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ABSTRACT: The solid-to-liquid ratio is an important parame-
ter in the study of fats. Many methods can be used: dilatometry,
differential scanning calorimetry (DSC), and nuclear magnetic
resonance (NMR). However, below approximately 20°C, NMR
gives much lower solid-to-liquid values than DSC. This differ-
ence can be attributed to the presence of a semisolid state,
whose T, value would be of the order of 50-200 us, and which
should give an NMR signal of 14 to 88.5% of the total signal of
this phase at a time when the signal of the liquid phase is mea-
sured. Thus, such a state is seen partially as a liquid by NMR. In
a previous study using time domain NMR, we have shown that
in milk fat samples an intermediate component state clearly ex-
ists between the solid and liquid phases, constituting only about
6% of an aged milk fat. The T,* distribution of these compo-
nents in this intermediate state shows two peaks at about 60 and
170 us. We have shown from the T,* resolved T, distribution of
the peak, corresponding to a T,* of approximately 60 us, that
there is in the continuity in the crystalline phase. This first inter-
mediate component state does not exist in pure triglyceride or
in cocoa butter, and is scarcely present in a tristearin crystal/soy
oil suspension. We have attributed this first intermediate com-
ponent to fatty acid residue extremities that protrude from the
crystalline phase and/or to chain ends at the edges of holes cre-
ated by short chains.
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The solid-to-liquid ratio in a fat is one of the most important
physical quality control measurements currently used in the fat
industry. The properties of a food product can be affected by
fat crystallization and, as far as the consumer is concerned,
taste, texture, and shelf life are very important (1). If the milk
fat, for instance, is in a liquid state then the taste will be but-
tery; when a large quantity of crystalline fat melts in the mouth
it leaves a cool impression. However, when there are large fat
crystals the product feels gritty or sandy (2). Many smaller
crystals remaining unmelted in the mouth will produce a sticky
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taste (3). The consistency of a fat is a function of both its com-
position and thermal history (2,4). Food fats are principally
mixtures of a great number of triglycerides. As physical sys-
tems, they are liquid crystals; they exhibit polymorphism and
form solid solutions of mixed crystals (2,3).

The fat industry has a great need to monitor its raw mate-
rials as well as its finished products, and several methods
have been developed over the years. The two most practical
techniques are differential scanning calorimetry (DSC) (5-7)
and low-resolution nuclear magnetic resonance (LR-NMR)
(8-10), which is considered the best method (3). The princi-
pal advantage of LR-NMR is that it is a nondestructive ob-
servation technique which can be carried out by non-skilled
staff. Measurements made do not disturb the sample, so it
preserves its thermal history, and the quantity of material an-
alyzed (1-2 g) is more representative of the sample than mea-
surements made by DSC.

However, NMR and DSC methods give different values
when the solid fat index (SFI) is examined (11-13); NMR
values are much lower than those given by DSC below 20°C.
For example, at 5°C, with milk fat, DSC gives 78.1% as solid
and NMR 43.7% (14). A part of this difference is due to the
fact that DSC measurements generally take the same average
melting enthalpy into account for each entity; using a linear
variation of melting enthalpies improves results (15).

Furthermore, because these methods probe different physi-
cal features of the material, the correlation between the NMR
and the DSC results is only satisfactory in certain solid-to-lig-
uid ratio ranges, i.e., between 0 and 20% and between 25 and
90% for “raw” milk fat (16). The parameters obtained vary ac-
cording to the sample type (high or low melting point frac-
tions). On the other hand, the determination of the absolute
crystallinity by X-rays necessitates painstaking measurements
and the “crystallinity index” which is often used is, at best,
only proportional to the degree of crystallinity (17).

The observed difference could be explained by the pres-
ence of an amorphous phase which, due to its melting en-
thalpy, is seen as a solid by the DSC method. If its T, relax-
ation time is in the 50-200 ps range (16), this amorphous
phase will be seen partly as a liquid by NMR; with a T, value
of the order of 100 ps, for example, at time t = 70 us (mea-
surement time of the liquid phase in “direct” and “indirect”
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NMR method) 61% of its total signal is measured, which
means that 61% of this amorphous phase is regarded as a liq-
uid phase and 39% as a solid phase by NMR.

Previously, by analyzing the free induction decay (FID)
NMR signal obtained with a low resolution NMR spectrome-
ter, two intermediate components between the solid and lig-
uid phases (T,* = 60 us and T,* = 170 us) were observed.

The aim of this work is to characterize this first intermedi-
ate component using T measurements resolved from the T,*
values. This intermediate component could be: (i) an actual
amorphous phase, (ii) the extremities of chains having a
greater mobility than those inside crystals (flaws inside
and/or on the periphery of crystals); or (iii) a liquid phase on
the surface of the crystals, between the needles of the fractal
structure of crystals (18,19) or in aggregates, which have re-
duced mobility, and liquid crystals.

EXPERIMENTAL PROCEDURES

Samples. The samples used were supplied by ELVIR (Condé
Sur Vire, France). We concentrated essentially on anhydrous
milk fat and on fractions with 10 and 41°C dropping point tem-
peratures. Each sample was prepared in the following way:
melted (10 min at 70°C), cooled to room temperature for 1 h,
and then stored at 0°C (ice-water mixture) or 20°C
(£ 0.5) for 24 h. Tristearin was Sigma (St. Louis, MO) 99%
commercial grade. The SFI for the 41 and the 10°C fractions
were, respectively, 78.6 (0°C), 63.4% (20°C), and 18.0 (0°C)
and 100% (20°C); standard deviation was approximately 0.5%.

NMR. All measurements were made using a Bruker (Karls-
ruhe, Germany) PC 120 LR-NMR spectrometer (operating fre-
quency 20 MHz) using a 10 mm probe (10 VTS). Measure-
ments were made at 0 (+0.5), 7, and 20°C. The sampling of
FID (90° pulse width = 1.1 us) was made using the TEAM 490
program and BE490 acquisition card (12 bit) at 1 MHz (Bakker
Electronics, Dongen, The Netherlands). The acquisition para-
meters were: relaxation delay, 3 s for milk fat samples; attenu-
ation, 35 db; mode detection, diode for FID signal acquisition;
filter, 100 KHz. The inversion—recovery method was used for
the T, measurements: phase sensitive detection mode (PSD);
25 data points; 16 acquisitions. The SFI was determined by the
“indirect NMR method,” which consists of measurements at a
given temperature and also at 70°C, 70 us after the 90° pulse
on the samples, plus a reference oil (20); sample height was
20.0 = 0.5 mm.

T; measurements. The distribution of the relaxation time
T, was determined for the milk fat at 7°C, for the “10°C and
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41°C” fractions of the milk fat samples at 0°C, and for the
fraction 41°C at 20°C as well. In order to separate the T, dis-
tributions that corresponded to particular phases (solid, semi-
solid, and liquid) according to their T,* relaxation time, mea-
surements were made at different times T (11, 40, 50, 70, 80,
and 150 ps) after the 90° observation pulse.

The inversion—recovery sequence was as follows:

180°% = T,— 90°%x — T, = S;; =T, — S; — Ty — S3 -~ [1]

with Sij = measurements corresponding to the T, delay and to
the T. measurement times. Given that the FID NMR signal is
Gaussian in shape in an inhomogeneous magnetic field, the
signal of a component is practically zero at a time equal to
2.5 times its T,* {exp[—(2.5)*] = 1.9 107°}. Table 1 shows the
percentages of two signals of T,* = 60 and 170 us measured
at different times; at time 40 ps the signal of a solid phase (T,
= 18 us) is nil. We can see that if the intensity of the two com-
ponents of T,* = 60 and 170 s are of the same order of size,
the difference in signal S,, -, and Sy, ¢, corresponds princi-
pally to the short component (T,* = 60 us).

To take into account the 180° pulse imperfection, the fol-
lowing relation was used :

I, = IO|:1 - (1 - cos 6) exp[%ﬂ
1

where [, signal corresponding to the interpulse T, [, total sig-
nal corresponding to T, greater than 7-T,, and 6 is the real
angle of the 180° pulse; the obtained value was about 1—cos
0=1.75.

(2]

RESULTS AND DISCUSSION

A Carr-Purcell-Meiboom-Gill (CPMG) sequence cannot be
employed to show the existence of an intermediate phase,
whose T,* is in the range of 50-600 us, since the Bruker
Minispec has certain technical limitations. The emitter sys-
tem cannot handle a pulse sequence with pulse spacing lower
than 50 us. Since measurements are taken at the top of the
even echoes, in order to benefit from the imperfection correc-
tion of the 180° pulse, the first measurement is only possible
at 4.1 = 200 us. Few data points are then available to deter-
mine such relaxation times. However, we have shown the
possibility of obtaining quantitative information about inter-
mediate states from NMR FID signals (21).

The magnetic field used in low resolution NMR is very in-
homogeneous. This inhomogeneity is often represented by a
term called the “T, of inhomogeneity” (T, ,), which is of the

Percentage of Signal (Gaussian in shape) Measured at Times 40, 50, ..., and 150 ps (S, ...)
and Between 2 Times (S, ;5 ---), According to 2 T,* Relaxation Times

TZ* (HS) S40 SSO S70 SSO 5150 S4O—150 S40—70 S50—80
60 64 50 26 17 0 64 38 33
190 96 93 87 84 54 42 9 9

JAOCS, Vol. 76, no. 2 (1999)



SEMISOLID STATE IN FAT

order of 1-3 ms for low-resolution NMR spectrometers. The
apparent relaxation time T,* is linked to T, and T,; , by the
relation (22):

1 1 1

=t [3]
T," T, Toimn

For the liquid part of a milk fat sample, the hydrogen atoms’
relaxation can be represented by two or three average T, val-
ues of the order of 30-110 ms at 5°C (23). The term 1/T, is
therefore negligible in comparison to the 1/T,; , term. Thus,
whatever the chemical composition may be, the liquid phase
will give the same FID signal, except if the dissymmetry of
the sample modifies the local magnetic field B homogeneity.
Due to this B, inhomogeneity, the liquid part of the FID sig-
nal is Gaussian in shape,

I = §1,. cexpl—(t/T5:)?] [4]

instead of exponential.

On the other side of the mobility range, a crystalline phase
has a very short T, relaxation time of about 18 s and its sig-
nal becomes close to zero after 40 us. The parameters T, and
population, determined beyond 40 us, which differ from
those obtained with liquid oil, are therefore attributable to
semisolid phases.

T, relaxation time of crystalline phases. Contrary to the
spin—spin relaxation times, T,, the evolution of the T, param-
eter according to mobility is not monotone but has a U form.
These two parameters represent the evolution of magnetic
vectors in the XY plane (T,) and along the Z axis (T,). For a
correlation time (t,) such that (1, * 030)2 >> 1 (o, angular
frequency), the value of T, according to the equation

Y, proton magnetogyric ratio
h, Planck’s constant [5]
r, internuclear distance

’}/4h2

1
réo a)g TC

increases therefore with T, (24), with the lattice density of the
solid phase; a liquid phase and a solid phase can have the
same T value. Thus for tristearin at 37°C and at 20 MHz, a
T, of 250 ms was measured for the a-form (hexagonal) and
of 1.7 s for the more compact B-form (triclinic) (25,26), and
380 ms (o) and 2.8 s () at 60 MHz and at room temperature
(27). In our studies, we obtained a T, value of 5500 ms for
commercial-grade crystalline tristearin and 148 ms for the
same melted tristearin sample put into a water-ice mixture
(Fig. 1, curve T); it is worth noting that the T distribution of
this sample had not changed after 1 wk at room temperature.

Magnetic vectors evolve according to the spin-lattice re-
laxation mechanism along the Z axis. Unfortunately, no mea-
surement is possible along this axis. A 90° observation pulse
is needed to move magnetic vectors in the XY plane, where,
obviously, they proceed according to a spin-spin (T,*) relax-
ation mechanism. The determination of the T, parameter cor-
responding to a selected signal according to its T, is then pos-
sible. For the characterization of the crystalline phase in a
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FIG. 1. T, distribution of a tristearin sample (T) and of the solid phase of
a 10°C dropping point milk fat fraction (M) at 0°C (both samples cooled
rapidly).

heterogeneous medium, the choice of the measurement times
is simple since the dead time of the receiver coil (10 us) pre-
vents any measurement before 11 pus. On the other hand, the
FID signal of solid tristearin shows that the “solid” signal is
nil at 40 us. Therefore, the T, distribution of the solid phase
was obtained by the treatment of the difference between the
measurements taken 11 and 40 ps after the 90° observation
pulse (S,;_4)- The T, distribution of the solid phase of a 10°
dropping point fraction of milk fat is presented in Figure 1
(curve M). This distribution corresponds to the most compact
phase of the sample.

We can observe that the milk fat T, distribution, (S, _a0)»
is monodisperse and has, at a first approximation, a Gaussian
form, like the distribution obtained for melted tristearin and
prepared under the same conditions (Fig. 1). From the small
difference between the T, values of the a-tristearin and the
milk fat (148 ms and 220 ms), we can conclude that the aver-
age mobility of the solid phase of this milk fat sample is only
slightly weaker than in o-tristearin. As it does not show a dis-
tribution with a short T, or a shoulder on the short T; side, it
is therefore the T distribution of the crystalline phase, with-
out a significant amorphous phase. Such fractions with a low
melting point are the most likely to show an amorphous
phase, since they give the greatest difference between the
DSC and NMR solid fat index (14). It is also worth noting
that an amorphous phase can have a very short T,. The NMR
parameters of amorphous polyvinyl chloride, for instance,
are, at 40°C, T, = 365 ms and T, = 19.6 us. As an amorphous
phase can contribute to the relaxation of a crystalline phase
through a spin diffusion mechanism (28) if the two phases are
coupled, we must say that there is no amorphous phase, with
a short T,, decoupled from the crystalline region.

Thus, we can conclude that the T value can be a good pa-
rameter to describe the average mobility of a solid or a semi-
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solid phase of a fat sample at heat balance, according to its
thermal history or tempering.

Intermediate states. In order to obtain further confirma-
tion that the distribution at about 60 Us corresponds to a true
chemical entity and not to a mathematical entity, cocoa-but-
ter was studied. The advantage of this product is that it has a
simpler composition than milk fat. It is mostly constituted
(about 72%) of saturated and unsaturated C, ; fatty acids (29).
The structure of cocoa-butter crystals must therefore be more
regular than that of milk fat and it should not have so many
flaws.

The FID signal analysis of aged and fresh melted cocoa-
butter samples shows, in fact, the absence of a relaxation
component at approximately 60 us. With 11 samples prepared
in three different ways, the shortest T, relaxation time of the
nonsolid phase (T, > 30 us) is in the range of 110 ps to 220
Us; six values are in the range of 130—160 ps.

Mixtures of oil and tripalmitin or tristearin crystals do not
show any component in this range either.

This interpretation of the short T,* component is also
being confirmed by a study of native, partly hydrolyzed and
litner (crystals) of different starches which show a similar T,*
component at 60—80 pus for the two first products only, in
agreement with the model of fringed micelle (30) and of
Blanshard (31).

The FID signals of milk fat samples (Fig. 2) were fitted to
performing Gaussian functions using a visual semilogarith-
mic method. These relaxation parameters were then used as
starting values in a global multi-Gaussian fitting by the
NLREG program (32). The convergence of a multi-Gaussian
fitting is impossible to achieve without good starting parame-
ters. First a multi-Gaussian fitting was validated, as shown
by the random scattering of residues (Fig. 3) obtained with a
41°C dropping point milk fat at 20°C with the following
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FIG. 2. Free induction decay (FID) nuclear magnetic resonance (NMR)
signal of a 41°C dropping point milk fat fraction at 20°C (30.2% of solid
phase).
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FIG. 3. Plotting of residuals obtained by a Gaussian fitting of the FID
NMR signal shown in Figure 2, with the same arbitrary unit. For abbre-
viations see Figure 2.

NMR parameters: T,, = 3620 us, I, = 58.0%, T, = 1321 us,
I,=10.3%, T,, =194 us, I, =0.4%, T,; =55 us, 1,=1.1%,
T,.=18.8 us, I, =30.2% (variation coefficient 0.02 %). Then
the CONTIN program (33) was used to determine the T,*
distributions of the intermediate and liquid entities. The T,*
distributions coming from the liquid phase of samples were
determined by comparing the [, intensity of the CPMG relax-
ation curves to the intensity of different T,* components.
Generally, T,* values greater than 600 s, that is to say, T,
greater than about 1 ms, correspond to a liquid phase. The fit-
ting results are presented in Table 2. We note that the two
long component T,* values are of the order of those obtained
for the reference oil. On the other side of the mobility range,
the short T, distribution maxima correspond to the two T,
values obtained by the discrete multi-Gaussian fitting, at
about 60 and 170 us for 1.5 to 7.3% of the total signal in milk
fat samples or in fractions (Fig. 4) (Table 3); for four samples
of the same milk fat with the same tempering, the variations
in parameters were smaller (Table 4); the standard deviation
is 0.45 point for the SFI result and 0.52 point for the total per-
centage of intermediate phase, PI.

The question is now whether the T,* component at about
60 us corresponds to a solid state or to a liquid one. As shown

TABLE 2

NMR Parameters of the Liquid Phase Obtained by Multi-Gaussian
Fitting of FID NMR Signal for Different Samples (Sa), 10 and 41°C
Dropping Point Milk Fat Fraction and Soy Oil (oil) at 0° and 20°C?

T (°C) Sa T*,, (us) I T, (1s) Iy
0 10°C 3030 1415 475 30
0 41°C 2490 488 483 45
0 oil 3105 1575 489 16

20 41°C 3080 1165 655 58

20 oil 2890 1790 449 14

aFor abbreviations see Table 1.
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FIG. 4. T,* distribution of the intermediate component in a milk fat sam-
ple at 7°C.

earlier, a T, study can provide valuable information. To de-
termine the T, value of this phase, the differences between
the measured signal intensities at 40 us and 150 ps (S,,_;5,)
were analyzed. Unfortunately, this partial signal (S,,_;5,)
does not entirely correspond to the first intermediate compo-
nent but takes into account about 64% of this one and about
49% of the second one.

To clarify the origin of this signal (S, ;5,), we have also
followed the evolution of the distribution of T, inside this
range, from measurements taken at 40, 50, 70, and 80 us (Fig.
5). The continuous decrease of the maxima 228, 150, and 100

TABLE 3
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Us in the increasing time range of measurements (S;; 4.,
S40_70 and S5, g,) was typical of a continuous evolution of
the mobility from the crystalline state. We have already seen
that the T, values of a solid phase decrease when the mobil-
ity increases.

Such an evolution in mobility, from a quasi-crystalline
state to a state resembling a liquid, is not dissimilar from the
notion of “liquid-like-end-groups” presented by Hernqvist
(18) and corresponding to the ends of long residues of fatty
acids which protrude from the crystals and to chains at the
edges of flaws (34). This structure is not surprising in milk
fat, which consists of more than a hundred different fatty acid
residues (2) and which can give rise to a mixed crystal for-
mation (2).

To confirm this hypothesis, we considered that a single mix-
ture of tristearin crystals and soy oil, not consisting of any solid
phase at 0°C, should not present any significant quantity of
“liquid-like-end-groups.” Actually, measurements S ,, 5, do
not show a significant change in function of the pulse spacing
T;; the treatment of these points by the CONTIN program did
not converge due to a very poor signal-to-noise ratio.

The treatment of the signal S5, 4, gave a different distri-
bution from the preceding one and also from that of the lig-
uid phase, which was obtained conclusively by treating the
measurements carried out at 1000 or 1500 ps. We are there-
fore faced with the possibility of a fourth state, different from
the solid, semisolid, and liquid phases. The T,* distribution
can correspond to either an amorphous phase or liquid
(i) overlapping with a star-like structure of the crystals (2,19),
(i1) between radial needles (2,34), (iii) in aggregates, or lig-
uid crystals. We are currently trying to solve this problem.

Relaxation Times T,* and Populations P of the Intermediate Components of Milk Fat (MF), 10°C (MF 10°),
and 41°C (MF 41°) Dropping Point Fraction, According to Temperature and Tempering: Melted at 60°C
Then (i) Cooled at 0°C in Water-Ice Mixture, (ii) Kept at Room Temperature for 24 h, (iii) Cooled Slowly
(=0.05°C/min) at Room Temperature, Then All Samples Were Kept at Measurement Temperature for 24 h

T (°C) T, (Ws) P, (%) T*,,, (1s) P, (%) SFI (%)

MF 41°a 0 52 4.0 167 3.3 64.4
MF 41°b 20 57 1.1 200 0.4 30.0
MF 10°a 0 61 2.3 227 1.1 19.4
MF ¢ 7 45 3.0 151 13 45.0
MF b 7 60 2.4 149 1.1 44.2
MF a 7 55 3.6 141 1.4 51.9
TABLE 4

T, and Population of the Three Intermediate Components of Four Samples of Milk Fat; SFI, Solid Fat Index Deter-
mined from Populations of T,* Relaxation Times (the T*,,; ~ 55 us Component has been Taken into Account
in the Solid Phase and the Others in the Liquid Phase), Signal, Total Signal in Arbitrary Units per Gram of Fat;

Pl, Total Percentage of the Intermediate Phase

SFI T, M) P, Top*(s) Py, Tyt (us) Pyo, Signal Pl (%)
1 47.0 50 3.3 140 1.3 327 1.3 1505 5.9
2 46.0 50 3.5 150 1.4 372 1.3 1498 6.2
3 46.9 53 3.1 150 1.4 372 1.4 1499 5.9
4 46.6 64 3.1 194 1.2 327 0.7 1502 5.0
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FIG. 5. T, distributions of the solid phase S;,_,, (S), and of the interme-
diate components S, ., (I;) and Sg, g, (I,) of a 10°C dropping point
milk fat fraction at 0°C. The true intensity of these signals (distribution
surface) are 445, 36.5, and 27.5 a.u. respectively; for the meaning of
index 11-40, 40-70, and 50-80, see the text.

To conclude, in milk fat, the T, distribution corresponding
to the first intermediate component whose T,* is approxi-
mately 60 s is in agreement with the “liquid-like-end-group”
structure and/or with the occurrence of chain ends at the
edges of holes created by shorter chains, which have a greater
mobility than those inside crystals; if this T,* component was
a separate amorphous phase, it would have its own T peak.
Furthermore, these results show that semisolid states consti-
tute less than 7% in milk fat.

ACKNOWLEDGMENT

The authors acknowledge D. Brodin (Elvir, Condé sur Vire, France)
for supplying MGLA fractions.

REFERENCES

1. Deman, J.M., and A.M. Beers, Fat Crystal Networks: Structure
and Rheological Properties, J. Texture Stud. 18, 303-317
(1987).

2. Mulder, H., and P. Walstra, The Milk Fat Globule, in Emulsion
Science as Applied to Milk Products and Comparable Foods,
Commonwealth Agricultural Bureaux, Farnham Royal, Bucks.,
England, 1974, pp. 33-53.

3. Walstra, P., Fat Crystallization, in Food Structure and Behav-
iour, Academic Press, New York, pp. 67-85 (1987).

4. Cebula, D.J., and K.W. Smith, Differential Scanning Calorime-
try of Confectionery Fats. Pure Triglycerides: Effects of Cool-
ing and Heating Rate Variation, J. Am. Oil Chem. Soc. 68,
591-595 (1991).

5. Sambuc, E., and M. Naudet, Détermination de la teneur en
solide des graisses plastiques et utilisation pour la prévision de
la consistance, Rev. Fr. Corps Gras 19:785-792 (1972).

6. Bentz, A.P., and B.G. Breidenbach, Evaluation of the Differen-
tial Scanning Calorimetric Method for Fat Solids, J. Am. Oil
Chem. Soc. 46: 60-63 (1969).

7. Miller, W.J., W.H. Koester, and F.E. Freeberg, The Measure-

JAOCS, Vol. 76, no. 2 (1999)

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

D. LE BOTLAN ET AL.

ment of Fatty Solids by Differential Scanning Calorimetry, Ibid.
46:341-343 (1969).

. Desarzens, C., A. Besson, and J.-P. Bouldoires, Détermination

des courbes de fusion de graisses par résonance magnétique nu-
cléaire basse résolution, Rev. Fr. Corps Gras 25:183-186
(1978).

. Van Putte, K., and J. Van Den Enden, Fully Automated Deter-

mination of Solid Fat Content by Pulsed NMR, J. Am. Oil Chem.
Soc. 51: 316-320 (1974).

Leung, H.K., G.R. Anderson, and P.J. Norr, Rapid Determina-
tion of Total and Solid Fat Contents in Chocolate Products by
Pulsed Nuclear Magnetic Resonance, J. Food Sci. 50:942-945
(1985).

Walker, R.C., and W.A. Bosin, Comparison of SFI, DSC, and
NMR Methods for Determining Solid-Liquid Ratios in Fats, J.
Am. Oil Chem. Soc. 40:50-53 (1971).

Norris, R., and M.W. Taylor, Comparison of NMR and DSC
Methods for the Estimation of Solid Fat Content, J. Dairy Sci.
Technol. 12:160-165 (1977).

Van Putte, K., L. Vermaas, J. Van Den Enden, and C. Den Hol-
lander, Relations Between Pulsed NMR, Wide-Line NMR, and
Dilatometry, J. Am. Oil Chem. Soc. 52:179-181 (1975).
Lambelet, P., Comparison of NMR and DSC Methods for De-
termining Solid Content of Fats Application to Milk Fat and Its
Fractions, Lebensm. Wiss. Technol. 16:90-95 (1983).

Lavigne, F., Polymorphisme et transitions de phases des trigly-
cérides, Ph.D. Thesis, ENSIA, Massy, France, 1995.

Lambelet, Comparison of NMR and DSC Methods for Deter-
mining Solid Content of Fats. Application to Cocoa Butter and
Its Admixtures with Milk Fat, P., Lebensm. Wiss. Technol.
16:200-202 (1983).

Roland, C.M., J.H. Walton, and J.B. Miller, Proton NMR Deter-
mination of Crystallinity in Poly(ethylene terephthalate), Magn.
Reson. Chem. 32:s36—s39 (1994).

Hernqvist, L., Polymorphism of Fats, Ph D. Thesis, Lund Uni-
versity, Sweden, 1984.

Chawla, P., J.JM. Deman, and A.K. Smith, Crystal Morphologiy
of Shortenings and Margarines, Food Structure 9:329-336
(1990).

Waddington, D., Determination of the Solid Phase Content in
Fats Using the Bruker Minispec P20i, Bruker Minispec Appli-
cation note 8.

Le Botlan, D., and L. Ouguerram, Spin—Spin Relaxation Time
Determination of Intermediate States in Heterogeneous Prod-
ucts from Free Induction Decay NMR Signals, Anal. Chim. Acta
349, 339-347 (1997).

Banwell, C.N., Fundamentals of Molecular Spectroscopy, 3rd
edn., McGraw-Hill Book Company, New York (1983).
Lambelet, P., C. Desarzens, and A. Raemy, Comparison of
NMR and DSC Methods for Determining the Solid Content of
Fat. III Protons Transverse Relaxation Times in Cocoa Butter
and Edible Oils, Lebensm. Wiss. Technol. 19:77-81 (1986).
Bloembergen, N., E.M. Purcell, and R.V. Pound, Relaxation Ef-
fects in Nuclear Magnetic Resonance Adsorption, Phys. Rev. 73:
679712 (1948).

Azoury, R., J.S. Aronhime, S. Sarig, S. Abrashkin, I. Mayer, and
N. Garti, NMR Relaxation Studies to Explore the Role of Emul-
sifier in Tristearin Polymorphic Transformation, J. Am. Oil
Chem. Soc. 65:964-967 (1988).

Garti, N., J.S. Aronhime, and S.J. Sarig, The Role of Chain
Length and an Emulsifier on the Polymorphism of Mixtures of
Triglycerides, Ibid. 66:1085-1089 (1989).

Norton, I.T., C.D. Lee-Tuffnell, S. Ablett, and S.M. Bociek, A
Calorimetric, NMR and X-Ray Diffraction Study of the Melting
Behavior of Tripalmitin and Tristearin and Their Mixing Behav-
ior with Triolein, Ibid. 62:1237-1244 (1985).



28.

29.

30.

31.

32.

SEMISOLID STATE IN FAT

Tanaka, H., and K. Takagi, Effect of Stretching Temperature on
Proton Spin—Lattice and Spin—Spin Relaxation Times of Isotac-
tic Polypropylene Film, Br. Polym. J. 21:519-522 (1989).
Pontillon, J., Manuel des Corps Gras, AFECG, Lavoisier, Paris,
1992, pp. 202-208.

French, D., Organization of Starch Granules, in Starch: Chem-
istry and Technology, 2nd edn., edited by R.L. Whistler, J.N. Be
Miller, and E.F. Paschall, Academic Press, Orlando, 1984, p.
183.

Blanshard, J.M.V., Starch Granule Structure and Function: A
Physico-Chemical Approach, in Critical Reports on Applied
Chemistry, edited by T. Galliard, John Wiley & Sons, Chich-
ester, 1987, Vol. 13, pp. 16-54.

Dennis, J.E., D.M. Gay, and R.E. Welsch, An Adaptive Nonlin-

33.

34.

261

ear Least-Squares Algorithm, ACM Trans. Math Software 7:3-7
(1981).

Provencher, S.W., Contin: A General Purpose Constrained Reg-
ularization Program for Inverting Noisy Linear Algebraic and
Integral Equations, Comput. Phys. Commun. 27:229-242
(1982).

Gibon, V., P. Blanpain, F. Durant, and C.L. Deroane, Applica-
tion de la diffraction des rayons X, de la resonance magnetique
nucléaire et de 1’analyse calorimetrique différentielle a 1’étude
du polymorphisme et de I’intersolubilité des triglycérides PPP,
PSP et POP, Belgian J. Food Chem. Biotech. 40:119 (1985).

[Received May 4, 1998: accepted November 23, 1998]

JAOCS, Vol. 76, no. 2 (1999)



