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A B S T R A C T

In this manuscript, we study the complex motions of the individual hydrogen atoms in olive oil, a popular, real- 
world example of a complex viscous liquid, by measuring the magnetic field-dependence of their relaxation rates. 
These rates depend on several structural and motional parameters, and are thus relevant for understanding 
molecular structure and dynamics: the analysis of individual rates can inform on motions occurring on a wide 
range of timescales (from microseconds to tens of picoseconds) and on their relative weights, providing insights 
on the different mobility regimes of molecular groups that can move – at least in part – independently, and which 
are at the basis of their macroscopic properties. We have here combined field-cycling relaxometry measurements 
performed from 0.01 to 40 MHz using a fast field-cycling relaxometer, with no spectral resolution, and site- 
specific measurements performed from around 2 to 400 MHz using a newly developed fast sample shuttle sys
tem installed on a 600 MHz NMR spectrometer, which allows for polarization and detection at high field. We 
performed an integrated analysis of these relaxometry measurements. Molecular dynamic simulations are in 
qualitative agreement with the physico-chemical picture emerging from the data. The same experimental 
strategy is applicable to all kinds of triglycerides in the liquid state and, more generally, to many complex viscous 
liquids.

1. Introduction

Exploring the molecular properties of everyday items, such as water 
in a glass [1], or soap bubbles [2], often leads to advances in funda
mental science. Similarly, investigating the molecular details of the 
motions happening inside everyday usage products, like the food we eat, 
or its dressing, as olive oil, may improve our knowledge on fascinating 
systems. Olive oil, like most vegetable oils, is essentially constituted of a 
mixture of monounsaturated, poly-unsaturated and saturated fatty 
acids, mainly in the form of esters with glycerol (triacylglycerols, or 
triglycerides) [3]. It is mostly composed of the 18:1 monounsaturated 

oleic acid, with minor amounts of palmitic acid, linoleic acid, linolenic 
acid, and a variety of phenolic and polyphenolic compounds.

Triglycerides play a central role in a variety of relevant biological 
processes. They are stored in lipid droplets (LD), cytoplasmic organelles 
found nearly ubiquitously in cells, responsible for fat accumulation. 
They play a critical role in cell function and energy management, and 
have been demonstrated to be relevant for LDs formation, through their 
interaction with phospholipids [4] providing insights into molecular 
mechanisms of fat storage and related disorders like lipotoxicity [5]. 
Among individuals with obesity, triglycerides may represent up to 99 % 
of lipid species in adipose tissue [6]. Elevated levels of triglycerides in 
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blood have long been recognized as a risk factor for cardiovascular 
diseases, as they are associated with an increased risk of atherosclerosis, 
heart attack, and stroke. Triglycerides are also a major component of the 
sebum oil, which has a critical importance for the regulation of the 
hydration of the outermost layer of the skin, the stratum corneum. In 
addition to their biological importance, triglycerides hold a paramount 
role in industry, where they cover multiple relevant applications, e.g. to 
improve food texture and caloric content [7] as well as in cosmetics as 
emollients and for their ability to penetrate the skin and enhance the 
absorption of other active ingredients [8]. Their liquid-solid phase 
transitions were studied in order to have further insights about the 
fundamental features of triglycerides crystallization [9].

Given their importance, it is rather surprising that a deep analysis of 
the dynamic behavior of neat triglycerides in the liquid state is essen
tially lacking, although it could be highly beneficial for all the above 
fields of research. How then can we obtain information on neat tri
glycerides dynamics? It could be in principle obtained by means of 
molecular dynamics (MD) simulations but, since very slow motions are 
likely to occur [10,11], trajectories covering very long times would be 
needed, with high computational costs. Furthermore, these calculations 
will have to rely strongly upon forcefield parameters that have been 
determined for mixtures rather than for the pure liquids. So far, MD 
studies have focused on understanding how triglyceride behave at the 
interface with water [12] but, to our knowledge, MD simulations on neat 
triglycerides have never been performed. Among the established 
experimental techniques that can be used to study triglycerides, only 
nuclear magnetic resonance (NMR) can provide information at the level 
of individual nuclei within pure liquids, in the absence of external 
probes. However, the vast majority of NMR studies of triglycerides has 
been aimed at quantifying their composition, and have thus been per
formed in organic solvents (usually CDCl3) at high dilution [13,14]. In 
these cases, the mobility of triglycerides is expected to be largely 
impacted by the dilution, suppressing intermolecular effects and thus 
preventing one from monitoring the intrinsic dynamic processes 
occurring in their neat liquid state. In addition, at the high magnetic 
fields at which NMR spectrometers operate, the proton relaxation rates 
of all the different triglycerides signals are similar [10], because most of 
the information related to mobility occurring on time scales longer than 
a few nanoseconds is already dispersed. As strange as it may seem, very 
little experimental data are available to attempt a full description of the 
complex dynamics of these viscous liquids.

To effectively tackle this challenge, nuclear magnetic relaxation 
dispersion (NMRD) measurements, which allow the detection of longi
tudinal relaxation rates in a wide range of magnetic fields are expected 
to be particularly appropriate. These measurements give access to the 
spectral density function even at low magnetic fields, and thus permit 
monitoring dynamics occurring on timescales longer than nanoseconds 
[15]. Fast field-cycling (FFC) relaxometers [16] are used to measure the 
nuclear relaxation rates from about 2.5 × 10− 4 to 1 T (between 0.01 and 
40 MHz 1H Larmor frequency). In contrast to high-field NMR spec
trometers, FFC relaxometers provide no spectral resolution as they only 
detect a single NMR signal originating from all atoms of the same 
nuclide in the sample. The detected nuclide is typically 1H, and the 
signal is often dominated by solvent nuclei when solutions of diamag
netic or paramagnetic molecules are investigated. In this case, the time 
evolution of the magnetization is usually described by a mono- 
exponential function, where the time constant is the longitudinal 
relaxation time of the solvent nuclei. In these conditions, the FFC 
relaxometer can automatically recover the longitudinal relaxation rate 
R1 from the fit to a mono-exponential function of the time evolution of 
the detected magnetization. Conversely, if nuclei with different relaxa
tion rates are present in similar amounts, they all contribute to the 
observed magnetization, and the time evolution of the magnetization 
depends on all of them. Recovering the relaxation rates which provide 
significant contributions to the measured decays is an ill-posed inverse 
problem which can admit multiple solutions [17,18]. In these cases, a 

physical model is needed to select the acceptable solutions among all the 
numerically possible ones. For instance, in the case of proteins in 
deuterated water, the observed magnetization has a time dependence 
described by a multiexponential function, because of the different 
relaxation rates of each inequivalent protein proton. In this case, the 
distribution of the relaxation rates could be recovered from the modeled 
distribution of the energy of dipole-dipole coupled protein protons 
[19,20].

FFC relaxometry data were previously collected also for the char
acterization of vegetable oils. The observed field-dependent relaxation 
rates were analyzed in terms of translational diffusion, and the diffusion 
coefficients of different oils have been linked to their origin [21,22]. In 
these works, the time dependence of the magnetization recovery was 
fitted to a mono-exponential function. In two different studies [10,11], 
the time dependence of the proton magnetization of olive oil was 
analyzed with a biexponential function, whose origin was ascribed to 
two different pools of protons experiencing different triglyceride mo
lecular environments.

While FFC relaxometry provides access to the full spectral density 
function and therefore to motional timescale between nanoseconds and 
microseconds, it is largely unable to disentangle the contributions from 
the different protons in the molecule, due to the absence of spectral 
resolution. Conversely, high-resolution spectra allow us to measure 
longitudinal relaxation rates of individual NMR peaks, but only a small 
portion of the proton-specific spectral density is accessible (typically, 
only one order of magnitude, from ca. 102 to ca. 103 MHz). To overcome 
the intrinsic limitations of FFC relaxometry, cycling between high and 
low magnetic fields using high resolution spectrometers has been 
simultaneously but independently experimented by Bryant and Redfield 
at the turn of the millennium [23–26] and by others afterwards [27–32]. 
More recently, new hardware for this approach has been designed, and 
the technique is now commonly referred to as high-resolution relax
ometry (HRR). HRR has been used, for instance, to study 15N relaxation 
of protein nuclei to gain insight into molecular dynamics [33,34], and of 
methyl protons of metabolites weakly interacting with proteins [35]. A 
very recent breakthrough has been provided by the implementation of a 
fast sample shuttle system (FSS) prototype to perform HRR measure
ments by mechanically shuttling the sample within the stray field of a 
commercial NMR magnet in less than 70 ms, to measure relaxation rates 
down to fields as low as 0.04 T, ensuring coverage of more than two 
orders of magnitude field strength as well as high resolution through 
high field detection [36]. FFC relaxometry and HRR are therefore highly 
complementary, as the former has a wide dynamic range of accessible 
magnetic fields (hence correlation times, ranging from tens of picosec
onds to microseconds) but no spectral resolution, while the latter is a 
high-resolution technique, although with a reduced accessibility to the 
lowest magnetic fields, and thus long correlation times. Relaxation rate 
dispersions across the nT to mT field range, enabling access to even 
slower mobility ranges, with correlation times up to tens ofmilliseconds, 
can be performed with optically pumped magnetometers in combination 
with fast-field-cycling hardware and high-resolution spectroscopic 
detection [37].

Here, we introduce a fully integrated analysis of relaxometry data 
collected with FFC relaxometry and HRR and show how this approach 
offers unique valuable insights on the variability along the triglyceride 
chain in the dynamics of olive oil, a well-known real-life representative 
of the broad class of triglycerides and more generally of complex viscous 
liquids.

2. Materials and methods

2.1. Materials

The employed sample was an extra virgin olive oil, cold pressed by 
mechanical means, not filtered, produced and bottled by the company 
Sarullo, in Ribera (AG, Italy), in 2021. Measurements were performed 
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within one year from the time of production. Different extra virgin olive 
oils were also analyzed through FFC relaxometry, which provided 
measurements in excellent agreement for all samples.

2.2. High resolution relaxometry

The HRR measurements were performed at 25 ◦C on an untreated 
olive oil sample in a purposely designed 5 mm tube, called NMR sample 
container (sample volume: 650 μL). The employed instrument was a 
Bruker Avance III spectrometer operating at 600 MHz (~14.1 T), 
equipped with a 5 mm PA TXI 600 S3 H-C/N-D probe with XYZ gradi
ents; BTO, and with the prototype of the fast sample shuttle system. The 
FSS was recently described in detail [36], it consists of a drive unit 
whose winch wheel is connected through a cord with the sample 
container that can be shuttled into the stray field of the magnet. The 
sample is moved very fast forth and back from the high magnetic field 
center of the magnet and a selected low field position. This hybrid 
approach combines the mechanical action of the cord with a continuous 
gas flow high pressure (4.5 bar) that pushes the sample container to the 
direction of high field detection position.

The employed pulse sequence consisted of a set of two composite 
pulses, before and after shuttling the sample to the target low field, i.e. 
(90y)(180-x/− y)(90y), with the corresponding phases y,-x or -y and y, 
to mitigate phase distortions due to magnetic field inhomogeneities. 
Different relaxation delays, logarithmically spaced between 0 and 5 s, 
are probed when the sample is located at the relaxation field. The time 
required for the sample to be moved from the high field position to the 
desired low field position (equal to the time required to return to the 
high field position), called travelling time, was optimized to 61 milli
seconds, regardless of the chosen field value. A stabilization delay before 
the last 90y pulse is needed to reduce mechanical vibration artifacts due 
to the sample shuttle. With a stabilization delay of 150 milliseconds, 
vibration artifacts were below 2 % of the signal intensity.

2.3. Fast field cycling relaxometry

Magnetization decay/build-up curves were recorded from 0.01 to 40 
MHz using a Stelar SPINMASTER FFC 2000 fast field cycling relax
ometer. Magnetization decays from a prepolarized intensity were 
measured for relaxation fields up to 10 MHz, using a polarization time of 
5 s and a polarization field of 25 MHz. The points in the decay/build-up 
curves were acquired at 64 time values logarithmically scaled between 
0.003 and 1.2 s.

2.4. Static high-field NMR

Longitudinal relaxation rates were measured at 400 MHz using a 
Bruker UltraShield spectrometer equipped with a 5 mm BBO probe, at 
25 ◦C. The olive oil sample was placed in a capillary tube, coaxial with 
the standard 5 mm NMR tube filled with D2O.

2.5. Molecular dynamics simulations

GROMACS [38] was employed to perform a molecular dynamics 
simulation of a box containing 250 identical triolein molecules, 
including the inputs generated through LigParGen, and the OPLS AA 
force field [39]. See Supplementary Material for details.

3. Results and discussion

3.1. HR relaxometry

HRR experiments were performed at 25 ◦C on untreated olive oil at 
16 different frequencies for the relaxation fields, ranging from about 2 to 
400 MHz, using 16 relaxation delays between 1 millisecond and 5 s, and 
detection field of 600 MHz (see Materials and Methods). The HRR 

sample spectrum collected with the shortest relaxation delay at 401.83 
MHz is shown in Fig. 1 (a), together with the assignments of ten peaks, in 
agreement with previous work [40]. For the analysis of the resulting 
pseudo-2D spectra, a dedicated python script was implemented (see 
Supplementary Material) [41]. The decay of the integrals of the NMR 
peaks, were fitted with a monoexponential function, so that a single 
longitudinal relaxation rate Ri

1(B0) value could be determined for each 
peak i and magnetic field B0 (filled dots in Fig. 1).

The analysis of the data was performed by directly fitting the in
tegrals of the peaks as a function of delays (tdelay) and fields, using a 
model free approach [42], with three correlation times, τj, and corre
sponding weights, wj, as fitting parameters (dashed lines in Fig. 1, see 
Supplementary Material for more details). The values for the “effective 
distance”, ri, were fixed to 1.75 Å for CH2 protons (equal to the distance 
between the two methylene protons), and 1.96 Å for CH3 protons (see 
Supplementary Material), while a value of 1.95 Å was determined from 
the fit of the CH protons profiles. The resulting NMRD profiles of the 
different proton signals are shown in Fig. 1. At the lowest investigated 
frequency of 2.31 MHz, the relaxation rates vary from about 4 s− 1 to 
around 30 s− 1, reflecting the different internal dynamics of the protons 
along the chain. The best-fit correlation times, with the corresponding 
weight factors, are shown in Table S2 and Fig. S5.

3.2. Static 400 MHz relaxation measurements

The longitudinal relaxation rates R1 were also measured on a Bruker 
Avance 400 MHz using an inversion recovery sequence, at 25 ◦C. It can 
be noted that all CH2 protons (accounting for 85 % of all protons) have 
similar values (ranging from 1.8 to 2.2 s− 1), whereas CH3 and CH pro
tons experience smaller rates (0.9 and 1.1–1.3 s− 1, respectively) (see 
Table S1 and Fig. S2). Interestingly, the R1 values obtained from the 
static measurements at 400 MHz are in very good agreement with those 
from the HRR measurements at 401.83 MHz, which confirms the reli
ability of the results (see Fig. S3).

3.3. FFC relaxometry

Low-resolution 1H relaxometry measurements were performed on an 
olive oil sample at frequencies ranging from 0.01 MHz to 40 MHz, at 
25 ◦C. As expected, the acquired magnetization decay (0.01–10 MHz) or 
build-up (>10 MHz) curves cannot be accurately fitted with a mono
exponential function, as a result of the presence of contributions from 
protons with different relaxation rates. In addition, the magnetization 
curves back-calculated from the correlation times and weight co
efficients obtained from the fit of the HRR data do not superimpose very 
well to the FFC relaxometry data (see Fig. 2a), highlighting the need for 
an integrative analysis. These magnetization curves were calculated by 
fixing the proton populations, pi, of the different groups according to the 
peak integrals (values in Table S3) in the HRR spectrum acquired with 
the shortest delay and the highest field (reported in Fig. 1 panel a). 
Fig. 2b shows indeed that the residuals between experimental and back- 
calculated data are polarized, with a disagreement up to 5 %, and that 
additional contributions from protons with larger relaxation rates 
should be included, especially to reproduce the magnetization curves at 
the lowest frequencies, for which HRR data are not available.

We notice that the -(CH2)n- peak (1.30–1.65 ppm) includes contri
butions from all the unresolved CH2 groups along the fatty acid chains 
(as many as 10 for oleic acid only). Looking at the experimental data it is 
apparent that this peak cannot be treated as a single component due to 
the strong shape variability (Fig. 1, last panel) both along the delays of 
the same experiment and across the different fields. This change in peak 
shape results from the combination of at least three distinct components. 
The complex variability of this peak makes it impractical to apply the 
same deconvolution scheme to all the experimental traces. However, the 
integral of the whole -(CH2)n- peak could be fitted using three relaxation 
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Fig. 1. NMR spectrum of untreated olive oil recorded at 600 MHz after the shortest relaxation at 401.83 MHz 1H Larmor frequency, with the peak assignments 
referred to the oleic acid structure, reported as the explicit fatty acid chain. The other two fatty acid chains, indicated as R* could be oleic, linoleic, linolenic or 
palmitic acids. The label -(CH2)n- refers to the methylene groups with chemical shift between 1.3 and 1.65 ppm, while peak number 6 refers to the methylene group 
in between the unsaturations of linoleic acid. In the plots of the relaxation rates as a function of the Larmor frequency, the dots represent the relaxation rates of all 
peaks obtained from the monoexponential fit of the decays. The dashed lines show the relaxation rates obtained from the fit of the decays at different fields with Eqs. 
S6-S8, considering three correlation times. The progressive intensity decay at 401.83 MHz of the ensemble of peaks for –(CH2)n– protons for delays increasing from 
0.004 to 5.003 s is shown in the last panel.

Fig. 2. The FFC decay/build-up of the magnetization calculated using the parameters obtained from the fit of the HRR data (lines) gives a poor agreement to the 
experimental data (dots), as apparent from the polarized residuals plot (panels a and b). The residuals decrease if three components are used in the fit of the -(CH2)n- 
peak (c). On the other hand, the integrative analysis results are in excellent agreement with both FFC data and HRR data (panels d-e, see text for more details).
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components (with three correlation times each) and fixed molar fraction 
at all delays and magnetic fields. The best fit values of the molar frac
tions of the three relaxation components, indicated as -(CH2)a-, − (CH2)b- 
and -(CH2)c, resulted equal to 0.33 ± 0.05, 0.25 ± 0.05 and 0.42 ± 0.08, 
respectively. Using this set of best fit parameters, the disagreement be
tween experimental and back-calculated FFC data is sizably reduced (see 
Fig. 2c).

3.4. Integrative analysis

A combined analysis of FFC relaxometry and HRR data was then 
performed. A very good agreement between the FFC data and the 
magnetization decay/build-up curves calculated as the population- 
averaged sum of the 12 monoexponential functions in agreement with 
the HRR data could be obtained (Fig. 2), without significantly 
decreasing the quality of the fit of the HRR data. This fit was performed 
by including 3 correlation times for each of the 10 peaks, considering 
three relaxation components for the -(CH2)n- peak (if one or two com
ponents only were considered, no good fit could be obtained, see 
Table S4). The parameters obtained from the fit are reported in Table S5 
and in Fig. 3, and statistical tests supporting the validity of the applied 
model are reported in Table S4. These values indicate that the increase 
in the quality of the fit achieved by including a fourth correlation time is 
only marginally better and does not justify the much higher number of 
fit parameters. Remarkably, a good fit of the FFC relaxometry data re
quires the inclusion of a correlation time as large as hundreds of nano
seconds, although with a very small weight: if this contribution is 
removed (and the weights of the other contributions are optimized to 
sum to one), the quality of the fit decreases significantly, with χ2 passing 
from 0.0363 to 0.0538.

Modulation of the dipole-dipole interactions between neighboring 
protons may be ascribed not only to molecular reorientation but also to 
translational diffusion [43,44], although our analysis shows that a good 
fit without translational diffusion can be obtained. To estimate the 
possible contribution of diffusion, a global fit including the Freed model 
for translational diffusion was also performed (Eqs. S12-S15). All data 
were fitted with a reorientation contribution modulated by three cor
relation times and a translational contribution. For all peaks, the 
shortest among the three correlation times was constrained to have a 

common value in all curves, as also done in the context of protein dy
namics [34], in order to decrease the covariance among the parameters 
(if a further correlation time is constrained to a common value, the 
quality of the fit decreases significantly). The distances of closest 
approach were fixed to 2.4 Å (proton-proton van der Waals distance) 
and the diffusion coefficient to the previously published value [44] (8.2 
± 1.0 × 10− 12 m2/s, average for different extra virgin olive oils). The 
inclusion of the translation diffusion contribution required considering 
one additional fit parameter, the fraction α in front of the proton con
centrations, introduced to account for the limited angular access up to 
the closest approach distance of 2.4 Å (this parameter is not present in 
the Freed equation because the interacting spins are modeled at the 
centers of rigid spheres). This fit, providing a fraction α of ca. 15 %, is of 
similar quality of that previously obtained without translational diffu
sion (Figs. S8 and S9). No good fit was instead possible if only two 
correlation times are considered together with the translational 
contribution.

In the present analysis, the possible influence on the calculated 
relaxation rates of cross-relaxation effects, arising either from auto- 
correlated cross-relaxation terms among dipole–dipole interacting nu
clear spins or cross-correlated cross relaxation, have been neglected, due 
to the complexity of the system. Advanced analysis of HRR data in 
proteins has shown that small deviations of decay rates from longitu
dinal relaxation rates could be expected in the presence of cross relax
ation [45]. Since cross-relaxation would be active during the shuttle 
transfers in HRR which are much longer than the field switching times in 
FCC, they would alter differentially HRR and FCC decay rates, which 
might affect the integrative analysis approach. To estimate the effect of 
cross-relaxation, a complete relaxation matrix analysis (CORMA [46]) 
was performed for a simplified system composed of the glycerol CH and 
CH2 groups, where it is expected to be most impactful. The analysis 
shows (see Supplementary Material “Estimation of cross-relaxation ef
fects with CORMA”) that the correlation times obtained for the CH2 
groups are basically unaffected by the inclusion of cross-relaxation, 
while the correlation time for the CH groups can result ca. 20 % 
smaller. Cross-correlated relaxation and other effects related to (e.g.) 
scalar couplings that might lead to coherent averaging of relaxation 
rates in coupled spin system are also expected to lead to deviations of 
NMRD profiles, particularly if coupled spins have different longitudinal 

Fig. 3. Values of the correlation times and the corresponding weighting coefficients for individual protons in olive oil.
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relaxation rates [47,48]. The overall picture emerging from the present 
analysis is however estimated to be very similar when fully accounting 
from these effects.

The longitudinal relaxation rate at low fields ranges from around ca. 
4.5 s− 1 to 30 s− 1, the lowest rate being associated with the methyl group, 
reflecting the high mobility of the terminal part of the aliphatic chain. As 
already observed in the analysis of the HRR measurements alone, the 
values of the low-field relaxation rates decrease upon going towards the 
triglyceride tails. This decrease results in increasing weights of the fast 
molecular motions (Fig. 3). This behavior is in line with the expected 
increase in the local mobility along the triglyceride chains.

While molecular dynamics simulations are available for mixtures 
containing triglycerides and for phospholipid bilayers [12,49], some
what surprisingly, no molecular dynamics calculations of pure tri
glycerides are available in the literature, possibly because very long time 
trajectories would be needed to capture up to the longest motional 
times. We decided to simulate at least the faster occurring motions and 
compare these simulations to our experimental analysis over a wide 
range of motional times in this complex system. Molecular dynamics 
trajectories have been used to simulate FFC relaxometry and HRR data, 
and verify interpretation model assumptions by providing diffusion 
coefficients and correlation times [33,50]. To this end, a 20 ns molecular 
dynamics simulation was performed on 250 triolein molecules with 
distinct conformations, spanning from rather compact to extended ones. 
The calculated proton trajectories allowed for the predictions of their 
local mobility, of course limited in the range from picoseconds to few 
nanoseconds. The analysis of the autocorrelation functions for the sum 
of all dipolar couplings for each proton, calculated from the trajectories 
results in qualitatively good agreement with the description arising from 
the experimental relaxation data (see Supplementary Material), with a 
higher weight of slower modes of motion around the glycerol group and 
a predominance of faster motions in the tens of picosecond to one 
hundred picosecond range on the methyl end the aliphatic chain 
compared to the glycerol side. Interestingly, both experiments and 
simulations show a slowdown of motion in the chains around in the 
carbon double bond. This observation correlates well with analyses of 
deuterium relaxation [51] and a recent detailed analysis of carbon-13 
relaxation in phospholipid bilayers [52]. Building on the latter, we 
can hypothesize that the motions in the range of tens to one hundred of 
picoseconds correspond to internal motions: bond librations, and local 
transitions between rotameric states. On the other hand, the motions on 
nanosecond timescales would correspond mostly to large reorientations 
of the aliphatic chains and global motion of the entire triglyceride. 
Longer molecular dynamics trajectories of olive oil would be required to 
be able to confirm this mechanistic description by separating the 
different types of motions.

4. Conclusions

We have characterized the site-specific dynamics of a complex, 
viscous, but rather common mixture such as olive oil, which lacked a 
detailed, atom-specific description. The integrative analysis of FFC 
relaxometry and HRR data showed that the reorientation correlation 
times span in a range from tens/hundreds of nanoseconds to picosec
onds. The longest correlation times, which have the lowest weighting 
factor, can be related to the global reorientation of the triglyceride. Due 
to the extended and intertwining conformations of the triglycerides, 
reorientation is in fact expected to be sizably longer than the time of 
several tens of nanoseconds that could be estimated considering them as 
rigid molecules of ca. 900 g/mol and the olive oil viscosity as ca. 85 
times that of water [53]. On the other hand, the correlation times in the 
few nanoseconds and picosecond range can be ascribed to the different 
local motional regimes of the triglyceride molecules. The detection of 
such a broad distribution of correlation times indicates that the mole
cules experience a rather extended conformation, allowing for quite 
distinct dynamics. The analysis shows a decrease of the best-fit longest 

correlation times and of their weights along the triglyceride chains, with 
maximum and minimum values in the head and in the tails of the 
molecule, respectively, and larger values for the unsaturated group than 
for the surrounding CH2 groups. Therefore, the emerging picture is that 
the mobility becomes significantly faster on passing from i) the glycerol 
and the surrounding groups, to ii) the unsaturated fatty acid groups, and 
then to iii) the CH2 groups close to the unsaturated groups, then to iv) 
the CH2 groups further away, and finally to v) the methyl groups. 
Notably, the present analysis shows that the two techniques mainly 
employed in the present study, FFC relaxometry and HRR, are highly 
complementary when facing systems having a high degree of structural 
and dynamics complexity, as they give access to different motional 
timescales.
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[51] M.F. Brown, J. Seelig, U. Häberlen, Structural dynamics in phospholipid bilayers 
from deuterium spin–lattice relaxation time measurements, J. Chem. Phys. 70 
(1979) 5045–5053, https://doi.org/10.1063/1.437346.

[52] A.A. Smith, A. Vogel, O. Engberg, P.W. Hildebrand, D. Huster, A method to 
construct the dynamic landscape of a bio-membrane with experiment and 
simulation, Nat. Commun. 13 (2022) 108, https://doi.org/10.1038/s41467-021- 
27417-y.

[53] J.-P. Bonnet, L. Devesvre, J. Artaud, P. Moulin, Dynamic viscosity of olive oil as a 
function of composition and temperature: a first approach, Eur. J. Lipid Sci. 
Technol. 113 (2011) 1019–1025, https://doi.org/10.1002/ejlt.201000363.

G. Licciardi et al.                                                                                                                                                                                                                               Journal of Molecular Liquids 437 (2025) 128538 

9 

http://refhub.elsevier.com/S0167-7322(25)01715-5/rf0210
http://refhub.elsevier.com/S0167-7322(25)01715-5/rf0210
http://refhub.elsevier.com/S0167-7322(25)01715-5/rf0210
https://doi.org/10.1021/acs.jafc.1c00914
https://doi.org/10.1016/j.jmr.2020.106718
http://refhub.elsevier.com/S0167-7322(25)01715-5/rf0225
http://refhub.elsevier.com/S0167-7322(25)01715-5/rf0225
https://doi.org/10.1063/1.3040272
https://doi.org/10.1063/1.3040272
https://doi.org/10.1063/1.3495988
https://doi.org/10.1039/C8RA08441F
https://doi.org/10.1021/acs.jpclett.0c00087
https://doi.org/10.1063/1.437346
https://doi.org/10.1038/s41467-021-27417-y
https://doi.org/10.1038/s41467-021-27417-y
https://doi.org/10.1002/ejlt.201000363

	Molecular motions in olive oil from nuclear magnetic relaxation over five orders of magnitude of magnetic field
	1 Introduction
	2 Materials and methods
	2.1 Materials
	2.2 High resolution relaxometry
	2.3 Fast field cycling relaxometry
	2.4 Static high-field NMR
	2.5 Molecular dynamics simulations

	3 Results and discussion
	3.1 HR relaxometry
	3.2 Static 400 ​MHz relaxation measurements
	3.3 FFC relaxometry
	3.4 Integrative analysis

	4 Conclusions
	Authors contribution
	CRediT authorship contribution statement
	Funding sources
	Declaration of competing interest
	Acknowledgements
	Appendix A Supplementary data
	Data availability
	References


