rate of change of super-
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saturation were determined using a modified form of Program 3.

The values of S, P, and %%-were determined from the plots of pro-

bability as a function supersaturation.

Program 5 calculated J, the nucleation rate, log J, log S,

and (log S)'z.
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APPENDIX 4

RELATIVE FREQUENCY AND PROBABILITY OF CRYSTALLIZATION

The data for the size groups 0 - 10, 20 - 30, 30 - 40 microns are
given in the form of relative frequency and probability of crystallization
as a function of supersaturation. These plots were the basis of the resu-

1ts given in Section III.C.3.

KEY

Figures A-1, A-2 1lithium p-bromobenzylsulfoacetate 20-30u - 200 droplets
A-3  Tithium p-bromobenzylsulfoacetate 30-40u 60 droplets

Figures A-4, A-5 1lithium p-nitrophenacylsulfoacetate 20-30u - 224 droplets
A-6 lithium p-nitrophenacylsulfoacetate 30-40y - 54 droplets

Figures A~7, A-8 Tithium p-nitrobenzylsulfoacetate 0-10u 85 droplets

Figures A-9, A-10 1ithium p-bromophenacylsulfoacetate 20-30u - 113 droplets
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APPENDIX 5

PFHS ATTEMPTS TO STUDY THE NUCLEATION OF INSOLUBLE ALCOHOLS

As mentioned in the body of this thesis, one of the original aims
of this project was the study of the nucleation of insoluble organic com-
pounds from aqueous solution using PFHS. Thus, it was necessary to select
and prepare compounds which could be used to generate an insoluble product
from soluble precursors. The method of their preparation has been given in
detail in Section II. We were unable to couple the PFHS reaction with the
droplet technique. Here we wish to record our attempts to solve this pro-
blem and the difficuities involved.

EXPERIMENTAL

In order to achieve the highest possible concentration of in-
soluble material to reach the supersaturation level necessary for the homo-
geneous nucleation of insoluble materials required the use of saturated
ester solutions. In preliminary experiments 0.5 ml of ester solution were
stirred vigorously with a micro-stirring bar in a 1-ml beaker and the con-
centrated base was added using a micrometer buret. The time interval was
measured from the moment of addition of the base until the first visual
observation of the precipitate.

Droplet experiments were carried out using similar procedure to
that given in Section II but replacing the silicone fluids with light and
heavy mineral oils. A sample of the reacting solution was taken as soon
as possible after mixing. Usually 15-20 sec were required before crystal-
1ization occurred in the beaker. This was sufficient time to produce the
droplets; a further 3-5 minutes was necessary to prepare the dispersion
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for recording.
RESULTS AND DISCUSSION

The first attempts to use the PFHS-droplet method in this study
involved sodium p-nitrobenzylsulfoacetate. Thé hydrolysis of this ester
using NaOH could be readily controlled; however, the resulting supersatu-
ration (of the order 10-20) was insufficient to cause crystallization in
the droplets. The solubility of the ester was increased by an order of
magnitude by using its 1ithium salt. In this case the equivalent amount
of LiOH required to give complete reaction caused instantaneous precipi-
tation of the alcohol. Cooling the solution slowed the reaction somewhat
but also decreased the solubility of the ester. Ammonium hydroxide and
organic amines were tried as the basic reagent (see Table A1), but, these
presented other problems. In particular the amines increased the solubi-
1ity of the alcohol and in effect decreased the attainable supersaturation.

The hydrolysis of lithium p-nitrobenzylsulfoacetate could be con-
trolled in the beaker using NH40H or several primary amines as noted in
Table A-1. The alcohol, however, did not crystallize from the droplets;
jnstead numerous bubbles were discharged from each droplet. The droplets
could be induced to crystallize if touched with a fine wire but would not
crystallize spontaneously even on standing overnight. It was at first be-
lieved that the bubbles were gaseous, but no reasonable explanation for
the liberation of a gas from a basic solution could be found. In view of
the comments (see below) for the analogous 11 thium-p-bromobenzylsulfo-
acetate, it is clear that the alcohol must be separating as an oil.

For the hydrolysis of lithium p-bromobenzylsulfoacetate the
only reagent attempted was LiOH. An equivalent amount of LiOH solution

added to the saturated ester solution in the bulk caused the alcohol to



125
TABLE A-1
Some reagents used in the hydrolysis of the lithium esters

Time interval for crystallization

base/ Li - sulfoacetate p-nitrobenzyl p-bromophenacyl p-nitrophenacyl

ester

3N LiOH 3 sec. inst. gummy residue
conc NH40H 3 min. 2 sec. gummy residue
3N tetramethylammonium 2 phases

hydroxide separate inst. gummy residue
6N ethylene diamine 3 min. 4 sec.
6N hydrazine 35 sec. 5 sec. 16 sec.
pyridine - N.R. N.R. N.R.
hydroxylamine (with LiOH) inst. to inst. to inst. to

3 min. 15 sec. 2 min.
dimethylamine (25%) N.R. 3 sec. '
diethylamine N.R. 2 sec.
lycine (conc. not .
recorded) N.R. N.R.

ethylamine 3 sec.
ethylene diamine N.R. N.R.
triethanolamine . 45 sec.
diethylenetriamine 6 min. 6 sec.
triethylenetetramine 15 min. 11 sec.
‘methyldiethanolamine N.R. 30 sec.
triethylamine N.R. 3 sec.
trimethylamine N.R. 5 sec.
piperidine 2 liquid phases

- "after 10 'min. 2 sec. gummy polymer
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separate as an oil after 10-15 sec. This subsequently solidified.

The hydrolysis of lithium p-nitrophenacylsulfoacetate solutions
could not be controlled with the reagents that were attempted. Usually
a gummy polymeric tar was deposited immediately upon addition of base.

For the case of lithium p-bromophenacylsulfoacetate crystalliza-
tion within the droplets could be observed by use of a specially developed
technique. Reaction of a saturated solution of this ester with IN NH40H
gave a precipitate in 12-15 sec. By preparing the dispersion in kerosene
(in which the droplets would settle without centrifugation) a preparation
could be made ready for photographing within 25 sec. Under these con-
ditions some droplets were seen to crystailize spontaneously. However,
the conditions could not be adjusted to give a dispersion mostly free of
crystals at the start and completely crystallized at the end. Also, those
droplets crystallizing were usually greater than 40 microns, suggesting
heterogeneous nucleation. Furthermore, all of the crystallization activi-
ty was complete within 2 minutes of mixing of the reagents, making the
nucleation parameters too dependent on the rate of chemical reaction to
be of practical use.

As indicated in Table A-1 a few organic bases were found which
gave a reasonable reaction time with 1ithium p-bromophenacylsulfoacetate.
Attempts to use the conventional technique described above for 1ithium
p-nitrobenzylsulfoacetate resulted in either no crystallization or in
fine crystals which grew into the mineral oil and catalysed the nuclea-
tion of neighbouring droplets.

This part of the project was investigated quiet thoroughly because
of its importance in assessing the classical nucleation theory. Many of

the discrepencies between the experimental findings and the theoretical

O
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predictions in the literature have been explained in terms of the high
degree of solvation in ionic systems and the electrolytic nature of in-
organic systems. This project if it had been successful may have gained
greater insight into these discrepencies since these problems are not

involved in the case of hydrophobic organic compounds.



APPENDIX 6

TABLES OF RAW DATA
TABLE A-2
Number crystallized, relative frequency and probability of crystallization
Lithium P-bromobenzylsul foacetate

size group 10 - 20 20 - 30 1 30 - 40
S N RF P N- RF P N RF P
1.0
1.1
1.2
1.3
1.4
1.5
1.6 2 .02 .00 1 .02 .01
1.7 8 .06 .02 0 .00 .01
1.8 40 .30 .10 15 .27 .08 2 .10 .03
1.9 39 .30 .19 22 .40 .19 2 .10 .07
2.0 91 .69 .38 42 .76 .40 21 1.00 .42
2.1 132 1.00 .65 55 1.00 .68 15 71 .67
2.2 70 .53 .80 34 .62 .84 n .52 .85
2.3 61 .46 .93 21 .38 .95 8 .38 .98
2.4 22 17 .97 9 .16 1.00 1 .05 1.00
2.5 10 .08 1.00 1 .02 1.00 0 .00 1.00
2.6 2 .02 1.00 0 .00 1.00 0 .00 1.00
2.7 0 .00 1.00 0 .00 1.00 0 .00 1.00
Total 477 200 [-0)
Lithium P-nitrophenacylsulfoacetate
size group 10-20 4 20 - 30 u 30 - 40 u
S N RF P N RF P N RF P
1.0
1.1 2 .01 .01 1 .01 .00 2 .09 .04
1.2 2 .01 .01 5 .05 .03 3 .14 .09
1.3 25 .18 .08 38 .39 .20 20 .91 .46
1.4 100 .73 .36 97 1.00 .63 22 1.00 .87
1.5 137 1.00 .75 65 .67 .92 7 .32 1.00
1.6 64 .47 .93 15 .15 .99 0 .00 1.00
1.7 21 .15 .99 3 .03 1.00 0 .00 1.00
1.8 5 .04 1.00 0 .00 1.00 0 .00 1.00
1.9 0 .00 1.00 0 .00 1.00 0 .00 1.00
Total 356 224 54
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" TABLE A-2
(continued)

Lithium p-nitrobenzylsulfoacetate

size group 0-10yu 10 - 20 u 20 - 30 p
S N RF P N RF P N RF P
] L] 0
1.1
1.2
1.3
1.4 1 .06 .01 1 .01 .00
1.5 0 .00 .01 10 .10 .02
1.6 6 .33 .07 32 .32 .08
1.7 1 .61 .19 56 .57 .20 2 .29 .07
1.8 18 1.00 .37 94 .95 .38 2 .29 .13
1.9 13 .72 .51 73 .74 .53 7 1.00 .37
2.0 9 .50 .60 99 1.00 .72 6 .86 .57
2.1 10 .56 .70 43 .43 .81 7 1.00 .80
2.2 9 .50 .79 43 .43 .89 5 J1 .97
2.3 1 .06 .80 23 .23 .94 1 14 1.00
2.4 4 .22 .85 17 17 .97 0 .00 1.00
2.5 4 .22 .89 6 .06 .98 0 .00 1.00
2.6 2 1N .91 5 .05 .99 0 .00 1.00
2.7 2 .11 .93 2 .02 1.00 0 .00 1.00
. 2.8 2 1N .95 1 .01 1.00 0 .00 1.00
2.9 2 11 .97 0 .00 1.00 0 .00 1.00
3.0 0 .00 17 0 .00 1.00 0 .00 1.00
3.1 1 .06 .98 1 .01 1.00 0 .00 1.00
3.2 0 .00 .98 0 .00 1.00 0 .00 1.00
Total 97 ‘506 .30
Lithium p-bromophenacylsulfoacetate
size group 10 - 20 u 20 ~ 30 1
S N RF P N RF P
1.0
1.2 .
1.3 5 .23 .04 1 .03 .01
1.4 3 .14 .07 1 .03 .02
1.5 5 .23 12 4 .10 .05
1.6 17 .77 .27 10 .25 .14
1.7 14 .64 .39 21 .52 .33
1.8 22 1.00 .58 40 1.00 .68
1.9 22 1.00 .78 18 .45 .84
2.0 9 41 .86 10 .25 .93
2.1 8 .36 .93 3 .07 .96
2.2 7 .32 .99 5 .13  1.00
2.3 0 .00 .99 0 .00 1.00
2.4 1 .05 1.00 0 .00 1.00
2.5 0 .00 1.00 0 .00 1.00
Total — =

-
—
W)
-
p—
w



Most

Li-sulfoacetate ester

p-bromobenzy1
p-nitrophenacyl
p-nitrobenzyl

p-bromophenacy1

Most Representative Rate of Change of Supersaturation

Li-sulfoacetate ester

p~-bromobenzyl

p-nitrophenacyl

p-nitrobenzyl

p-bromophenacy1

TABLE A-3

Representative Droplet Diameter

0-10u

9.5

TABLE A-4

0-10u

.014

10 - 20u

16
16
14

17

10 - 20u

.010

.008

.018

.024
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20 - 30u

23

23

23

20 30u

.014

.008

.028
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TABLE A-5

Results for the rate of nucleation
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TABLE A-5
(continued)
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Li-sulfoacetate ester/ size group

p-bromobenzyl

p-nitrophenacyl

p-nitrobenzyl

p-bromophenacyl

TABLE A-6

Least Squares Fit of log J vs (log S)'2

slope
intercept

slope
intercept

slope
intercept

slope
intercept

0- 10u

-8.8 x 1072
7.64

10 - 20u

-1.59 x 107
7.21

-2.85 x 1072
6.77

-8.46 x 1072
6.89

-6.69 x 1072
6.91
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20 - 30u

-1.55 x 107"

6.81

-2.68 x 1072

6.47

-6.96 x 1072

6.82
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