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Abstract

The migration of triacyl glycerides such as hazelnut oil leads to quality losses in var-
ious foods (e.g., fat bloom formation on chocolate, also named “fat ripening”). Oleo-
gelation, i.e., dispersion of oils in a solid matrix of gelators, is thought to immobi-
lize oils and consequently to hinder oil migration, leading to questions about the
translational, but also intramolecular mobility of triacyl glycerides in the oleogels.
In addition to translational mobility measured by diffusion-NMR, the molecule-
intrinsic dynamics is reflected in NMR-relaxation. In this study, transverse relaxa-
tion and diffusion were explored to obtain insight into the condition of the oils in the
disperse materials. Oleogels based on sunflower seed wax are compared to oleogels
based on mono- and diglycerides. In both types of oleogels NMR-measures depend
on composition as well as on temperature. Studying both dimensions, concentration
and temperature, reveals the restricted mobility of oil molecules in the oleogels.

1 Introduction

Fats and oils play a fundamental role in texture and structure in many foods [1], and
quality losses are known due to migration of triacyl glycerides (TAG), the esters
of the trivalent alcohol glycerol (propane-1,2,3-triol) with three fatty acids (FA).
Natural fats and oils consist mainly of TAG as well as small amounts of free FA,
fat-soluble vitamins and phospholipids, while the chemical structure of FA deter-
mines the physico-chemical properties of TAG [2—4]. Migration of TAG is one of
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the main reasons of fat bloom, also named fat ripening, in filled chocolates [5]. Nut-
based fillings, for example nougat, are especially susceptible [6—8] with hazelnut oil
(HNO) as an important component. HNO is rich in unsaturated FA like oleic acid
(CygH3,0,, C18:1, (9Z)-Octadec-9-enoic acid) and linoleic acid (C,4H;3,0,, C18:2,
(9Z,12Z)-Octadeca-9,12-dien acid). HNO has high amounts of liquid TAG, such as
2,3-Bis[{(Z)-octadec-9-enoyl Joxy]propyl(Z)-octadec-9-enoat, Cs;H,;,04 (O0O0),
1,2-Dilinaoyl-3-oleoyl-glycerol (LLO), 1-Linaloyl-2,3-dioleoyl-glycerol (LOO) and
1-Palmitoyl-2,3-dioleoyl-glycerol (POO) [9, 10]. These highly mobile TAG migrate
from the chocolate filling into the chocolate shell and dissolve TAG in cocoa butter,
which then also migrate to the surface and crystallizes there as fat bloom [5, 8, 11].
NMR methods were applied in different molecular environments as chocolate and
oleogels to investigate these phenomena [12—14].

Oleogelation could be a way to reduce oil migration by structuring the edible
oils [15]. A three-dimensional network by organogelators (e.g., waxes, mono- and
diglycerides or phospholipids) forms, in which the liquid oil is enclosed. Thus,
mobile oils are “solidified” without hydrogenation or other chemical modifications
[16—19]. The mechanism and extent of gelation depends on the gelator. Organogela-
tors form stable gels even at low concentrations ranging between 1 and 4% ww™!
[16]. Wax from sunflower seeds (SFSW) [20, 21] or rice-bran wax [22] form nee-
dle-like structures, while mono- and diglyceride (MDG) crystals show rosette-like
structures [23]. These structures are characterized on diverse length scales, which
becomes also evident in the diffusion experiments of this paper. Typical orders
of the gelators clusters include the nanostructure of crystalline nanoplates which
assemble into colloidal networks in the range of 1-10 pm up to aggregates in the
order of 100 pm [12, 23, 24].

Migration occurs for mobile fats and oils, while immobilized, bounded and par-
tially crystalline fats do not contribute in a first approach, they are thought to hin-
der other mobile components in migrating [3]. Temperature has a major influence:
below the glass transition temperature of the oils and fats, the molecular mobility is
small [25, 26]. Above the melting temperature, the thermal energy of the molecules
is larger compared to van der Waals forces [26]. Accordingly, the low melting point
of most vegetable oils such as sunflower oil or HNO corresponds to high mobility
[27].

However, the term ‘oil mobility’ needs a definition [26]. ‘Molecular mobility’
is one aspect of the described migration of molecules, often caused by a concen-
tration gradient in a first attempt given by Fick’s second law. Brownian motion is
due to thermal energy. An important contribution to oil migration is, therefore,
translational diffusion. Conventional methods for measuring oil mobility, and syn-
onymously oil binding capacity, like centrifugation or draining on filter paper are
not standardized and are performed on soft or molten masses. Extraction and subse-
quent chromatographic or gravimetric determination of free fat are time consuming.
Moreover, these methods do not provide information on the type and extent of oil
binding [6, 28]. In the present context, oil binding is understood as change of the
oils molecular mobility—either in translational or rotational dynamics—as reflected
in diffusion and transverse NMR-relaxation.
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NMR-transverse relaxation and diffusion are known for their potential to measure
intramolecular mobility as well as translational mobility. Both methods were, there-
fore, applied to elucidate oil mobility on two different length and time scales and
to gain deeper understanding about the immobilization of fats and oils in oleogels.
The typical length scale in transverse relaxation concerns the A to nm region, while
the time scale is on the ms range according to the echo time 7. In the case of PFG-
STE (pulsed field gradient-stimulated echo), the time scale is crudely given by the
diffusion time A, the length scale corresponds to the root-mean square displacement
z of the molecules which in the present case of oils is in the order of several um on
the given time scale. Studies on mobility of free and bound water exist, oils and
fats were less investigated in that respect [29, 30]. Temperature-dependent NMR (‘H
Larmor frequency 400 MHz) was thus used to study HNO in SFSW and MDG oleo-
gels. FA composition, melting- and crystallization behavior, viscosity and the oil
binding capacity (OBC) were determined to complete the study and are summarized
in the Supplementary Information.

2 Materials and Methods
2.1 Materials

SFSW was obtained from Kahl GmbH & Co. KG (Trittau, Germany). The tempera-
ture range for melting is Ty, € [347, 353] K. MDG were extracted from sunflower
oil in-house. Virgin HNO was purchased from Reichold Feinkost GmbH (Diez,
Germany).

2.2 Sample Preparation

Oleogels were prepared by direct dispersion of the gelator in HNO with concentra-
tions of 5, 7.5 and 10% ww~! SFSW or MDG (shortened to e.g., HNO+ 5% SFSW).
The mixture was heated to 358 K with a temperature rate of 1.33 K-min~! in a
temperature-controlled water bath (Julabo GmbH, Seelbach, Germany) while con-
stantly shearing with a speed of 200 min~! by a stirring bar (PHOENIX Instru-
ment, Garbsen, Germany). The dispersion was cooled down to 338 K with a rate
of 0.75 Kmin~! using the same equipment. After the mixture reached room tem-
perature without further stirring, it was stored at 277 K for 24 h to allow the oleogel
network to form. A detailed characterization is summarized in the Supplementary
Information.

2.3 NMR Measurements
2.3.1 Instrumentation and NMR Experiments

NMR experiments were performed on a 400 MHz spectrometer (Avance Neo
WB ultrashield, Bruker BioSpin, Germany) with the software Topspin 4.1.1. The
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instrument was equipped with a 5-mm DiffBB gradient probe. Samples were tem-
pered by a Variable Temperature Unit (BVT, Bruker BioSpin, Germany). Tem-
perature calibration [31] was performed to correlate the sample temperature T
and the BVT temperature. T was measured via the difference in the chemical shift
between the —OH and the —CH,— 'H lines of ethylene glycol (ROTIPURAN®,
Carl Roth, Karlsruhe, Germany, purity >99.5%) [31].

Oleogels and their constituents were measured in 5 mm NMR sample tubes
with a filling height of 1 cm to reduce convection especially at elevated tem-
peratures. T was varied in 5 K steps between 298 and 358 K. A holding time
of 15 min preceded each NMR measurement. The following sequence of experi-
ments was recorded: 'H-FID (free induction decay) for spectroscopy; PFG-STE
NMR for diffusion [32] and CPMG (multi echo sequence according to Carr, Pur-
cell, Meiboom, and Gill [33]) for transverse relaxation. The NMR parameters are
listed in Table 1.

In a simple liquid, the PFG-STE magnetization decay of the liquid part follows
the Stejskal-Tanner equation [34]:

Seonlres(a- ) -enl-0(a-20)

The signal amplitude S at the gradient amplitude g=0 Tm™! is given by So. D
is the diffusion coefficient, A the diffusion time, and & the duration of the gradi-
ent pulse. ¢* is defined here as an abbreviation of the product y?>¢28?, with the
gyromagnetic ratio y. This description allows the identification of diffusion time-
dependent effects. Please note that two delays in the stimulated echo sequence
require sufficiently long transverse as well as longitudinal relaxation times lead-
ing to the fact that only the liquid part of the samples was observed.

Following Bloch equations in the case of “simple” spin systems, the sig-
nal decays are described by an exponential decay function characterized by the
transverse relaxation rate R,. Please note that only the liquid part of the dispersed
phase was measured in the CPMG experiments due to large R, in solids. In the
case of "H NMR on macromolecules, R, reflects mainly fluctuating homonuclear

Table 1 Acquisition parameters of the "H-NMR experiments

Single Pulse CPMG PFG-STE
Number of averages (—) 16 8 8
Number of increments (-) - 32 32
Acquired data points (-) 16 k 16 k 32k
Repetition time (s) 5 2.42 2.42
Echo time (s) - 0.01 -
Diffusion time (s) - - [0.0056, ..., 0.4]
Gradient duration (s) - - [0.002, ..., 0.0027]
Gradient amplitude (Tm™") - - [0.77, ..., 15.49]
Measurement time (min) 1 16.42 [16, ..., 17]
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dipolar interactions, which are caused by intramolecular mobility, for example,
given by the rotational degrees of freedom of —CH,— groups.

2.3.2 Data Analysis

Oleogels cannot be regarded as “simple” spin systems, which is already evident from
their chemical composition and additionally motivated by the state of aggregation
of the different components. Thus, signal decays in both, diffusion experiments and
relaxation measurements differ from the “simple” modelling sketched above. A vari-
ety of modelling approaches of magnetization decays is known like sums of expo-
nential decays, the inverse Laplace transform as well as the discrete distributions of
both, R, and D. The gamma distribution approach uses discrete, mathematically well
described distributions and was applied for multi-component mixtures with molecu-
lar weight distributions like oils, gelators and oleogels [35, 36]. A bimodal distri-
bution is needed to describe the PFG-NMR magnetization decays numerically well
at temperatures below the melting temperatures 7<Ty,. Transverse magnetization
decays were also analyzed via the bimodal gamma distribution model which was
established for HNO (Supplementary Information). Reasons for the bimodal distri-
butions are the large variety of molecules with their individual molecular weight dis-
tributions and the hinderance and restriction of mobility at the high concentrations
in these dispersed systems. All these facts lead to distributions of correlation times
and root-mean square displacements of 'H spin bearing functional groups. The sig-
nal decays of PFG-STE and CPMG experiments were modeled within Origin 2021
(OriginLab Corporation, Northampton, United States) using the Levenberg—Mar-
quardt iteration algorithm. The coefficient of determination R* was larger than 99%.

At melting and crystallization temperatures 7y, and 7, the microstructure in the
oleogels changes. Below T, and T, diffusion described by D.4(A) depends on the
diffusion time A due to geometric hindrance and interactions of the oil molecules
with the gelators. The tortuosity model [37-39] was applied similar to the findings
in hydrogels [40] and in lubricating greases [41, 42]. The current conception is that
the effective guest molecule diffusion depends on A due to the gelator networks
resulting in an effective tortuosity 7,,,> 1. A second parameter in the model is the
surface-to-volume ratio SV~! [37]. SV~ refers to the structure of the gelator. The
model’s parameter could be explored to improve the stability, texture and shelf life
of gelator-containing products. A quantitative impression is given by additionally
calculate the effective root-mean square displacement z of the oil molecules, which
depends on A and D g(A):

2= V2 Dy () A. ®
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Fig.1 a "H-NMR spectra of HNO (black), SESW (red) and MDG (blue) at T>353 K. All spectra are
dominated by peak 2 attributed to ~CH,— groups. The zooms show the characteristic 'H lines of the gela-
tors b SFSW and ¢ MDG. 'H signals at 3.3-5.3 ppm are attributed to glyceryl and other alcohols

3 Results and Discussion

Attempts to diminish fat bloom and quality losses in chocolate explore geometric
restriction and hinderance of especially HNO in dispersed systems such as oleogels
[43]. By combining NMR relaxation and diffusion, complementary information is
obtained about binding and mobility of HNO in the oleogels: While R, is deter-
mined by low frequency fluctuations of mainly the dipolar interactions within a mol-
ecule, diffusion provides insight into the translational mobility.
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3.1 "H-NMR Spectra of the Constituents of the Oleogels: HNO and Gelators

The temperature-dependent structuring and influence of the gelator was detected via
'"H-NMR spectroscopy (Fig. 1). Melting, solidification, and structural stability of
compositions can be quantitatively observed. 'H spectra of HNO (Fig. 1a) at room
temperature were assigned in accordance with [44—46] (Table 2). Oleic acid was
identified as main component by gas chromatography (GC) (Table SI 1, Supplemen-
tary Information) as well as by 'H-NMR: 'H bound to allylic carbons (peak 4) and
the olefinic 'H (peak 9). The two gelators SFSW and MDG are organic solids where
mainly dipolar interactions lead to line broadening. 7>353 K, above T, was used
for the spectra in Fig. 1. Unique, characteristic 'H lines are in the chemical shift
range of 3.8—4.0 ppm for SFSW (Fig. 1b) and in the range of 3.0-5.5 ppm for MDG
(Fig. Ic). Lines at 3.3-5.3 ppm were attributed to glyceryl [47] and other alcohols.
All 'H spectra are dominated by the signature of -CH,— groups with the highest sig-
nal intensity of about 60% (Fig. 1, peak 2). Transverse relaxation and diffusion were
measured for this dominant line to study oil mobility in oleogels.

3.2 Oleogels

Oil mobility is expected to be sensitive to temperature, but also to the type of gela-
tor. The gelators in the oleogels will not significantly contribute to the measured
liquids signal decays due to the small S, or fast transverse relaxation at low tem-
peratures (Supplementary Information). The concentration compared to HNO is also
small. MDG oleogels are thereby expected to melt at lower 7 than SFSW oleogels
(Differential scanning calorimeter (DSC), Fig. SI 2, Supplementary Information).

3.2.1 Transverse Relaxation in Oleogels

HNO is expected to interact with the gelator in oleogels with consequences for R,.
For example, R, of the liquid oil phase in a fat matrix was shown to be influenced
by surface relaxation caused by crystal surfaces [48]. The gelators phase transition
should thus be observable in R,.

The transverse signal decays of —CH,— groups in the oleogels (Fig. 2) signifi-
cantly differ from those of HNO (Fig. SI 4 and SI 5, Supplementary Information).
They were modelled with the bimodal gamma distribution model (Figs. 2, 3).
The mean relaxation rates of both types of oleogels are larger than those of HNO
at T<Ty; [oleogels: <R, >€ [10, 14] s7! and<R,,>€ [4, 7] s~!, compared to
HNO: <R, >€ [7, 11] 57! and<R,,>€ [2, 4] s~! (Supplementary Information)].
As expected, the intramolecular mobility is reduced in all oleogels compared to
HNO when the gelator is in its solid form. The solid-liquid phase transition shifts
to lower T with increasing gelator concentration. In addition, the phase transition
occurs at lower T for MDG compared to SFSW oleogels in agreement with the
expectations (DSC, Fig. SI 2, Supplementary Information).

At T<Ty, differences between the two types of oleogels are obvious:
While <R,;>of MDG oleogels monotonically decrease with increasing T (T
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Fig.2 Logarithmic -CH,~ CPMG magnetization decays (7,=0.01 s) of HNO in a 5% SFSW, b 10%
SFSW, ¢ 5% MDG and d 10% MDG for T € [298, 353] K: 298 K (1), 303 K (;), 308 K (7), 313 K (13),
318 K (1), 323 K (1)), 328 K (1), 333 K (1), 338 K (£), 343 K (1), 348 K (1), 353 K () with fits accord-
ing to the bimodal gamma distribution for the extremes in temperatures

€ [298, 333] K, T<Ty),<R,;>of HNO+ 10% SFSW are approximately constant
up to T=328 K (T<Ty).<R,;>€ [11-14] s~! for the MDG oleogel are larger than
that for the SFSW oleogel with<R, ;>€ [10, 12] s~!at T € [298, 308] K, which
suggests a stronger interaction in the nearest neighbourhood of gelator and oil mol-
ecules. MDG oleogels are thus more temperature sensitive than SFSW oleogels. At
T> Ty, relaxation rates are comparable to those of HNO (oleogels: <R, >€ [7,
9] 57! and<R,,>€ [2, 4] s™") due to the melting of the gelators and consequently
the disassembling of the gel network.

3.2.2 Diffusion in Oleogels

The solid phase of the gelators is considered to geometrically hinder HNO diffusion
as it was early described in [49]. Oil diffusion in fat crystal matrices was found to
be influenced by the pore space in a fat network [48]. Other parameters are the tor-
tuosity T, of the network, the capillary flow, the diffusion of the liquid oil, the oil
viscosity and the contact area between liquid and solid [48]. Different length scales
must be considered: Clusters and particles on the length scale of several 10 pm form
aggregates in the order of 100 pm [24] apart from the mentioned nanostructures.
The aggregates concentration and their distribution as well as the pore size distribu-
tion determine the effective oil diffusion. PFG-NMR was thus measured on oleogels
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Fig.3 a+c<R,;>€ [7, 14] s7! (filled symbols) and<R,,>€ [2, 7] s7! (half-filled symbols) with o; and
o, (vertical lines), b+d A, (filled symbols) in the range [60, 98] % and A,=1 — A, (half-filled symbols)
of the oleogels HNO+5% SFSW (top, View), HNO+10% SFSW (to, ()), HNO+10% SFSW (top, [3)
and HNO+ 5% MDG (bottom, /), HNO + 10% MDG (bottom, B), all values are shown in comparison to
HNO (s a function of T € [298, 353] K. <R, ; > of both oleogels are larger than those of HNO at < T,.
The grey areas indicate the solid-liquid phase transition of pure gelators as revealed by <R, >
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Fig. 4 Normalised -CH,— magnetization decays in diffusion experiments (Eq. 1, A=120 ms) of HNO-
based oleogels with a SEFSW (5% (), 7.5% (), 10% ()) and b MDG (5% (7), 7.5% (£), 10% (B)) in
comparison to HNO (1), SFSW (A) and MDG (-) at 7=298 K. The mainly HNO signal in the oleogels
depends on type and concentration of the gelator and shows the signature of geometric hindrance
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Fig.5 Normalised -CH,— PFG- 10°
STE magnetization decays

of HNO+10% SFSW, the
shape of the normalised signal
decays varies as a function of .
T € [298, 353] K: 298 K (), 303 10
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Fig.6 Exemplarily for PFG-signal decays in oleogels together with the modelled distributions: Normal-
ised -CH,— magnetization decays of HNO+10% SFSW () at a T=298 K (T'<T\,): The monomodal
gamma distribution describes the data not sufficiently well, decays were calculated with different distri-
bution widths (dotted lines), the data are better described by a bimodal gamma distribution (solid line).
b T=338 K (I'>T): The monomodal gamma distribution (dotted line) describes the data well with an
error in the order of 107

with 5%, 7.5% and 10% ww~' SFSW (Fig. 4a) and MDG (Fig. 4b) at T=298 K and
A =120 ms.

The PFG-signal decay of HNO in the oleogels is less pronounced than that of
pure HNO (Fig. 4). Molecular diffusion seems to be hindered and is sensitive to the
gelator’s type and concentration: HNO diffusion in MDG oleogels is faster than that
in SFSW oleogels. When choosing a suitable model for quantification, it should be
considered that the shape of the oleogels’ signal decay significantly changes. This
is obvious in its 7-dependence due to the gelators’ solid-liquid phase transition
(Fig. 5).

Diffusion data are described by bimodal distributions at 7< T),. The form of the
signal decay is caused by hindered diffusion and molecular diversity. Interactions on
the molecular length scale cannot be excluded which lead to diminished diffusion.
The simple sum of diffusion distributions of HNO and gelators as well as a mono-
modal distribution are numerically not sufficient. Two independent contributions
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need to be assumed (Fig. 6a). Only at 7> T;, modelling by a monomodal gamma
distribution (Fig. 6b) is sufficient.

<D,y >is smaller than<D.;>of pure HNO in all oleogels. HNO diffu-
sion is more reduced in SFSW (<D.,>€ [8.96: 1072, 9.51-10"2] m?*~! and
A; = 0.90) than in MDG oleogels at the same gelator concentration (<D >€
[9.79-107'2, 1.06-107'"] m’*s~! and A, ~ 0.96). Moreover, <D, | > decreases with
gelator concentration as expected. Concerning the second component in the oleo-
gels:<Dyg,>€ [3.17 1072, 4.95-107"2] m?s~! is larger than<D,;>of the gela-
tors. < D, >may be attributed to HNO in direct interaction to gelator structures.
This fraction of the total magnetisation decay is small with A, = 0.1 for SESW oleo-
gels and A, =~ 0.04 for MDG oleogels.

To estimate the HNO hindrance within the three-dimensional gelator net-
works the root-mean square displacement z(A =120 ms) (Eq. 2) was calculated
at T=298 K, (Table 3): <D,;> =1.20-10"! m’s~! results in z=1.69 pm for pure
HNO. Comparing z of pure HNO with the faster diffusing, larger fraction of HNO
in oleogels, z(< D | >) of the oil molecules in oleogels is slightly reduced (Table 3,
7<1.60 pm).

The extend of geometric hindrance of diffusion depends on the physical dimen-
sions in the gelators’ network. Scanning electron microscope (SEM) images and
polarisation microscope images [23, 43, 50] indicate the diverse typical length
scales of the solid oleogels which are distributed over a wide range, but significant
structures also are in the range of 50 pm for MDG and SFSW, a significantly larger
dimension than the calculated z. However, the multiscalar structure of oleogelators
needs to be considered making a direct interpretation of z in terms of interaction
probability and geometric hindrance length difficult.

Temperature 7 is an important factor for HNO diffusion in oleogels which
is exemplified on the oleogel HNO+10% ww™' SFSW (Fig. 7): <D >in
the oleogel is smaller than that for pure HNO at T<Ty. <Dgy,> (A, = 0.1) in
the oleogel is comparable to < D.4>of the gelator SEFSW for T € [298, 333] K
At T>Ty;, <D > of all substances show similar values when modelled with a

Table 3 Mean effective diffusion coefficients, distribution widths, amplitudes and root-mean square dis-
placement of HNO, SFSW, MDG and oleogels at 7=298 K

<Dy, >[m?s7'] o, (m?s7") A0 z(m)  <Dg,>m’s™) o, [m?s7!] Ay (=) zp (um)

HNO 120 x 107! 8.09x 1071 1 1.69 - - - -
SESW 495x 1073 431x 108 1 0.35 - - - -
MDG 5.77%x 10713 8.01x 103 1 0.37 - - - -
HNO+

5% SFSW 9.51x 1072 3.94x107'° 093 1.51 4.95x 10712 323%x 1072 007 1.09
7.5% SFSW  9.16 x 1072 452x 1077 0.89 1.48 481 x 10712 270 x 1072 0.11 1.07
10% SESW  8.96 x 10712 336x 1071 0.86 1.47 4.46 x 10712 283x 102 013  1.04
5% MDG 1.06 x 107! 554x 107 097 1.59 3.17%x 1072 639% 107" 003 087
7.5% MDG 1.03x 107! 3.12x 105 097 1.57 478 x 10712 388x 1072 003  1.07
10% MDG 9.79 x 10712 55010718 0.94 1.53 487 x 10712 354x 102 006  1.08
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Fig.7 a<D.;>and o; (vertical lines) of HNO (), SFSW (A) and the oleogel HNO+10% SFSW (B).
<D, >in the oleogel is smaller, <D, >is comparable to <D.g>of SFSW at T<T\,. b A; are T-inde-
pendent below Ty, for HNO +10% SFSW. A,(<D,4,>) ~ 0.1 is significantly smaller than A,(< D, >)
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Fig.8 <D.,>and o, (vertical lines) of the —CH,- peak of a HNO+10% SFSW and b
HNO+10% MDG as a function of A. T<Ty;: The data were modelled by the tortuosity model (dot-
ted lines), revealing z,,,(T) and SV~'(T) in a first attempt. Above Ty, (red points, line: guide to the
eye), <D.g | >increases with A due to convection

monomodal gamma distribution. Summarizing, diffusion of HNO is reduced by the
gelator, but not completely restricted as in droplets of emulsions [51, 52].

<D, >in oleogels depends not only on 7, but also on A (Fig. 8). The gela-
tor represents a geometric hindrance for HNO molecules, so that diffusion is not
free, but hindered. Motivated by the structural similarity to structures such as to
hydrogels [40] and lubricant greases [41], the diffusion of oil molecules is inter-
preted as a function of A via the tortuosity model [37] (Fig. 8). Often, the length
scales of the root-mean square displacement of the molecules are in the order of the
restricting geometry (in [37] dz~! <5, while d is the sphere’s diameter). The restrict-
ing geometry in the oleogels is, however, multi-facetted: Taking a closer look to the
images, for example in [23], structures on the small length scales of 1-5 pm are vis-
ible apart from the aggregates dimensions in the order of 50 um and more. While
knowing about the fact that the diffusing moieties should emphasis the restricting
geometry, the experimental findings in the images and of the diffusion experiments
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show the applicability of the tortuosity model at least as a first attempt to describe
the data and being able to compare the measured data on the different oleogels reli-
ably. The tortuosity model [37, 38] results in 7,,,=3.9 and in a surface-to-volume
ratio SV™'=1.9 um~!, exemplarily for the oleogel with 10% SFSW, and 7,,,,=2.6,
SV~'=1.5 um™! for the MDG oleogel (10%) at T=298 K. For further interpreta-
tion, we assume a geometric diffusion hinderance of the oil molecules by spherical
particles. A value SV™'=2 um~! would then correspond to a diameter of a sphere
of 1.5 um. Please note the different length scales in the solid state of oleogels [43]
which comprise also the scale of a few pm, while the large structures of mainly
agglomerates are in the order of 50 um. The geometric hindrance reflected in 7,
is larger in SFSW oleogels than in MDG oleogels while SV~! is in the same order
of magnitude. Compared to greases and polysaccharide hydrogels, 7, in oleogels
is significantly larger [40—42] and in a similar order of magnitude than observed in
porous rocks (7., € [3.2, 4.4]) [39].

The parameters 7,,,, and SV~! change significantly with 7 and depend on the ole-
ogels composition. SV~! usually depends on the microscopic structures and sizes. In
general, the higher the density the lower SV~'. SV~! is an important parameter and
enters the thermodynamic and kinetic descriptions, including that of melting and
boiling points, solubility and reactivity and in consequence the applicability range of
a dispersed system.

The described findings in oleogels are similar to those of fats [24, 48, 53]. The
fat becomes more fluid, occupies more space when melting, and SV~! decreases.
TAG-based fat crystals tend to have a dense spherical structure and a relatively
small SV~! on the order of 0.3-0.4 um~". In contrast, crystalline structures of phos-
pholipids show a larger SV~!, typically in the range 0.5-2 um~' [24, 54, 55]. Val-
ues are also available for waxes: Canauba wax has a typical crystal structure in the
form of spherical aggregates with SV~'€ [0.1, 0.2] um~'. On the other hand, bees-
wax has a hexagonal crystal structure with Sv~le [0.5, 1.0] pm_l [56-58]. Since
SFSW can adopt different crystal structures like prismatic and needle-like crystals,
SV~'€ (0.5, 1.5] um~! was found for prismatic crystals and SV~! € [1.0, 2.5] um™!
for needle-like crystals [24, 59-61]. The data could be interpreted in the follow-
ing way: SFSW appears in a needle-like structure at 7<T,,;, and the structure
changes to prismatic crystals just before melting occurs. MDG also form a variety
of crystal structures [62]. 1-hexadecanoyl-sn-glycerol can form needles, plates, or
crystal aggregates with typical values of SV~! € [1.0, 2.0] um~!. Di(octadecanoyl)
hexadecan forms needles or hexagonal plates with SV=! € [0.5, 1.0] um™'.
1,3-di(octadecanoyloxy)propan-2-yl octadecanoate forms hexagonal plate shapes or
prismatic crystals with SVl €03, 0.5] pm_l [24, 59-61]. MDG oleogels seem to
have needle-like or plate-like structures for 7'< T,. For T>T),, convection shows up
indicated by <D.g, >increasing with A. This well-known artefact of convection in
diffusion data is caused by temperature gradients within the liquid sample, for exam-
ple [63]. The observation thus is a clear indicator for the solid—liquid phase transi-
tion with its impact on oil migration and mobility.
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4 Conclusions

Oleogels are disperse systems with hazelnut oil (HNO) as quasi-continuous and the
gelators as dispersed phase. NMR was applied to measure oil mobility in oleogels
composed of HNO and the gelators mono-diglyceride (MDG) and sunflower seed
wax (SFSW). 'H-spectroscopy served as a basis for transverse relaxation measured
by CPMG and diffusion measured by PFG-STE. Based on the —CH,— peak with
up to 60% of the 'H signal, a quantitative analysis was made. Diffusion of HNO
molecules is more restricted in SFSW oleogels compared to MDG oleogels and is
slower at higher gelator concentrations. PFG-STE allowed to quantitatively deduce
the tortuosity in the range of 7, € [1.5, 3.9]. The solid-liquid phase transitions
were observed and are in agreement with findings in differential scanning calorime-
try. At temperature below the melting temperatures 7'< Ty, the tortuosity model was
applied and reveals 7,,,, with values larger than in hydrogels and lubricant greases,
but similar to values observed in classic porous systems. The findings are in accord-
ance to scanning electron microscope images and polarisation microscopy. HNO
diffusion in oleogels is thus hindered but not completely restricted as in droplets of
emulsions. Fat ripening will, therefore, be hampered but not excluded. Above the
melting temperature of the gelators (7> T),), diffusion resembles that of oil mix-
tures characterized by an average diffusion coefficient with the expected sensitivity
to convection.

Composition and temperature influence also transverse relaxation of HNO in ole-
ogels. All decays were modelled by bimodal gamma distributions. At T<T),, the
—CH,— magnetization decays are dominated by HNO, while both, gelator and HNO
determine the decays at 7> Ty,. The solid-liquid phase transition becomes obvious
on the time and length scales of transverse NMR relaxation. The phase transition in
oleogels shifts to higher temperatures with gelator concentration in agreement with
differential scanning calorimetry.
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