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Abstract:

Pulsed low resolution nuclear magnetic resonance (NMR) was erdploymeasure the "melting" curves of
different series of cocoa butter samples. The samples wereqadpam completely liquid phase by cooling
and tempering them at different temperatures Tc for varyingstid&Delta;t. The "melting" curves were
measured while keeping the sample at a fixed temperature Tmcdrhplex shape of each curve was
interpreted in terms of cocoa butter polymorphism, and the resulésceerpared with with data obtained by
other techniques available in the literature. Using just two tangpéemperatures (+7C and -18C), we were
able to distinguish four solid phases and identify them with the phisis IV and V described in the
literature. Our data are in full agreement with literatureve®al novel results have been also found. These
include the kinetic constants of the melting processes of phased lll, the rate constants of solidification of
phase V, the conversion of phase Ill into phase IV before meltingngieratures >30C, and the growth of
phase V out of phase Il at -18C (including the rate constant of this process).

We are convinced that NMR may serve as a principal tool in fgimmophism investigations, especially if it is
combined with other techniques such as differential scanning calgyirttstadvantage, apart from rapidity of
measurement, is the fact that the measurement itself doegearferie with the melting or solidification process
studied. On the other hand, it does not distinguish in a direct way lbetifesgent solid phases present in the
sample; this can be done only in inference from the behavior upon melting.
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ABSTRACT

Pulsed low resolution nuclear magnetic resonance (NMR) was
employed to measure the “melting” curves of different series of
cocoa butter samples. The samples were prepared from completely
liquid phase by cooling and tempering them at different
temperatures T for varying times At, The '‘melting’ curves were
measured while keeping the sample at a fixed temperature Tp,. The
complex shape of each curve was interpreted in terms of cocoa
butter polymorphism, and the results were compared with data ob-
tained by other techniques available in the literature. Using just two
tempering temperatures (+7 C and =18 C), we were able to distin-
guish four solid phases and identify them with the phases II, I1I, IV,
and V described in literature. Our data are in full agreement with
literature, Several novel results have been also found. These include
the kinetic constants of the melting processes of phases IT and III,
the rate constants of solidification of phase V, the conversion of
phase III into phase IV before melting at temperatures = 30 C,
and the growth of phase V out of phase II at -18 C (including the
rate constant of this process). We are convinced that NMR may
serve as a principal tool in fat polymorphism investigations,
especially if it is combined with other techniques such as differential
scanning calorimetry. Its advantage, apart from rapidity of measure-
ment, is the fact that the measurement itself does not interfere with
the melting or solidification process studied. On the other hand, it
does not distinguish in a direct way between different solid phases
present in the sample; this can be done only in inference from the
behavior upon melting.

INTRODUCTION

Like most fats, solid cocoa butter exhibits a marked poly-
morphism, The different solid modifications (phases) are
quite distinct, and their physical properties such as melting
points are well defined. At least six solid phases have been
identified by means of X-ray diffraction and by calori-
metric techniques (1,2). The growth and stability of the
individual solid phases depend upon temperature as well as
upon the thermal history of the sample (tempering).

The study of fat polymorphism is complicated by the
slow dynamics of the solidification and recrystallization
processes, and by the fact that several solid phases are often
present simultaneously in the sample. It is therefore advisa-
ble to combine as many different experimental techniques
as possible in any such investigation,

In this paper we want to show the usefulness of low
resolution pulsed nuclear magnetic resonance (NMR) in
solid fat polymorphism studies. We have actually employed
only one particular NMR technique, namely that of solid/
liquid ratio (S/L) determination (3-7). The usefulness of
other NMR techniques, such as relaxation time measure-
ments, is yet to be investigated.

The S/L determination by means of NMR is very fast
(only a few seconds are needed for a single determination)
and thus permits one to follow accurately the kinetics of
melting (or solidification) of fats. In this paper we show
how this can be used to study the fat polymorphism.

Cocoa butter was chosen because its complex poly-
morphism has been studied extensively by other techni-
ques. The results we obtained are in full agreement with the
published data. We were able to distinguish most of the
solid phases described in literature. Moreover, we have
found NMR to be well suited for the study of slow kinetics.
This enabled us to complement the published data with a
set of kinetic constants which would be difficult to obtain
otherwise.
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EXPERIMENTAL

The technique of solid/liquid ratio determination by NMR
has been described in detail elsewhere (3,4). Its principle
may be summarized as follows: the sample is placed in a
magnetic field and subject to a short (5 psec) pulse of
radiofrequency (RF). The frequency must be matched to
the resonance frequency of protons in the magnetic field
used. All protons within the sample are excited by the RF
pulse in such a way that, once the pulse is terminated, a
decaying free induction signal (FID) appears at a receiver
coil wound around the sample. The rate of the decay is
strikingly different for protons in the liquid phase and
those in the solid phase. The solidstate protons give rise to
signals decaying in a few tens of microseconds, whereas the
liquid-phase proton signal decays in ca, 1 millisec (the
latter number depends upon the quality of the magnert).
The signal amplitude T immediately after the end of the
pulse is proportional to the total number of protons in the
sample, while the signal amplitude L at ca. 70 to 150 usec
after the end of the pulse is proportional only to the liquid
phase protons. The solid/liquid ratio is therfore easy to
determine if both T and L are known. Since for experi-
mental reasons it is impossible to measure T, it is 2 com-
mon practice to measure the signal T several microseconds
after the end of the pulse and to compensate for the decay
of the solid state signal during this period by an empirical
extrapolation coefficient fg. The percentage of the solid (S)
is therefore given by the formula (3)

S= fg(T-L) / [f(T-L)+L] + 100 1.

The measurements were performed on a pulsed low
resolution NMR spectrometer Minispec Pjp produced by
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FIG, 1. Melting curves taken at T;;;=28 C for samples tempered for
different times At at T;=7 C. The solid content S of each sample
measured at the time t=1200 min does not change up to the time
t=1600 min, This constant value of S was taken as Sjjy. The lower
Slim values observed for samples tempered for At = 0.5 and 1 hr
may indicate that the equilibrium value is reached at times > 1600
min.
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Bruker (Karlsruhe, Germany) and operating at 20 MHz. In
combination with the analog computer B-AC5 from the
same Company, the instrument permits a rapid and fully
automated determination of S. In our case, the signals T
and L were measured at 9 usec and 90 usec after the end of
the pulse, respectively. The extrapolation coefficient fg was
determined from a fully digitized FID; its value was 1.62.
The repetition rate between successive pulses was 5 sec.

Each S measurement reported below is the average
obtained from ten separate FIDs. The standard deviation of
the measurements was ca. 0.5%.

The temperature Ty, within the sample compartment of
the instrument has been controlled by means of a thermo-
stated water-bath to £ 0.1 C, Its absolute value was checked
by a mercury thermometer.

The cocoa butter used was an industrial product kindly
supplied by the Ferrero Company (Alba, Italy).

The samples were prepared in glass tubes of 10 mm
onter diameter. They were first melted and stirred at 70 C
for 2 hr and then stored at the desired tempering tem-
perature T, (7 C or -18 C) for different times At. Subse-
guently, they were placed within the spectrometer and the
variation of the solid contents measured as a function of
time t. The resulting “melting” curves were evaluated as
described in the next section. They will be referred to as
melting curves, even though the process is more compli-
cated than a simple melting.

RESULTS AND DISCUSSION

Each melting curve is characterized by the following
parameters: (a) the tempering temperature T.;(b) the time
of tempering At, and (c) the temperature Ty, at which the
melting curve was recorded.

In Figure 1 we present the melting curves obtained at
Tm = 28 C for samples tempered at T, = 7 C for different
times At. In each of these cases, the sample melts within ca.
80 min to a minimum solid content S,;,. The solid con-
tent then starts increasing and reaches a limiting value Sy,
which is nearly the same for all the samples.

The initial sections of the melting curves, for 2 <t < 20
min, conform to the exponential formula

(5Smin) = C exp(=kt), 2.

where C is a constant, which represents the starting content
of the solid phase that melts at the temperature Tp,. This
has been proved by evaluating the linear regression of 1n
(S-Smin) upon time t. The results are reported in Figure 2
and summarized in Table I. The regression coefficients
indicate that Eq. 2. is indeed in excellent agreement with
the data considered. We interpret this fact by the presence
of two phases A and B. The melting temperature of phase B
is at least 28 C and its content in the sample is ca. Spyin.
Phase A, the melting point of which is less than 28 C, melts
completely during the initial period.

The melting rate constants k reported in Table I vary
somewhat with the tempering time At, but the variations of
kinetics are not very large and tend to zero for large values
of At. We think that these variations reflect a decreasing
concentration of defects within phase A upon increasing
tempering times At, rather than a varying mixture of two
or more phases,

In order to better distinguish the melting points of the
two phases, we have determined the initial section of the
melting curves of samples tempered for times longer than
200 hr at 7 C, varying Ty, from 25 C to 33 C (Fig. 3).
Obviously, phase B melts completely at 30 C. On the other
hand, phase A melts even at Ty = 25 C, and the rate of this
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FIG. 2. Exponential regressions of the melting curves reported in
Figures 1 in the time range 2-20 min according to the formula
8-Smin=C exp (-kt). In order to avoid overlaps, the reported curves
were shifted in the time axis in such a way that the first experi-
mental point of each curve corresponds to the time t = 2 min,

TABLE 1

Melting Rates k and Regression Correlation Coefficients r2
of Cocoa Butter Samples for T, =7 C, Ty = 28C

At(hr) k(min-l) r2
0.5 .084 .998
1 .067 .999
2 .066 999
4 063 .998
20 059 997
330 .050 995
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FIG, 3. Melting curves of samples tempered more than 200 hr at
T¢ =7 C taken at different temperatures Tpy,.

JAOCS February 1980/ 79












