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Abstract

So0lid/Liquid Phase Transformations

by
James H, Whittam

Professor Henri 1., Rosano

Evidence of the importance of phase transformations

and the solid/liquid interface is observed from studies

on three model systems:

A,

B.

Aqueous Solutions

In depth experimentation on the dendrite interface
structure of aqueous solutions has established

that not only are diffusion and concentration
factors important to the interface configuration
but the rate of heat extraction from the interface
(heat transfer) and associated water play important

roles.

Enzyme Systems

The change in the activity of &X amylase is con-
trolled by the rate of freezing, rate of thawing
and the concentration of so-called protective
agents, This appears to be due to the solute
building up at the so0lid/liquid interface. Very
small concentrations of small molecular weight

protective agents lower the activity of the enzyme



iv

after a given freeze thaw cycle more than the
unprotected enzyme system would do under similar

conditions.

Saturated Monoacid Triglycerides

Triglycerides were chosen as a third area of study
since they exist _n almost all fatty materials and
their polymorphic states are due to three principle
cross sectional arrangements of long chains C*; 73'
and J3 . This dissertation presehts evidence on the
physical aging of pure monoacid triglycerides. A
technique is also described using a polarizing
microscope and a temperature gradient microscope
stage which supplies supplementary information to
compliment thermal, x-ray I.R. and NMR methods. This
apparatus may also be used as a simple device to
determine the temperature stability of various fatty
systems. More important, it eliminates many three
dimensional heat transfer problems and provides a
direct method for observing the phenomena of physical
aging of triglycerides.

Physical aging or solid/solid phase transformations
occurs as a result of the formation of the meta-
stable & and 73ijolymorphs. Prevention of
physical aging may be accomplished by solidifying
the triglyceride below the critical rate of freezing
for 0( formation or by the addition of low melting

triglyceride impurities (such as trilaurin).



Finally, nucleation data is presented for these
pure saturated monoacid triglycerides. Estimates
of 7’ s the surface free energy, for these tri-

glycerides is of the order of 14-17 ergs/cma.
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Preface

Many individuals, pursuing a project of this magnitude
alone and accomplishing its goal, feel they achieve ultimate
satisfaction. To this author few individuals reach this
pinnacle of success and enjoy it without the help of some
excellent support.

Likewise, this dissertation at hand is the product of
one person striving to attain formal acknowledgment in the
field of Chemistryj; however, the support which served as
the foundation and guidance of fhis individual effort must
not go unrecognized. To all those individuals involved, I
express my deepest appreciation.

I am extremely grateful to my family who throughout the
years has helped guide, advise, support, and "put up'" with
my many antics and activities that have brought me to this
very promising frontier of my life. To them I always will
be indebted.

Beyond no reasonable doubt, the next most influential
person in my life has been Professor Henri L. Rosano. Since
my undergraduate days his persistance '"to solve zee problum'
combined with his overall dynamic personality has left an
indelible mark in my mind. I have learned much and benefited
greatly from his broad knowledge and experience not only in
chemistry but in all aspects of life. According to the words
of Gibran, "he who is wise does not bid you enter the house
of wisdom but rather leads you to the threshold of your own

mind.!" This sums up my education with Henri L. Rosano.
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To thank in one line all the other people whom I have
had the fortune to meet during the development of this thesis
would be a gross injustice since no one would realize the
role they played. The following is a brief account of three
years at City College.

The genesis of this thesis first "saw light" during the
summer of 1971 at C.C,N.Y, At this time I was doing research
as an undergraduate with H.L.R, in the Marlies Lab of 01d
Baskerville Hall. My summer project was suggested by Mr. R.
Pfluger of the Maxwell Division, General Foods Corporation
and involved a study on the freeze drying of coffee. The
following academic year I assisted Mr. M. Freedman (who was
working on his Master's thesis) with research involving the
freezing of aqueous solutions, Along with the deligent help
of Dr. K.A. Jackson and Mr. W, Miller of the Bell Telephone
Laboratories, Murray Hill, New Jersey we designed a unique
microscope freeze drying stage. Dr. Jackson's expertise
in the field of solidification also served as a bank of
knowledge where I could often refer for discussion in my
current work,

In June 1972 I made an important decision in my educational
career. I had just gradﬁated with my bachelor's degree in
chemical engineering when I decided (with some convincing
from H.L.R.) to accept a teaching fellowship at the City
University of New York and progress on towards a Ph'D in
Physical Chemistry. At this time it was also decided that I

continue my work on aqueous solutions. In addition, the in-
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vestigation of aqueous enzyme systems (the second phase of
this work) was provoked in discussions by Dr., C. J. Cante
and Dr. R. Guardia of the General Foods Corporation, Tarry-
town, New York and Dr. Rosano. As a result, o amylase was
chosen as a model system which could be related to a practical
problem namely, freezing of foods.

During the summer of '72, I was fortunate enough to be
employed with the Lever Bros Co. in Edgewater, New Jersey.

Under the direction of Dr. E. D. Goddard (now with Union

Carbide) I learned some of the techniques to study fats and

fat emulsion systems. This experience was invaluable since

I could relate some of the concepts I learned in college to

solve some practical problems.

That September, the start of the new school year I was
admitted into the PhD Program, I began to extend my study
on freezing and solidification problems in solutions and
enzyme systems. During this year, thoughts on the third
system discussed in this thesis were developed by my good
friend Dr. Cante, Dr. Rosano and myself. The crystal be-
havior of triglyceride systems was chosen because of the
importance of solidification processes on their crystal form
and because of the many inherent problems associated with

products containing fats. With the help of my undergraduate

friends H. Ragin, M. Petko and A. Garuba a great deal of
information was collected on the kinetics of phase trans-

formations also referred as physical aging.



The following years at City, I had the real fortune
of working with some fine people. Dr. William Gerbacia who
received his PhD in February 1974, and is now working for
Chevron 0il Field Research Co, in La Habra California, en
riched my educational background in this field of micro-
emulsions. Today he is using these systems in hope of de-
veloping an economically feasible process for tertiary oil
recovery. Bill and I also played a fine game of tennis to=-
gether especially when our opponents didn't show up. When
the other team did manage to play us our usual emulsified
continuity would rapidly break down. Then there was Shu
Hsien Chen (The Oriental Flower) who enlightened me in the
field of monolayers to such an extent that we published the
"world famous theory" on Surface Drag Viscosity. The original
dubious theory was developed by a Bulgarian scientist and
smuggled out of that country by Dr. Rosano who was working
for the French government which in turn was paid by the C,I.A.

One often hears that the environment for a PhD must have
a certain critical mass. In Rosano's lab, I'm sure we always
ran above this critical. I therefore wish to extend thanks
to all the other members of our labj; L., LaGamma, M. Mughelli,
S. Schecter, A. Weiss, T. Forman and L. Kennberg. If there
is anything we will all remember, it is that we had the best
lunch hours in the entire college. This group also exhibited
the greatest enthusiasm for having a party. No matter what
the situation was we could always find an excuse to celebrate.

I must also acknowledge Dr. J. Rennert and Dr. A. Santoro
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for their thoughts on this project especially in the final
stages of preparation and oh yes, the vocal renditions of
Prof. H. Salzberg as he walked through the halls singing,
Figaro Figaro, the Russian National Anthem or Manon.

Finally, I wish to thank the "shop'", especially J. Cannella
and B, Cope for their help in designing some of the equipment
used in this project and the tireless efforts of Mrs. C. Silver

in the Chemistry office for translating "our scribbled thoughts.

Respectfully,
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Introduction

This dissertation concenters on the study of phase
transformations and the solid/liquid interface. The

experimental work was conducted on three model systems

(agueous solutions, enzyme systems and saturated monoacid

triglycerides). Although similar systems have been studied,

little information exists on the kinetics of phase trans-
formations (especially in fats) in spite of the technolog-
ical importance of this phenomena.

Willard J. Gibbs (1878) developed a consistant phenome-
nological (thermodynamic) treatment of the equilibrium
problem (1), which is still essential as an introduction
to the study of crystal growth., This treatment is made
possible through the existence of the principles of thermo-
dynamics and does not consider the atomic structure of
matter. Unfortunately, the thermodynamic treatment does
not explain all the facets of crystal growth, therefore
it is necessary to use more involved methods of statistical
mechanical methods and the atomic structure in order to
develop a complete theory and to bring out the possible
atomic processes for the crystal growth.

The term freezing is "synonymus' with solidification.
The former term is usually applied to aqueous systems.
These terms imply the formation of a crystalline phase
from its molten or liquid form. The phase transformation

is driven by the extraction of heat from the liquid state,



and the progress of the transformation is properly separated
into two partis:

1) the initial. nucleation of crystals

2) the growth of these nuclei by the accretion of

atoms from the liquid.
In addition, some transformation processes must include a
third step:

%) solid/so0lid crystal changes

One of the difficulties associated with studying solid/
liquid transformations is that the difference is structure
between the liquid and the so0lid phases of a substance is
far less dramatic than the difference between the solid and
the gaseous phase. Liquid metals occupy only about 4%
more volume than do solid metals and the internal energy of
a liquid metal exceeds the internal energy of the crystal
by only 4 to 5% of the latent heat of vaporization (in the
case of copper, the heat of fusion is 3.1 kcal./mole; the
heat of vaporization is 80 kcal./mole). Since liquids and
solids are energetically alike, the nearest atom neighbor -
distance is similar in the liquid and in the solidj most of
the atoms of the liquid have a configuration very much like
that of the solid.

Despite all the hypothesis, and theories which maybe
developed on this subject the end result must be backed up
by experimental evidence. Often, however, new and improved
theories must wait to be tested by new and improved experi-
mental approach. This thesis combines new techniques to
explain various theoretical hypothesis at the solid/liquid

interface.



Chapter I

Solidification in General




1.1 On the Nature of Solids and Ligquids

A crystalline solid may be considered as a regular
display of atoms which may or may not be identical. Each
atomic site is specifically defined in space so that electro-
static and magnetic forces are balanced to produce minimum
repulsions. The thermal energy of the crystal would simply
be the sum of the individual vibrations of all the atoms.

A complete description of the crystalline state would also
include the imperfections that exist in the crystals.

Liquids are much more difficult to describe on an
atomic scale as can be seen by the divergence of opinion.
on their structure. Chalmers (2) describes the liquid as
a random array of atoms all undergoing thermal vibration.
The configuration when averaged over times that are long
compared to 1/V'(time of one vibration) appears to be
random. The random appearance is restricted however in
the sense that no two centers may be closer together than
the atomic diameter. This specification would explain the
lact of crystallinity as determined by Xray diffraction
patterns however short range order could exist in the sense

that each atom may be related to some of its neighboring atons.

1.2 The Solid/Liquid Interface--Free Energy

Solidification may be defined as a process by which a
solid grows at the expense of a liquid with which it is in

contact (3)., Equilibrium is obtained when there is no
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further change in the solid/liquid interface boundary.
Thermodynamically, at equilibrium a pure material can

exist in two phases when the free energy is equal in each

phase:
F 1iquid = Fsolid
B, - T 5 = Es - Tg Sg 1-1
where TE = equilibrium temperature
(B, - Eg) = Tp (S; - Sg)

but (EL - ES) is the change of internal energy on melting
and is therefore the latent heat of fusion. At temperatures
other than the equilibrium temperature, the difference of

free energy per unit mass is calculated as follows:
AF = AL - TAS 1-2

This is equal to zero when T = TE the melting point.
Therefore 4S = AE 1-3
IE
If it is assumed that the latent heat of fusion (AE) and

the entropy of fusion (AS) does not change with temperature

then:
AF = AE - Tq; = aE (T -T) = (AaE) (AT)
E T Iy
1.4

where AT is the departure from the equilibrium temperature.

1.3 Nucleation from the Melt

The nucleation of crystals in an undercooled melt can



occur by a variety of processes., Essentially these

processes are related in two catagories; 1) homogeneous
nucleation 2) heterogeneous nucleation. In the former

case nucleation occurs because of configurational fluctuations
in an otherwise homogeneous liquid. The nuclei in this pro-
cess are small transient aggregates of atoms or molecules
which spontaneously form in the melt. Heterogeneous nuclea-
tion is also caused by configurational fluctuations in a
liquid but in this case the fluctuations occur at a surface.

The theories on nucleation generally answer two separate
questions: 1) what is the size of the critical nucleus and
what is the probability of occurrence or 2) the rate of
formation?

During the nucleation process, nuclei grow by adding
single atoms to a growing cluster (embryo) of atoms having
the configuration of the solid. This may happen homogene-
ously somewhere in the volume of the liquid or heterogene-
ously on the surface of a foreign solid. Since the latter
usually occurs in practice and due to the fact that homo-
geneous nucleation can be approximated as one extreme of
heterogeneous nucleation one explanation can serve for
both examples.

Pound (4) described the nucleation process as a cap-
shaped embryo forming on a perfect substrate. Figure I.

It exists at a temperature T below the melting temperature

T Assuming an equilibrium distribution exists among

m.
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embryos containing i atoms and those consisting of one
atom, the familiar relationship between the concentration
n(i) of embryos of size i and Gibbs Free Energy of Forma-~

tion @&G; is given as

- AG;
n)= nCy) € /AT 1-5

where n (1) is the number of single atoms of the super-
saturated phase in contact with 1 cm of substrate surface.

Both the volume free energy change

AG, = aH (I1-T/7;)
and the specific interfacial free energies )”contributi-6
to 4 G; AH is the enthalpy of fusion and ;& is the equilib-
rium contact angle of the crystal C on the substrate S (Fig II)

so that

.)3713 - cs + ):"‘3 Cos ©

1-7
The Z\C;,: A Free Energy of the droplet surfaces

4+ A Free Energy of the dropiet volume 1-8

He expressed The Free Energy of droplet surfaces as:

A Gis = G;fj; - Gs;ﬁi

= TR s in*0 Vg +2R* (1-Co5 0) Y ~TTR* SING In g
1-9

The Free energy change due to the volume is
AGy = Gus -G vi
=R (2-3Cos O + Cos?@) AG, 1.10
Finallyéa
AG; = AGg + AG,
1-11

=Lv,,. mR? +1’35’ 46,](2-3 cose + Cos’0)



which exhibits a maximum when
daG; . o
3 r 1-12
The radius corresponding to this maximum is
*
AG, 1-13

Substituting in b- 7

2
AG‘ = |6 77’7}»3 (2 +Co$9)(_l_:_€_._o_§_§) 1-14
and 3 AG\E *4
. ~ AG T
it na e /4 1-15

Note that when ©= O there will be complete wetting

of the solid by the crystal and AG = O At the other
extreme when © = 180 there is no wetting and the system
is a case of "homogeneous'" nucleation. Then
% 3
3A4G,7? 1-16

If the change in free energy of the surface (1-9)

and the volume of the drop (1-10) were plotted as a
function of f*, the total 4G, , could simply be deter-
mined as the sum of the individual free energies. At the
point where & G; is a maximum (point B) the derivative of
free energy with respect to I is zero. Decreasing or
increasing the radius from this point causes a decrease
_in the & G; of the system (Figure III).

The rate of nucleation of new crystals I per c"’/se‘.on
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the substrate is given as

I =7V mCi*)
1-17

.1/P is the frequency at which a single atom from the
liquid joins a critical nucleus to form a stable crystal.
U/ has been formulated by Pound to be '
) . _A8GT /AT
V=g € Ve 118
')1:‘ is the number of atoms of liquid in contact with the
surface of the critical nucleus.
E: probability of a given atomic jump direction ("’ '/6)
V.= lattice vibration frequency ¢ ~ 1o'? Scc.")

AG: free energy of activation for diffusion g"uk-r)
~-(a6g +06")/ 4T

IT="n"*EY, n1)e 1-19
A qualitative variation of the nucleation rate of
new crystals I as a function of T is given in figure IV.
The implications of this theory on nucleation is that
the driving force in crystallization is the difference
between the free energies of the liquid and solid state.
At eéuilibrium, the rate of crystallization is zero.
Experimental evidence (5) indicates that the liquid
phase most often supercools before crystallization. The
magnitude of supercooling is determined by the energy
absorbed in producing a crystallite nucleus by random
fluctuation. A crystallite in equilibrium with the

supercooled liquid will be termed the nucleus. If a
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crystallite is larger than a nucleus it grows. This is
called a crystallization center.

The above equations state that the number of centers
forming and their growth, therefore structure depend on
the liquid (z; E ) and the external conditions (T).
Removal of heat from the liquid is the external factor
which provides the conditions for crystallite formation
and growth.

For pure materials the supercooling is usually far
greater than normal materials (contain impurities) because
the impurities can serve as nucleating sources for crys-
tallization.

Once the Liquid=-so0lid interface is established the
growth rate may be explained in terms of other theories
based on various physico chemical properties.

In order to define a solid-liquid interface it is
necessary to have a criterion which differentiates between
an atom in the liquid and in the solid phases. Jackson (6)
suggests that when a metallic atom leaves the liquid and
adds itself to the interface, its amplitude of vibration

is less than 15% of the interatomic distance.

1.4 The Solid Liquid Interface

For a crystalline solid undistorted right up to its
surface, all the bonds have the same energy within the
crystal. An atom at the surface however, may have any

number of nearest neighbors thus the energies of these
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surface atoms will therefore be higher than the atoms in
the interior. Knowing the surface arrangement of atoms
allows one to estimate the magnitude of energy in the surface.

The interface is defined in this work as the surface
which separates all those atoms that occupy lattice sites
from those that do not. This general definition implies
the interface need not be atomically smooth.

A smooth interface involves only one or two atomic
layers and has a small specific area, whereas a rough inter-
face involves several atomic layers and has a much larger
specific area., |

The degree of smoothness of a solid-liquid interface
can be evaluated by deriving the changes in interfacial
free energy as atoms are added to an initially planar inter-
face. The change is great if the surface is rough and zero
if the surface is perfectly smooth.

Solids in equilibrium with their supersaturated vapors
are usually considered as having smooth interfaces. (7)
However, solid-liquid interfaces may either be rough or
smooth, and differences in growth patterns can to a large
extent be accounted for by differences in smoothness; for
example there is a striking difference between the growth
patterns of metals (rough interfaces) and those of non-
metals (rather smooth interfaces.)

Rough interfaces have been studied by Burton and
Cabrera (8) and by Mullins (9). The next section will

discuss in more detail the most widely accepted way of
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correlating interface smoothness and crystal growth.

1.5 Solid/Liquid Interface Kinetics

The degree of smoothness of the interface is related
to the magnitude of solidification._eutropy(small for rough
interfaces, large for smooth interfaces.) as has been
shown by Jackson. (6,10,11)

In his statistical mechanical treatment, atoms randomly
added to an initially smooth interface give rise to a change

in free energyd%such thats

The term PdV arises from the change in volume and is
negligible with respect to other terms in the liquid-solid
transformation, at atmospheric pressure.

To derive the different terms of this expression two
assumptions are made:

1. It is assumed that the NA atoms will add themselves
to the so0lid phase as part of a single atomic layer. This
layer will be completed before the next layer can be started.
This is referred to as the '"'single layer rough interface."

2. It is furthermore assumed that the difference in
bond energy of an atom in the liquid and the same atom in
the solid is equal to %é, where L is the energy required to
take the atom from the solid and put it in the liquid (ie.
latent heat of melting per atom), V is the total number or
nearest neighbors. The number two is used because every

bond energy is shared by two atoms,
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The total number of nearest neighbors of an atom in
the solid, V, is equal to the sum of the number of atoms
in its crystal plane (Nl) in the crystal plane above it
(N,), and in the crystal plane below it (Ny). Thus V=N,
+ 2Ng.

QA E, is the energy gained by adding Nj atoms to the
interface. According to the above assumptions:

AE, = 20 N
© ~ Na No 1-21

A E, is the energy gained by the bonding of some of

the N atoms between themselves., If N is the number of

Nap . . .
surface sites available T is the proportion of occupied

sites adjacent to the added atoms.

AE|= 2'- - NA N NA N‘
R 1-22
vV N 2

(here again % is used instead of N because each bond energy
is equally shared by the two adjacent atoms.)

A So is the é'ntropy change corresponding to the liquid-

solid transformation of Np atoms.

4 S, = fV‘\.iz_

Te

A S;i is the entropy gained by the random arrangement

1-253

of the N atoms among the N available sites. If P is the

number of such arrangements.

YA f;' = Kd4n P

1-24
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With V = Ny+2Npand with X = = fraction of sites

No
. . \'4
filled. (Appendix II)

AFs LN N (|~x)+x,&1i+("x)4eﬂ("7‘)

NkTg NVRTg 1-25
L N'. - . N
3 watwwnan ¢ d N
The quantity KTy —-lvls (in whlchv-_ L)

The final expression is therefore:

AFs ko x (1o ban + (120l (17)
NRTg

These expressions represent the change in free energy
of a planar interface having N available sites when NA atoms
are added to it. Figure V is the graphical interpretation.

This function of x becomes zero when x becomes either
zero or one. The plot of the function has the straight
line x=% as its axis of symmetry. .

The number of minima on the plot depends on the
position of & with respect to two.

A minimum of change in the surface free energy ( AFS)
corresponds to a stable form of the interface.

When "‘(z the curve has two minima ., one close to
x=0, and one close to x=1, i.e. when the interface has most
of its sites either vacant or filled; either case implies
a smooth interface. Therefore, the stable interface is
smooth.,

When X ? 2, the curve has only one minimum, obtained
when x=%, i.e. when half of the sites are filled. Therefore,

the stable interface is rough.
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As the quantity of O increases the initiation of new
layers becomes more important ﬁhtil, for large & 's, the
kinetics of growth applies.

In the term & = 25-','-5';;' . TI_' is less than but close to
one. Therefore a small & implies a small L and a large A
implies a large L. This treatment correlates the nature
of the interface (smooth or rough) with the quantity & ,

i.e. with the entropy Lj interfaces are rough where L is
small (metals); smooth where L is large (organic compounds.)

As the quantity &l increases, the growth becomes less
isotropic and the interface becomes more faceted., For
example, the tetrabromure of carbon grows very isotropically
and has a value of X =0.8. TFor very high & 's the growth
tends to be spherulic. This type of growth is characterized
by autonucleation processes and frequent changes in the
direction of growth.

This treatment holds for one component systems with
the "single layer' assumptions. Work has been done‘on alloys
and growth from solutions. Cahn considers that the interface
extends a large number of layers and emphasizes that there
is a continuous range of intermediate possibilities between
smooth and rough, whereas for Jackson an interface is either
rough or smooth.

As an application of this theory the particular case of
ice is of some interest. For ice, the quantityJ‘ has different

values depending upon the crystallographic direction. This

is due to a distortion of the ice lattice from its ideal
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lattice., Thus 0( is greater than two in the basal plane.
As a result large sheets of ice dendrite form parallel
to the "smooth!' basal plane and move along the Yrough"

direction perpendicular to the basal plane.

1.6 Normal Growth Rate

The normal growth theory assumes that growth can take
place at any site on the interface (i.e. the interface is
ideally rough). Turnbull (12) derives one net rate of
freezing, whereas Wilson (13) and Frenkel (14) assﬁme that
the rate R is the result of a dynamic equilibrium between
freezing and melting. The Jackson-Chalmers treatment of
this theory will be outlined here:

If RF is the rate of freezing and RM the rate of
melting, the net rate is R = Rp - RM.

Let the cohesive energy per atom in the solid be ES
and the energy of the activated state (minimum energy re-
quired to make the tramsition from solid to liquid) Ep,

The fraction of atoms at the interface at temperature
T possessing an energy equal to or greater than Ep is
exp -(Ep-Eg) /KT where (Ep-Eg) is the thermal energy
required per atom. The (EA - Es) term is simply the
activation energy for melting in molar units., Similarly Qp
is the activation energy for freezing.

According to this theory, the rate of freezing and
melting also depends on the number of atoms per unit area N,

a geometric coefficient G and an accommodation factorA.
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A, These terms for simplicity will be grouped together as Rr°.

The net rate can therefor be rewritten as:

R=Rp-Ry = R°F exp (“ QFA;T)" R?\e 7‘?(- Q’}{é&;r)

If L is the latent heat of fusion,
L=8y -9 1-28
So:

R = R°F exP(“QF/,hT) [‘- BRL:-; e""P(.-wt-:r)l 2

At equilibrium Rp = RM

R o
_R"Eo - €%p (ﬁ-re) 1-30

and the expression of the rate becomes:

- RS - QEY[ mexp (b L
R RF ex’P(*T)[‘ e“P(&TE-IT.)J 1-31

i.e.

with AT= (Te -T)
In the case where .JB-?:!;' 44} (small under-coolings)
E

the exponential can be expanded and the equation becomes:

R = R% jz’?‘Tl‘E exP(-QF/J,-,-) 1-32

o [ -]
Expressing R-F in terms of RM taken as a '1}

(interatomic distance times atomic vibration frequency);

LAT L
V 5T ©*P &% “RTe) 13

The rate is proportional to the undercooling.

1.7 Heat Transfer at the Interface

An important factor which must be taken into account

for crystal growth is the manner in which heat is removed
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from the system.

For a flat interface, the temperature at which neither
solidification nor melting takes place is the equilibrium
temperature (TE). If the interface is curved with radius r,
the equilibrium temperature will be different than TE’
Equation (12) can be applied to determine this new equilib-
rium temperature since AT - 2__!_'_'_'}_*. . In any event, the
latent heat of fusion must be r;gotéd from the interface
to maintain the crystallization process. If the latent
heat is not removed (by conduction etc.) it eliminates the
supercooling and suppresses the process. Therefore the
local rate of growth at any point on the surface depends
on thermal conditions and the orientation of the surface
since this influences the relationship between temperature
and the rate of growth. For anisotropic materials a very
complicated morphology can develop as a result of different
heat flows in different crystal directions.,

If the latent heat is conducted away from the interface
through the crystal the solid liquid interface will remain
planar. The temperature distribution in the solid and
liquid can simply be described by using Fourier Law of
Conduction. The temperature gradient in the crystal is
that required to carry H + L, where H is the heat reaching

the interface by conduction in the liquid anc L is the

latent heat.
v dT H+L where K. is the

e @

C thermal conductively
d Xleaystan 1-34
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For the liquid

dT -

r——— =
o=y

x LIQWwD Ky
1-35-
From this, one can determine the temperature profile in
the liquid and solid. ‘

If the latent heat is conducted into the liquid (i.e.
the liquid is at a lower temperature than the interface)
dentritic growth is observed. This is logical since the
crystal will grow more rapidly as the solid/melt interface
increases in area. The exact shape of the dendrite (long
spikes or short protrusions) depends on how rapidly the

heat is conducted away from the interface and immediate

area.

1.8 The Growing Interface

A) Some Models. The simplest model of interface is

a planar isotropic interface, the stability of which is
in Figure VI,

A "heat sink" HH is assumed parallel to the interface.
If a protuberance forms, as in A, the tip of A is farther
from HH than the rest of the interface. Therefore, the
flux of heat at the tip is smaller. A grows more slowly
than the interface and vanishes.

In reality such an interface is affected by the prox-
imity of the walls of the container or by the proximity of

grain boundaries. Furthermore, a solid phase in contact
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Figure VI




20

with the melt has a stable liquid-solid interface if the
melt is an infinite liquid phase at a uniform temperature.
These conditions will not be fulfilled in the presence

of solute,

1.9 Redistribution of Solute During Solidification

Solute redistribution is an involved and complicated
area of study. Metallurgists in particular have been
studying this process for over a century. Textbooks in
this field by Frenkel (3) and Pfann (16) ;iscuss the various
types of solidification processes.

For the solidification processes studied in this work
diffusion plays the major role of mixing in the liquid. A
review of the problem is given below.

Classically, equilibrium between a crystalline solid
and a liquid is conveniently represented on a binary phase
diagram by two lines; the liquidus line above which the
liquid is stable and the solidus below which the solid is
stable. The phase rule for a N component system states
that there will be N degrees of freedom for this two com-
ponent system.

The salient features of the solid liquid equilibrium
relationship is expressed in terms of: concentration, c 3
equilibrium distribution coefficient, k,, which is the
equilibrium concentrations of the solid and liquid (Cg/Cy )
and the effective distribution coefficient Xp piop is

given by CS/Co where CS is the solid concentration and Co
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is average liquid concentration. -

Figure VII depicts the distribution of solute during
uniaxial solidification. The initial composition of the
liquid is Co and ki = Cg / Cy. The solute rejected at
the interface diffuses into the liquid and its distribution
is represented by curve D,

Under steady state conditions, the amount of solute
rejected at the interface is just balanced by the amount
that diffuses away from itj; the diffusion coefficient
for the solute is D cma/sec. The steady state distribution
of solute ahead of the interface was found by Tiller (17).
For a small element of the distribution curve a net flow
of solute, D (dac/d xa), per unit volume diffuses into a
volume element. If the solid liquid interface is taken
as the origin, and solidification is represented by moving
the solute distribution at a rate of R cm/sec then the

net flow out of the same element is R (dc/dx).

Hence: >
g T R & -0 1-37
The solution of Tiller is:
o, =g exp (- X0 o 138
C, = interface concentration

Xt distance from the interface to

the point where the concentration is CL

If the composition of the solid is Co then Ca must be
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Figure VII

INTERFACE
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Co / k, and the expression for C; becomes

CL=CO[1+1-K0'GXP(—§X')]
Ko 1-39

In actuality the problem of solute redistribution
is more involved because a liquid in which temperature
gradients exist is likely to be subject to conwection.

The effect of mixing by fluid motion has been examined

by Wagner (66) who assumed that the solute moves purely

by diffusion through a layer of liquid of thickness d
beyond which there is sufficient conwection to insure
uniformity. The diffusion layer is the region close to
the interface. In his study Wagner shows that the thick-
ness of the stagnant layer is sufficient to include nearly
the whole diffusion layer when the liquid motion is due to
convection. When the motion of the liquid is more violent,
the stagnant layer is not thick enough to accommodate the
whole diffusion zone.

As a result of this diffusion the liquid in contact
with the advancing so0lid liquid interface will in general
have a composition that differs from that of the bulk.
Theoretically, this implies that the liquid ahead of the
advancing interface can be constitutionally supercooled
with large & T'S. However before this occurs thermal and
concentration instabilities along the interface result,
which leads to a departure from steady state conditions.
As a result the smooth interface breaks up and dendrite

growth takes place.
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It was shown by Rutter and Chalmers (18) that a
planar interface would be unstable when exposed to a
gradient of supercooling because the growth rate would
be increased in any localized region that advanced ahead
of the general interface. The theory of solute redistri-
bution of Tiller, Jackson, Rutter and Chalmers (18) quanti-
tatively predicts the conditions that determine whether
constitutional supercooling exists ahead of a planar

interface,
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Chapter II

Freezing and the Solid/Liquid Interface
of

Agqueous Systems
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2.1 Temperature Gradient Microscope Stage

In the past, the majority of work on freezing organic
materials under the microscope has been carried out using
an isothermal microscope stage. Walton and Judd (19),
Harrison and Tiller (20), Macklin and Ryan (21), MacKenzie
(22) , and Chauffard (23) have designed many of the notable
isothermal stages used in research today.

Although this type of stage is suitable for nucleation
and phase identification experiments, it is of little use
for the investigation of kinetic and dynamic processes.
When an isothermal stage is used growth rates are often
difficult to control and temperature gradients must es-
sentially be zero. Nevertheless, it is known that both
the growth rate and temperature gradients in a sample are
important factors in determining how a material solidifies.
With this in mind, Hunt, Jackson and Brown (24) at the Bell
Telephone Laboratories, Murray Hill, New Jersey, developed
a temperature gradient microscope stage for the study of
pure systems and the effect of trace amounts of impurities
on the solidification process., The stage is pictorially
described in Figure VIIF The specimen cell consists of
two thin glass slides (22 x 22 x 0.2 mm) sandwiching a
thin film of the sample to be studied. One end of the cell
rests on a cold plate while the opposite edge serves as a
heat reservoir or heat sink., The thin film of solution

is essentially in a two dimensional heat transfer plane
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and a unidirectional temperature gradient. This arrange-
ment eliminates many of the three dimensional heat transfer
problems. A controlled flow of dry air is flushed through
the system in order to prevent frost formation on the cell
and cold plate.

For the present work on pure and complex systems
such as emulsions, a number of modifications were recessary.
Since we are interested in both solidification and melting
or freezing and thawing, the present stage is equipped
with a reversible and variable D.C. motor to move the cell
at any rate between .01l mm/sec and .05 mm/sec. This allows
the study of the individual processes or as a combination
of freezing and thawing cycles. Freeze~thaw cycles ap-
pear to be important when the stability of a system is
being examined (25). In addition both the hot plate and
cold plate have been modified to individually control the
plate temperature above the reservoir temperature. This
allows for a wide choice of temperature gradients.

For the present work, it is important that the temper-
ature profile be known at every point on the cell. The
use of a fine thermocouple is impractical for accurate
work especially when the gradient is of the order of IOOC/mm.
In addition, if the thermocouplé is placed in the sample
it serves as a site for heterogeneous nucleation which may
influence the experimental results.

To alleviate this problem, the temperature profile

of this cell was calibrated by using various salt solutions
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which form well defined eutectic compositions and
freezing points. (Table I). When equilibrium is at-
tained the distance from the tip of the cold plate to
the eutectic 1liquid interface is recorded for each solu-
tion. Correlation of the distance vs eutectic temperature
will then yield the temperature profile of the cell. Above
0% pure solids which have well defined melting points
and did not exhibit polymorphism were used to give data
points. These solids were initially melted and spread
on the glass slides to produce a thin film. Then they
were solidified by rapidly cooling and then placed on
the gradient stage. At equilibrium, the solid above the
equilibrium temperature on the gradient had melted leaving
the well defined solid/liquid interface. (Figure viX ),
Once the cell has been calibrated for a given gradient,
the temperature is known at every position of the cell
at equilibrium. A cathetometer is used to measure the
cell position within + .0l mm. The unique feature of
this microscope stage allows the observation of a growing
interface to be observed at all times at a particular
temperature and with a defined temperature gradient. The
microscope used is a Reichert "Zetopan" research microscope
equipped with a photographic set up. This simple and
exact method was found to be superior to the use of thin
thermocouples.

Figure X is a series of calibration curves at equilib-

rium and at different rates of melting and solidification.
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Salt Eutectic

Interface Temperature

- |

C
KC1 -10.7
NH4Cl -15.3
NH4NO3 -16.7
NaCl -21.0

Organic Solids

Melting Point

Laurophenone
Cetyl Alcohol
p-Dichlorobenzene

Docosanol

C
+46.5
+50
+53
+62
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Since the rate of heat transfer also changes with the
rate at which the stage is moved, the calibration curves
shifts to the right of the equilibrium curve when the
rate of melting increases and to the left of the curve
when the rate of freezing increases. The slope of the

calibration curves remains essentially constant.

2.2 Temperature Gradient Freeze-Drying Microscope Stage

Like freezing, the process of freeze drying is not
a new one. For the past twenty-five years it has assumed
a role in the laboratory for the removal of water. Only
recently, however, has extensive development of the theory
behind freeze drying and its application to large commercial
fields such as the food and drug industry been undertaken
as major research projects,

To understand this process it is of extreme importance
to physically observe structural changes under actual con-
ditions. With this in mind a stage was designed by Rosano
etal (26) to study this process under the microscope.

The stage is essentially composed of 1) a completely
wettable slide inserted into 2) a circular cold plate and
connected to 3) a vacuum chamber. The stage is shown in
FigureXI., It has a distinct advantage over the conven-
tional isothermal stages in that a radial temperature
gradient exists perpendicular to the observer. This allows

the viewer to examine the freezing front as it starts at
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the circumference of the viewing area and propagates

in a radial direction to the center of the sand blasted
slide.

A sand blasted glass slide is used since the liquid
solution will easily spread on its surface to produce a
thin transparent film of uniform thickness. No cover
slip is used to cover the specimen surface.

The sand blasted slide fits into a recess on the
copper slab which serves as the cooling medium. One
end of the copper slab is placed into a cold reservior
(i.e., dry ice-aceton mixture or liquid nitrogen). At~
tached to the cold plate is a heating coil which regulates
the temperature.

The cold plate rests on the top of the vacuum chamber,
Holes in the cold plate serve as vacuum ports which connect
the vacuum chamber and the specimen surface.

Plexiglas plates are used to seal the top of the cold
plate and the bottom of the vacuum chamber while still
allowing light to be transmitted to the specimen or the
sand blasted slide., Only the copper plate surrounds,
supports and conducts heat away from the slide.

To prevent condensation on the windows dry nitrogen

is gently flushed across the top of the cell.

Procedure for the Stage Calibration

1) A microscope sand blasted glass slide is placed
on the cold plate. The plexiglas top is placed on the cell

to prevent condensation between the cold plate and glass
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slide. The system is allowed to come to equilibrium.

2) One drop of the salt solution is spread on the
slide. Care must be taken to prevent any liquid from
seeping between the cold plate and the sand blasted slide
thus altering the heat transfer.

3) When the system reaches equilibrium, the distance
between the cold edge and solid eutectic front is measured.

4) Results are graphed on polar coordinate paper.

Using a dry ice-acetone mixture for the cold reser-
voir and eutectic solutions of NaCl, KI, NH,CNS, NaBr
and Zn (NOB) a calibration was made. The positions of
the solid eutectic fronts when plotted on polar coordinate
paper produced a series of isotherms shown in Figure XJ1
It is evident that the isotherms are circular on the cold
sink side while being egg shaped on the 0.D. axis. This
is primarily due to the environmental conditions and its
effect on the shorter side of the cold plate. The ambient
temperature during this experiment was 21 C.

Good reproducibility exists for this calibration and
similar ones at different cold plate temperatures provided
the slide sits evenly in its recess and no liquid exists
between the cold plate and slide. The ambient conditions
can vary as much as 4°C without any serious error.

The overall cell dimensions are relative to the
microscope being used. The only two dimensions which
should be of greatest concern are 1) the diameter of the

hole in the cold plate and 2) the working distance of the
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microscope objective., The cold plate hole is important
since it will regulate the size of the temperature
gradient. In our case a 13 mm diameter hole produced
a 10°¢ gradient from the cold plate edge to the center
of the viewing area.

Our experiments are conducted using a Reichert
WZetopan' research microscope. An upper plexiglas cover
3 mm thick and a 0.5 mm rubber gasket allows us a 7.5 mm
working distance from the objective to the plate top at
40 X magnification. At a magnification of 30 X the work-
ing distance is 21 mm,

It has been found that the nature of freezing plays
a determinant role on the final structure of the freeze
dried product. Systems have been studied using freezing
rates as fast as 5 mm per minute and as slow as 5 mm per
60 minutes. These rates of freezing are manipulated by
the type of cold reservoir and the use of the heating coil.

The high ratio surface/mass of the frozen film when
combined with a vacuum of 50 microns of mercury produces
systems which are freeze dried in approximately thirty
minutes (this generally refers to salts solutions which
will freeze-dry markedly faster than sugar solutions).
The rate of freeze drying may also be varied by changing

the vacuum readings until the desired condition is attained.

2.3 Freezing of Various Aqueous Systems

A, Experimental
Solutions of KC1 (0.05 M - 3.3 M), NaCl (0.05 M -5.2 M),
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Sucrose (0.03 M -2.0 M), PVP General Aniline and Film
Corp., N. Y., N. Y.; Avg. H.W. 40,000 (1 gm/50cc -12 gms/50cc)
and silica suspensions (0.2 gms/50cc - 5.0 gms/S50cc) were
studied.

Phe T.G.M.S. cold plate was cooled by a dry ice/acetone
mixture and the hot plate was maintained at 21 + O.5° C.
The temperature gradient was determined from the slope of
the calibration curve to be 4 °C/mnh In this experiment,
the time in seconds for the ice front to pass between two
fixed points in the temperature gradient (at - 28° C and

- 250 C respectively) was measured.

B Results

The average rate of freezing (6) was determined
between the two fixed points on the cell. These results
(FigureXIIXI indicate that the rate of freezing decreased
as the concentration of KCl and NaCl increased., As the
salt solutions became more dilute the rate of freezing
approached that of pure water: 0.27 mm/sec for this cell,

The results obtained with PVP and sucrose solutions
were markedly different from the KCl and NaCl solutions.
It was observed that for the entire range of concentrations
studied, the rate of movement of the ice front remained
equal to that of pure water. For the silica suspensions
the rate of freezing remained equal to pure water and
independent of the concentration. In addition, it was
observed that the shape of the interface of the suspension

was greatly different from KCl, NaCl, PVP or sucrose.
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C. Discussion

The growth of dendrites in aqueous solutions and
suspensions is a complicated phenomenon. Among the variables
which must be accounted for are:

1. diffusion of the solute

2. concentration buildup'at the Solid/liquid interface

3. heat of crystallization

L, 'associated or bound water

The diffusivity constants of NaCl and KCl are 20°C are
3 x lO-5 cma/sec and 1.6 x lO"5 cma/sec (33) respectively
while that of sucrose, PVP and glycerol are almost an order

6 cma/sec). According to

of magnitude lower (~~ .5x10°
Fick's Law of Diffusion and equation 1-38 the smaller the
diffusivity the greater the solute buildup at the S/L inter-
face. In turn, this greater solute buildup for the glycerol,
PVP and sucrose interfaces should depress the freezing point
to a greater degree thus slowing down the velocity of den-
drite growth. Note that even when the Van't Hoff factor
is included in the freezing point depression formula, AT=
Kmi, to correct for the dissociation of the salts one would
expect an equivalent undercooling and therefore slower
propagation velocity for the non salts at higher concen-
trations. This was not observed.

A more likely explanation is that during the freezing
of PVP and sucrose solutions and silica suspensions there
is no significant heat evolved or absorbed to affect the

rate of freezing of these aqueous systems. On the contrary
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significant amounts of heat are produced during salting

out of KC1 and NaCl, thereby decreasing the rate of
freezing. Heats of dilution given in the International
Critical Tables (26) for 1 mole of a solute /25 moles

of water upon the addition of 25 moles of water at 20%

for salts are of the order of 500-800 joules while glycerol
and PVP are considerably lower ( # 50 joules). The
negative of this value is used to indicate the heat of
crystallization.

Since heat is being withdrawn to the cold plate,
production of heat of crystallization in the area behind
the interface prevents the latent heat given off at the
interface from being withdrawn as readily. In the case
of silica, the rate of ice formation is independent of the
silica concentration because the latent heat is rapidly
withdrawn to the cold sinkj;the silica particles themselves
playing no part in the freezing process.

An additional contrast between PVP, sucrose solutions,
silica suspensions and NaCl and KCl solutions is the number
of water molecules associated with solute compared to the
total number of water molecules in the system. The nature
of the ionic atmosphere in a polar solvent is described
by Brescia etal (27) as”an ion surrounded by a sheath of
solvent molecules." The coulombic forces holding this
complex together is made of strong ion-dipole interactions.
In the case of the other solutes the forces are much weaker

since it is essentially dipole-dipole interaction. The
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more water bound to the solute and the stronger the bond
the more difficult it will be to crystallize or freeze
the ice. The exception of course is when the solute
orients the water molecules to form the crystalline ice

structure.

2.4 Interface Configuration

A. Experimental

The dendrite structure of aqueous solutions of NaCl,
KC1 glycerol, ethylene chloride and PVP were studied.
The PVP was provided by General Aniline and Film Corp.
N. Y., N.Y. and had an average molecular weight of 40,000.
All other reagents were manufactured by Fisher Scientific
Company, FairLawn, New Jersey and were of certified A.C.S
quality. The water was distilled in a Stokes Still to
remove any impurities, 0.2 -3.0 molal solutions were
prepared except for PVP solutions in which the weight
per cent was varied between 5 and 15%. This range was
comparable to the molal solutions. The temperature
gradient microscope stage with the same conditions as in
section 2. 3A was used, The rates of freezing were varied
from .01 - .04 mm/sec which corresponds to freezing rates

between 2.4 and 9.6 oc/min.

B. Results

In this series of experiments the peak to peak distance
and the width of the dendrites (0.6 mm from the dendrite
tip) were measured. The results are tabulated in Table

II and III and plotted in Figure XIV - XVII,
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TABLE ||

PEAK PEAK DISTANCE OF ICE DENDRITES

NaCl KC1 Ethylene Glycol Glycerol PVP
Wt. % 5.5/10.4] 14.8] 6.9| 12.9 18.2] 5.8} 11 15.7} 5 8.4] 15.5] 5 10 15
Modality 1 2 3 1 2 3 1 2 3 .58 1 2 - - -
Rate Width| (microns)
2.4 193 } 155 134 155 125} 115 129 1147 108 |121 124 125 42 47 52
4.8 175 | 148 123 135 120§ 110 {110 106] 108 118 120§ 120 39 40 41
7.2 143 | 135 115 130 112} 105 j106 105 106 j100 102] 105 28 30 35

q5¢



TABLE i1l ICE DENDRITE WIDTH
NaCl KCl Ethylene Glycol Glycerol PVP

Wt. % 5.5 110.414.8§ 6.9 12.9 18.2]5.8 11 |15.7 5 8.4 |15.5 5 10 15
Modality 1 2 3 1 2 3 1 2 3 .581 1 2 - - -
Rate idth| (microns)

2.4 141 102 70 105 | 64 60 | 102 95 94| 79 70 68 42 47 52

4.8 87.5f 70 |52.5 70 43 39 68 64 62 72 62 62 39 40 41

7.2 69 53 |51 48 39 36 64 63 64 56 54 53 28 30 35

Ei49
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Except for PVP the dendrites become more needle like
as the rate of freezing increases., For PVP the dendrites
do become sharper as the freezing rate increases, but they
are extremely close to one another with little solution
in between them.

In general the peak to peak distance decreases as
the rate increases. The dendrite width also appears to
decrease as the rate increases. In the case of the salts
NaCl and KC1l the dendrite spacing appears to be inversely
proportional to the square root of the freezing rate. For
the nonionic solutes the distance decreases linearly with
increasing rate. The peak to peak width also decreases
linearly with increasing rate. In the systems where the
freezing rate is constant the peak to peak distance decreases
linearly with increasing concentration of salt solutions
(NaCl and KC1l). A much smaller decrease is seen with
ethylene glycol and glycerol. The PVP peak to peak distance
on the other hand, appears to increase with increasing con-
centration. The dendrite width also follows this order.

It was also found that the greatest changes in peak
to peak distances and dendrite width is seen in dilute
solutions. As the solutions become more concentrated (2-3%m)
the changes become less pronounced. The salt solutions in

all cases show the greatest change in dendrite size.

C. Discussion

In reality, the '"heat sink" postulated in section 1.8
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does not exist. A protuberance created by a perturbation

in the heat flow develops because the tip of the protuber-
ance meets a higher supercooling and becomes a spike,which
in turn grows and becomes less stable. The radius of
curvature of the tip decreases and the spike divides. The
difference in aspects of the branching on both sides of
the dendrite is very likely due to changes in crystallo-
graphic orientations.

Dendrites grow preferentially in certain crystallo-
graphic directions (100 in f.c.c. and b.c.c., for example)
and changes in orientation give rise to dramatic changes
in the growth pattern. In a large vessel, ice dendrites
are free to grow in the preferred crystallographic orienta-
tion. But in this experiment the sample is very thin. The
walls of the cell containing the water interact with the
directions of growth.

A basic study of dendrite growth was done by Papatreau
(28) who foresaw the stability shape of the tip of a dendrite.
The stability theory deals with the stable shape of the
tip of the dendrites, using as models isothermal surfaces
which grow without deformation. Its method consists of
solving the diffusion equation for a pre-assumed shaﬁe”of'%
interface, then applying a perturbation and calculating
whether or not the perturbation is stable. (29)

A spherical tip was to be excluded because such a

shape loses heat uniformly, and tends to increase its

radius of curvature,
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Ivantsov (30) shows that the correct solution for
the shape of the tip in an isothermal freezing process
was a paraboloid of revolution, the rate of growth being
proportional to (55[}"

AT: undercoc:]:ing

r: radius of curvature of the tip
M) l: for usual undercoolings

Horvay and Cahn (31) proved: that a paraboloid of
elliptical cross-section was also a correct solution.

Bolling and Tiller (32) slightly modified the approach
by introducting heterogeneities of temperature on the sur-
face of the dendrites.,

Although numerous theories exist there is still no one
theory.which may explain all the aspects of dendrite growth.
However the quantity D/R (as seen in section 1.9 equation 1-3)
seems to be a good indication of interface structure.

For a very small thermal driving force for solidification
the freezing rate will be slow enough to‘allow solute re-
jected at the solid/liquid interface to diffuse completely
into the melt., In practice, however true equilibrium
solidification is seldom approached and the solute rejected
at the advancing interface cannot undergo infinite diffusion
into the bulk melt. A solute rich region in the liquid
phase thus develops adjacent to the interface.

As described by Rutter and Chalmers (18), "any system
with a temperature gradient imposed on a growing liquid/solid

interface in the presence of a solute may constitutionally



39

supercool." That is the presence of the solute results

in the boundary layer depressing the interface temperature
so that liquid far from the interface is below its freezing
temperature. Depending on how steep the concentration
gradient is at the interface, the solidification tempera-

ture of the solution theoretically should increase sharply

from a value corresponding to the interface concentration Ci
as compared to the bulk concentration Cgg In actuality the
temperature distribution in that small interface region
probably cannot change that quickly therefore the tempera-
ture profile in the neighborhood of the interface is below
the solidification profile. This accounts for the super-
cooling.

During constitutional supercooling part of the inter-
face advances ahead of the rest of interface into a region
of greater supercooling where it experiences a greater
driving force for faster growth. Tiller et al (17) believes
that the planar interface takes on a cellular mophology in
an attempt to eliminate constitional supercooling. If the
supercooling becomes too extensive dendrites appear in a
further attempt to eliminate the supercooling.

In a study by Tiller and Rutter (35) they found the
interface morphology of tin lead mixtures to be influenced
by the U/p ratio.

The quantity % is the distance at which the concen-
tration in solute (C;) falls to = of its value at the
interface, (Figure VII) If D =5 x 10™2 cm® /sec. and

R = 0.1 cm./ sec., then g is five microns. This means that
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the solute does not diffuse away from the interface as
the solid rejects it. The solute forms a ripple parallel
to the interface. The large D/R the more stable the
interface., In this present study, the interface also
appears to become more dendritic for a given system as

R, the rate of freezing increases., However, the concen-
tration profile cannot explain the entire effect. From
the experiments in Section 2.3 the amount of heat liberated
at the interface is an important factor. For this reason
the greatest changes in peak to peak width and dendrite
width is seen for the salt solutions.

In a study by Rohatgi and Adams (36) on dilute salt
solutions frozen as droplets and in Tygon tubing, they
found the dendrite spacing of the frozen solutions appears
to be inversely proportional to the square root of the
freezing rate. This study on the peak to peak distance
of the ice dendrites at the interface also follows the
relation

P.P. =K +R"Z +¢C 2-1
however for the non electrolytes

P.P. = K “R+C 2-2
In the study of Rohatgi and Adams (36) the brine layer
was frozen ( i.e. below the eutectic temperature). The
peak to peak distance was measured at the ice interface
therefore the brine layer was still liquid.

The effect of solute concentration shows a linear
change in the peak to peak and dendrite width. Assuming

the effects of concentration and rate are additive (as
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it appears from the crossplots of Figures XII -XV) the

following relation is obtained:

- . p=%
P.P. o1t = K R +K20 + C (3)

&

')
=K-R + K.C + C (4)

P.PO 2

non electrolytes
The dendrite width seems to follow equation 4 for all
systems studied.

The fact that PVP has slightly positive slopes does
not invalidate our previous explanation but has to be
treated as a completely different system since the number
of kinetic units are few due to the high molecular weight
of P.V.P. Also, entangling of the molecules can produce
artifacts due to viscosity.

This work also concludes that while heat transfer
is assumed to occur much more readily than mass transfer
(i.e. diffusion coefficients of NaCl in water is of the
order of 10™7 cm 2/sedi'while thermal diffusivities of

2

ice and water are of the order of 10°° and :LO"3 cma/sec

respectively) the overall freezing rate is governed by

the rate and amount of heat extraction. To solidify..

at the rate required by the heat flow,ice crystals grow

as arrays of parallel plates or dendrites.
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Chapter III

So0lid/Liquid Phase Transformations

and

Its Relation on Enzyme Activity
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3.1 Introduction

A. Enzymes

When enzyme solutions are frozen, heated or subjected
to various conditions, they are found to undergo a partial
or complete loss of enzymatic activity. As stated by
Melnick (37), "enzymes are chemically active protein
molecules that depend on a precise structure for their
specific activity. This structure is complementary to the
structure of the substrate on which they act'. Denaturation
of an enzyme can therefore be interpreted as a change in the
enzyme structures active sites even though the protein mole-
cule is chemically intact. This definition is some what
different then that of Neurath etal (38) who defined de-
naturation as “any non proteolytic modification of the
structure." A proteolytic change occurs when hydrolytic
degradation takes place: -CO - NH - + H20 COCH + HaN-

The main factors that bring about protein denaturation
and inactivation (if the protein is an enzyme) are 1) heat
2) high pressure 3) freezing and thawing 4) radiation
5) ultrasonic waves and 6§chemical reactions. This thesis
will only be concerned with the freeze-thaw changes.

Generally when biological systems are cooled above O°C,
the physical chemical properties generally remain rever-
sible. However below 0°C two main consequences occur:

1. Mechanical injury due to volume change.

This occurs when water freezes to form ice. Its density
changes from 0.999 g/cc to 0.917 g/cc on overall 8% increase

in volume,
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2. Biochemical injury due to dehydration

This injury may develop in the following ways.

a) When a protein is in solution a certain number
of solvent molecules contribute to the free energy in-
volved in the stabilization of the protein structure.
When ice is formed during the freezing process, some of
these ''"bound" solvent molecules can actually be removed
and consequently the protein is irreversibly damaged.
(Bruce etal) (39)

b) Dehydration can cause injury to enzyme systems
as a result of changes in pH. Finn (40) investigated the
denaturation of ox muscle juice caused by freezing. He
observed that the maximum rate of denaturation (measured
by loss of solubility), occurred at -3°C and that a
further lowering of temperature resulted in a reduction
rather than an increase in this rate. pH measurements of
the unfrozen liquid remaining in frozen samples showed a
correlation between loss of solubility and pH which fell
to less than 6 at _3°C and rose again at lower temperatures.
In order to confirm that the loss of solubility is due
to pH changes and not due to a lowering of the temperature,
the protein was shown to be denatured at temperatures
above freezing when exposed to electrolyte concentrations
at a pH below 6.

¢) Protein-protein interaction which can come about
as a result of dehydration also may cause injury to bio-

logical systems. Lovelock, (41) using P-lipoprotein
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(extracted from human plasma) found that for this particular
system there was no relationship between denaturation and
pH or denaturation and the concentration of salt in the
suspending medium. Samples of lipoprotein were frozen
in various salt solutions which had eutectic temperatures
ranging from -40 to -86°C. More denaturation was observed
the higher the eutectic temperature. It was concluded
that the denaturing factor in this experiment was the pro-
gressive removal of water which concentrated the lipoprotein
molecules until they will interact with each other. The
denaturation of the protein coincided with the removal of
the last traces of water from the suspending medium as the
eutectic solutions crystallized., 1t was shown that very
low concentration of methanol and glycerol were enough to
protect the protein from freezing injury. This small amount
of additive is necessary to prevent an amount of water from
freezing which is close to the minimum amount necessary to
maintain the protein in fluid suspension. The reason why
the molecular contact causes denaturation is that it permits
formation of undersirable cross linkages between molecules
leading to distortion or rupture of the protein on rehydration.
According to this reasoning, the protective effect of these
additives is simply to fill the space between structures
and prevent contact between molecules and active groups
during freezing.

d) Dehydration can cause denaturation by breaking

stabilizing hydrogen bonds in a protein that prevent inter-



action between molecules. The fact that urea is often
found to imitate the effects of freezing lends support

to the hypothesis that disruption of hydrogen bonds in

a protein is a frequent mechanism for freezing injury.
Urea forms strong hydrogen bonds and might be expected to
break hydrogen bonds on a competitive basis as much as
perhaps dehydration does. Kloth (42) has proposed that
the denaturing effect of urea may be due to its ability
to dissolve the structured water which gives stability to
certain amino acid sidechains. This type of denaturation
could also presumably result from dehydration.

Chilson (43) etal,suggests that the effects of freez-
ing on certain enzymes (e.g. lactic dehydrogenase-LDH) are
primarily the result of dissociation of subunits. The
enzyme is found in heart tissue (H-type) and muscle tissue
(M-type) and each type contains 4 identical subunits -
(Mq, H4). Enzymes which consist of subunits have been
found to be considerably less stable on freezing when
compared with enzymes which consist of only one polypeptide
chain.

The lowering of pH and the concentration of salts may
induce this dissociation. The reassociation of subunits
is a slow and incomplete process and the loss of enzyme
activity may be a failure of normal reassociation. The
subunits may interact in the wrong position forming abnormal
polymers which do not have catalytic potential (enzymatic

activity). In order to minimize this detrimental effect of
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pH and high salt concentration, quick freezing and quick
thawing do not allow the enzyme to be exposed to critical

pH and salt concentrations long enough for this dissociation
to occur.

B. Cryoprotection

To prevent damage to enzymes or biological cells
due to solid/liquid phase transformations cryoprotective
agents are often used., This concept was recognized as far
back as 1913 when Keith (44) reported the improved survival
of microorganisms frozen at -20°C in milk, glucose, sucrose,
or glycerol. The theory of cryoprotection will depend on
the theory of freezing injury to which one subscribes. Since
several theories for the latter have been advanced, one could
expect at least as many theories for the mechanism of cryo-
protection, First, however, in order to understand the
behavior of aqueous solutions, it must be realized that
water is a highly associated liquid containing a large
number of hydrogen bonds. (45). According to Frank and his
associates, (46) a solute will go into this hydrogen bonded
solvent in essentially one of three ways: by increasing the
structuring, decreasing the structuring or more or less-not
changing the structuring of the water system. The last can
occur by breaking some hydrogen bonds between water and
replacing them by nearly equivalent new hydrogen bonds
between water and replacing them by nearly equivalent new
hydrogen bonds between solute and water. From the studies

of Nash,(47) it is likely that hydrogen bond capaeity is
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most important. The more hydrogen bonding sites per
molecule the greater the protective capacity. Ionic
groups bind water molecules in a near layer but break
down water structure further away, while nonpolar groups
orientate water molecules and probably interfere with
adjacent hydrogen bonding. Both types of groups, in an
otherwise cryoprotective molecule reduce protective
activity. (48).

Among H-bonding solutes one may further distinguish
several subclasses (49,50). Rowlinson (51) using excess
thermodynamic functions has interpreted the behavior in
solution of these different kinds of H-bonding solutes.
Formation of few or weak hydrogen bonds fail to provide
cryoprotective activity. As more numerous or stronger
hydrogen bonds become possible in a molecular structure,
excess enthalpy of mixing for water-solute becomes in-
creasingly negative. Excess entropy becomes less negative
thus the excess free energy becomes negative. This implies
that the more numerous and stronger are the solute hydrogen
bonds with water, the more soluble the compound and the
more stable the solution at any temperature (i.e. complete
miscibility).

Cryoprotective activity is also attributed to colligative
properties and water binding. Although all solutes will de-
press the freezing point of water, some are more effective
than others., The colligative properties of a solute will
vary depending upon its concentration according to Rauolt's

Law in which the mole fraction of solute is equal to the
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proportional reduction of solution vapor pressure compared
to pure solvent. In its simplest form the relationship
is expressed as ny/ (n; + n5) {p™ - p)/po in which ny +
n, are the number of moles of solvent and solute and pq
and p are the vapor pressures of solvent and solution,
respectively. This simple relationship rarely exists in
practice because of interactions between solute and solvent
molecules which tend to increase or decrease the fluidity
(vapor pressure) of the solvent. (52) With most solutes,
the actual reduction in vapor pressure exceeds that which
would be predicted on the basis of Raoult's law and when
one calculates the amount of water necessary to produce
the experimental vapor pressure depression, one finds that
it is less than the amount of water actually present. The
excess water which is apparently making no contribution
to vaper pressure, has been termed "bound water'". An
example is rarely found in which only a specific portion
of the water present makes no contribution whatsoever to
the vapor pressure. It should be realized that in most
biological solutions, all water molecules are probably
being ordered to a greater or lesser degree. To say that
10% of the water is bound should be viewed only as a figure
of speech., The fact is that many or most water molecules
have been restrained to varying degrees by imposed forces
resulting in a mean reduction in vapor pressure by 10%.
Regardless of the above limitation, it is of interest

to determine the ability of a solute to influence its solvent
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environment. In a study by Meryman (53), it was found
that the water binding ability of trimethylamine acetate
(TMAA) and ammonium acetate was extraordinarily high
compared to other materials studied (e.g.glycerol, ethylene
glycol, methanol). The manner in which the "water binding
capacity" is reflected in conventional melting point curves
of these substances was also studied. Meryman's findings
conclude: 1) methanol approximates an ideal solute, 2) Both
ethylene glycol and ethanol are exceptional up to concen-
trations of 20 molar. Above this concentration ethylene
glycol becomes too viscous to freeze further during a short
term experiment. The ethanol simply becomes ineffective.
3) Glycerol and DMSO are both more effective than an ideal
solute indicating some water structuring or "binding" capa-
city. Trimethylamine acetate again showed the greatest de-
parture from ideality, reaching a limiting viscosity at -5500.
From this data it is evident that there are two important
ways in which colligative characteristics of a compount can
make it more or less desirable as a cryoprotective agent:
1) Its water binding capacity can make it possible to achieve
cryoprotection with both a gmaller intial and final concen-
tration., The water binding capacity for ethanol becomes
so poor at lower temperatures and high concentrations that
it essentially has no protective effect at all. 2) The
development of elevated viscosity with concentration and
reduced temperature can effectively reduce the final con-
centration actually achieved on freezing even though further

concentration might theoretically be expected.
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3,2 Effects of the Freeze Thaw Process on of Amylase

It is common knowledge that the freezing and thawing
of an enzyme may affect its activity. The question is not
only to know how great an activity change will take place
but even more important, can the freeze thaw effect be
controlled to produce a minimum of damage. Heber (54) has
stated that most soluble enzymes frozen at a neutral pH,
moderate rate and in presence of soluble substances show
little change in activity even in the absence of protective
substances such as sugars. On the other handy "“purified"
enzymes such as catalase (55), lactate dehydrogenase (56-58)
glutamate dehydrogenase and glyceraldehyde, phosphate
dehydrogenase (59) lose some of their activity during the
freeze-thaw process. In this study the effects of the rate
of freezing, rate of thawing, enzyme concentration, and the

effects of additives on '"purified" amylase have been undertaken.

3,2 A Experimental

O Amylase is an enzyme whiich occurs in nearly all plants,
animals, and microorganisms. Its molecular weight is 45,000.
Crystalline amylase (swine pancreas) suspensions in sodium-
calcium chloride were purchased from Worthington Biochemical
Company (Freehold, New Jersey) and used as the starting
material.

Concentrations of 0.25 and 0.50 ml of the suspension
were diluted in 1 liter of buffer solution pH 6.9 (buffer
composition 0.06 m NaCl and 0.02 m sodium phosphate). Mea-
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surement of activities was based on the changes of optical
density of a buffered 1% soluble starch and 3.5 dinitro-
salicyclic acid at 540 mm and a controlled temperature

of 250 C. A unit of activity is that liberating 1 mole

of reducing groups calculated as maltose per minute at 25° cC.
The prepared 2-ml samples were frozen in Nalgene test tubes
(115 x 16 mm). The low temperature baths were maintained

at temperatures of.=-20 and -70° C. The frozen suspensions
were thawed by one of three ways: 1) 30°C water bath (2)
250 C air cooler, (3) series of water baths from 60 to

300 C with constant agitation.

3,2 B Results
The activity ofXamylase solutions frozen in an aqueous
buffer was significantly higher (86 vs 76% activity) for the
fast freeze process over the slow freeze process. For the
fast freeze, the temperature time profile (not shown) from
25° C until complete solidification took approximately 2
minutes while the slow freeze monitored over the same conditions
lasted approximately 15 minutes. The thawing process was ac-
complished by placing the specimen tubes in a 300 C thermo-
stated water bath for 10 minutes. To demonstrate the effects
of some widely used additives Figure XVIITA,B was plotted
as percentage of activity vs concentration of additive for
both the fast freeze-thaw () and slow freeze-thaw (B) processes,
A minimum activity for some solutions with an additive

has been observed., This minimum is below the activity of the
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enzyme water system. In each case this phenomenon
observed when the additive concentration is approximately
0.01%. For the slow freeze (~15 min)-thaw processes
glycerol and plyvinylpyrolidone (PVP) additives produce
no minimum but ethylene glycol and sucrose yield minimum
points below the observed enzyme water activities. Pro-
tection occurred for the enzyme when ethylene glycol and
sucrose were added in excess of 0.1%. Glycerol protected
when the concentration was greater than 0.01% and PVP
appeared to protect for concentration as low as 0.0001%.

In the case of the fast freeze-thaw process, PVP
was the only additive to produce no minimum. The other
three additives produced minima which were well below
the activity of an enzyme water solution experiencing a
comparable freeze-thaw cycle. It should also be noted
that ethylene glycol did not produce any protection for
concentrations up to 20%.

Figure XIX describes the effect of the rate of thaw
on an enzyme system with sucrose protection. FEach of the
specimens were frozen slowly to -20° c. Thawing was con-
ducted at three rates: 1) rapidly by a series of water
baths from 60 to 300 C with constant agitation over a
period of 2 minutes 2) thaw at 30° C in a watef bath for
for 10 minutes. 3) thaw at 250 C air cooler for 45 minutes.
Rapid thawing produced the best resulis for protection
with sucrose while the air cooled thaw drastically reduced

the enzyme protection. The minimum point appeared in each
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of the experiments and was most noticeable in the case of
the air thaw. The thawing rates were determined over the

temperature range from - 20°c to 0°%c.

3.2 C, Discussion

The effect of additives on the stability of biological
materials is constantly being studied. Ashwood-Smith and
Warby (60) studied freezing and thawing of catalase in the
presence of PVP, dextran and glycerol. They found that PVP
worked most effectively. Doebbler (61), Lovelock etal (62)
and Luyet (63) also summarize some of the aspects of cryo-
protective compounds. Generally the role of the additive
is to prevent ice crystallization (especially in the case
of cellular materials) and to prevent salt concentration
effects., However, the phenomenon of an additive protecting
the enzyme at high concentrations while harming it at lower
concentrations appears to be a rarity.

As discussed by the review articles on enzyme activity
(61-65) the exact mechanism which governs enzyme properties
is still uncertain. Whether all enzymes are affected in
the same manner appears doubtful. For this reason alone no
one cryoprotective agent is used universally. Often mixtures
of these agents (cryoprotective cocktail) are added to an
enzyme system in hope of minimizing activity loss. However,
as mentioned before mqst evidence for enzyme denaturation
after freeze thaw cycles is related to solute concentration.

From the results of this section the following hypothesis
is suggested., At low concentrations of "protective agent"

the aqueous solution that forms in between the ice crystals.
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is rich in solute (mainly salts) which will destroy active
sites on the enzyme. The more concentrated the solution
is and the longer the time of interaction, the greater the
loss of activity. In addition, this small amount of "pro-
tective agent" (~.01%) possibly may act to flocculate
the enzyme molecules together increasing enzyme-enzyme and
solute-enzyme interactions which result in a greater loss
of activity than an enzyme water system. For example, at
low sugar concentration more amylase molecules will com-
pete to interact with sugar molecules thus favoring enzyme
sugar enzyme flocculation. At higher sugar concentration
A amylase will be sugar saturated minimizing enzyme-enzyme
interaction. At high concentrations of Yprotective agent"
the solution that now forms between the ice crystals is
a water in solute (i.e., water in sucrose) system, Since
the majority of solute is the protective agent (not salt%
activity loss is much less than in the enzyme water system.
The loss of activity with increasing thawing time is
not as an uncommon a phenomena. Mazur (65) also sites
examples where slow thaw rates may be more damaging to
cell survival than a faster rate of thaw. In our case it
appears that the slower the enzyme is thawed, the longer
it is subjected to solute-enzyme and enzyme-enzyme inter-
actions which will permanently destroy the activity. Ad-

dition of "protective agents'" at high enough concentrations

serves to dilute the solute effects and protect the enzyme

activity.
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Chapter IV

Polymorphic Phase Transformations

on

Saturated Monoacid Triglycerides
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4,1 Introduction

An important class of organic materials where the
processes of solidification and melting assumes a sig-
nificant role in determining their physical properties
are fats, fatty acids and their natural derivatives, the
glycerides.

Glycerides in general serve as the principle constit-
uent of fat. Their presence is found in most living matter
from plants to human beings. The functions of these lipids
especially in the case of shortenings, confectionary pro-
ducts and biological membranes depend on their crystalline
structure or more appropriately, their polymorphic form.
Because of their importance, glycerides and triglycerides
in particular have been studied for over a century to
determine the various polymorphic forms which exist. How-
ever few people have been concerned with the kinetics of
transformation from one so0lid to another (or more simply
aging) and the solidification of the melt to the various
crystalline forms. Yet these dynamic processes have great
technological consequences such as the mouthfeel properties
and stability on everyday products,

In addition, it is also important to determine the
degree of stability that each form exhibits. Some forms
seem to be thermodynamically stable over a given temperature
and pressure range while others are never thermodynamically
stable but exist as a result of the kinetics of formation

and transformation.
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Obviously this presents a problem since a product
could be prepared in one form with the desired properties
but as a function of storage, temperature and pressure
(Physical Aging Process) a transformation may take place
from an unstable polymorph to one of greater stability.
The end result is the deterioration of the product quality
and its original properties. For this reason, it is of
interest to understand the laws involved in the kinetics

of transformations or more simply aging.

4L.,2 Background

The polymorphic behavior of fatty materials was first
observed over a century ago when Heintz (67) observed that
tristearin when rapidly solidified would melt at 52°C then
resolidify and exhibit a second higher melting point at
65°C. In 1853 Duffy (68) reported that tristearin could
have three melting points. In the following years, numerous
scientists (69-72) disputed the various melting points and
forms of the triglyceride. 1In one report tristearin was
found to have seven transformation temperatures (72) at
which time it was speculated that the multiple melting points
were due to some form of isomeris., It was really Malkin and
Clarkson (73) who used X-ray diffraction patterns to demon-
strate that the multiple melting was due to different crys-
talline forms of a single compound (polymorphism). In
their work (74) they claimed however that four polymorphs

of tristearin existed including a "glassy" form first
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observed by Ravich (75). The period between 1945 and 1955
was open to many debates by Malkin and his supporters and

a group lead by Lutton (76) and Bailey (77) who only ac-
counted for three forms. Today it is accepted that saturated
mono acid triglycerides exhibit, with rare exception, only
three cross sectional structures (Qi, B'L' BL) which refer
to the packing of the hydrocarbon chain. The subscript L
refers to Lutton's convention. These forms can be observed
using techniques such as differential thermal analysis,
x-ray single crystal studies, infra red spectroscopy and
nuclear magnetic resonance., A summary of the various
physical constants used to differentiate the polymorphs
appears in Table IV, The transformation or melting points

for the saturated monoacid triglycerides is given in Table V.

L.3 Experimental Techniques for Studying the Phase

Transformations of Triglycerides

A.Microscopy

The temperature gradient microscope stage as described
in section 2.1 was used for all visual observations. A
temperature gradient of lOOC/mm was used. The temperature
varied over the range of -20°¢C to +90°C. Observations were
made through cross polars to differentiate the various
polymorphs. The magnification unless otherwise apecified
is 80X. Approximately 4 mgms of the sample was placed
between the microscope slides. This small amount produced

a thin film when melted and then solidified to cover the
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TABLE V
Melting Points (8%4)

Trilaurin
Trimyristin
Tripalmitin
Tristearin
Triarachidin

Tribehenin

59B

(+ .5°C)
15
32.8
45
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68.2

34

56.6

63

69

75

46.4

58.0

66

755

78
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entire specimen cell. The film was thin enough to allow
optical identification of the crystalline material and

also produce good reproducibility.

B. X-Ray Diffraction Patterns

X-Ray studies still serve as the foundation for de-
termining different polymorphic forms. The complete struc-
ture of a particular polymorphic form can also in principle
be obtained. The latter however,., depends on the production
of large enough single crystals. As of this date only one
single crystal study has been made. (83) This gave infor-
mation on the‘za form of trilaurin grown from a solution
of benzene by evaporation at room temperature. .

From the diffraction patterns of long chain molecules
essentially two sets of data may be obtained. The long
spacing data relates the distance between planes formed by
methyl or polar groups. The long spacing is usually a
linear function of the number of carbon atoms. The short
spacing data relates the cross sectional arrangement of the
crystal and is practically independent of chain length.
Polymorphism is therefore, indicated by this short spacing
information.

The short spacing dimensions for each form are those
of Lutton and are summarized in Table IV, The system to be-
studied was placed in a fine capillary tube (.7 mm dia, wall
thickness l%b mm, General Rand Corp. Edison, N.J. 08817)

which was then heated above the triglyceride melting point and
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rapidly quenched to form the o phase., The tube was then
placed in a thermostated bath at the desired aging tempera-
ture for a given interval., After the aging interval the
sample temperature was kept some 20° below the?X'transition
temperature and an x-ray diffraction pattern was taken in

a temperature controlled camera to determine if a phase

change occurred,

C. Differential Thermal Analysis

The method of determining a particular phase using
the DuPont DTA 900 was most convenient since the test
could be conducted quite rapidly (heating rate 15°C/Min.)
and sample preparation was minimal. The starting tempera-
ture for each of the sample was approximately 20°C below

the ©{ transition.

D. Infra Red Spectroscopy

Chapman (78) was one of the first scientists to use
IR to classify the forms of the triglyceride. His results
are summarized in Table IV, The region of interest has to
do with the CH2 -CH, rocking motion. The spectrzof these
molecules was found to vary according to the polymorphic
form in which they occur. Among other spectral differences
a single band occurs at 13.9 4 (720 cm -1) in the spectrum

1 55 the

of the ol form; a doublet at 719 and 727 cm™
spectrum of the BY form and a singlet band at 717 em™L for
The sample to be studied was placed between two NaCl

salt plates and melted using a temperature controlled IR
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cell, Rapid cooling was obtained by placing the cell in
a refrigerated system. Precautions must be taken to prevent
water from condensing on the cold plates and ultimately
fogging them. Also care must be taken in cooling the plates
since rapid cooling will crack the plates. Once the tri-
glyceride was in the & form the system was aged at the
desired temperature while continuously scanning the I.R.
spectrum. The tests were conducted on a Perkin Elmer 621
High Resolution Spectrophotometer,

This technique was only used to confirm the experiments
conducted on the instruments mentioned above since the aging
temperature could not be controlled accurately and due to

the size of the I-R cell a temperature gradient always

existed.

E. Light Scattering

The detection of crystal structure changes may be
observed by examining the light scattering properties of
the various crystals., This technique has been used by
Santoro and Esposito (79) to detect liquid crystal samples
in the bulk. Barrall and Guffy (80) have also used a
similar technique using a polarized light source.

Our instrument combines the advantages of the above
authors in addition to having the ability to measure the
absorption of ultraviolet and visible light on thin film
samples.

The quartz microspectrophotometer is illustrated in

Figure XX . The instruments basic design was originally
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constructed at the National Institute of Health under the

direction of Dr. W. Eaton and Dr. T. Lewis of the City

College of New York. The main virtue of the instrument

is its ability to measure high optical densities on very

small crystals. It is built around a Leitz Ortholux Pol

polarizing microscope. Monochromatic light is obtained

by passing light from an Osram 150w Xenon arc source

through a Jarrell Ash grating monochromator (model 82-410

16.5A/mm .dispersion, lmm slits). The monochromatic light

is plane polarized at the exit slit of the prism monochroma-

tor with a Glan prism (Karl Lambrecht Crystal Optics, Chicago

Illinois.) Another Glan prism may be inserted in the micro-

scope tube in order to align crystals by extinction on the

rotary microscope stage. The light detection system con-

sists of a RCA 1P28 photomultiplier tube, Fluke power supply

and Keithley Model 4145 picoameter. The stage contains a

silicon oxide coating which acts as a heat resistor when

a voltage is put across it. This allows the temperature

of the thin film to be regulated. A thermocouple is used

to determine the temperature of the isothermal stage.
Crystal thicknesses may be determined form refractive

index measurements using oil’immersion methods and from

measurements of relative retardation. A LeitzBrace Koehler

compensator is used to measure the retardation effect.
F.N.M.R,

Wide line N.M.R. can be used to define some of the

polymorphic forms of glycerides. Chapman, Richards and York
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(81) determined line widths for tristearin and tripalmitin.
The alpha form measuring 7 gauss and the beta form 13 gauss.
The line width for the beta prime form was not determined
for these systems. |

In our study, a Jelco Wide Line NMR (40 Hz) was used
to study aging. A derivative curved was periodically taken
and the line width measured to determine if aging had taken
place. The samples were originally prepared in the o forms
by melting the triglyceride and then quenching the sample.
Once again the main problem with this technique is due to
heat transfer within the sample since the sample tube has
a diameter of 15 mm. It must be realized that any bulk
sample will therefore have a temperature gradient existing
from the tube walls into the center of the sample. This
temperature gradient was minimized by placing a hollow
glass rod evenly spaced in the tube to form an annulus.
The sample was placed in the annulus and a thermocouple used

to determine the temperature.

Reagents

Essentially pure (99% ) monoacid (even) triglycerides
were purchased from Applied Science Laboratories Ine., State
College Pa. with the exception of triarachidin,CZO’which was
purchased from Hormel Institute Minneapolis, Minn. The purity
was judged by gas chromatography on a Hewlett Packard 5750
Chromatograph with area analysis. 20mg samples dissolved

in chloroform were injected (@s /5 nl plugs) into a 10'-1/8
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column containing 4-5% OV-1 on a chronosore Q support.

Triglycerides, purchased from Eastman Chemicals, Rochester,

N. Y. of slightly less impurity (95%) were also used.

4.4 Formation of Polymorphic.Forms and the Effect

of Thermal History

A material which may form more than one kind of
crystal, each having different physical and thermodynamic
properties is said to be polymorphic. In general the
polymorphic forms of a substance are distinguished by a)
orientation of molecules at lattice sites b) crystal
structure or arrangement of molecules in a lattice, Either
or both of these factors may give rise to polymorphism.

The transition from one polymorph to another may be
thermodynamically described. At the transition point the
Gibbs Free Energy of the phases in equilibrium are equal
and the free energy curves at constant pressure intersect.
The transitions which occcur are either enantrotropic or
monotropic. In the former case each phase is stable within
a given region of temperature and pressure while the other
phases are unstable. For thisicase the usual thermodynamic

relation are valid i.e. G= H-TS

), s ),

In addition the change from low temperature to high tem~

perature form takes place with the absorption o latent heat.
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From this it follows that the pressure on the transition
temperature is determined by thé Clapeyron equation:
B -

IT VI
In the latter case one or more forms are unstable under
all conditions. The phase diagram is pictured in Figure
XXIl. For this system the validity of the above thermody-
namic equations is-iquestioned.

The transitions for the triglyceride are considered
monotropic or as a combination of monotropic and enantro-
tropic transitions. The observations in the forthcoming
sections qpantitatively indicate that the o and n‘ poly-
morphs are unstable. Only the B form appears to be stable
below the solid liquid transformation temperature. 1In
addition, solvent recrystallization only yields ¥ tri-
glyceride crystals. In no case are the transitions from
one solid to another reversible. However it is possible
to go from the melt to any form (this may take considerable
time. See Nucleation section.) From the data obtained

the following relation between the phases is proposed:

Ty

[ =——LiQuID

{ &
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4.5 Results of the Microscope Examination

A. Generation of a Phase Diagram

A phase diagram of the monoacid triglycerides showing
the various initial crystalline forms and the temperatures
that they form at can be produced on the same microscope
slide. The tripalmitin phase diagram is shown in Figure
XXIX . The sample was initially melted on the slide and
then pressed to form a thin liquid film free of air
bubbles. The glass sandwich was then quenched rapidly to
0°C producing the ®{phase sphrulites. This was detecdted
by observing the system through cross polars. Differen-
tial thermal analysis and x-rays were used to verify the
&\ phase by this method of solidification. The sample
was then placed on the microscope stage where the cold
reservoir contained dry ice/acetone mixture and the hot
plate was maintained at + 20°C. The hot reservoir was
then increased to produce the desired temperature gradient
mentioned above. As the gradient changed, the & spherulites
melted receding toward the cold plate in a uniform melting
front leaving behind the liquid (Section D), ﬁphase
(Section C) )3‘ phase (Section B) in the appropriate tempera-
ture region. The melting front stopped at the of-B! equilib-
rium temperature (4500.) If the sample is heated to melt
all the crystals and immediately placed on the same tempera-
ture gradient spherulites form and propagate into the

warmer region as a continuous freezing front. The interest-
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ing feature of this experiment is that the spherulite
freezing front stops below the expected &(-B! equilibrium
temperature. In the case of tripalmitin the &l-B! equilib-
rium temperature given in the literature and as seen in
the first experiment is 45°C. In this experiment the
@-B! front stopped at 38.5°C. A 1liquid section is next
observed in the temperature region from 38.5°C to 52°C
but is followed by a second crystal region which is
optically defined as a B region. Immediately following
this region is the liquid phase. The liquid section in
the 38.5-5200 slowly solidifies (after ~ 480 sections)

in the form of large colored and featherlike spherulites.
A photomicrograph of this solidification process for

tripalmitin is given in Figure XX IITI.

B. Aging
Figure XXIy is an aging curve of the triglyceridés.
This is obtained in a manner similar to that described
in Section A. The triglyceride to be studied is initially
solidified in a o form., It is then placed on the tempera-
ture gradient stage and melting of front rapidly takes
place as the cell approaches equilibrium. When the re-
solidification front reaches the d—ﬁ' equilibrium tempera-
ture the velocity of the front appears to be zero. However
accurate measurements with the cathetometer over a period
of time indicate movement of the a{-P! front beyond the

equilibrium temperature. The aging curve can therefore
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be made by determining the temperature of the GLJBETont
as a function of time.

Our optical identification of the various phases
and the phase diagfams produced correlate quite well
with the results of Quinby (12). The & phase contains
npright spherulites" having (-) elongation and are not
colored when viewed between cross polars with a halogen
lamp. The isogyres are perpendicular to one another
and quite sharp. This pattern is sometimes referred
to as a '"Maltese Cross'.

The + or - birefringence character is determined by
using a tilting compensator. The triglyceride crystals
are uniaxial which is determined by the Maltese Cross
pattern. The position of this axis determines the crystal
optical axis . The cross is also surrounded by faint
interference. rings.

When the compensator plate is tilted the rings in
two opposite quadrants of the cross move either toward
the center or the periphery of the crystal. The optical
character is deduced from this movement.

The most difficult distinction to make is that be-
tween the & sperulite and the,ﬂv spherulites. The B/
is distinguished by a colored and featherlike spherulite.
The two isogyres are not as well defined as those in the
o{ phase. The P phase is easiest to distinguish since
it lacks the spherulitic pattern with the Maltese Cross

Figure XXVII,
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The phase diagram is most easily produced by first
forming of spherulites over the entire slide and then
introducing the temperature gradient. The reason for this
becomes evident when experiments are conducted using the
reversible motor to study interface solidification. The a
phase forms quite readily from the liquid once the tempera-
ture is below the observed d-—B‘ equilibrium temperature.
Currently experiments are being conducted to relate the
degree of super-cooling to the rate of freezing and the
temperature gradient. These results will be discussed
at a future date. B! and P phases, on the other hand take
a much longer time to solidify from the melt. However
the transformations from &-¢ and A~ J3 and Y8~ B takes
place almost the instant the temperature reaches the
equilibrium transformation temperature.

The aging phenomena described in section B appears
to be quite significant since it really questions the
true meaning of the a(-P' and &{<P transition temperature

from one phase to another as given in the literature.

L.6 Additional Techniques for Observing the Physical

Aging of Triglycerides

A. D.T.A.
Figure XXIX describes the effect of temperature on
the time required for the triglyceride to transform from
theal form to either P' or B. This method was most con=-

venient for long range storage since the sample could be
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prepared and stored in an externally controlled temperature
bath and then tested at given intervals.

To determine if the system had aged it is necessary
to know the thermogram of the various triglycerides in
the & form. A typical series of aging curves is given

in Figure XXV for trimyristin.

B. X-ray, 1.R. and N.M. R, techniques can be used

to reaffirm the aging curves and to determine which phase
the sample transforms to ie of*B'or A~»B ., Wide line NMR

data is seen in Figure xXvTe

C. Microspectrophotometer

This instrument also provides quantitative information
on the & transformation. It is especially convenient since
the output signal can be recorded on an x-y recorder.

The results agree with those of figure xxIvye

4,7 Physical Aging vs Storage Temperature

The influence of temperature on the aging time is
presented in Figure XXIV. The results obtained from D.T.A.
studies and the TGMS technique show good correlation
especlially with aging times greater than ten minutes.
D.T.A. results tend to be somewhat scattered for aging
times under ten minutes. This is most likely due to heat
transfer in the sample and the time lost ( ™~ 5 minutes)

in obtaining the thermogram.
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A series of aging curves for trimyristin stored at
26°C are shown in Figure XXX. The heating rate was
programmed at 150 C/min and the starting temperature was
set at least 109C below the alpha transition temperature.
It should be noted that the heating rate is an important
factor in determining the thermogram for triglycerides.
Although slower heating rates will yield sharper endo or

exotherms and can locate an equilibrium transformation

temperature more accurately, the alpha transition is

not a thermodynamic equilibrium transition. Therefore

a high heating rate must be used to determine these
metastable states. If a heating rate of 1°C/min was
used, the trimyristin would automatically have aged in
the DTA regardless of the previous thermal history. This
can be predicted from Figure XXIX which indicates that
the storage temperature of trimyristin at 31°C (4Teg= 1)
for approximately one minute will cause the alpha phase
to transform.

Physical aging as noted earlier can also be observed
using wide line N.M.R. Figure XXXI is an example of
tripalmitin aging at 40.5°C. The field strength was set
Iy

at 107 guass with a modulation frequency of 280 cps and

a modulation width of 4 gauss. The &/-form has a line width
of 6.8g as first observed by Chapman et al (81). In a
similar manner as seen with the D.T.A. work (Figure XXX)
the triglyceride changes from the d—polymorph over a

period of time to the more stable phase, The rate is
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dependent on ATE. In this case the line width con-
tinuously widens until the B width is obtained. It is
also interesting to notice the development of the narrow
line component as the system ages,

The second moment of the proton resonance is primarily
due to the long chain hydrocarbon. The C~H group of the
glycerol and the terminal CH5 group are assumed to make
a rather small contribution to the wide line spectra and
will be mainly predominant in the narrow line. The smaller
the second moment or line width (peak to peak width of the
derivative curve) for the alpha form indicates that the
hexagonal structure allows a considerable amount of

molecular motion and would be less stable than the B polymorph.

4.8 Relation of Chain Length and the Stability of

the ¢{ Hexagonal Polymorphic Phase

The results indicate that the alpha form is most stable
for the higher chain triglycerides (C,,, C,;) when the
temperature is kept at an equivalent number of degrees
below the alpha transition temperature. Curve fitting the

data produces the general formula:

T = e -1 4ol

where g4 =(T T) h-2

Equiv a~
The values of K are given in Table VI,
The fact that the stability of the & form increases

at a givenAT with increasing chain length can be explained



Table VI

K(degfl) yt (kcal/mole)
Trilaurin 45 L2
Trimyristin 46 76
Tripalmitin 672 152
Tristearin .92 175
Triarachidin .95 182
Tribehenin 2.30 228
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by the energy diagram in Figure XXVII, The alpha form
exists in a higher energy level than the more stable B
form. Charbonnet and Singletown (81) have confirmed this
experimentally by determining heat of transitions from
d-*P for trimyristin (9.1% cal/mole), tripalmitin

(10.7 Kcal/mole) and tristearin ( 12.2 Kcal/mole) to

be exothermic., However A H of transition is not a measure
of the stability of the system but HI or the energy of
activation is. Classically the rate can be expressed

as follows:

&2 Transition _ , esj;/R . -HI /RT

Time bv3

For a given triglyceride let us assume that the entropy

factor, es/R

, 1s approximately constant and the data in
Figure XXIV is used to determine the energy of activation.
These results (Table VI) indicate that the energy of activa-
tion is highest for the most stable alpha phase (tribehenin).
The magnitude of the energy of activation (10-228 kcal/mole)
is reasonable since it is assumed that to break CHZ-CH2
interaction requires 250 to 300 cal/mole. For trilaurin

(C 12 chain) in the unsymmetric tuning fork orientation,

we estimate H necessary to break all Van der Waal's
attraction is ~ 20 kcal/mole., As the chains increase in
carbon content it is reasonable to assume that not only
should the energy of activation increase due to the addi-
tional carbons but also because the chains become more

entangled in the crystal structure (therefore, greater

Van der Waal's interactions)., The absolute entropy in the
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ol or)3 state will be larger as the carbon content increases
but the entropy term (SI) in the activated state will be
lowered since it is assumed that the chains are ordered

and untangled in this high energy state.

In light of the above information it must be concluded
that the a transition temperature does not represent thermo-
dynamic equilibrium transitions but rather non equilibrium
kinetically controlled transition. The aging time has been

KeTg “1. The

quantitatively described by the equation t=e
greater stability of the higher chain triglyceride
polymorphs can be attributed to the greater energy of
activation needed for the transition to occur. Simply
stated when the chains of the triglyceride are }onger than

12 carbons chain entangling slows down the transformation

to more stable crystalline structures.

4,9 Mixed Triglycerides

Mixtures of two monoacid triglycerides were studied
to see the effect of impurities on the aging process and
phase properties of the base triglyceride. Essentially
two categories are considered here.

1) HMTGI - high melting triglyceride impurities
added to a lower melting triglyceride.

2) LMTGI - low melting triglyceride impurities
added to a higher melting triglyceride.

The choice or combination of triglycerides is somewhat
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limited since D.T.A., studies are difficult to analyze if

the melting and transition temperatures of the individual
triglycerides overlap. For example, tripalmitin has an©%
transition at 45°C, a p‘ transition at 55°C and a P trans-
ition at 66°C. Tristearin on the otherhand has an ek
transition at 55°C, a ¥ transition at 65°C and a B
transition at 72°C. Obviously the A form of tristearin

and theJB‘ form of tripalmitin have the same transition
temperatures and will therefore have similar thermograms

in that area. The same is true for the P form of tripal-
mitin and the p‘ form of tristearin. This makes it extremely
difficult to detect what triglyceride the thermogram peak
belongs to. Secondly because of the mixtures, the transition
temperatures and melting points tend to decrease or become
broader on the thermogram making it even more difficult to
differentiate two or more close peaks. (ie ¥ 4°C).

Another problem which occurs when studying mixtures in
the solid state is how to produce and maintain a homogeneous
mixture throughout the experiment. In many cases it could
be observed that when the triglycerides were dissolved in a
solvent which was later evaporated two distinct types of
crystals would precipitate. Slow solidification of the
mixture melt also produced samples which yielded inconsistent
data. The general procedure was to form a melt some 20°¢c
above the highest melting triglyceride phase (this insured

that no nucleating sites would be left) and then rapidly chill.
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Inconsistences were seen with the DTA and TGMS
techniques after repeated freeze thaw cycles. This is
most likely due to solute redistribution. An example of
this is seen in Figure xxyirT where a 20% tribehenin in
Tripalmitin mixture was subjected to ten freeze-thaw
cycles. (+30%¢++ 85°C) Gradually at the solid/liquid
interface the "impurity"™ accumulated establishing a
definite "Line of demarcation" between the two triglycerides.
Magnification is 80 x.

a) Microscopy

In addition to the observations made during the
freeze thaw cycles, increasing £he impurity content also
produced a definite effect on the triglyceride texture,
Figure XXIX illustrates the texture of pure tubehenin
and 25% trimyristin in a tribehenin mixture. 1In each case
the material was solidified at a rate of 15°C/min. At
this rate of freezing only the c( form of tribehenin forms.

b) D.T.A.

These observations were made on i..e following mixed
triglyceride systems:

1) trimyristin in tribelienin
2) trilaurin in tribehenin

3) trilaurin in tristearin

L4) tribehenin in trimyristin
5) triarachidin in trimyristin

Figures XXX-XXXTIII are typical thermograms for these
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Essentially the following interesting effects

should be noted:

1.

Ce

Ll'o

The LMTGI appear to form rather easily in B!
form when solvent prepared. The B! form of the
bulk phase also forms more readily during a
transition from the &f polymorph. The thermo-
gram of the pure triglyceride would generally.

show little )‘ when a transformation from & occurs.

A definite shift in the QA exotherm DTA peaks occurs
as a function of the trilaurin impurity concen-
tration., Use of higher melting triglycerides as

an impurity does not exhibit a significatnt peak shift.

Recrystallization of theeX bulk phase is ~10°C
below transition point for cooling rates between

5-15°C/min.

The change in properties (shift of DTA peaks,
disappearance of a peaks) of the triglyceride

upon the addition of LMTGI does not appear to be
colligative in nature but rather dependent on the
triglycerides used. For instance thed&{ polymorph
of triarachidin or tribehnin can be prevented from
forming when trilaurin in excess of 15 weight

per cent is used as an impurity. Otherwise adding
trimyristin in excess of 25% does not completely
eliminate the © forms of the larger triglycerides.
Addition of HMTGI does not drastically affect the

DTA thermogram of the lower melting triglyceride.
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an impurity does not exhibit a significatnt peak shift.

Recrystallization of thee{ bulk phase is ~10°C
below transition point for cooling rates between

5-15°C/min.

The change in properties (shift of DTA peaks,

disappearance of a peaks) of the triglyceride

upon the addition of LMTGI does not appear to be
colligative in nature but rather dependent on the
triglycerides used. For instance the & polymorph
of triarachidin or tribehnin can be prevented from
forming when trilaurin in excess of 15 weight

per cent is used as an impurity. Otherwise adding
trimyristin in excess of 25% does not completely
eliminate the ®4 forms of the larger triglycerides.
Addition of HMTGI does not drastically affect the

DTA thermogram of the lower melting triglyceride.
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c. Microspectrophotometry

The aging process of triglyceride mixtures maybe
conveniently monitored by using the microspectrophotometer
previously described. In addition D.T.A, and X-Ray de-
terminations are also incorporated in the study to identify
which phase the & form ages to.

Plots of absorbance versus wavelength of incident
light were made of the glass microscope slides and of
the various triglyceride materials sandwiched between the
two slides., This enabled one to determine the optimum
wavelength at which the absorbance due to the triglyceride
was greater than the glass slides themselves. 320 mm
appears to exhibit this optimum.

The results shown on Figure XXXIV indicate that aging
of the alpha phase depends not only on the A Ty but also
on the amount of triglyceride impurity and the nature of
the particular triglyceride. LMTGI in general appear to
enhance ©{ stability for low concentrations. Trilaurin
increases this stability up to a concentration of 15%. For
trimyristin stabilization of the o phase was seen up to
26%. Above these concentrations the base triglyceride fails
to form any Ok phase, This was observed in the D.T.A.
studies, section B, Here again HMTGI impurities did not
appear to affect the physical aging of the alpha phase at
all.
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Discussion

This study demonstrates that mixtures of triglycerides
generally behave differently than the pure triglycerides.
More specifically it is the Low Melting Triglyceride
Impurities which alter the texture, phase properties and
stability of the triglyceride.

From this evidence it is speculated that the reason
the LMTGI are much more influential in altering these
properties results from the increased mobility of these
molecules in the crystal lattice. This accounts for the
broader melting points and the @ exotherm shift with
increasing LMTGI.

The enhanced stability of the &\ polymorph at low
concentrations of LMTGI is evidence of mixed crystal
formation. Bailey (98) in his monograph series on fats
and 0lls sites several examples of crystal habit differences
in miX¥tures., Piper and co workers (99) studied the crystal
habits of pure saturated fatty acid mixtures and reported
various physicai differences including melting point

minimums for certain binary mixtures.



81

Chapter 5

Nucleation

of

Saturated Monoacid Triglycerides
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5.1 Nucleation

It is known that a liquid can exist for a long time
at a temperature well below its melting point. Trigly-
cerides are no exception to this rule. Generally a
condition that must be satisfied in order to supercool
a liquid is that none of the solid be present.

At any temperature below that of equilibrium, the
free energy of the solid is less than that of the liquid,
this is a consequence of the thermodynamics of equilibrium.
In the case of triglycerides the matter is further com-
plicated since more than one solid phase may form. Further-
more the phase may or may not be thermodynamically stable.

According to standard nucleation theory, (See Section
1-3), the stability of a nucleus in an undercooled liquid
depends on two factors: free energy of the liquid and the
surface area of the solid. The free energy of the liquid
decreases when it transforms to solid however for very
small particles, the surface area is large relative to
the volume so that the surface energy term dominates.
Small particles can decrease the total free energy of the
system (liquid plus particles) by shrinking and reducing
their surface area. Large particles can reduce the free
energy of the system by growing and creating more crystal.
A balance between these tendencies defines the critical
nucleus.

The change in free energy of the system due to a

spherical particle of radius r as derived in section
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1-3 is given by

3 2
G=-4/3 Wr”ac + 4W" Y 5.1

where A.Gv is the difference between the volume free energy
of the liquid and solid and Yis the specific surface free
energy.

The basis for the rate of formation of nuclei having
the given critical size has also been discussed in sec-
tion 1-3., Many scientists have used this general relation
for specific applications on the nucleation of crystals
(86-89). Among the best known works are those of Turnbull
990) who using transition state theory developed an ex-
pression for the rate of homogeneous nucleation in con-
densed systems. His steady state nucleation rate per

unit volume is given by:

dh/df = Noexp (-Ea /RT)expls6/r7)

5«2
where Ed is the free energy of activation for transport
across a liquid nucleus boundary 4 GI is the free energy
change associated with nucleus formation and N, = MOkT/h
where Mois the number of molecules per unit volume in the
liquid, h is Blanck's constant and k is Boltzmann's
constant. See Appendix III for derivation.

According to this theory, the nucleation is essen-
tially controlled by two different rate processes. A

plot of nucleation rate vs 1/p will give a maximum. At
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temperatures below the nucleation rate maximum the process
is diffusion or viscosity controlled. In this region,

the molecules at the liquid crystal-crystal interface

have enough energy to be activated (to cross an energy
barrier to the face of the crystal); however, the micro-
scopic viscosity of the medium retards this molecular
realignment. At temperatures above the rate maximum,

the microscopic viscosity of the medium is low enough so
as not to be rate limiting and the thermal barrier becomes
rate limiting.

Equation 5-2 may be further rewritten as:

dn/d_'_ =T, ,ex*p L- "/T,.(AT,)z

5-3
where

1, = Mo -/_'_a_'_;f_ exp (-Ed /RT)

3 514
L
b = EB‘TT’(:—%;:) (:::i;tT]g\) s
T |
Ta = AT, = Te-T

n= /7, = T

)" = interfacial free energy
It should be noted that heterogeneous nucleation also

contributes to the term. Therefore[&(ﬁ:should be re-

placed by 5( o )Aﬁand %(9) varies from O to 1.
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Since there is no accurate way to determine f{kait is

assumed to be 1.

5.2 Experimental

The triglyceride samples were placed in glass tubes
(1.0 mm I.D.). The samples were then heated to the
isotropic state in a water bath 20°C above the melting
point of triglyceride for five minutes. This was to
ensure that all nucleating sites had been destroyed.
After rotating the glass tubes to produce a thin liquid
coating on the tube walls. The samples were placed in
a thermostated bath., The time was noted at the first
visual sign of crystallization which almost always oc-
curred at the liquid air interface. These measurements
obviously contain a contribution from crystal growth
since it is impossible to observe initially stable nuclei.
In addition heterogeneous nucleation in the sample has
not been taken into account however it is felt that
neither effect will alter the general trend of data,

The correction for heat transfer from the sample
tube to the bath was estimated from temperature profiles
for unsteady state heat conduction in a slab of finite
thickness (91). The time was negligible (~~1 sec). See

appendix IV.
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5.3 Results and Discussion of the Nucleation

of Triglycerides

The nucleation data for the various saturated tri-
glycerides is presented in Figure XXXV A number of
interesting facts emerge from this information.

a) There was no maximum nucleation rate as men-
tioned in Turnbull's equation. This implies that the
major barrier in the nucleation process is due to the
thermal free energy of formation of a nucleus. The dif-
fusion or viscosity controlled term Ed is negligible.
Vonnegut (93) also found this to be the case in his
nucleation study of tin. Skoda and Van den Tempel (94)
in a study on the crystallization of emulsified trigly-
cerides also claim Ed to be negligible compared to b.

b) Essentially two points of discontinuity (or
three separate slopes) are observed for each nucleation
curve, This implies that the crystallization rates from
supersaturated solutions depend not only on the AT of
supercooling but more importantly on the polymorphic phase
which forms. In each triglyceride tested the 6‘ poly-
morph nucleated and crystallized much more rapidly for
a given degree of supercooling than the p‘ ‘or B did for
an equivalent 4 T.

c¢) Increasing the chain length of the triglyceride
increased the nucleation time for the ©{ phase at a given

degree of supercooling. A smaller affect was noted on

the p phase.
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d) D.T.A. studies of various data points in the P’
temperature range generally indicates that a mixture of
)B‘ and)B or all]B exists. A possible mechanism is that
')‘ initially nucleates in that temperature region but

transforms or ages to the }B polymorph.

5.4 Lstimation of Interfacial Free Energy

The P-1iquid interfacial free energy may be estimated

in theory from the nucleation equation 5-3 and the assump-

tion that dn/dt ~ 10° cm =2 sec ~1* This value was de-

termined by Turnbull and serves as a reference for many

estimates (95-97) of the number of nuclei formed per second

per unit volume. To determine ')' a graph of 1n ( r%te )

2

vs Ta , Figure XXXVI is developed. The temperature T
in the logarithmic term is due the pre exponential factor.

Computing the slope yields b. )’ is found by rewriting

5-5. 3
Y = \/Rb prlaw)* /e

=7
A compilation of results are summarized in Table
The values of '}’ show a slight decrease with decreasing

chain length, which should be expected since the smaller

chain triglycerides nucleate much more rapidly in the };form.
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Table VII

Estimated Surface Free Energy at the B/Liquid Interface

Compound Chain A H £ P Y
Length B form gms/cc ergs/cm2

Tribehenin Cpp 59.1 .830 17.4

Triarachidin Cop 54.6 843 16.8

Tristearin C18 51.4 .856 15.2

Tripalmitin C1g 49.0 .875 14.6
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5.5 Kinetics of & Phase Formation

In section 4.4 a schematic was developed on the
types of polymorphic transformations which occur with
saturated monoacid triglyceride. It was further in-
dicated that not all transformations are reversible.
Another question which one may ask is, What polymorphic
phase forms most readily? The answer is usually vague
(84-85) and generally indicates that a triglyceride on
being cooled from the melt to below room temperature
forms the & phase. This is the case only if the rate
of -cooling or solidification is fast enough..
One method to determine this rate is to use the
temperature gradient microscope stage. The procedure
is outlined as follows:
1. The reversible and variable DC Motor is cali-
brated i.e. rate of movement of stage vs. voltage.
2. The cell must be calibrated to determine the
gradient during a constant rate of freezing and
at a constant rate of melting. This must be
done for each rate. The method is the same as
that used to calibrate the cell at static equilib-
rium. (Figure X )
3. The system to be studied is placed on the stage
and the solid/liquid interface is allowed to
form. Due to the polymorphism that triglycerides

exhibit one must be sure that a true solid/liquid
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interface really exists and not a solid/solid
or solid/liquid/solid nucleating site interface.
4. The system is then solidified or melted at a
given date.
5. One can observe the solid changes by oObserving

the system through cross polars.

Results and Discussion

The pure monoacid triglycerides were studied at five
separate rates of freezing and thawing.

At a freezing rate of 2° C/min only tribehenin and
triarachidin would form an alpha phase from the melt. At
a freezing rate of 4°C/min tristearin would form the alpha
phase. Tripalmitin appears to form a mixture of alpha
and beta crystals. When the rate was increased to 6°C/min
only alpha crystals were observed for the tripalmitin. At
a rate of 1400 tripalmitin definitely formed the & spherulites.
Trilaurin seemed to form the 6‘ phase when the rate of freez-
ing was on the order of 16%/min (See Figure XXXVI)

It should be emphaxized that unlike many systems the
triglycerides crystallize in more than one form and there-
fore not only will the rate depend on the degrees of super-
éooling but also the various phases., For instance at 2°C/min
trilaurin and trimyristin did not even crystallize at -10%%.
At a rate of 6°C min crystals were seen but they were not
defined as alpha crystals. When the alpha crystals did

form the degree of supercooling was on the order of -5°C + 30.



o
FREEZING RATE C/min

-2

|

89A

| | |

12

14 l6 18
CARBON CHAIN LENGTH

Figure XXXVII



%0

From Figure XXXVIIit is obvious that the ¢ phase
forms readily for the higher melting triglycerides. On
the other hand trilaurin and trimyristin must be cooled
considerably fast. This is why Lutton's (84) formulation
for producing the 6& phase is to solidify the melt rapidly
to approximately 20°C below the alpha transition tempera-
ture. The importance of this information is that the
rate of solidification may be used as a means of pro-
ducing only cx polymorphs or eliminating this metastable

phase from forming at all.
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Chapter VI

Epilogue
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The understanding of phase transformations and the
solid/liquid interface has progressed immeasurabi? since
Willard J. Gibbs' early thermodynamic treatment of phase
equilibria. However, in order to investigate and prove

experimentally the various theories in this field it must

be possible to differentiate and separate problems of heat
transfer from the actual physical problem. Unless this

is accomplished three dimensional heat transfer problems
will obscure any experimental observation. The work
presented in this dissertation has differentrated this
problem and allows one to observe the importance of the

solid/liquid interface in three vital areas of concern.

A, Aqueous Solutions

Freezing of aquebus systems although simple in first
thoughts is extremely complex on the molecular level. To
elucidate these complexities a unique microscope stage for
studying the freezing and freeze drying processes was de-
veloped. Using this stage it was possible to study dendrite
growth as a function of concentration and the rate of freez-
ing. Usually only two variables (diffusion and concentra-
tion) are taken into consideration when considering dendrite
growth. This study has demonstrated that the heat extraction

from the interface and associated or bound water play a

significant role in interface structure.
The peak to peak distances for non electrolyte solutes

has been found to be directly proportional to the rate of
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freezing and concentration., Data on the peak to peak
distances for salt solutions agrees with that of Rohatgi

%

and Adams (36) ie. proportional to (rate) ~=,

B, ZEnzyme Systems
The activity of & amylase was found to be dependent

on the rate of freezing, rate of thawing, and the con-
centration of various solutes. Evidence is presented which
indicates that small concentration (10'3%) of protective
agents actually harm an enzyme. It is speculated that this
is due to increased solute enzyme and enzyme-enzyme inter-
actions at the solid/liquid interface.

/

C. Triglycerides

This f;nal area of study is concerned with phase
transformations, and the kinetics of phase transformations,
It is‘known industrially that fatty materials may physically
age rather than a chemical breakdown, However the how's and
why'!s of this breakdown is not known.

Using the temperature gradient technique incorporated
with x-ray diffraction pattern, D.T.A., Infra red spectra
and wide line nuclear magnetic resonance it can be conclu-
sively proven that the oL and 73, polymorphs of saturated
triglycerides are thermodynamically unstable and their for-
mation depends on the kinetics of solidification.

Further experimentation has yielded quantitative infor-
mation regarding the stability of the alpha polymorph below

its transition temperature. The implications of these
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Observations helps explain why many fatty materials
(confectionary products, chocolate. products, fat emulsiong)
will loose the physical properties they originally ex-
hibited as a function of time and temperature even though
their is no chemical degradation.

To prevent any unwanted transformation the object is
to prepare the fat constituents in their most stable form.
This may be accomplished (as seen in Chapter IV) by
solidifying the fat at a slow enough rate or adding low
melting point impurities (LMTGI) to the base fat. In the
event it is desired to enhance the lifetime of the unstable
polymorph, certain small concentrations of LMTGI are added.

Nucleation data for these triglycerides has shown that
the & polymorph forms more rapidly than either the P' or B
form for a given & TE below the transition temperature and
for a fast enough rate of freezing.

The technological importance of these findings are
vast since it pinpoints the reasons why certain materials
may physically age in the solid state and why certain

physical processes may prevent this aging to occur at all.
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Appendix
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APPENDIX L
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APPENDIX IL
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APPENDIX TV
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