LETTER TO THE EDITOR

Practical Considerations in Nucleation Studies:
The Polarized Light Microscopy Technique

Sir:

The induction time of crystallization (7) is a kinetic parame-
ter that is usually defined as the interval between the moment
crystallization temperature is reached and the start of crystal-
lization (1). The induction time of crystallization is usually
related to the activation free energy of nucleation, AG_, by
the Fisher—Turnbull equation (2,3):

J = (NKT/h) exp (-AG ;/kT) exp (-AG . /kT) [1]

where J is the rate of nucleation; AG o activation free energy
of diffusion; k, gas constant per molecule; 7, temperature; N,
number of molecules per cm® in the liquid phase; and A,
Planck’s constant. J can be taken as being proportional to the
inverse of the induction time of nucleation (t). For a spheri-
cal nucleus, the activation free energy of nucleation is related
to the surface free energy of the crystal/melt interface, 6, and
the supercooling (melting point — crystallization temperature)
AT=(T, T, by

AG, = (16/3) n5® T, 2((AH)*(AT)? [2]

with AH being the enthalpy of nucleation.

For a TAG system, the main barrier to diffusion is the mo-
lecular conformation; therefore, the first exponential in Equa-
tion 1 is equal to

—0AS/R [31]

where o is the fraction of molecules that should be in the right
conformation for incorporation in a nucleus, AS is the de-
crease of entropy on crystallization of one mole of TAG, and
R is the gas constant. Combining Equations 1, 2, and 3 and
rearranging them gives the following equation:

T = hINk exp (0AS/k) exp [(16/3) 1 &> T, YKT(AHYX(AT)*]  [4]
From a plot of In 7 vs. 1/T(AT)?, a slope (s) can be evalu-
ated, which allows calculation of the activation free energy of

nucleation from

AG, = skI(T

m

~T) (5]

where T, is the melting temperature and 7, is the crystalliza-
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tion temperature. It is clear from Equation 5 that the activa-
tion free energy is a function of supercooling. At high super-
cooling, this energy barrier tends to zero (4). Experimentally,
crystallization temperature selection should take into account
the melting temperature of the fat system, since when a very
low temperature is selected, there is no induction period;
therefore, the fat system crystallizes before it reaches crystal-
lization temperature. In general, when enough supercooling
is generated in a fat system, it can remain as a liquid for a time
interval at temperatures no more than 10°C below the melt-
ing point. In a recent study, it was reported that light mi-
croscopy is a good technique for studies of early crystalliza-
tion in fat systems (5). However, by employing this technique
it is very easy to make the mistake of measuring an induction
time at a temperature where there is no induction time for nu-
cleation. To help operators decide the right range of tempera-
tures for induction time measurements in fat systems, we re-
port here some practical considerations. Figure 1 shows an
image taken 10 s after a 20-80% sunflower oil (SFO)-high-
melting fraction (HMF) milk fat blend was placed on a mi-
croscope slide at 15°C. The blend was previously melted at
80°C and kept at that temperature for 30 min. The tempera-
ture of the blend was followed with a copper—constantine
thermocouple. This photograph was taken at the exact mo-
ment the sample reached crystallization temperature, that is,
zero time for the induction time measurement. If at this tem-
perature there was an induction time for nucleation, no crys-
tals should appear at zero time. As can be observed, many
crystals with sizes from 0.2 to 20 um covered the field. It is
evident from Figure 1 that crystallization started before the
system reached crystallization temperature. The analysis of
1000 photographs taken with our system showed that crystals
must reach a minimum size of 0.2 um to be detected with the
microscope. Thus, based on crystal size, not only nucleation
has occurred before the sample reached crystallization tem-
perature, but also growth. Crystals of 20 um can be consid-
ered growth crystals, taking into account the detection limit
of the method. Figure 2 shows images of the same blend crys-
tallized with the same thermal treatments but with a crystal-
lization temperature of 35°C. When a fat is cooled to a tem-
perature at which there is an induction time for crystallization,
only a few crystals are observed per field and there are also
many empty fields. Early crystals appear as dark spots, and
sometimes it is difficult to decide whether they are crystals
(Fig. 2A). As practical advice, it is helpful to follow crystal-
lization for at least half an hour after the first spots appear.
The induction time measured by microscopy for the images

JAOCS, Vol. 79, no. 4 (2002)



412

FIG. 1. Image of a 20-80% sunflower oil-high-melting fraction milk fat
blend taken 10 s after it was placed on a microscope slide at 15°C. Scale
as shown in photograph.

FIG. 2. Images of a 20-80% SFO-HMF blend crystallized at 35°C. (A) 8
min, (B) 16 min and, (C) 25 min. For scale and abbreviations, see Figure 1.
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in Figure 2 was 10.5 min. Figure 2B was taken 16 min after
the sample was placed at crystallization temperature. When
these crystals grow, they show a very different morphology
from those obtained at lower crystallization temperatures
(Fig. 2C). In general, when crystallizing a fat, if an image
similar to Figure 1 is obtained, it is most likely that there is
no induction time for nucleation at this temperature. An
image like the one shown in Figure 2 usually corresponds to
a temperature at which there is an induction time. As the SD
is higher than that obtained by indirect methods such as laser
polarized turbidimetry (6), results should be the average of at
least five runs, especially if the calculation of activation free
energies of nucleation is intended.

Fat systems do not undergo glass transition. Therefore, nu-
cleation behavior is not a diffusion control-led process, as
happens in sugars and polymers in which viscosity undergoes
dramatic changes with temperature, especially close to the
glass transition temperature. In fat systems, the higher the su-
percooling, the higher the nucleation rate. For high supercool-
ings there is no activation energy for nucleation, as predicted
by Equation 5. This means that for high supercoolings, fat
systems crystallize immediately. To perform nucleation stud-
ies by polarized light microscopy, one should take into ac-
count that there is a limited range of temperatures at which
there is an induction time for nucleation. In addition, the sam-
ple must be at crystallization temperature to start measuring
the time. No matter at what cooling rate the sample is crystal-
lized (that is, how long it takes to cool the sample from 80°C
to crystallization temperature), zero time is always the time at
which the sample reaches crystallization temperature.
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