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ABSTRACT: Three different physical properties, the gel point
(“solidification point”), the refractive index and the density,
were determined and related to the structure of the branched
triacylglycerols. A four-factor central composite face-centered
design was constructed where the four variables were the length
of the main chain, the branching position, the length of the side
chain, and the number of branched fatty acyl groups attached
to the glycerol backbone. Second-order models were calculated
in which the three physical properties were related to the struc-
ture. Four additional branched triacylglycerols were analyzed
in order to confirm the validity of each model. Contour plots
are shown in order to visualize the prediction equations which
were obtained.
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Triacylglycerols containing branched fatty acids occur spar-
ingly in nature. They are known components of, e.g., human
sebum (1,2) and adipose tissue of lambs (3-5). At least in
human sebum, the branched fatty acids occur more frequently
in the 2-position than in the 1- and 3-positions (1). One im-
portant property of the branched triacylglycerols in human
sebum seems to be its porosity for water vapor (6). Branched
fatty acids also have been found in milk (7). The crystal struc-
tures of both branched saturated fatty acids and triacylglyc-
erols have been described in the literature (8). Furthermore,
esters between branched fatty acids and polyols, often others
than glycerol, have found use in, e.g., lubricants, owing to ex-
cellent lubricity, stability toward oxidation, and low-tempera-
ture properties (9,10).

The physical properties of branched triacylglycerols have
been investigated previously by Aydin et al. (11), who syn-
thesized both the 1-monoacylglycerols and the homotriacyl-
glycerols of nine different a-monoalkyl branched saturated
fatty acids. The physical properties investigated were the re-
fractive index (at 20°C), the dielectric constant, and the di-
pole moment.
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However, no other systematic investigation has been car-
ried out relating the physical properties of triacylglycerols
containing monoalkyl branched saturated fatty acyl groups to
their structure. In the present study the gel point (“solidifica-
tion point”), the refractive index (at 60°C), and the density
are related to the structure of such triacylglycerols. A chemo-
metrical approach was applied to the problem resulting in a
four-factor central composite face-centered design. The aim
has been to cover all possible triglyceride structures with
“normal” chain lengths (main chain between 6 and 18 car-
bons). This approach has required the syntheses of a number
of new compounds (12). In the case of the gel point, any poly-
morphic properties which the triacylglycerols may have were
not taken into consideration.

MATERIALS AND METHODS

Materials. All triacylglycerols have been synthesized (12).
The objective has been to obtain high purities in order to min-
imize the effects of impurities on, e.g., the nucleation. The
purity of the triacylglycerols was found to be >98% by
gas—liquid chromatography and/or high-performance liquid
chromatography. All compounds synthesized are racemic.

Measurements. The gel points were determined on a
Bohlin VOR Rheometer (Lund, Sweden) used in the oscilla-
tion mode. The samples were placed between a cone and a
plate with diameters of 25 mm and a gap size of 0.15 mm. The
gap was adjusted at 0°C for the samples with high gel points
(>—10°C) and at —25°C for the samples with low gel points
(<—10°C). The torsion bar used had a torque constant of 92.3
gcm. The samples were subjected to an oscillation (frequency
0.500 s7!) in autostrain mode. This means that the strain was
adjusted according to the measured torque in such a way that
increased torque leads to a decrease in strain. The strain am-
plitude varied between 0.002 and 0.2. The measurements
were performed in a standard low-temperature cell cooled by
liquid nitrogen. The samples were cooled from —10 to —100°C
(10 to —10°C for the triacylglycerols with high gel points)
with a temperature gradient of —0.5°C/15 s. The results were
recorded every 6 s.
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The gel points were determined by means of the tangent to
the sharply increasing storage modulus (G’). This indicates
an increase in the elastic component of the sample. The re-
sults are strongly dependent on the temperature gradient cho-
sen, owing to the fact that the triacylglycerols show different
polymorphic behavior and nucleation rates. This method of
determining the gel point is a modification of the method of
Bohlin ez al. (13).

The gel points of the triacylglycerols with very high gel
points (>10°C) were determined simply by agitating 2 g of
the triacylglycerol contained in a small bottle with a ther-
mometer using the same frequency as in the rheometer. The
samples were cooled by the surrounding air and when neces-
sary with an ice-water mixture. The cooling was carried out
in such a way as to achieve the same gradient as with the
rheometer (—2°C/min).

Both methods of determining the gel point (“solidification
point”) described above have in common that any polymor-
phic properties, if present, are not considered. This should be
taken into account when looking at the results. One of the tri-
acylglycerols in the present study, which had a gel point of
10°C, was a liquid at room temperature for more than 1 wk
before crystallizing. As is the case with all methods concern-
ing crystallization and melting (e.g., differential scanning cal-
orimetry and rheology), the results depend on the exact
method used and how the results are evaluated.

The refractive indices were determined at 60°C with an
Abbé refractometer (Carl Zeiss, Jena, Germany), model A.

The densities were determined at 60°C with an Anton Paar
Precision density meter (Instrument AB Lambda, Sollentuna,
Sweden), OMA 02C.

Experimental design. The structures of the monoalkyl
branched saturated triacylglycerols were chosen according to
a four-factor central composite design. The four factors are
the length of the main chain (X)), the branching position (X,),
the length of the side chain (X;), and the number of branched
fatty acyl groups attached to the glycerol (X,). As can be seen
in Table 1, the different levels of variable X, are defined as
functions of variable X,. In a similar way, the levels of vari-
able X; are defined as functions of variables X, and X,. This
is due to the fact that, in the case of the branching position,
level +1 represents a carbon atom near the end of the main
chain. Depending on the length of the main chain, the num-
ber of the carbon atom to which the branch is affixed will
vary. In the same way, the length of the branch has an upper
limit. If this limit is passed, the branch has become the main

TABLE 1
Factor Levels of the Experimental Design

Level
Factor =1 0 +1
Length of main chain (X)) 6 12 18
Branching position (X2) 2 X]/2 X1 -2
Length of side chain (X;) 0 X=X+1)2 X -X
Number of branched acyl groups (X,) 1 2 3
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chain. In the case of the branching position, level +1 has been
chosen as a position two carbons away from the end of the
main chain to be able to vary the length of the branch.

The complete experimental design, including four control
substances, is shown in Table 2. As can be seen, the axial
points have been placed 1 unit away from the center instead of
the ideal distance of 2 units. This variant of the central com-
posite design is called central composite face-centered design.

The straight chain acid (which is present when there are
fewer than three branched fatty acids present in the triacyl-
glycerol) has been chosen to be dodecanoic acid for the axial
and center points and hexanoic or octadecanoic acid (half of
each) for the remaining triacylglycerols (this is also the way
the straight chain acid would have been chosen if the length of
the straight chain had been treated as a fifth variable in a frac-
tional factorial design). This way of designing the experiment
is based on the idea that the branched fatty acid to a great ex-
tent determines the behavior of the entire triacylglycerol.

Statistical analyses. The evaluation of the results was
made with the help of the software MODDE for Windows,
version 3.0 (Umetri AB, Umed, Sweden). All measurements
were done in a randomized order. Measurements in the center
point of the design were repeated twice. MODDE uses multi-
ple linear regression to calculate a prediction equation for
each response:

Y,=by+b X, +bX, +b3X5 +b,X, + b, XX,
+ b3 X X5+ b X X, + by X X5 + b, XX,
+ by, XoX, + by X2+ by X, P+ by XP 4 b X, (1]

The estimated coefficients are then rejected or retained de-
pending on their probability. The test is performed at a signif-
icance level of oo = 0.05. The significant coefficients are then
reestimated to give the final prediction equation. Outliers,
identified by normal probability plots of the residuals (14),
are excluded from the multiple linear regression. The fact that
a compound has been identified as an outlier means that it
does not fit into the mathematical description of a particular
physical property. It does not mean that the measurements are
incorrect or that the wrong substance has been synthesized.
The subject has been described in a recent review article (15).

RESULTS AND DISCUSSION

Gel point. The coefficients of the final prediction equation of
the gel point are shown in Table 3 with the corresponding
probabilities and 95% confidence intervals. Four triacylglyc-
erols have been identified as outliers (by the technique of nor-
mal probability plots) and are consequently excluded from
the regression calculations. The four compounds are the tri-
acylglycerols with hexanoyl groups in two positions and a
branched fatty acyl group in the remaining position (all
marked in Table 4). The two control triacylglycerols with de-
viating gel points both have two stearoyl groups attached to
the glycerol. This could explain why their gel points are high
compared to their predicted values (in contrast to the other
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TABLE 2
Experimental Design Including Four Control Substances
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Length of main Branching Length of side Number of branched
chain position chain acyl groups
Branched triacylglycerol 0. (Xp) (X3) (Xy)
Triacylglycerols included in the design
1-(2-Methylhexanoyl)-2,3-dioctadecanoyl-glycerol -1 -1 -1 -1
1,2-Dihexanoyl-3-(2-methyloctadecanoyl)-glycerol +1 -1 -1 -1
1,2-Dihexanoyl-3-(4-methylhexanoyl)-glycerol -1 +1 -1 -1
1-(16-Methyloctadecanoyl)-2,3-dioctadecanoyl-glycerol +1 +1 -1 -1
1-(2-Butylhexanoyl)-2,3-dihexanoyl-glycerol -1 -1 +1 -1
1-(2-Hexadecyloctadecanoyl)-2,3-dioctadecanoyl-glycerol +1 -1 +1 -1
1-(4-Ethylhexanoyl)-2,3-dioctadecanoyl-glycerol -1 +1 +1 -1
1-(16-Ethyloctadecanoyl)-2,3-dihexanoyl-glycerol +1 +1 +1 -1
Tris(2-methylhexanoyl)-glycerol -1 -1 -1 +1
Tris(2-methyloctadecanoyl)-glycerol +1 -1 -1 +1
Tris(4-methylhexanoyl)-glycerol -1 +1 -1 +1
Tris(16-methyloctadecanoyl)-glycerol +1 +1 -1 +1
Tris(2-butylhexanoyl)-glycerol -1 -1 +1 +1
Tris(2-hexadecyloctadecanoyl)-glycerol? +1 -1 +1 +1
Tris(4-ethylhexanoyl)-glycerol -1 +1 +1 +1
Tris(16-ethyloctadecanoyl)-glycerol +1 +1 +1 +1
1-Dodecanoyl-2,3-bis(6-propyldodecanoyl)-glycerol 0 0 -0.2 0
1-Dodecanoyl-2,3-bis(3-ethylhexanoyl)-glycerol -1 0 0 0
1-Dodecanoyl-2,3-bis(9-pentyloctadecanoyl)-glycerol +1 0 0 0
1-Dodecanoyl-2,3-bis(2-pentyldodecanoyl)-glycerol 0 -1 -0.111 0
1-Dodecanoyl-2,3-bis(10-methyldodecanoyl)-glycerol 0 +1 -1 0
1-Dodecanoyl-2,3-bis(6-methyldodecanoyl)-glycerol 0 0 -1 0
1-Dodecanoyl-2,3-bis(6-hexyldodecanoyl)-glycerol 0 0 +1 0
1,2-Didodecanoyl-3-(6-propyldodecanoyl)-glycerol 0 0 -0.2 -1
Tris(6-propyldodecanoyl)-glycerol 0 0 -0.2 +1
Control triacylglycerols
1-Hexanoyl-2,3-bis(6-propyldodecanoyl)-glycerol 0 0 -0.2 0
1-Octadecanoyl-2,3-bis(6-propyldodecanoyl)-glycerol 0 0 -0.2 0
1,2-Didodecanoyl-3-(16-methyloctadecanoyl)-glycerol +1 +1 -1 -1
1,2-Dioctadecanoyl-3-(6-propyldodecanoyl)-glycerol 0 0 -0.2 -1

9This compound was not synthesized in sufficient amounts to perform measurements.

outliers which have short main chains and correspondingly
low gel points). The resulting equation is:

Y

p,gelpoint=_57 +23 Xl -1.0 XZ_ 30X4

+20X,X, +48 X,> + 16 X,* 2]
The length of the side chain (X) is the only factor which does
not have an influence on the response. Figure 1 shows a con-
tour plot of the response surface for triacylglycerols having
three branched fatty acyl groups attached to the glycerol
skeleton. The response surfaces for the other types of triacyl-
glycerols (having one or two branched fatty acids) have the
same appearance. It can be seen that the lowest gel points are
obtained when the branch is situated on the middle of the
main chain. This result is analogous to a previous investiga-
tion on the branched fatty acids themselves (16).

The observed and the predicted gel points are compared in
Table 4. An analysis of variance (ANOVA) scheme is shown
in Table 5. The coefficient of multiple determination is R> =
0.961.

Refractive index (60°C). Four compounds have been iden-
tified as outliers, three of which are the same as for the gel

point prediction equation. All outliers are marked in Table 4.
The calculated response function (the parameters of which
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FIG. 1. Contour plot showing the gel point as a function of the structure
for monoalkyl branched saturated homotriacylglycerols. The length of
the main chain (X;) is given as the number of carbons (6 to 18) while
the branching position (X,) is given as coded values (=1 to +1).
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TABLE 3
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Coefficients from the Final Prediction Equations of the Gel Point,

the Refractive Index, and the Density

Term Coefficient? Probability®
Gel point
Constant -57+8 0.00
Main chain (X;) 23+6 0.00
Branching position (X,) -1.0+6 0.75
Number of branches (X,) -30+6 0.00
Main chain x number of branches (X, X,) 20+ 7 0.00
(branching position)* (X,?) 48 + 12 0.00
(number of branches)? (X42) 16 +12 0.01
Refractive index
Constant 1.4432 + 0.0008 0.00
Main chain Xy 0.0046 + 0.0010 0.00
Branching position (X,) 0.0003 + 0.0010 0.50
Side chain (X3) 0.0010 £ 0.0010 0.06
Number of branches (X,) —0.0018 + 0.0010 0.00
Main chain x branching position (X, X,) —0.0018 + 0.0011 0.01
Main chain x number of branches (X, X,) 0.0038 + 0.0012 0.00
Branching position x side chain (X, X;) -0.0014 + 0.0011 0.02
Side chain x number of branches (X, X,) 0.0025 + 0.0011 0.00
Density
Constant 0.8906 + 0.0037 0.00
Main chain Xy —0.0145 + 0.0047 0.00
Branching position (Xz) 0.0108 + 0.0050 0.00
Side chain (X3) —0.0090 + 0.0051 0.00
Number of branches (X,) 0.0012 + 0.0049 0.62
Main chain x number of branches (X, X,) -0.0189 = 0.0053 0.00

Values are given with 95% confidence intervals. PThe probability that a coefficient is equal to zero.

can also be found in Table 3 together with 95% confidence
intervals and values of probability) is:

= 1.4432 + 0.0046 X, +0.0003 X,
+0.0010 X, — 0.0018 X,
—0.0018 X, X, + 0.0038 X X,
~0.0014 X,X, +0.0025 X,X,  [3]

)¢ p. refractive index (60°C)

All four factors are important to the response, which means
that two factors must be set to a fixed value in order to make
a contour plot possible. Since the branching position is the
least important factor, it has been set to X, = 0, i.e., a branch-
ing in the middle of the main chain. In this way it is possible
to visualize the response function (Fig. 2). Also in this case
the homotriacylglycerols have been chosen for the figure.
One conclusion is that the longer the main chain the higher
the refractive index. This is also similar to the properties of
the branched fatty acids themselves (16). The observed and
the predicted values are compared in Table 4. An ANOVA
scheme is shown in Table 5. The coefficient of multiple de-
termination is R = 0.950.

Density (60°C). In addition to the three compounds for
which the density could not be measured, two more triacyl-
glycerols were excluded from the regression calculations
(Table 4). The obtained prediction equation is:

Y, density 60°Cy = 0-8906 — 0.0145 X, +0.0108 X, — 0.0090 X,
+0.0012 X, - 0.0189 X, X, [4]

Lipids, Vol. 32, no. 6 (1997)

As in the refractive index case, it is not possible to show the
response function in a single picture. All four factors are im-
portant. Just to give the reader some idea of the appearance
of the response surfaces, one of them is shown in Figure 3.
This picture of the homotriacylglycerols demonstrates the de-
creasing effect of a longer side chain and the increasing ef-
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FIG. 2. Contour plot showing the refractive index (at 60°C) as a func-
tion of the structure for monoalky!l branched saturated homotriacylglyc-
erols. The length of the main chain (X)) is given as the number of car-
bons (6 to 18), and the length of the side chain (X;) is given as coded
values (-1 to +1). In this plot the branching position is set to a medium
position (X2 =0).
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TABLE 5
Analysis of Variance Scheme and Residual Sum of Squares Breakdown for the Three Prediction Equations
Gel point Refractive index Density
Source Sum Degrees Mean Sum Degrees Mean Sum Degrees Mean
of variation of squares  of freedom  square of squares  of freedom square of squares  of freedom square
Constant 14 408 1 14 408 45.7489 1 45.7489 16.7823 1 16.7823
Model terms 39190 6 6532 638x107* 8 7.97 x 107 0.0077 5 0.0015
Residuals 1592 15 106 3.39x107° 13 2.61x107° 0.0009 15 0.0001
Total 55189 22 2509 45.7496 22 2.0795 16.7909 21 0.7996
Residual sum of squares
breakdown
Pure error 4.7 2 2.3 0 2 0 8.65x107° 2 4.33x107®
Lack of fit 1587 13 122 3.39x107 11 3.08x10°  859x107* 13 6.61x 107

fect of a branch far out on the main chain. A longer main
chain gives a higher density only when there are two or three
branched fatty acyl groups attached to the glycerol. The
ANOVA scheme is shown in Table 5. The coefficient of mul-
tiple determination is R?> = 0.900. The density prediction
equation is the least accurate of the three prediction equations.
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