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fast/slow dynamics, inter-molecular/intra-molecu-
lar dynamics;

• Characterization of surface exchange effects with 
solvents and other small molecules;

• Characterization of porous systems and local diffu-
sion effects;

• Characterization of translational diffusion in bulk 
and geometrically restricted environments;

• Identification of the presence of paramagnetic sub-
stances;

• Evaluation of MRI contrast agents (electronic 
relaxation, kinetics of exchange, coordination num- 
ber, correlation times in the spectrum of reorien- 
tation and diffusional dynamics of molecules);

• Identification of effects connected to cross- 
linking in polymers;

• Separation of slow and fast motion relaxomet-
ric components in polymers (inter-chain and in-
tra-chain interactions);

• Separation of amorphous and crystalline contribu-
tions in solids;

• Determination of aggregation states of complex 
biomolecules such as proteins;

• Exploration of relaxation of interesting nuclei, such 
as 2H, 13C, 7Li, 19F, 23Na, etc.: structural information 
connected to the presence of a particular nucleus at 
a specific molecular site may be obtained.

/FAST F IELD CYCL ING RELAXOMETRY FROM MOLECULAR DYNAMICS TO PRACTICAL APPL ICAT IONS

/INTRODUCTION: FFC NMR TECHNIQUE /THE NMRD PROFI LE

03

Fast Field Cycling NMR relaxometry is a non-destruc-
tive low-field magnetic resonance technique which 
is performed in the range of a few kHz up to around 
100 MHz, depending on the instrument. FFC NMR 
relaxometry is the only low-field NMR technique 
which measures the longitudinal spin relaxation rate,  
R1=1/T1, as a function of the magnetic field strength 
over a wide range of frequencies using only one instru-
ment [1-7]. 
The information obtained from T1 is connected to the 
molecular dynamics of a substance or complex mate-
rial. The technique is particularly useful in revealing 
information on slow molecular dynamics which can 
only be carried out at very low magnetic field strengths.  
Examples of important molecular dynamics infor-
mation which can be obtained through FFC NMR  
relaxometry:
• Characterization of rotational dynamics;
• Determination of thermal activation energies;
• Identification and distinction between different 

molecular dynamics e.g. solid/liquid dynamics, 

Fast field cycling NMR relaxometry is the only technique 
which permits the measurement of nuclear spin relaxation 
times over a wide range of magnetic field strengths with just 
one instrument, thus offering a more complete investigation of 
molecular dynamics in a variety of substances and materials.

The Fast Field Cycling (FFC) NMR Relaxometry 
technique

1 .1

/introduction: fast field cycling relaxometry (ffc)

The NMRD profile1 .2

/introduction: fast field cycling relaxometry (ffc)

The magnetic field dependence of 1/T1 of any given 
substance or material is shown in the graphical form as 
a Nuclear Magnetic Resonance Dispersion (NMRD) 
profile. [1, 7 , 10, 11, 12].

fig. 1: 
The NMRD profiles of a foodstuff 
before (black squares, unspoiled) and 
after it has expired (red dots, spoiled).  
Stelar in-house data. 
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The relaxation rate 1/T1 of a substance or material will 
tend to change when there is a variation in molecular 
dynamics, which may be caused by the following:

• change of state (e.g. solid to liquid; phase changes in 
complex systems such as liquid crystals); 

• concentration changes (e.g. effect on aggregation 
states of biomolecules);

• temperature changes;

• viscosity changes;
• cofactor interactions such as sulfur-polymer cou-

pling or plasticizer effects;
• paramagnetic impurities;

Changes in the relaxation rate, 1/T1, of a substance or 
material, are sometimes not evident at single magnetic 
field strengths, but when studied over a wide range of 
magnetic field strengths, as with FFC NMR relaxome-
try, changes are easier to identify as they are often more 
visible with the NMRD profile, especially at the lower 
magnetic field strengths. [1, 10-15].

Relation of NMRD to molecular dynamics1 .3

/introduction: fast field cycling relaxometry (ffc)

Molecular dynamics are generally rotational or transla-
tional motions that are modeled as small angle or small 
step translational jumps which occur randomly in time. 
The random functions of time are usually characte- 
rized by a time correlation function that characterizes 
the conditional probability that if there is a particular 
orientation or position at time t, what is the probability 
at time (t + τ) later? For Brownian rotational diffusion, 
the correlation function decays exponentially:

Where B2 is the strength of the coupling modulated 
and τc is the correlation time for the molecule to dif-
fuse approximately one radian. Nuclei are relaxed by 
the transition induced by these fluctuating fields at 
the Larmor frequency (single quantum) and twice the 
Larmor frequency (double quantum) spin flips. What 
motions are important depends on the magnetic field 
strength experienced by the nuclei. The more intense 
the fluctuations are near the Larmor frequency, the 
faster the spins relax. The frequency dependence of 
the fluctuation intensity, i.e., the power spectrum or 
the spectral density, is the Fourier transform of the 
time correlation function. For rotation this becomes,  

Which to within a constant has the form
 

and

Thus, the Nuclear Magnetic Resonance Dispersion 
(known as NMRD or MRD) maps the Larmor fre-
quency dependence of the spectral density function 
that is related directly, by the Fourier transform, to the 
time correlation function characterizing molecular 
motions. Any motion that causes changes in the local 
fields contributes to the relaxation process including 
rotation, translation and chemical exchange among 
different chemical or physical environments [1, 13-15].
A critical feature of NMRD is that it is possible to 
map spectral densities as low as 5-10 kHz which cor-
responds to a time regime in the vicinity of 30 micro-
seconds, i.e., well into the range of chemical exchange 
events. Variations of the method permit exploration to 
lower frequencies. 

acknowledgement: 
Thanks to Prof. Robert G. Bryant (Uni-
versity of Virginia, USA) for providing 
some of the text for this section.

The NMRD profile is the plot of 1/T
1 
versus the 

Larmor frequency of the relaxation magnetic field. 

Molecular dynamics comprise rota-
tional and translational motions of 
molecules.
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FFC NMR relaxometry requires a small amount of a 
solid or liquid sample (enough to fill a standard 10mm 
NMR tube to a volume of around 1cm3) with no  
other form of preparation required. 
The Stelar wide-bore magnet is able to accommodate 
larger samples such as rock cores or even small animals.
The Stelar relaxometer works by fast electronic switch-
ing of the magnetic field from an initial polarizing 
magnetic field (BPOL), where the equilibrium of nucle-
ar magnetization is attained in about 4T1, to a field of 
interest (relaxation field; BRELAX) at which the nuclear 
spins relax to the new equilibrium state with a charac-
teristic relaxation time constant T1. After a delay time, 
τ, the BRELAX is switched to the field of acquisition 
(BACQ) and the NMR signal is detected after a π/2 RF 
pulse (fig. 2) [1, 7, 12]. 

Fast Field Cycling (FFC) Nuclear Magnetic Resonan- 
ce (NMR) relaxometry is a measurement of the nu-
clear spin-lattice relaxation rate constant as a function 
of the applied magnetic field strength that provides a 
unique characterization of the local molecular dyna- 
mics of molecules over a wide frequency range  
[1,10-,15]. 
The spin-lattice-relaxation-rate constant (1/T1) charac-
terizes the time dependence of the approach to thermal 
equilibrium for the nuclear spin magnetization if it is 
perturbed from equilibrium in a magnetic field. The 
process involves an exchange of energy between the 

fig. 2: 
schematic representa-
tion of the field cycling 
technique.

1 .4 FFC technique 
/introduction: fast field cycling relaxometry (ffc)

1 .5 Fast Field Cycling NMR relaxometry:  
a technical explanation

/introduction: fast field cycling relaxometry (ffc)

The spin-lattice (or longitudinal) relaxation time T
1
 , when studied over a wide 

range of magnetic field strengths, can furnish important information on molecular 
dynamics (motions) of water molecules in a variety of different environments.

NMRD profiles allow easy identification of the origin of the motions that drive 
spin relaxation.

nuclear spin energy and the other degrees of freedom 
in the system collectively called the lattice, even in a liq-
uid. This energy exchange requires photons of energy 
corresponding to transitions between the nuclear spin 
energy levels that are a linear function of the magnetic 
field strength. The fluctuations that cause the coupling 
derive from molecular motions in the system ranging 
from vibrations at the highest frequencies to global 
fluctuations at the lowest frequencies. Varying the 
magnetic field strength varies the frequencies sampled 
by the relaxation rate measurement. 
By varying the magnetic field over wide ranges, it is 
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fig. 3: 
NMRD profile for bo-
vine serum albumin in 
water at 200 mg/mL.  
Picture provided by 
Prof. Robert G. Bryant 
(University of Virginia, 
USA).

fig. 4a and 4b: 
The relaxation dispersion profiles for 
cross-linked bovine serum albumin 
samples at different compositions 
shown in semilogarithmic (a) and 
log-log (b) presentations. Picture 
provided by Prof. Robert G. Bryant 
(University of Virginia, USA).

fig. 4a

fig. 4b

acknowledgement: 
Thanks to Prof. Robert G. Bryant (Uni-
versity of Virginia, USA) for providing 
some of the text for this section.

possible to map the power spectrum of the fluctuations 
from a few kHz to hundreds of MHz corresponding to 
a time scale range from tens of microseconds to hun-
dreds of picoseconds. Incorporation of a paramagnet 
in the system permits exploration of dynamics to the 
sub picoseconds domain. One may think of nuclear 
magnetic relaxation dispersion (NMRD) as the mag-
netic analog of dielectric dispersion; however, NMRD 
has the distinct advantage that one generally has no dif-
ficulty identifying the origin of the motions that drives 
spin relaxation.
The solid curve in fig. 3 is a “fit” to the data assuming a 
single rotational unit (monomer). The fit fails because 
the solution is severely aggregated. As a consequence 
of the aggregation, the inflection point is shifted a de-
cade to lower Larmor frequencies corresponding to 
much larger rotational units than a monomer, and the 
dispersion is broadened which reports through the ro-
tational correlation times the distribution of apparent 
molecular sizes. The weighting of the contributions 
to the NMRD profile is proportional to the rotation-
al correlation time, thus, the larger aggregates make a 
much larger contribution to the relaxation rate con-
stant than the smaller ones.
The dispersion is predominantly a power law in the 
Larmor frequency for the rotationally immobilized 
protein cases or very large aggregates (fig. 4).               
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A FFC relaxometer, such as the Stelar SPINMASTER 
or SMARtracer, is a specialized system with a low field 
magnet which is able to electronically switch the ma- 
gnetic field strength required, from a few kHz up to 

fig. 5: 
Data produced from in-
house studies at Stelar. 
Samples kindly provid-
ed by Dr. M. Fleury, 
IFPEN, Paris.

fig. 6: 
NMRD profiles from 
aqueous BPTI (Bo-
vine Pancreatic Trypsin 
Inhibitor) solutions at 
27C, pH 4.5 and the 
indicated NaCl concen-
trations. 
[from ref. 17]

fig. 7: 
NMRD profiles of two 
starch samples with 
different water content 
(90% and 30%). 

1 .6.1 Practical difference between a fixed field 
magnet and an FFC relaxometer

/essential differences between a ffc nmr relaxometer and a fixed 
field time domain instrument to measure nuclear spin relaxation

the maximum magnetic field strength allowed by the 
magnet (up to 42 MHz 1H Larmor frequency with 
the 1 Tesla magnet) and which is able to overcome the  
limits of the NMR signal-to-noise ratio at low magnet-
ic field strengths [1, 7, 10, 12, 13].
A standard fixed field magnet measures the relaxation 
rate constant 1/T1 with the limitation that it is unable 
to change the magnetic field strength of operation  
and thus is only able to measure 1/T1 at a single  
magnetic field strength. Fixed field time domain in-
struments generally operate at a single frequency in  
the range of 2 – 60 MHz.
The FFC relaxometer is able to measure 1/T1 at very 
low magnetic field strengths (down to a few kHz) which 
is of particular advantage as many molecular processes 
occurring in the range between nano-seconds and mil-
li-seconds (slow molecular dynamics) are very difficult 
to measure at higher magnetic field strengths. In the 
following we show three examples. 

The NMRD profiles in fig. 5, measured with a Stelar 
FFC NMR relaxometer, show three different weight 
distributions of polyethylene glycol (PEG) melts (blue 
squares 8,000 Da, black squares 20,000 Da, red squares 
35,000 Da). This demonstrates how the ability to mea-
sure nuclear spin relaxation over a wide range of mag-
netic field strengths, and especially at very low magnet-
ic fields, can be of advantage. It would be difficult to 
distinguish between these three different polymers at 
magnetic field strengths higher than 0.1 MHz.

Fig. 6 shows how protein aggregation can be investi-
gated using FFC. NMRD profiles allowed the study of 
BTPI (Bovine Pancreatic Trypsin Inhibitor) self-asso-
ciation as a function of pH, salt type, salt concentration 
and temperature[1].  

FFC method sensitively detects stable oligomers 
without being affected by other intercactions. The 
NMRD profiles in fig. 6 show that it would be 
difficult to distinguish between the different sam-
ples at magnetic field strengths higher than 5 MHz. 
Fig. 7 shows that by applying FFC to starch samples 
it is possible possible to distinguish between samples 
with different water content. 
The difference between samples is not detectable for 
field strengths over 10MHz.                                                                                               
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The key difference between the fixed field experiment 
and the NMRD experiment is that the NMRD profile 
provides a test of the theory used to interpret the data 
in terms of the molecular dynamics in the system. 
Rotational motions are a simple example [1, 12, 14, 15]. 
The relaxation rate constant may be written for relax-
ation induced by rotational Brownian motion as:
 

The measurement of the field dependence characterizes 
the rotational correlation time, τ, as well as the strength  

1 .6.2 Technical difference between the fixed field 
and the NMRD experiment

/essential differences between a ffc nmr relaxometer and a fixed 
field time domain instrument to measure nuclear spin relaxation

of the coupling, B2, driving relaxation. However, one does 
not need to know B2 to extract the dynamical informa- 
tion because it derives from the Larmor frequency de-
pendence entirely. 
In the fixed field experiment, the Larmor frequency, ω, 
is fixed. In this case, to extract τ, one needs to know B2 

accurately. Further, there is no test of the assumptions 
in the theory for the fixed field measurement, but in the 
NMRD experiment, if the theory is inappropriate, it 
will not faithfully fit the NMRD profile.                          

/ instrumentation

2 FFC NMR instruments

fig. 8a: 
Picture of the first 
SPINMASTER 0.5 T, 
installed at the Univer-
sity of Lund, Sweden, 
in 1997.

Commercial FFC NMR relaxometers have been avai-
lable since 1997. 
They exploit the principle that the nuclear spin-lat-
tice relaxation, T1 is dependent on the magnetic field 
strength, as shown by very early works [8, 9, 12, 13]. 
The NMRD profile is obtained by switching the cur-

rent very rapidly in a dedicated multi-section magnet. 
The field switched system permits measurement of  
relaxation rate constants approximately 100 times 
shorter than sample shuttle instruments and thus open 
a very wide range of experimental possibilities [1-4, 
6-7].
 
The first  commercial FFC relaxometer, from 
Stelar Srl (Mede, Italy), was installed at the Uni-
versity of Lund in 1997 (fig. 8a) and ope- 
rated with a two-layer air-core solenoid magnet 
which achieved magnetic fields from 10kHz to 
20 MHz. 
The current version of the SPINMASTER (fig. 8b) 
operates with a 1 Tesla four-layer air core solenoid 
magnet, capable of achieving fields from a few 
kHz (1-10 kHz is achievable depending on the 
local environment and field) to 42 MHz. 
SPINMASTER can also be configured with a 0.5 Tesla 
wide-bore magnet for 1 inch samples.
The bench-top 0.25 T FFC relaxometer SMARtra- 
cer (fig. 8c) covers a field range from 10 kHz to 10 
MHz. It is also possible to extend the field range of 
FFC relaxometers, up to 125 MHz, using a second-
ary variable-field magnet in conjunction with the FFC  
system (fig. 8d).
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references:

fig. 8d: 
Variable cryogen free 
HT superconducting 
magnet (HTS-100, 
NZ).

fig. 8c: 
Bench-top 0.25 T SMARtracer.

fig. 8b: 
1T SPINMASTER.



NMRD profiles permit determination of what local 
dynamical factors dominate the nuclear spin relaxation 
detected. Three factors compete: rotational motion, 
chemical exchange, and electron spin relaxation with 
electron spin relaxation usually being the limiting fac-
tor (fig. 9 and fig. 10).
In fig. 10, the rotational motion has been stopped in 
the samples by crosslinking the bovine serum albumin 
to which the metals are bound.  
The fast process that limits the relaxivity is the 
electron  spin relaxation time which becomes the
correlation  time for the electron-nuclear coupling
and it increases with increasing Larmor frequency caus-
ing the maximum in the relaxivity [3].  
The water relaxivity for the 4 nm to 14 nm magnetic 
nanoparticle suspension shown in fig.10 are also  
limited by magnetic relaxation processes associated 
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fig. 9: 
1H NMRD profiles of Gadolinium 
and Manganese bovine serum 
albumin (BSA) cross-linked gels.

Rapid progress has been made in developing new 
MRI contrast agents (paramanetic complexes) 
as well as in the instrument technology to characterize 
the T1 relaxivity profile (NMRD) of the agent. Con-
trast agents with higher relaxivity are more desirable as 
they enhance the relaxation of body tissues of interest 
in the MRI scan.  
Research has led to the development of  MRI- trackable 
magnetic nanoparticles capable of targeting specific 
cell-types, such as cancer cells, for image-guided treat-
ment [1, 2, 5, 8]. 
NMRD is critical for characterizing the mechanistic 
origins of contrast agent effects and mapping the ma- 
gnetic field dependence of their magnetic relaxation 
efficiency. Relaxivity is the water-proton-relaxation 
rate normalized by the contrast agent concentration.   
Higher relaxivity permits reduction of agent concen-
tration and reduced toxicity. Gadolinium(III), man-
ganese(II) and iron (III) are the most frequently used 
metal centers because they have large net electron spin 
moments and relatively long electron spin relaxation 
times [6-11].

MRI contrast agents3.1 .1

/ applications

fig. 10:  
1H NMRD profiles of magnetic iron 
oxide nanoparticles with increasing  
core sizes. 

FFC NMR technique allows investigation 
of the interaction between metal ions and water 
which can be used to improve the effectiveness 
of a contrast agent and to optimize its design.

    4 nm (NP-1) 
    6 nm (NP-2);  
    9 (NP-3)
    14 nm (NP-4) 

Parameters involved in  
relaxation can be estimated  
by fitting the NMRD profile 
of the contrast agent with 
an appropriate mathematical 
model relating to a particular 
theory.



may affect the type of therapy chosen.
New work aims at developing an innovative diagnostic 
strategy, based on the measurements of longitudinal 
relaxation times at low and ultra-low magnetic fields 
with FFC NMR relaxometry to obtain quantitative 
information on tumour characteristics, due to different 
water content and mobility, that is invisibile to standard 
MRI [12-14]. 
Indeed, FFC introduces an entirely new dimension 
into MRI, namely the strength of the applied magnetic 
field. 
In this study, a dedicated surface coil and a suitable 
RF interface has been developed for the acquisition of 
in-vivo NMRD profiles on an animal model (fig. 11 
and fig. 12).
The preliminary results on mice showed that the endo- 
genous contrast between normal and diseased tissue, 
due to differences in T1, is much greater at low field 
and the shape of the relaxation dispersion profiles 
may be used as a method for reporting the molecular 
dynamical processes of water (i.e. the exchange rate 
across membranes) that dominate the relaxation me- 
chanism at low fields (fig. 13).  
An example of a phenomenon that is completely invisi-
ble to conventional (fixed-field) MRI but fully exploit-
able by FFC-NMR is the occurrence of quadrupole 
peaks (QPs) – significant increases in the measured re-
laxation rate (R1 = 1/T1) in the presence of immobilized 
protein molecules, at magnetic fields where the proton 
NMR frequency and the 14N nuclear quadrupole reso- 
nance (NQR) frequency coincide. The QPs arising  

with the magnetic particles themselves which competes 
 with translational motion of  the water in the vicinity of 
the nanoparticles. 
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fig. 11:  
This MRI image shows the diffe- 
rence between normal and tumour- 
bearing mouse leg.

fig. 12:  
Mouse in the wide bore probe.

/recent achievements and innovations

The acquisition of NMRD profiles on animal models is a fundamental step 
forward in validating the clinical effectiveness of FFC-MRI with the final goal of 
finding new biomarkers capable of characterizing different diseases for an earlier 
diagnosis with lower costs and new protocols responsive to changes in water  
mobility following therapeutic treatment.

3.1 .2 Study of a new in-vivo application: 
FFC-NMRD profiles of tumour-bearing mouse leg

Many diseases are inadequately diagnosed, or not  
diagnosed early enough by current imaging methods.  
Examples of unmet clinical needs arise in thrombo-
embolic disease, osteoarthritis, cancer, sarcopenia, and 
many more areas. 
Conventional magnetic resonance imaging (MRI) 
techniques have focused on the improvement of the 
spatial resolution by using high magnetic fields (1-7T).
High field allows the visualization of small tumour 
mass but lacks the ability to give a precise evaluation  
of important hallmarks of the disease such as tumour 
grading, oxygenation, pH and metastasization, which 

These data show that it is possible to tune the relaxivity 
 to be optimal at different field strengths by altering and 
adjusting the size and composition of the nanoparticles 
[4]. 



relaxometry can detect relatively small changes in  
tissue architecture at the cellular level, which occur  
early enough to provide an earlier diagnosis and 
non-invasive tumour characterization.

fig. 15:  
QP of hypoxic tumour 
tissues are significantly less 
pronounced than normal 
leg tissues.
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[6] Aime S., Botta M., & Terreno E. (2005). Gd (III)-based contrast agents for MRI. Advances in Inorganic Chemistry, 57, 173-237.
[7] Chan K. W. Y., & Wong W. T. (2007). Small molecular gadolinium (III) complexes as MRI contrast agents for diagnostic imaging. Coordination 
Chemistry Reviews, 251(17), 2428-2451.
[8] Yan G. P., Robinson L., & Hogg P. (2007). Magnetic resonance imaging contrast agents: overview and perspectives. Radiography, 13, e5-e19.
[9] Caravan P., Ellison J. J., McMurry T. J., & Lauffer R. B. (1999). Gadolinium (III) chelates as MRI contrast agents: structure, dynamics, and applica-
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fig. 13:  
Melanoma tumours have shorter T

1 
than 

normal tissue due to the higher iron 
content melanin aggregates.
T

1
 differences are proportional to the 

tumour size (132 and 180 mm3 for 
tumour 1 and 2 respectively).

fig. 14:  
Quadrupolar peaks arising from protein 
amide groups can be seen very clearly, 
centred at proton NMR frequencies of 
0.65, 2.10 and 2.75 MHz. This is a 
phenomenon that is completely invisible 
to conventional (fixed-field) MRI but 
fully exploitable by FFC-NMR.
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from protein amide groups can be seen very clearly 
(fig. 14). Indeed, QPs of hypoxic tumour tis-
sues are significantly less pronounced than 
those of normal leg tissues (fig. 15).
This pioneering work has shown that FFC NMR  



relation times of systems as large as 600 kDa (human 
αB-Crystallin) in 20% v/v glycerol and 360 kDa (α7α7 
proteasome from Thermoplasma acidophilum) in 40% 
v/v glycerol can be accessed, resulting as large as 1.4 
and 0.9 μs, respectively, at 25 °C [1].
In the presence of multiple motional processes, the 
1H NMRD profiles thus result as the superposition 
of different spectral density functions associated with  
characteristic motional correlation times. Multiple 
correlation times are actually often needed for the 
analysis of the relaxation profiles, corresponding to 
three pools of protons experiencing different motional 
regimes. A first pool is constituted by fast exchanging 
protons with a residence lifetime shorter than the pro-
tein reorientation time: the correlation time modula- 
ting the dipole−dipole interaction is in this case the  
residence lifetime, and thus they do not bear informa-
tion on the reorientation time. A second pool is de-
fined for fast exchanging protons with a reorientation 
time larger than the residence lifetime: these are the 
protons bearing information on the reorientation time. 
The third pool of protons contains slowly exchanging 
protons (with a residence lifetime larger than the nu-
clear relaxation time): the correlation time is again the 
reorientation time, but the dispersion is quenched and 
appears distorted, seemingly shifted to higher fields, 
and thus yielding a smaller apparent correlation time 
(unless the value of the residence lifetime is properly 
taken into account). Possible local motions further 
complicate the picture, providing additional contri-
butions. The analysis of the experimental NMRD pro-
files can be simplified by assuming that the data can be  
reproduced by the sum of Lorentzian dispersions 
(fig. 16), corresponding to different correlation time 
values [2]. An average correlation time ⟨τc⟩ can be de-
fined as the weighted average of the best fit correlation 
times, and for small proteins it was shown that ⟨τc⟩ is 
in good agreement with the reorientation time as cal-
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Medicine, vol 68, no. 2, pp. 358-362 ;
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The field dependence of the water proton relaxation 
rate in protein solutions reports on the reorientation 
motions of the protein: it reflects protein dynamics as 
a result of the interaction between water protons and 
the protein. Since 1H NMRD profiles are typically 
measured over a range of proton Larmor frequencies 
spanning from 0.01 to 50 MHz, correlation times span-
ning from 10−5 to 10−9 s can be accessible. This provides 
a direct measurement of the reorientation times of 
proteins from few kDa up to MDa. Aggregation would 
be evidenced, if present, by the occurrence of an unex-
pectedly large reorientation time. Reorientation cor-

The water proton relaxation rate in protein solutions is 
a reporter of the protein dynamics. e.g. well-folded pro-
teins are characterized by a large relaxation rate at low 
fields (100-5000 s-1) while unfolded proteins have a 
relatively small relaxation rate at low fields (10-50 s-1).

fig. 16:  
Three-Lorentzian dispersions fit of the 
relaxation profiles of αB-crystallin in 
20% v/v glycerol [1]

Proteins3.2

/ applications



eter of protein protons, and thus on internal mobility.
The analysis takes advantage of a complete relaxation 
matrix analysis of protein protons in order to model the 
distribution of the proton relaxation rates in proteins, 
which can be used to analyse the experimental profiles 
and extract dynamic information on the protein [4]. 
The profiles of well-folded proteins are characterized 
by a large relaxation rate at low fields (100-5000 s−1), 
and by a dispersion in correspondence of the pro-
tein reorientational time, which makes the relaxation 
rates at high fields very small (fig. 17). The low field  
relaxation rate is however smaller than calculated for 
a rigid protein with such reorientation time, due to 
the presence of fast local motions, and the observed  
discrepancy provides an estimate of their extent, in the 
form of a model-free order parameter.
Unfolded proteins are characterized by a relatively 
small relaxation rate also at low fields (10-50 s−1), but 
they show a dispersion occurring at the same fields of 
globular proteins. The measurements performed for 
the intrinsically disordered protein (IDP) α-synuclein 
as well as for a variety of other IDPs indicate that re-
orientation times similar to those of folded proteins, 
with a small collective order parameter, are also pres-
ent in these biomolecules. The presence of these slow 
reorientation times is not affected by mutations in 
α-synuclein, which are related to genetic forms of Par-
kinson’s disease, and do not depend on secondary and 
tertiary structural propensities. Therefore, this suggests 
that long-range correlated dynamics are present as an 
intrinsic property of IDPs and offers a general physical 
mechanism of correlated motions in highly flexible 
biomolecular systems [5].
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culated from the Stokes’ equation.
However, this does not hold in the case of protein 
aggregation and in large systems, where the reorienta-
tion time corresponds to the largest correlation time 
obtained in the fit [1]. This different behavior can be 
ascribed to the large contributions of fast local mo-
tions and exchange to the correlation time modulating 
the dipole−dipole interactions, as the result of the in-
creased reorientation time.
Direct measurement of protein proton spectral den-
sity functions is also possible by dissolving proteins 
in D2O at millimolar concentration and collectively 
monitoring the protein protons themselves [3]. The 
analysis of such profiles provides direct information 
on the protein reorientational time, and thus on its  
aggregation state, and on the collective order param-

fig. 17:  
Relaxometric profiles of 
the protein protons of 
lysozyme 2.8 mM at  
pH* 3.5 and two dif- 
ferent temperatures [3].
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Main topics  concerning protein 
NMRD profiles:

• investigate the level of aggregation in proteins or a 
mixture of proteins;

• assess changes in protein aggregation;
• study protein-protein interactions;
• obtain information concerning molecular dynamics 

of proteins;
• study protein changes due to a change of solution 

temperature;  
• obtain the fingerprint of a protein;
• evaluate the size distribution of certain  

protein species;
• estimate the degree of hydration of a protein;
• estimate protein concentration in a solution;
• quantify different protein species in a mixture.

fig. 19:  
1H NMRD profiles of 
a monomeric therapeutic 
protein at different tem-
peratures corresponding to 
unfolding dynamics.

loss of therapeutic proteins through aggregation during 
the manufacturing process and storage [1, 2]. 
FFC NMR relaxometry shows considerable promise 
for  making routine assessments of protein aggregation 
and denaturation. 
The unique feature of NMRD is that it can be used to 
characterize very large aggregates because of the very 
low frequencies achieved and does not suffer from aggre-
gate fraction or separation as the system is measured [3]. 
Fig.18 shows the 1H NMRD profiles of a therapeutic 
protein (10 mg/mL) in its monomeric  non-aggregated 
state and with artificially induced aggregation [4]. 
The differences between the aggregated and non-ag-
gregated states can be most clearly seen at lower  
magnetic field strengths. Adoption of the FFC meth-
od for such an application in an industrial setting would 
not necessarily require the full NMRD profile but in-
stead calibration at a few low field points. The main as-
set of FFC is that it is non-destructive. 
Fig. 19 shows how 1H NMRD profiles can also show 
the dynamics in monomeric therapeutic proteins at dif-
ferent temperatures [4]. The temperature-dependent 
behaviour of one antibody (10 mg/mL) was studied  
between 40°C and 70°C. The protein initially  
aggregated (40 - 55°C) then unfolded (above 55°C). 
The unfolding behaviour is clear at low magnetic  
field strengths.
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The aggregation of therapeutic proteins (e.g. monoclo 
nal antibodies) is an important problem in the bio- 
pharmaceutical industry.  
It is well documented that protein product aggregates 
are potent inducers of immune responses to therapeutic 
protein products, thus manufacturers of therapeutic 
protein products should ensure that their products 
contain minimal product aggregates. 
Currently size exclusion chromatography (SEC) is pri- 
marily used in combination with orthogonal methods 
to confirm aggregate sizes present. There is a real need 
for new and improved analytical methods for defining 
protein aggregates for the benefit of the patient, to 
avoid constraining the production capacity of thera- 
rapeutic proteins over the coming years and to prevent 

The aggregation of therapeutic proteins is an important 
issue in the bio-pharmaceutical industry. FFC NMR 
Relaxometry shows considerable promise for making 
routine assessments of therapeutic protein aggregation 
and denaturation.

fig. 18:  
1H NMRD profiles of 
a therapeutic monoclonal 
antibody in its monome-
ric (non-aggregated) and 
an artifcially aggregated 
states.
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fig. 20: 
Solvent water 1H relax-
ivity profiles for water 
solutions of TEMPOL 
at different temperatures. 
From the analysis of 
these profiles the effi-
ciency of this molecule 
as a DNP polarizer 
can be determined [3].

fig.21: 
13C relaxivity of CCl

4
 

and CHCl
3
 solutions 

with 200 mM TEM-
PONE informs on the 
contact terms responsible 
for DNP [5]

Relaxometry and Overhauser Dynamic  
Nuclear Polarization

3.3

/ applications

Dynamic nuclear polarization (DNP) is a promising 
tool to hyperpolarize nuclear spin, in order to increase 
the sensitivity of the NMR experiments.  Overhauser 
DNP is ascribed to the magnetization transfer occur-
ring in a magnetic field from unpaired electrons to  
nuclei through stochastic modulation of the magne-
tic hyperfine interaction between electron and nu- 
clear spins. The magnetization transfer achievable 
with a polarizing agent, the molecule containing the 
unpaired electron, largely depends on its mobility. 
The Overhauser DNP enhancements in fact strongly 
depend on the correlation times modulating the di-
pole-dipole interaction between nuclei and unpaired 
electrons. Therefore, the analysis of the relaxometry 
profiles of polarizing agents for solution DNP exper-
iments represents a valuable tool for the characteriza-
tion of their efficiency. 
DNP is usually performed using nitroxide radicals as 
polarizing agents. The relaxation profiles of solvent 
water protons in the presence of nitroxide radicals have 
been collected (fig. 20) and analyzed to obtain the 
correlation times and the achievable Overhauser DNP 
enhancement [1-4]. 1H relaxometry thus represents 
an easy way to estimate the DNP enhancement achie-
vable at full electron saturation, as a function of the ap-
plied magnetic field.
For these nitroxide complexes, correlation times of few 
tens of picoseconds are found at room temperature. 
These values make the Overhauser DNP enhance-
ments achievable at magnetic fields > 1T relatively 
small. 
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On the other hand, the enhancement of 13C nuclei in 
CHCl3 and CCl4 solutions can be up to 1000 at mag-
netic fields of 3 Tesla [5]. 13C relaxometry showed that 
13C relaxation of CHCl3 and CCl4 is dominated by the 
contact interaction with the nitroxide radicals occur-
ring through the chlorine atoms, with a 1-ps correlation 
time (fig. 21).
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 The presence of an H atom in CHCl3  makes the low 
field relaxivity for CHCl3 larger than for CCl4. 
The best-fit values of the parameters obtained from the 
13C relaxation profiles can account for coupling fac-
tors of -0.47 (CCl4) and -0.37 (CHCl3), as measured at 
 3.35 T.

1H FFC relaxometry is an easy method for  
estimation of the DNP enhancement achievable at 
full electron saturation, as a function of the applied 
magnetic field.

Up to now, most applications of NMR relaxometry 
involved the study of protons due to the low sensitivity 
of other nuclei (hetero-nuclei) and to technical diffi-
culties mainly related to the signal-to-noise (S/N) ratio 
problems caused by the low acquisition frequency. 
The technique of Fast Field Cycling allows the direct 
observation of hetero-nuclei with low receptivity and 
detectability, due to the fact that the magnetic field 
strength can be switched without the need to vary the 
frequency of the spectrometer. 
This multi-nuclear approach expands the potential of 
Fast Field Cycling NMR applications and allows ex-
ploration of the field dependence of the spin-lattice 
relaxation time T1 of important heteronuclei with-
in substances, especially at low Larmor frequencies. 
This multi-nuclear approach expands the potential 
of Fast Field Cycling NMR applications and allows 
exploration of the field dependence of the spin-lat-
tice relaxation time T1  of important heteronuclei 

within substances, especially at low Larmor frequen- 
cies, where other conventional NMR experiments 
present severe S/N ratio degradation. 
The FFC relaxometry technique allows investigation 
of the content and/or the ability to characterize com-
pounds containing important NMR-sensitive nuclei, 
such as 2H, 7Li, 13C, 19F, 31P, 23Na. The presence of such 
nuclei in a limited number of positions can be explored, 
therefore providing important structural information. 
The possibility of measuring nuclear spin relaxation, on 
nuclei other than 1H, over a wide range of frequencies 
presents a new advance in the possible applications 
of TD-NMR and the possibility for new channels of 
research. In the following, we show the applicability  
of FFC technique for the acquisition of the longitudi-
nal relaxation rate (R = 1/T1) as a function of the ap-
plied magnetic field strength of some important hete-
ro-nuclei. 

The possibility to perform multi-nuclear analysis extends the potential of FFC NMR 
Relaxometry and may prove important for characterization of certain materials or  
substances  and to unlock molecular dynamics information of other key nuclei.

Heteronuclei3.4

/ applications
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deuterium
In the pictures below, Deuteron T1 decay 

2H
curves of fuel cell membranes acquired directly on 
solid sample are shown. These curves present an evi-
dent multi-exponentiality particularly at low field. The 
relaxation data at three different fields have been eval-
uated with discrete and continuous methods, using a 
two components traditional multi-exponential fitting 
(fig. 22) as well as by means of a Laplace inversion al-
gorithm (fig. 23) in order to evaluate the distribution 
curve of T1 (UPEN algorithm was used).
Deuteron FFC NMR Relaxometry has recently (in 
2016) been applied for investigating molecular dynam-
ics in molecular liquids and polymers [1].

fig. 24: 
13C NMRD profile of 
urea in water.

fig. 23: 
T

1
 distributions obtained by means of a Laplace inversion algorithm at 3 

different fields.

fig. 22: 
2H longitudinal relaxation data at different fields in fuel cell membranes fitted 
with a bi-exponential fitting algorithm.
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fig. 25: 
13C NMR longitudinal 
decay curve of a carbo- 
xylic acid.

fig. 26: 
NMRD profiles of 
three different nuclei 
(1H, 7Li and 19F), at 
20°C, belonging to 
the same sample of an 
electrolyte solution for a 
battery system.
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19F Fast Field-Cycling NMR relaxometry. Chemical Physics Letters, 549, 27-31.
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carbon
In fig. 24 and fig. 25 examples of 13C 

NMR acquisition at low field are reported, demon-
strating the capacity of FFC NMR to investigate the 
relaxometric behavior of low NMR-sensitive nuclei at 
low magnetic field strengths. 
In fig. 25, it is shown the Longitudinal Relaxation 
Decay of a 13C-enriched sample of a carboxylic acid 
that was measured by acquiring a 13C NMR signal at 
the magnetic field strength of 2.35 mT (equivalent to 
0.1 1H MHz) and at the temperature of -120°C.

13C

7Li, 19F  
lithium and fluorine
Lithium is an important component of batteries in 
electronics industry. The fluorine nucleus is often 
found as part of the organic counter-ion of lithi-
um-based electrolytes for batteries. The possibility to 
study the relaxation rates of these important nuclei 
could aid the studies for new battery electrolyte and 
electrode materials (fig. 26). 19F FFCR NMR has 
been applied to investigate the molecular dynamics of 
liquid crystals [2].

Polymers3.5

/ applications

FFC NMR relaxometry has frequently been emplo- 
yed to solve problems in characterization of complex 
materials [16-22], including polymers [1-3, 5-15]. 
As shown in fig. 30, FFC NMR technique can be 
used for fingerprinting polymers, due to the fact that 
the molecular dynamics of these systems presents very 
different behavior, which is reflected in their NMR  
dispersion profiles. From fig. 30, it is also evident 
that, at low fields, it is easier to discriminate between 
different kinds of polymers.
Small differences in the composition/structure of 
some polymers may lead to large differences in the de-
sired physical/mechanical properties and thus it is im-
portant to be able to differentiate between these .

There are several interest-
ing applications for polymer 
characterization which are 
potentially applicable to the 
polymer industry and that 
could be developed to become 
standard analytical tools. 

Fig. 31 shows an example of how FFC can be used to 
distinguish between two samples of the same polymer, 
made at two different manufacturing sites [4].  These 
polymers showed different mechanical properties.  
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fig. 31:  
1H NMRD profiles of  two identical 
polymers produced by two different 
manufacturing sites which displayed 
different mechanical properties.

FFC NMR technique 
emerges as method of mo-
lecular rheology.

The 1H NMRD profiles of the two polymer 
samples revealed large differences in 1/T1 at low ma- 
gnetic field strengths, which were not revea- 
led at the higher magnetic field strengths at  
which many permanent magnet (fixed field) relaxome-
ters work (e.g. 5 or 20 MHz). 
Moreover, FFC NMR is very useful to investigate 
chain dynamics in entangled polymer systems and 
polymer melts [24] and can be also applied to study  
molecular order (dynamics slows down when the mo-
lecular weight is increased) and inter-segment interac-
tions [25, 26]. 

Furthermore, there are interesting applications for 
polymer characterization which are exploitable by the 
polymer industry and that could be developed to be-
come standard analytical tools. 
Polymeric chains present dynamic processes not 
present in other compounds which are strongly cor-
related to the macroscopic mechanical properties 
of the materials. From a comparison with rheolo- 
gical studies FFC NMR emerges as method 
of molecular rheology (fig. 32) to be applied to  
polymers, rubbers and dendrimers for which all  
rheological changes are reflected in the FFC dispersion 
curves [9,12]. This information can be exploited to 
control polymer melt processing in industry. 
The dynamics of polymers has huge practical interest 
due to the fact that most plastic objects are made from 
melts.                                                                                                    

circles:
     isobutylene-isoprene
     styrene-butadiene, anionic
     polychloroprene cis
     ethylene-propylene rubber

squares:
     styrene-butadiene
     styrene-butadiene, radical
     polyisoprene trans

diamonds:
     polyisoprene 97%
     natural rubber

triangles:
     SBS rubber
     polybutadiene cis/trans
     polybutadiene 97%
     polybutadiene 97.5%

    
 Listed from top down at 0.01 MHz:

fig. 30:  
NMRD profiles of 
different polymers from 
0.005 MHz to 20 
MHz.
From in-house data.

Small deviations in manufac-
turing procedure may lead to 
a polymer product not meeting 
the required performance 
parameters.
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fig. 32:  
Results from PPG (polypropylene glycol) and PPI (polypropyleneimine) dedrimers with different molar masses (M) investigated with 
FFC 1H NMR, shear rheology (G) and dielectric spectroscopy (DS). Results are compared in a reduced spectral density representation. 
The picture on the left (fig. a) represents the master curve of R

1
(ωτα ) with τα indicating the local correlation time. 

The picture on the right (fig. b) is instead the rescaled dynamic viscosity ηʹ(ωτα ). The close correspodence of these two functions makes 
the FFC NMR technique a powerful tool of molecular rheology allowing to investigate the microscopical processes behind the macro-
scopical rheological behavior of complex fluids (adapted from [12]).

fig. a fig. b
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Electrolytes and ionic liquids3.6

/ applications

fig. 33:  
1H spin-lattice relax-
ation rate, R

1H
, (fig 

20a) and 19F spin-lattice 
relaxation rate, R

1F
 (fig 

20b) for the ionic liquid 
BMIM-PF6 (1-bu-
tyl-3-methylimidazolium 
hexafluorophosphate) 
versus frequency at 
different temperatures. 
(Adapted from [2]). 

fig. 33a

For studying the ionic conductivity in electrolytes 
it is important to detect the transport properties of 
both cations and anions (that could be to some  
extent aggregated). In this context, the NMR me- 
thod is extremely useful because it is very sensitive and  
selective  allowing information to be obtained on the  
different ion dynamics (fig. 33). 
The dynamics of electrolytes are important for under-
standing the efficiency of batteries (see section 3.4: Het-
eronuclei: 7Li, 19F).
FFC NMR has been employed to investigate ion dy-
namics in electrolytic liquids not only on 1H [1,6] nu-
cleus but also on 19F [1,2,3] and 7Li [4] nuclei. 
In theory, this method is applicable to any NMR- 
active nuclei, provided that the NMR sensitivity is 
enough for detection. 
An interesting application concerning electrolytes  
and ionic liquids is the measurement of the diffusion 
coefficient of ions [2,3,5] which is discussed in the next 
section (see section 3.7: FFC NMR diffusion measure-
ments). 

fig.33b

Diffusion experiments performed on very different 
materials such as ionic liquids, polymers, para-
magnetic systems and vegetable oils confirm the 
validity of the FFC NMR method to obtain the 
diffusion coefficient.

FFC NMR diffusion measurements3.7

/ applications

Fast Field Cycling NMR relaxometry is a versa- 
tile technique that can be applied as a method  
to calculate the diffusion coefficient in a wide  
range of viscous liquids [1-5] with a range around  
10-8> D (m2 s-1) >10-14 being covered. Diffusion ex-
periments performed on very different materials 



fig. 34:  
This plot shows the good agreement 
between Diffusion coefficient D obtai- 
ned from FCC NMR (full symbols) 
and FG NMR (small open symbols) 
techniques for several liquids versus 
reciprocal temperature. (From [1]) 

fig. 35:  
Plot of relaxation data for rape oil at 
different temperatures presented as a 
function of the square root of Larmor 
frequency. The solid lines are the best 
fits of the equation   to the experi-
mental points. 
The diffusion coefficients at different 
temperatures can be obtained straight-
forwardly from the slope of the best-fit 
lines. (From [6]).    
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such as ionic liquids [7, 9, 11, 13], polymers [1, 10],  
paramagnetic systems [12] and vegetable oils [6], 
confirm that the results from FFC NMR are always 
consistent with those from conventional pulsed 
field-gradient (PFG) NMR methods [Fig. 34].
Thus, FFC NMR relaxometry emerges as a  
complementary method to field-gradient NMR diffu-
sometry and has a few advantages compared to it:

• FFC is not limited by the strength of the field 
gradients;

• FFC instrumentation allows low field data to be 
obtained that can be used not only for extracting 
the diffusion coefficient but also other kinds of  
dynamical parameters and information 
(obviously depending on the sample being mea-
sured); 

• SMARtracer FFC relaxometer is less expensive 
than an NMR spectrometer equipped with gra- 
dients required for PFG measurements.

Furthermore, using FFC NMR relaxometry:

1. One can determine not only the self-diffusion 
coefficient (as in the gradient methods), but also 
the relative diffusion coefficient (for instance 
cation-anion) which provides information about 
whether the ionic dynamics are correlated.

2. The method favorably bridges the ranges covered 

by field-gradient NMR diffusometry and quasi- 

elastic neutron scattering [4]

Contrary to the field-gradient techniques, the  
FFC method is uniquely sensitive to the NMR sig-
nal of the nuclear spins belonging to a low-abun-
dant fraction of molecules as long as their molecular  
dynamics is significantly differentiated from that of the 
highly abundant molecules. 

This is particularly in evidence for liquid mole- 
cules adsorbed at pore walls in porous materials  
where the NMR diffusometry applying PFG NMR 
plays a minor role, whereas the FFC NMR relaxo- 
metry allows the diffusion of adsorbed molecules to 
be followed based on specific relaxation mechanisms 
[11] Using the information from an NMRD profile 
it is possible to calculate the value of the diffusion  
coefficient easily by plotting the relaxation rate R1 versus 
the square root of the resonance frequency (fig. 35).  
This dependence is linear at low frequencies 
and can be fitted (fig. 34): R1 = A+B√ω.
Then, from the slope B of the curve, one can deter- 
mine the diffusion coefficient D, using the rela-
tionship: D = (C/B)2/3 where the proportionality 
constant C can be easily calculated – it includes only 
well-known physical constants .
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references:

affinity) the higher the probability that water can 
displace oil at the pore surface and thus the result 
should be a higher yield of oil  [2-8].  
In a study of three samples of carbonate rocks (S40, 
S50, S122; 1 inch diameter rock cores studied on a  
dedicated 0.5 T wide bore SPINMASTER FFC rela- 
xometer) saturated with water, data from 1H NMRD 
was used to assess the dynamical surface affinity of  
water (or wettability, fig. 36) and the distribution of 
pore sizes (porosity) [1]. 
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fig. 36: 
NMRD of the logarithmic average 
<1/T

1
> of 3 carbonate 1” rock cores. 

The consideration of such a logarithmic 
average allows quantitative compari-
son of the different NMRD data.  The 
continuous lines are the best fits obtained 
with a bi-logarithmic surface relaxation 
model. 
The dynamical surface affinity index, A, 
representing the local NMR wettability 
is given above each fit. 

With crude oil reserves diminishing, it 
is increasingly important to extract the 
maximum yield of oil possible from the 

Porous materials and crude oil3.8

/ applications

FFC NMR can be used to determine pore size 
distribution in porous rocks containing petroleum.

reservoir. Injecting various aqueous preparations is one 
method used to force oil to the surface. 
Geological factors of importance include the type of 
reservoir rock, its porosity and its wettability. In rocks 
with small pores, wettability is a key factor for assess-
ment of oil extraction. 
The higher the wettability (or dynamical surface 
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Monitoring the hydration process of cement 
paste via FFC NMR relaxometry

3.8.1

/ applications

The hydration of cement is a complex and irreversible 
chemical reaction of cement grains with water mole-
cules leading to the formation of hydration products. 
The hydration process is influenced by a variety of fac-
tors such as: temperature, water-to-cement ratio, the 
presence of additives and admixtures, the phase com-
position of the clinker, etc. [1]. These internal and ex-
ternal factors significantly affect the cement hydration 
reaction, the formation of products, the hydration dy-
namics, the porous structure, and the properties of the 
manufactured cement-based materials [1, 2]. 
Consequently, by controlling the cement hydration 
process, it is possible to tune the properties of the hard-
ened concretes and mortars. 

One valuable technique for monitoring the hydra-
tion process, consequently an important tool in de-
signing new cement based materials, is Fast Field 
Cycling (FFC) nuclear magnetic resonance (NMR) 
relaxo- metry [3]. FFC NMR relaxometry is sensitive 
to a wider range of molecular motions, as compared 
with relaxation measurements performed at a single  
frequency. Thus, in the case of liquids confined in-
side cement based materials, it allows better discri- 
mination of the surface and bulk contributions to the 
relaxation [4-6]. Herein two applications of the FFC 
technique applied to cement materials prepared with 
gray and white Portland cement are illustrated. 
Fig. 38a and fig. 38b reveal the influences introdu- 
ced by the curing temperature on the hydration pro-
cess of a gray cement paste prepared at a water-to- 
cement (w/c) ratio of 0.3. The evolution of the pro-
ton nuclear magnetic relaxation dispersion (NMRD) 
curves clearly demonstrate an acceleration of the hy-

Using FFC it is possible to compare changes 
in the hydration dynamics of pure cement paste 
and cement paste containing silica fume.
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Understanding the dynamics and transport pro- 
perties of water and crude oil in porous rocks is 
crucial for the petroleum industry to improve the 
extraction processes and yields of crude oil.

fig. 37: 
T

1
 distributions of 3 

carbonate rock core 
samples at 0.01 MHz. 
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It was found that the dynamical surface affinity depends 
critically on the pore size. In fig. 37 the T1 distribu-
tions of the 3 rocks at 0.01MHz are reported.  
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dration process by increasing the temperature [5]. The 
interpretation of the NMRD curves assumes that the 
relaxation process is dominated by the interaction of 
water protons with the paramagnetic centres located 
on the surface of cement grains [4, 5]. Thus, it is possi-
ble to monitor the evolution of the surface-to-volume 
ratio of capillary pores [2] during the early hydration 
stages. Furthermore, the transverse diffusional cor-
relation times at the surface of cement grains and the 
corresponding surface diffusion coefficients can be 
monitored. The results showed a slight decrease of the 
transverse diffusional correlation time upon increasing 
the temperature and a significant increase in the sur-
face-to-volume ratio of capillary pores [5].
Fig. 38a and fig. 38b illustrate another application 
of FFC NMR relaxometry, to monitor the influence in-
troduced by the addition of silica fume (SF) in a cement 
paste, prepared at a w/c=0.4 and hydrating at 25°C. 
Silica fume is a pozzolanic binder which is known for 

its beneficial properties in the concrete industry, espe-
cially in the manufacturing of high performance con-
crete [1]. The improvements in the strength of cement 
based materials, introduced by SF addition, rely on the 
fact that it reacts with calcium hydroxide produced  
during the hydration of cement or other hydraulic 
binders [1]. 
Using FFC NMR relaxometry, it is possible to  
compare the changes in the hydration dynamics of 
a pure cement paste (fig. 38c) and a cement paste 
containing silica fume (fig. 38d). The evolution of 
NMRD curves during the early hydration showed 
accelerated dynamics in the sample containing silica 
fume (fig. 38d) as compared with the simple ce-
ment paste (fig. 38c). Another outcome of the FFC 
NMR relaxometry investigations is that the surface 
correlation time, and consequently the interaction of 
water molecules with the cement grains surface, does 
not change during the early hydration [6].
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fig. 38: 
Time evolution of the 
NMRD curves during 
of a gray cement paste 
hydrating at different 
temperatures (a, b), or 
a white cement paste 
prepared with different 
amounts of silica fume 
(c, d). Adapted from 
Refs. [5] and [6].
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FFC NMR Relaxometry is a powerful and  
unique technique that allows the study of orienta- 
tional order and molecular dynamics processes in these 
liquid crystalline systems over a wide range of magnetic 
fields (fig. 39). 

Liquid crystal screens are widely used in the  
electronics industry. 
The performance of liquid crystals is closely related to 
their various phases and their molecular dynamics is 
very complex [1-5]. 

Liquid crystals3.9

/ applications

fig. 39:  
19F NMRD profiles of the 4DBF

2
 liquid crystal, 

containing two fluorine atoms, which undergoes a 
phase transition from isotropic to nematic phase 
between 67°C and 86°C: the change of phase is 
due to the different organization of the crystals and 
this is reflected in the two NMRD profiles taken at 
80°C and 90°C. (Data from [1])
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of the chiral liquid crystal 4’-butyl-4-(S)-(2-methylbutoxy) azoxybenzene in the isotropic, cholesteric, and solid phases: a fast 
field-cycling NMR relaxometry study. The Journal of Physical Chemistry B, 120(22), 5083-5092;
[3] Phani Kumar B. V. N., Mattea C., Stapf S., & Dabrowski R. (2017). Influence of underlying local organisations in typical nematic 
phase of 6CHBT and induced nematic phase of bicomponent liquid crystalline systems 4DBT–12CB–a Fast Field Cycling NMR investi-
gation. Liquid Crystals, 1-12;  
[4] Sebastião P. J., Gradišek A., Pinto L. F. V., Apih T., Godinho M. H., & Vilfan M. (2011). Fast field-cycling NMR relaxometry study 
of chiral and nonchiral nematic liquid crystals. The Journal of Physical Chemistry B, 115(49), 14348-14358;
[5] Gradišek A., Apih T., Domenici V., Novotna V. & Sebastião P. J. (2013). Molecular dynamics in a blue phase liquid crystal: a 1H fast 
field-cycling NMR relaxometry study. Soft Matter, 9(45), 10746-10753.
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Forensics: case study on post-mortem3.10

/ applications

NMRD profiles allow qualitative and quantitative 
analysis of tissue status through features known as qua- 
drupolar peaks. Indeed, muscle tissues showed signifi- 
cant variations (p-value < 0.05) over time, though limi-
ted in amplitude, while bone marrow samples showed 
distinct variations (p-value<0.05) with noticeable linear- 
like results after 24 hours (see graphs on the next page).

FFC NMR relaxometry and FFC-MRI techniques 
have been used as non-invasive techniques to 
investigate post-mortem decomposition changes 
(and thus post-mortem interval, PMI) in swine mus-
cle (fig. 40), fatty tissue (fig. 41) and bone marrow  
(fig. 42). PMI is critical for the forensic pathologist and 
investigators probing crimes and suspicious deaths.
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fig. 41: 
Dispersion curves of fatty tissues do not present any quadrupolar peaks. Large 
variations occurred between day 0 and 1 but little changes occurred later.  

fig. 40: 
Dispersion curves from the muscles samples.  
All samples follow the same trend with quadrupolar peaks around 2.5 MHz. 
Variations were observed between the samples until day 3. 

fig. 42: 
Dispersion curves of bone marrow samples.  
The profiles, without any significant quadrupolar peaks, look quite similar 
to fatty tissues. Nevertheless, results are very different  from that obtained in 
fatty tissues.

[1] Kanniappan et alii, “Using Fast Field Cycling (FFC) NMR Relaxometry and FFC-MRI for the determination of Post-Mortem-Interval: prelimi-
nary study measuring decomposition rates”, poster abstract at PANIC NMR, Houston, USA, 15-18 February 2016.
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Fingerprinting food

Food is a complex matrix for which NMRD has shown 
diagnostic utility.  The NMRD profile is sensitive to  
dehydration, oxidation, spoilage, and the addition of  
additives including adulterants that may lead to  
fraudulent pro- ducts and can thus be used to fingerprint 
foods [1-3, 6-10].

MILK-BASED PRODUCTS 
Milk sours when bacterial fermentation transforms the 
sugars to lactic acid. Acid may denature proteins present 
and drive protein aggregation both of which affect the 
NMRD profile. 
Fermentation and spoilage can be monitored by relaxo- 
metry, as reported from an in-house study on a refriger-
ated milk-based product (fig. 43, [4]). In these cases, 
low magnetic field measurements are a critical advan-
tage and the profile shape is diagnostic. 

fig. 43:  
1H NMRD profiles of 
an unbranded milk-
based refrigerated drink 
product before and after 
artificial spoilage 
(acidification). 0.01 0.1 1 10
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fig. 44:  
1H NMRD profiles of pork loin open 
to air at ambient temperature over a 
twenty hour time period.

MEAT  
Meat has a short shelf-life and thus needs to be stored 
rigorously at cold temperatures. NMRD can show how 
quickly meat, such as the pork loins shown in fig. 44, 
can dehydrate over a period.
of 20 hours [4]. After 12 days the pork loins have 
lost a lot of water (as shown by the NMRD in 
fig. 45) [4]. 
A more detailed analysis of fig. 45 reveals quadru-
polar dips or peaks in both NMRD: this phenomenon 
is due to magnetization transfer from water protons to 

fig. 45:  
1H NMRD profiles   
of pork loin open to air at ambient 
temperature over 12 days.
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The NMRD profile is sensitive to  
dehydration, oxidation, spoilage and the  
addition of additives.

14N nuclei at a short range, leading to an increase in wa-
ter proton relaxation [5]. This occurs when one of the 
nuclear quadrupolar energy levels matches the 1H Lar-
mor frequency thus producing the quadrupolar dips/
peaks observed in the NMRD profile. 
Quadrupolar dips/peaks are generally only observed in 
solids, gels and liquid crystals, where the NH bond is suf-
ficiently immobilized. 
In this case (fig. 45) the quadrupole peaks are due to 
the immobilized proteins in the meat.
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PARMESAN CHEESE (Italian)
FFC NMR has applied to characterize high qua-
lity italian Parmesan cheese produced following strict 
criteria (fig. 47, from in-house data).

BALSAMIC VINEGAR (Italian)
NMRD profiles have been applied for characte-
rizing the age of balsamic vinegar (TBVM, 
fig. 46, [2]). TBVM is a protected designation of or-
igin product and its cost on the market is rather high in 
accordance with its ageing process.

fig. 47:  
T

1
 distributions of Parmesan cheese 

taken from parts of the crust and of 
the core obtained using an inverse 
Laplace algorithm. 

fig. 46:  
NMRD profiles for 12yrs aged 
balsamic vinegar (blue) and coun-
terfeit product (black).

[1] Capitani D., Sobolev A.P., Delfini M., Vista S., Antiochia R., Proietti N., Bubici S., Ferrante G., Carradori S., De Salvador F. R., Mannina L., (2014), 
NMR methodologies in the analysis of blueberries,  Electrophoresis, 35(11), 1615–1626; 
[2] Baroni S., R. Consonni, G. Ferrante, S. Aime, (2009), Relaxometric studies for food characterization: the case of balsamic and traditional balsamic 
vinegars, J Agric Food Chem., 57(8), 3028-32; 
[3] Curti E.,Bubici S.,Carini E., S. Baroni S., Vittadini E., (2011), Water molecular dynamics during bread staling by Nuclear Magnetic Resonance, LWT 
- Food Science and Technology, 44(4), 854-859; 
[4] Data from in-house studies at Stelar;  
[5] Broche L.M., Ismail S.R., Booth N.A., Lurie D.J., (2012), Measurement of fibrin concentration by fast field-cycling NMR, Magnetic Resonance in 
Medicine, 67(5), 1453–1457;
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[7] Rachocki A., & Tritt-Goc J. (2014). Novel application of NMR relaxometry in studies of diffusion in virgin rape oil, Food chemistry, 152, 94-99;
[8] Godefroy S., Korb J. P., Creamer L. K., Watkinson P. J., & Callaghan P. T. (2003). Probing protein hydration and aging of food materials by the mag-
netic field dependence of proton spin-lattice relaxation times. Journal of colloid and interface science, 267(2), 337-342;
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