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Abstract
The intention of this discussion is as a simple introduction for general—non-nuclear magnetic resonance (NMR)-special-
ist—materials scientists, to make them aware as to how some of the materials science measurements that they need to 
make might possibly be addressed by simple physical measurements using low-cost time-domain NMR apparatus. The 
intention is to include a minimum of complex NMR detail, while enabling general material-scientists to see that simple 
easily understood time-domain NMR might be of use to them. That is how I have tried to structure this discussion. It 
seems to me be generally forgotten how much of materials science is actually physics, as opposed to chemistry, and 
the extent to which simple time-domain NMR may be used to make measurements of the physical properties of materi-
als. There frequently seems to be an assumption that if NMR is mentioned that it is chemical analysis methods that are 
under discussion, or possibly magnetic resonance imaging (MRI). These are both extremely powerful techniques, but 
to forget about the physics that often governs the properties of the sample can be a significant mistake. Key material 
science properties are often described in different fields using the terms mobility/dynamics/stiffness/viscosity/rigidity 
of the sample. These properties are usually dependent on atomic and molecular motion in the sample. We will discuss 
a method, time-domain NMR, that appears often to be ignored, to obtain quantitative or comparative information on 
these properties. The intention of this paper is not to probe the material properties of some interesting system, but to 
discuss in as clear a manner as possible a particular technique, “low-field time-domain NMR”, to bring this technique and 
its advantages to the attention of other material scientists. Thus we discuss time-domain NMR and MRI, as methods of 
measuring the physical properties of liquid and solid materials. Time-domain NMR is also a good technique for measur-
ing pore-size distributions from the nano-meter to microns, using a technique known as NMR cryoporometry (NMRC). 
Standard MRI protocols may be combined with NMRC, so that spatial resolution of pore dimensions may also be obtained. 
Low-field time-domain NMR is, at its fundamentals, a very approachable and easily comparative technique, where the 
material properties may often be extracted from the time-domain data much more simply than from say high-field 
high-resolution spectral data. In addition, low-field time-domain NMR apparatus is typically a factor of 10 to 100 times 
cheaper than high-field high-resolution solid-state NMR systems.
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http://crossmark.crossref.org/dialog/?doi=10.1007/s42452-021-04791-2&domain=pdf
http://orcid.org/0000-0002-8967-4671


Vol:.(1234567890)

Review Paper	 SN Applied Sciences           (2021) 3:809  | https://doi.org/10.1007/s42452-021-04791-2

1.2 � Time‑domain NMR for material science

Time-Domain NMR is excellent for quantified monitor-
ing of physical change, particularly as a function of some 
changing parameter such as time or sample temperature.

Firstly, the key point about using time-domain NMR is 
that it provides a direct method to determining the physi-
cal motion of the atoms and molecules in the sample.

This leads to information on sample properties that in 
different fields may variously be described as the mobility/
dynamics/stiffness/viscosity/rigidity of the sample, particu-
larly of solid hydrocarbons, rubbers and other polymers. 
This information may be analysed quantitatively, but for 
many purposes, such as process monitoring and control, 
comparative measurements are sufficient.

1.3 � Why does time‑domain NMR provide a direct 
method to determining the physical motion 
in the sample ?

Some nuclei (such as hydrogen—i.e. in say water or a poly-
mer) have a magnetic moment; their behaviour in a mag-
netic field is governed by quantum mechanics, but as we 
are considering the average motion of a very large number 
of spins, we may actually use a classical model :

Such a nucleus will precess (nutate) in a magnetic field 
(B

0
 ), like a spinning top does in the earth’s gravitational 

field;
The B 

0
 magnetic field at a given nucleus is modified by 

the magnetic field of adjacent nuclei, changing the rate 
at which the first nucleus precesses in the magnetic field.

If everything is rigid, this extra field has a long time to 
act, and so overall, the different nuclei in the sample rap-
idly get out of step with one another, and the net rotating 
magnetic field that we measure decays rapidly, perhaps 
in 10�s.

As motion increasingly sets in, perhaps at higher tem-
peratures, these field offsets start changing, and start aver-
aging out over an NMR rotational period :

•	  “Motional Narrowing” sets in, resulting in a slower 
decay. We will later discuss specific examples.

1.4 � NMR relaxation times: the mechanisms 
by which decays take place in NMR and MRI 
measurements

When an NMR measurement is made on a sample that 
has been placed in a strong steady B 

o
 magnetic field, 

a strong radio frequency (RF) pulse may be applied 
that perturbs the nuclear magnetism from its equilib-
rium position along (against) the main B 

o
 field. This 

Fig. 1   A highly compact lab-tools Mk3 time-domain NMR spec-
trometer and light-weight mandhalas NMR magnet, both designed 
especially for low-field material science NMR relaxation and NMR 
cryoporometry pore size measurements, in the lab and in the field
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1 � Introduction: Key NMR concepts

1.1 � NMR on the benchtop and in the field

We will discuss time-domain nuclear magnetic resonance 
(NMR) and magnetic resonance imaging (MRI), as methods 
of measuring the physical properties of liquid and solid 
materials. In particular, we consider why analyse the data 
in the time-domain measurements, as opposed to trans-
forming the captured time-domain data to the frequency-
domain and analysing it there.

The discussion will be very practical, giving many 
examples. Two tables of instrumental details on a num-
ber of common benchtop NMR spectrometers are given 
in Sect. 2. The examples have mainly been prepared using 
a particularly compact example, the lab-tools Mk3 time-
domain NMR spectrometer [22, 24], see Fig. 1 and Sect.  
2, unless otherwise stated. The 2D and 3D MRI Figs. 27, 
28, 29, needed a wide-bore NMR time-domain imaging 
system. Some of the other benchtop NMR spectrometers 
have additional features that are useful for specific meas-
urement needs.
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magnetisation vector then rotates around the B 
0
 field 

at the Lamour angular frequency �
0
 in a similar manner 

to a spinning top in the earth’s gravitational field. This 
perturbed magnetisation of the nuclei creates a meas-
urable signal that evolves with time. [1]. For a benchtop 
NMR spectrometer the NMR frequency F is typically 2 to 
100 MHz.

The angular frequency of this signal in a magnetic field 
B is given by � = |�|B where the gyromagnetic ratio �p , for 
protons in water, is around 2.675222005(63) × 108 rads ⋅ 
s −1 ⋅ T −1 .

In conventional frequency F, this is given by ( �p / 2 � ) B 
which may be approximated as 42.58... MHz ⋅ T −1 .

One mechanism for the decay of this measured signal 
is a “spin-spin” interaction due to interaction between 
the spins of the nuclei—this causes a loss of transverse 
magnetisation, that then decays in a time known as the 
T� decay time.

Another mechanism for the decay of the measured sig-
nal is a “spin-lattice” interaction—this is in effect the equi-
libration (relaxation) of the nuclear magnetisation with 
the thermal-noise bath of the “lattice”, back to its original 
equilibrium state, in a time known as the T� decay time.

T
1
 relaxation is caused by magnetic fluctuations (“spec-

tral densities”), usually caused by thermal fluctuations, at 1 
x and 2 x the Lamour frequency �

0
 : T 

2
 is similar, but is also 

sensitive to static magnetic fields.
There are another two important decay times :
The T

2
 * decay time, which is a (recoverable) loss of the 

measured magnetisation signal, due to different spins 
being in different magnetic fields, and thus all getting 
increasingly out of step with one another as the system 
evolves. This may be due to a non-uniform B 

0
 field, or per-

haps due to deliberately applied magnetic gradient fields, 
as in diffusional or MRI measurements. Further R.F. pulses 

may be applied to temporarily recover the measured mag-
netisation signal.

The T
1
� decay time, which is measured using long pulses 

of RF to “spin-lock” the nuclear magnetisation, following an 
initial 90◦ pulse. This in effect measures the T 

1
 decay time 

in a magnetic field of the strength of the B 
1
 RF field, rather 

than the static B 
0
 field; thus it probes fluctuations at �

1
.

Measuring at different B 
0
 and B 

1
 magnetic field 

strengths can provide vital additional information on the 
atomic and molecular motions. A particular advantage of 
using T 

1
ρ at lower pulse powers is that it probes the slower 

molecular motions.
To demonstrate an example as to what is typically 

measured, as a result of the above decay processes, here 
is a single-shot time-domain NMR trace, from an 114 mg 
hexadecane liquid sample, using the above spectrometer, 
Fig. 2 :

Here we see a key advantage of working in the time-
domain :

At zero time the first (90o ) R.F pulse is applied, to tip the 
magnetisation from along the main B 

0
 magnetic field into 

the transverse X–Y plane, where it precesses.
The measured (blue) signal trace at zero time has an 

amplitude that is directly proportional to the mass of 
the sample in the probe; this gives an extremely robust 
method, once the system gain is calibrated, of measur-
ing components of this mass as probed by different NMR 
experiments.

The signal then evolves with time—the free-induction-
decay (FID). Here we are in a typical low-field low-cost 
permanent magnet, and the visible decay in the signal 
amplitude is determined by T 

2
 * as the precessing nuclei 

in the different B 
0
 fields get out of step with one another.

After a delay of 1ms, a second RF pulse is applied, a 180o 
pulse which flips the pancake of dephased spins over. The 
spins that were precessing faster and had gained in phase 
are now at an equal negative phase, and visa-versa. So 
after an equal length of time they will re-phase to produce 
an echo. The new amplitude will now have decayed from 
the amplitude at time zero, due to T 

2
 processes.

This behaviour is shown diagrammatically in Fig. 3.
A chain of 180◦ may also be applied—the Carr-Purcell-

Meiboom-GIll sequence (CPMG). This is particularly useful 
for measuring T 

2
 when it is longer than T 

2
 *. Figure 4 shows 

an example of an automated fit for water in sol-gel silica 
pores.

Time-domain NMR can thus be used to study these 
material science dynamical properties both in the bulk 
and in nano-meter and upward sized pores.

Fig. 2   A single-shot time-domain NMR trace, with free-induction 
decay (FID) and echo, in a 114 mg hexadecane liquid sample in a 
standard 5 mm diameter NMR sample tube
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1.5 � Using NMR to study the properties of structured 
or porous materials, and materials in these 
pores

There are various methods for studying structured and or 
porous materials by time-domain NMR and MRI, which can 
“see inside” these structured materials and pores to meas-
ure their internal structure and properties :

A frequently used technique is to imbibe a liquid (or 
gas) into a porous structure, and then image the liquid, or 
study the changed properties of the liquid. A key point is 
frequently that when a nucleus in the liquid impinges on a 
pore wall then its magnetization signal (that we are meas-
uring) is lost or scrambled, causing a faster NMR decay 
time on average in the pore. For many specimens, such as 
biological ones, foodstuffs or unfired clays, the necessary 
water is already inside the sample.

There are a number of key methods that are frequently 
used :

NMR relaxation (NMRR)
NMR diffusion and percolation,
NMR imaging (MRI)
NMR relaxometry,
NMR cryoporometry (NMRC)

1.5.1 � NMR relaxation (NMRR)

For many structured samples, the NMR relaxation proper-
ties of the contained liquids are defined by which part of 
the structure that they reside within—highly important 
biological examples include cancerous vs non-cancerous 
cells, and nerve pathways. In rocks recovered from under-
ground reservoirs, it is frequently found that there are very 
short decay bituminous fractions on the pore walls, but 
more mobile oily components in the body of the pore [23], 
see Sect. 2.7. Field-cycling relaxometry using variable field 
magnets is a powerful method of probing motions at dif-
ferent rates, as is T 

1
ρ , see Sect.  2.6.

1.5.2 � NMR diffusion and percolation

These are very powerful methods of studying porous 
structures—Magnetic field gradients (both static and 
time varying) and NMR pulses are applied to a liquid in the 
pores during the NMR measurement—this can measure 
movement of the atoms of the liquid through the pores. 
A key strength of diffusional structure determination, vs 
imaging, is that for diffusional measurements the signal-
to-noise in the measured structure can be obtained as an 
average over many similar structures, not just one [17].

1.5.3 � NMR imaging (MRI)

Again, magnetic field gradients (both static and time vary-
ing), often extremely long and complex sequences in 1, 2 
or 3 spatial dimensions, with long trains of NMR pulses, are 
applied to the object being studied, to produce images, 

x'
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z

x'

y'

x'

y'

z

x'
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z

(a) (b)
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Fig. 3   Generation of a spin echo in an inhomogeneous magnetic 
field using a 90◦y� − � − 180◦x� − � − echo sequence, where the 
blue vectors are in a higher field than the red ones, and thus pre-
cess faster

Fig. 4   An example of a chain of NMR Pulses in a Carr–Purcell–Mei-
boom–Gill sequence (CPMG) pulse sequence, for water in sol-gel 
silica pores. Each echo peak has been polynomial fitted, the poly-
nomial algebraically solved to find the peak (red dots), and an 
exponential fit made to the peaks, giving the reduced T 

2 of the 
water due to surface relaxation in the pores



Vol.:(0123456789)

SN Applied Sciences           (2021) 3:809  | https://doi.org/10.1007/s42452-021-04791-2	 Review Paper

that can have amazing detail, using Fourier and related 
Transforms. Large libraries of NMR pulse sequences are 
available. Combining MRI and NMRR protocols to pro-
duce functional images and 3D data sets has proved to 
be hugely informative. Image scales from whole-human-
body down to microns are possible, although the smaller 
scales suffer from signal-to-noise problems.

1.5.4 � NMR relaxometry

This makes use of the faster NMR relaxation processes that, 
for a liquid in the pore, take place at the pore wall, as the 
diffusing nuclei impinge on the pore wall and coherence is 
lost [2]. This technique works well for some materials, par-
ticularly larger rock pores, such as sand-stones, providing 
broad pore-size distributions. The surface relaxivity needs 
to be known, to calculate actual pore dimensions, and in 
many substances, such as say shales or carbonates, this 
is not yet known in sufficient detail. Some research has 
shown that the surface relaxivities can be different even 
in nominally similar laboratory porous silicas prepared by 
different sources [9].

1.5.5 � NMR cryoporometry (NMRC)

NMRC is a technique where the protocol is that one again 
adds a liquid to the pores, but this time freezes the liquid, 
and then uses NMRR as a robust method to measure the 
liquid melting point, which is inversely proportional to 
pore diameter. We have extended the NMRC technique 
for measuring distributions of pore sizes over 3 orders of 

magnitude in pore dimensions. We will discuss this tech-
nique further in Sect.  4. The NMRC protocol can also be 
combined with the MRI protocol, to produce 1D, 2D or 3D 
resolved porosity [13–15], see Sect.  4.3.

2 � Example low‑field time‑domain NMR 
spectrometers

There are quite a number of bench-top spectrometers pro-
duced by different companies. We have contacted many, 
and we discuss a set of example low-field time-domain 
NMR spectrometers, where we have received replies. See 
the table in Fig. 5 for smaller spectrometers, mostly bench-
top and portable spectrometers, while the table in Fig. 6 
is for larger spectrometers, mostly floor-standing, which 
in general have a wider range of options and capabilities.

We discuss in more detail an example highly compact 
low-field time-domain NMR spectrometer, the Lab-Tools 
Mk3, see Fig. 1 and the last entry in table 5, suitable for use 
on the laboratory bench, or in the field, to study solid or 
liquid samples. The cost of such a spectrometer, complete 
with low-field NMR magnet, is typically one to two orders 
of magnitude below that of a typical high-resolution solid-
state NMR spectrometer with super-conducting magnet. 
Thus one can make low-field time-domain NMR material 
science measurements simply and at low cost.

In this particular device, the RF is processed digitally 
in the credit-card sized Field Programmable Gate Array 
(FPGA) module on the left, which also has a dual-core ARM 
Linux computer on the same FPGA chip. This digital RF 

Name Maker NMR 
Frequency

Time-
Domain

Frequency-
Domain

Rigid 
Solids

Solid 
Polymers

Liquids T1Rho Special Features Size / Weight 
(Spectrometer-Magnet)

Minispec Bruker
www.bruker.com

7.5MHz, 
20MHz, 
40MHz, 
60MHz

Yes No Yes Yes Yes Option Proton or Fluorine
Optional V-T
Optional PFG

Table Top

MQC+ Oxford Instruments
nmr.oxinst.com

5MHz
23MHz

Yes No Yes Yes Yes No 5MHz: 60, 50, 40 mm Proton probes
23MHz: 26, 18*, 10*, 5 mm Proton; 26
mm Fluorine probes
*Liquid  V-T options -5 to 70°C

Table top

Spin Track Resonance Systems
www.nmr-design.com

Spectrometer 
1 kHz to 80 
MHz;
Standards 
Magnets:
14MHz, 
18MHz, 
20MHz, 
58MHz

Yes With FFT Yes Yes Yes Yes Options:
Scripting of Sequences;
V-T from -60C to 200C;
Autosampler;
PFG 1 or 3 Axis, Flow Probe;
Double Frequency Probe; Surface 
Probe;
Nuclei: 1H, 2H, 19F, 31P. 23Na, 27Al, 57Fe, 
29Si;
Earth Field;
IoT Automation

Turbospec 
e400

Turbospec LLC
http://turbospecllc.com/

Broadband Yes No No No Yes No Quantitative Elemental Analysis 8.3 kg

Mk3 Lab-Tools
https://nmrspectrometer.lab-
tools.com/

Broadband
5 to 30 MHz 

or wider

Yes No Yes Yes Yes Yes Proton or Fluorine
Optional V-T -70C to 120C
NMR Cryoporomety pore sizes.
Large bore magnets for V-T probes, etc.

Spectrometer : 1kg   
Magnets :
<1 kg 12 MHz,
1kg 21 MHz,
60 kG 23 MHz.
All 35 mm gap.

Fig. 5   Benchtop/portable time-domain NMR spectrometers
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processing helps give long-term stability, which greatly 
helps long duration process measurements, and helps give 
an extremely compact instrument.

2.1 � Compact NMR magnets

Compact NMR magnets can be constructed using mul-
tiple magnet segments. Halbach arrays [7] are examples 
of such compact magnet arrays that can give highly 
homogeneous fields, suitable for chemical resolution. A 
lab-tools low homogeneity Mandhalas magnet [12] (less 
than 1 kg in weight) is shown in Fig. 1 that is constructed 
from 12 square cross-section magnet bars.

Figure 7 shows an NMR FID and Echo from a small 
5 mm OD water sample, demonstrating the homogene-
ity with this Mandhalas magnet. This shows that even 
such a simple and compact magnet can be used to make 
useful time-domain NMR measurements. Such an NMR 
spectrometer and magnet can easily be used in the field, 
taking the spectrometer to the sample, rather than the 
sample to the spectrometer. There are also numerous 
examples of hand-held NMR magnets in the literature 
[5], that could be adapted.

Name Maker NMR 
Frequency

Time-
Domain

Frequency-
Domain

Rigid 
Solids

Solid 
Polymers

Liquids T1Rho Special Features Size / Weight 
(Spectrometer-
Magnet)

MQR Oxford Instruments
nmr.oxinst.com

20MHz Yes No Yes Yes Yes Yes 26, 18*, 10* mm Proton; 26, 10mm Fluorine 
probes
Options: bipolar PFG; 2D expts, e.g. T1-T2, T2-
Diffusion, T2-store-T2, spatially resolved T2, etc;
1, 2 and 3-D MRI, 
*Liquid  V-T -10 to 80°C and Gas V-T
-30 to 150°C options

Magnet unit –
Table top, 
Electronics 
console - Floor 
standing

GeoSpec 2 Oxford Instruments
nmr.oxinst.com

2MHz Yes No Yes Yes Yes No 2MHz: 75, 53, 43, 33, 29 mm standard proton 
probes, 1 inch overburden cell (proton probe,
max pressure 5kpsi, temperature control up to 
100°C), 1.5 inch overburden probe (proton probe, 
max pressure 2.5kpsi, temperature control up to 
100°C), 50% duty cycle RF-amplifier
Options: bipolar PFG, 2D experiments, e.g. T1-
T2, T2-Diffusion, T2-store-T2, spatially resolved 
T2, etc; 1, 2 and 3-D MRI; 
Gas-VT (option): from room temperature to 60°C

Magnet unit –
Table top, 
Electronics 
console - Floor 
standing

GeoSpec 12 Oxford Instruments
nmr.oxinst.com

12MHz Yes Yes Yes Yes Yes No 12MHz: 53, 43, 33, 29 mm standard proton 
probes, 1 inch overburden cell (proton probe, 
max pressure 5kpsi, temperature control up to 
100°C), 1.5 inch overburden probe (proton probe, 
max pressure 2.5kpsi, temperature control up to 
100°C), 50% duty cycle RF-amplifier
Options: bipolar PFG, 2D experiments, e.g. T1-
T2, T2-Diffusion, T2-store-T2, spatially resolved 
T2, etc; 1, 2 and 3-D MRI

Magnet unit –
Table top, 
Electronics 
console - Floor 
standing

Mag Station LexMar Global Inc.
https://lexmarglobal.com/

20 MHz Yes No Yes Yes No No Auto sampler Floor Standing

MagModule LexMar Global Inc.
https://lexmarglobal.com/

20 MHz Yes No Yes Yes No No Online unit with custom sampler Floor Standing

SMARtracer 
- FFC NMR
relaxometer

Stelar s.r.l
www.steler.it

0.005 to 0.25 
Tesla 

Yes System RF
1-150MHz

Yes Yes Yes Yes T1-T2-2D T1/T2
-field dependence of Magnetic Relaxation from 
0.005 to 0.25 Tesla
Temperature range from -140 to +140 °C

80Kg

Fig. 6   Larger/floor-standing time-domain NMR spectrometers

Fig. 7   An NMR FID and Echo from a small 5mm OD water sample, 
measured in the Mandhalas magnet
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2.2 � Using a time‑domain NMR spectrometer 
to measure mobility/dynamics/stiffness/
viscosity/rigidity

As we have seen, the motion of atoms gives rise to a spec-
tral-density of magnetic fluctuations that directly modify 
the various relaxation times as measured by NMR; in par-
ticular the T 

1
 Lattice decay, the T 

2
 spin-spin decay, and also 

T 
1ρ in the Rotating Frame, which gives fairly direct informa-

tion on the slower molecular motions.
There are standard NMR pulse sequences to measure 

many of these relaxation times : A : FID : T 
2
 s shorter than 

FID;
A-B, CPMG : T 

2
 s longer than FID;

A-A, B-A : T 
1
s;

T1Rho : T 
1
ρ : T 

1
 in the rotating-frame.

2.3 � Lab‑tools T‑D NMR spectrometer with peltier 
cooled variable‑temperature NMR probe

A very wide range of techniques have been used over the 
years to vary the temperature of NMR probes and samples, 
including using direct injection of liquid nitrogen droplets 
[11], bubbling highly dried air through liquid nitrogen and 
then warming it up, use of electrically evaporated liquid 
nitrogen gas, and commercial laboratory recirculating 
chillers.

Our preferred technique now is to use Peltier thermo-
electric cooling (− 35C to + 80C), aided to -80C with milli-
second bursts of CO

2
 gas. The Pelter cooling gives superb 

long-term precision control of temperature, which is 
essential for NMR Cryoporometric pore-size- distribu-
tion measurements from sub-1nm to over 1 � m (need-
ing 10mk precision near the probe liquid bulk melting 
point) [22].

Fig. 8   The lab-tools NMR spectrometer is shown with variable-tem-
perature NMR Probe, with the Peltier thermo-electric cooling ele-
ments in the white box. The room-temperature liquid waste heat 
removal circuit can be seen on the right

Fig. 9   A set of T 2 measurements using time-domain NMR which is 
sensitive to changes in the motion of the ice molecules in brittle 
ice, − 22C to melting
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2.4 � NMR Mk3 cryoporometer

The NMR cryoporometer is controlled by a multi-tasking 
Apl array processing program, which also measures the 
temperatures and analyses the results.

The spectrometer communicates with the windows 
computer over the ethernet, using .net and TCP commu-
nications. The current multi-stage Peltier thermo-electri-
cally cooled probe can function with room- temperature 
air cooling. Currently the waste heat is removed from the 
Peltier coolers using a water to air cooling circuit Fig. 8, 
although a recirculating laboratory chiller could be used. 
The advantage of using additional Peltier thermo-elec-
trical cooling even when using a recirculating laboratory 
chiller is a lower achievable temperature and a far higher 
precision of temperature control.

2.5 � Motion of the molecules in Brittle Ice, studied 
using NMR T 

2
 measurements

Key material science properties are often described in dif-
ferent fields using the terms mobility/dynamics/stiffness/
viscosity/rigidityof the sample. These properties are usually 
dependent on atomic and molecular motion in the sam-
ple. We now look at the case of using Time-Domain NMR to 
observe the changes in the motion of brittle ice molecules 
as a function of temperature, Fig. 9. Even in such a rigid 
material the motion of the molecules may be measured. As 
is often the case with very hard and brittle materials, the 

decay shape is closer to a Gaussian, rather than exponen-
tial, due to dipolar line-splitting, as shown by the built-in 
fitting in the lab-Tools spectrometer.

Fig. 10   Showing a 2 component T2 decay, measured on a 
white rubber sample using a Carr–Purcell–Meibom–Gill (CPMG) 
sequence. The parameters for the CPMG measurement are set in 
the graphical user interface (top left), with point sampling at 100 
� s for 21 ms, and measuring every 2 s to allow for T 1 recovery. A 
double-exponential fit is requested, and after 5 averages first a log-

lin fit is performed (top right). Two straight-line fits extract initial 
parameters for a subsequent full non-linear double-exponential fit 
(bottom right). The fitted parameters are then shown (bottom left) 
and saved to file. Decay component amplitude ratios are affected 
by the crystalline/amorphous ratio in the polymer
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S
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with crystalline and amorphous component
B1 Power  :
    1.01,2.51,5.03,7.54 {Gauss}
    (10% to 75% RF power)

Fig. 11   Showing 2 component T 1ρ decays at lower spin-lock pow-
ers, measured on an Acrylic polymer at room temperature, using 
a set of spin-locking measurements with RF powers from 1 to 7.5 
Gauss. Component ratios are affected by the crystalline/amorphous 
ratio and the ability of the B 

1 pulse to maintain spin-locking in each 
component. These suggest that the local-field fluctuations in the 
crystalline component are a bit under 0.6 Gauss
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2.6 � Using time‑domain NMR to study the properties 
of polymers

Polymers : Form a major class of materials which are often 
studied by time-domain NMR.

Example : Rubber (white). See Fig. 10.
There are a range of important material for which time-

domain NMR can measure properties that give much infor-
mation on the sample. Polymers are a particularly impor-
tant case, where there is frequently a fast T 

2
 decay due 

to a crystalline component, and a longer, perhaps multi-
component decay, from a more amorphous region, which 
is often described by a polymer tube “reptation” model.

Fig. 12   Mono- and bi-exponential fitting of HEPS data: samples 
HDPE E (a) and VLLDPE A (b) Spintrack

Fig. 13   Entangled polymer dynamics: universal behavior of flexible 
homopolymers and applicability of the tube model—Bruker Min-
ispec
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Fig. 14   Again the fitted long-exponential component has been 
subtracted from the data. The resultant straight line in the log-
domain plot clearly demonstrates that the short component is also 
an exponential
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These parameters can also be measured when these 
polymers or other hydrocarbons are in nano- to micro-
pores, as well as in the bulk materials, see for instance [8], 
on Polymer chain dynamics under nanoscopic confine-
ments, and [23] for confinement in rock pores and biochar 
carbon pores.

Figure 10 shows an exponential-exponential T 
2
 decay 

in rubber, as measured by a Carr–Purcell–Meibom–Gill 
(CPMG) sequence, using the Lab-Tools built in NMR dou-
ble-exponential relaxation fit.

In the top right log-log plot the fitted long-exponen-
tial component has been subtracted from the data. The 
resultant straight line clearly demonstrates that the short 

component is also an exponential. These components 
are affected by the crystalline / amorphous ratio, and this 
ratio commonly changes with polymer temperature, so 
is useful for process monitoring and control.

T
1
ρ is a particularly powerful method of probing 

these crystalline / amorphous ratios in polymers, see 
Fig. 11 for the case of an acrylic polymer, where the nor-
mal frequency domain lineshape is a combined broad 
line(crystalline), giving a very fast decay and a narrower 
line (amorphous), giving a slower decay. Measuring the 
T 
1
ρ decays at B 

1
 fields from about 0.1 mT to 1 mT probes 

Fig. 15   Measurements of hydrocarbon quantity and dynamics/
mobility in the pores of biochar prepared at different heat treat-
ment temperatures (HTTs)

Fig. 16   Molecular mobility changes in reacting Epoxy Resins, moni-
tored by time-domain NMR
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Fig. 17   Normalised liquid self-diffusion vs time3 , for six mobile liq-
uids

Fig. 18   Diffusion curve on a Portland cement paste (CEM I type). 
The magnetization amplitude is obtained from FID recordings with 
a short repeat delay between scans to not polarize long compo-
nents. The dashed line indicates the fitted asymptotic value M(t = 
∞)/M(t = 0). The lower panel shows the error between the model 
and the data. The T 

2 relaxation time distribution of this sample is 
centered around 0.1 ms—Oxford Maran
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motions in the 10 kHz to 100 kHz region, and gives a 2 
component decay at lower B 

1
 , where the crystalline frac-

tion is not fully spin-locked.
Low-field 1H NMR experiments have been performed 

on polyethylene using a Spin Track apparatus (Reso-
nance Systems Ltd.) operating at 25.4 MHz, to study the 
crystalline (rigid) and an amorphous (mobile) phases [3]. 
We show Fig. 5 in the reference as Fig. 12.

Proton multi-quantum NMR experiments have been 
performed on polymers as a function of temperature, 
using a Bruker Minispec mq20 (B

0
 = 0.47 T) : time-domain 

NMR observation of entangled polymer dynamics: uni-
versal behavior of flexible homopolymers and applicabil-
ity of the tube model [4]. The sample temperature was 
variable over a temperature range between 230 K and 
400 K. Figure 13.

2.7 � Using time‑domain NMR to study the properties 
of hydrocarbons in nano‑pores

We first examining specifically the case of hydrocarbon 
nanoscopic confinement in rock pores recovered from 
reservoir wells, in Fig.  14, where we again see a two 
exponential component decay, the shorter decay being 
from a less mobile probably tarry component.

Similar measurements have previously been per-
formed on bituminous/oil components in rock pores, 
see [23], which also discusses measurements on plant 
resins in biochar porous carbon fired at a range of tem-
peratures, see Fig. 15.

Measurements of hydrocarbon quantity and dynamics 
/ mobility in the pores of biochar prepared at different 
heat treatment temperatures (HTTs) are shown in Fig. 15 
for NMRR free-induction decays for seven biochars, with 
HTT : 300◦ C, 350◦ C, 400◦ C, 450◦ C, 550◦ C, 600◦ C, 700◦ C. 
[23]. The samples show decreasing amplitude, in order, 
as increasing amounts of the labile component are 
driven off with higher HTT. Two component decays are 
again measured, however the shorter component is now 
closely fitted by Gaussians, rather than exponentials, due 
to dipolar line-splitting. This component will be of lower 
mobility, and is probably attached to the pore wall.

2.8 � NMRR used to monitor chemical processes 
that result in physical changes to the molecular 
mobility in the sample

We studied examples based on a set of different reacting 
2-part Epoxy resins, and monitored the changes in the 
mobility of the resin as setting proceeds. These reaction 
rates are dependent on resin temperature, which makes 
time-domain NMR very applicable for process monitoring.

These samples all exhibit a double-exponential mag-
netization decay. The NMR signal decays were measured 
by both monitoring the short component T 

2
 of the FID and 

the also the longer component using a CPMG sequence 
(see Sect. 2.9), monitoring for over a day in the slowest 
reacting case.

“Araldite : Standard
“EverBuild : 4 minute”

Fig. 19   A 1 dimensional projection image of a structured rubber 
sample in a linear gradient

Fig. 20   a) Melting point curve. b) NMRC pore-size distribution, for a 
nominal 100 Å pore diameter porous silica
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“RS PRO : Quick Set”
“Evo-Stik : Quick Set”
In Fig. 16 we plot the T 

2
 decay times of the longer com-

ponents on a single-quadrant version of a bi-symmetric 
log plot—a variant of a log plot that can go to zero or 
even negative values on one or both axies [21]. This then 
provides a measure of the degree to which the chemical 

reactions have proceeded, and of the rigidity of the result-
ant resin.

2.9 � Program requirements for process control

A number of particular features have been found to be 
necessary when making extended series of measure-
ments for process control. A particularly important fea-
ture is the ability to repeatedly interleave various stand-
ard relaxation measurements.

It is also not always required that one continually 
measures as fast as possible, for process monitoring, it 
is more important to have set times so as to measure 
at a regular interval. This both helps limit the amount 
of data collected, for measurement sequences that may 
last weeks or months, but also provided suitable spacing 
for the plotting of the data without having to re-bin the 
measured data.

An example of the use of time-domain NMR for pro-
cess control, is the use of time-domain NMR spectrome-
ters to measure online in the factory environment: wood 
veneer, wood pulp fiber and sludge.

2.10 � NMR used to measure the self‑diffusion 
constants in liquids

A very significant tool for material science, and process 
monitoring and control is accessing liquid self-diffusion 
constants using time-domain NMR, see Fig. 17.

Fig. 21   The relation of melting point depression Δ Tm to inverse 
pore diameter x, for water in various sol–gel silicas as calibrated by 
gas adsorption measurements (x), compared with melting point 
depressions for water in templated cylindrical pores: MCM-41 (+) 
and SBA-15 (F5) (o). The dotted line has twice the slope as the fit to 
the sol-gel silica data

Fig. 22   Normalised pore-size distributions, measured using NMR 
cryoporometry, using the established kGT value, for a range of 
porous sol-gel silicas, controlled-pore glasses, and a templated 
SBA-15 silica
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Fig. 23   Repeated NMR cryoporometry pore-size distribution meas-
urements on 3 porous rocks, a Carbonate, a Barnett Shale and a 
Sandstone
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Here we are measuring the self- diffusion constants 
for a number of different liquids, by monitoring the NMR 
echo amplitude in a constant linear magnetic gradient at 
a number of time ( τ ) intervals. We then plot the normal-
ised liquid self-diffusion vs time3 , please see the original 
work by Torrey : Bloch equations with diffusion terms : 
[16]. Self-diffusion constants are highly dependent on 
liquid temperature, which also makes them very appli-
cable for process monitoring.

2.11 � Measuring diffusion in difficult materials

“Cement based material are difficult porous media to 
characterize and there is no exception concerning the 

NMR technique. A deuterium diffusion tracer approach 
to measure diffusion coefficient in the case of very 
short NMR relaxation times, too short for NMR pulsed 
field gradient sequences (T

1
 or T 

2
 below 1 ms).” Fig. 18 is 

Fig. 3 from Diffusion of water in industrial cement and 
concrete [6], and was measured using an Oxford Instru-
ments MQR / Maran time-domain NMR spectrometer 
with probe size varying from 10 up to 30 mm.

2.12 � Using time‑domain NMR spectrometers 
to make MRI images

The case of using a static 1D gradient in the main mag-
net B 

0
 field : An image of a structured rubber sample. 

By placing the sample in a magnetic gradient in the X 
direction, the different magnetic fields in the sample can 
be spread into a 1 dimensional projection, by a simple 
Fourier Transform, see Fig. 19. By taking the magnitude 
of this Fourier Transform we obtain a 1D projection of 
the sample density. MRI and NMRR protocols may be 
combined to produce functional images.

3 � NMR cryoprometry for measuring nano‑ 
to micro‑ pore size distributions

We have already introduced the NMR Cryoporometry-
technique :

NMRC is a technique where the protocol is that one 
adds a liquid to the pores, freezes the liquid, and then 
uses NMRR as a robust method to measure the liquid 
melted as the sample is warmed.

For water as the probe liquid in templated porous sil-
ica of nominal 100 Å pore diameter, see Fig. 20a. Firstly 
we see the measured melting curve, with a first step, as 
the sample is warmed, at about -6C, where the liquid in 
the pore melts. There is then a plateau, with a further 
melting point at about the bulk melting point for water 
at 0C, as the liquid around the silica grains melts.

The melting point depression from the usual bulk 
melting point is inversely proportional to pore diameter. 
Thus in Fig.  20b, we see that the melting event in the 
pores has been transformed into a pore size distribution 
curve, see Sect. 4.

We have extended the NMRC technique for measuring 
distributions of pore sizes over 3 orders of magnitude in 
pore dimensions.

10 Å 100 Å 1000 Å 1 µm 10 µm

0

0.1

0.2

1

2

5

Pore Diameter

P
or

os
ity

 {
µl

.Å
–1

.g
–1

}
NMRC: Pore Size Distributions
for Masiello Biochar.
Heat Treatment Temperature (HTT) :

400oC450oC550oC600oC700oC

Fig. 24   NMR cryoporometric measurements on five biochars, with 
different heat treatment temperatures (HTTs)

Fig. 25   NMR cryoporometric measurements on four biochars, with 
different preparations
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Fig. 26   1 D spatially resolved 
pore sizes—3 different sol-gel 
silicas separated by Teflon 
spacers, in a 5mm diameter 
NMR tube
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The NMRC protocol can be combined with the MRI 
protocol, to produce 1D, 2D or 3D resolved porosity 
[13–15], see Sect. 4.3.

4 � NMR cryoporometry (NMRC) theory

Josiah Willard Gibbs and three different Thomsons 
(James Thomson, William Thomson (later Lord Kelvin) 
and J.J. Thomson) applied experiment, thermodynamics 

and generalised dynamics to produce an equation that 
well describes the phase-change behaviour of liquids 
in confined geometry; the Gibbs–Thomson equation for 
the melting point depression, ΔTm, for a small isolated 
spherical crystal, of diameter x, in its own liquid, may be 
expressed as [10] :

A development of the Gibbs–Thomson equation has been 
discussed that relates these phase changes so that the 
pore area ap and volume vp are related to the melting point 
depression [18, 20, 25]:

For many purposes this may be simplified so that the pore 
diameter x is related to a melting point depression {K} = Δ
Tm = k GT /x where we are grouping all the thermodynamic 
terms into a single constant, k GT {K.Å}—the Gibbs–Thom-
son coefficient—usually established by experiment [19, 
20], see Fig. 21, and then applied in Fig. 22.

4.1 � NMRC measurement of poresize distributions 
in 3 porous rock types

With this Peltier cooled variable-temperature probe we 
have very good thermal control, and a very uniform sam-
ple temperature, which gives us an upper pore-size resolu-
tion which now extends to over 1 � m. By measuring each 
rock twice we obtain a good estimate of the repeatability 
of the NMRC measurements, Fig. 23.

4.2 � NMR cryoporometric measurements 
on biochars, with different preparation 
methods

4.2.1 � NMR cryoporometric measurements on five biochars, 
with different heat treatment temperatures (HTTs)

An NMR study of porous rock and biochar containing 
organic material, for biochar prepared at five different 
HTTs: 400◦ C, 450◦ C, 550◦ C, 600◦ C, 700◦ C. The samples 
show increasing pore volumes, in order, as increasing 
amounts of the labile component are driven off with 
higher HTT, see Fig. 24 [23].

ΔTm = T∞
m
−Tm(x) =

4�clT
∞
m

xΔHf �s

ΔTm = Tm − Tm(x) ≈
ap

vp
⋅

�slTm cos(�)

ΔHf �s

≈
kd�slTm

xΔHf �s

Fig. 27   2 D spatially resolved pore sizes—4 different sol-gel silicas 
in a set of 5mm diameter NMR tubes
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Fig. 28   3 D spatially resolved 
pore sizes—A structured 
sample prepared from 2 differ-
ent sol-gel silicas, in a 10mm 
diameter test tube
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4.2.2 � NMR cryoporometric measurements on four 
biochars, with different preparations, including flash 
variants

The characterisation of biochar porosity by NMRC, with 
a study of its ammonium ion adsorption properties, see 
Fig. 25 [26]. The lower end of the pore-size resolution now 
extends to below 1nm, the upper end to 1 �m.

4.3 � Combining NMRC and MRI protocols: 1D, 2D 
and 3D spatially resolved pore sizes

It is not easy to represent complete pore-size distribu-
tions for all of the 1D, 2D and 3D spatially resolved pore 
size cases. For the 1D case it can be done, see Fig. 26. In 
the 2D and 3D cases progressively less is presentable, see 
Figs. 27, 28 [13–15, 19]. The 2D and 3D cases needed a 
NMR spectrometer with a wide-bore magnet.

Figure 29 shows a combined NMRC and MRI protocol 
image of a porous rock. Thus this is basically distinguish-
ing the locations of large vs small pores in recovered rock 
sample by using the Gibbs-Thomson effect to selectively 
freeze the water in the larger pores.
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