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Introduction
Soap solutions, lotions and creams, 
paints, many foods, biological fluids–
all these materials belong to the class of 
complex fluids. They show a flow behav-
iour that can be very different from that 
of a simple Newtonian liquid like water. 
The peculiar flow properties of complex 
fluids result from their complex struc-
ture and dynamics that are characterised 
by a hierarchy of length and time scales. 
Understanding the flow of complex fluids 
is important so products can be optimised 
with respect to both performance (paint 
should be easily applicable but should not 
drip) and processing (flow through pipes 
in manufacturing should require minimum 
energy). Rheology, the science of defor-
mation and flow, provides experimental 
tools that yield information on macroscopic 
properties such as viscosity and modulus. 
However, in order to tailor the rheological 
properties of materials an understanding 
at a molecular level is necessary. This has 
stimulated the development of a research 
area called rheo-physics, in which meth-
ods for the investigation of molecular 
and microscopic structure and dynamics 
are applied in situ under flow conditions. 
Rheo-NMR (rheo-nuclear magnetic reso-
nance) is part of this field of research.1,2

NMR has several advantages. It does not 
require transparent samples, in contrast to 
most rheo-optical techniques. No special 

probes need to be added to the sample, 
which may change the rheological prop-
erties. Perhaps the biggest advantage of 
NMR is its versatility. Hundreds of different 
NMR methods are available, a plethora yet 
to be exploited for rheo-NMR, although a 

commercial rheo-NMR accessory has 
been available for about 10 years. NMR 
provides tools for spectroscopy, imaging 
(MRI, tomography) and velocimetry.

In this article, the focus is on some 
of our work using 2H rheo-NMR spec-

Figure 1. Top: Simple shear is generated when a fluid between two parallel plates is deformed 
by applying a parallel force F to one of the plates with area A, generating a shear stress s = F/A. 
Bottom: Common shear cells used in rheology. The sample is located in the narrow gap between 
the cone and plate or in the annular gap between the concentrical cylinders, respectively. Shear is 
generated by rotating one part of the cell with respect to the other.
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troscopy to investigate shear flow. This 
method provides interesting information 
even in the absence of spatial resolu-
tion. Some recent rheo-NMR develop-
ments will be mentioned as well. More 
comprehensive review articles, cover-
ing imaging and velocimetry as well, 
have been written, for example, by Paul 
Callaghan.1,2

Experimental
In Figure 1, the principle of the most 
common shear geometries used in 
rheo-NMR is shown. Both the cone-and-
plate and the cylindrical Couette geom-
etry (designed for laminar flow) have an 
axis of symmetry which is aligned along 
the magnetic field B. The two geom-
etries differ by the orientation of the 
magnetic field with respect to the local 
coordinate frame of shear { xyz }, provid-
ing complementary information about 
shear-induced sample alignment. The 
dimensions of rheo-NMR cells are a 
consequence of a compromise between 
the requirements of shear (narrow gap to 
achieve homogeneous stress) and NMR 
(wide gap for better filling factor). Typical 
cells have outer diameters between 
1 cm and 2 cm, gap angles of about 5° 
(cone and plate) and gap diameters of 
about 1 mm (Couette). The shear cell is 
surrounded by the NMR coil (often a bird 
cage resonator) and its rotating part is 
connected via a drive shaft to a motor 
located below or on top of the magnet 
Dewar.

Liquid-crystalline polymers
Thermotropic and lyotropic liquid-crys-
talline phases are anisotropic even at 
rest, while other complex fluids, such as 
polymers and surfactant solutions, may 
become anisotropic only under shear. 
Therefore, the measurement of shear-
induced orientations is one of the most 
prominent goals of rheo-NMR. 2H NMR 
spectroscopy is most suitable for studies 
on liquid crystals since the residual quad-
rupole coupling of the deuterium nucleus 
(spin quantum number I = 1) leads to a 
spectral doublet with a frequency split-
ting, given by Dn = 3/4 dQ (3 cos2q − 1) in 
a uniaxial phase. The factor dQ represents 
the time-averaged quadrupole coupling 
constant and q is the angle between the 

magnetic field and the director (symme-
try axis) of the liquid-crystalline phase.

Nematic phases, which are charac-
terised by a preferred orientation of 
the molecules along the director axis, 
can show two types of flow behaviour. 
They can be of either the flow-aligning 
or tumbling type. The former ones adopt 
a stable orientation in shear flow and 
can be uniformly aligned on a macro-
scopic scale, whereas tumbling nematics 
rotate continuously under shear, which 
leads to spatio–temporal patterns of 
the director orientation. Knowledge of 
the flow response is relevant for opti-
mising processing conditions, in partic-
ular of liquid-crystalline polymers, since, 
depending on the flow-induced macro-
scopic state of orientation, quite differ-
ent optical and mechanical properties 
will result.

Liquid crystals are also aligned by 
magnetic fields. In the strong field of an 
NMR magnet very high shear rates are 
necessary to realign the director of a low 
molar mass liquid crystal. For the more 
viscous polymeric liquid crystals moder-
ate shear rates in a range easily acces-
sible with rheo-NMR equipment are 
sufficient. In this case, the competition 
between magnetic field and shear can be 

used for characterising the flow behav-
iour in a quantitative way.3,4

As an example, results obtained for 
two nematic liquid-crystalline polysilox-
anes are shown on the left of Figure 2.3,4 
The shear-rate dependent director orien-
tation q was calculated from the quad-
rupole splitting Dn of 2H NMR spectra 
obtained in cone-and-plate geometry. At 
very low shear rates the magnetic field 
wins the competition against the shear 
force and the director remains aligned 
close to the magnetic field axis (small 
values of q). As the shear rate is increased 
the director changes its orientation due 
to the increasing viscous torque. In the 
case of the flow-aligning polymer (red 
data points) a limiting angle close to the 
flow direction (Leslie angle) is reached 
at high shear rates. The second polymer 
(blue data points), the chemical struc-
ture of which differs only by the length of 
the spacer (number of CH2 units in the 
side chain), behaves differently, revealing 
the tumbling character of this material. 
A uniform orientation of this polymer is 
achieved only at low shear rates, when 
tumbling is suppressed by the magnetic 
field. Above a critical shear rate, tumbling 
sets in and a powder line shape, repre-
senting the distribution of director orien-

Figure 2. Left: Director orientation as a function of shear rate for a flow-aligning (PSi4, red) and a 
tumbling (PSi6, blue) side-chain liquid-crystalline polysiloxane.3,4 Lines correspond to fits accord-
ing to the Ericksen–Leslie theory of nematics under shear. Right: 2H NMR spectra of D2O in a 
tumbling nematic system consisting of wormlike micelles (nematic mixture of cetylpyridiniumchlo-
ride, hexanol and brine) as a function of time (shear strain) after start-up of shear.
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tations, is observed. The tendency 
towards tumbling becomes weaker at 
higher temperature. Measurements on 
a large number of liquid-crystalline poly-
siloxanes revealed that the tumbling 
instability occurs when smectic clus-
ters are present in the nematic phase, 
a correlation also known for low molar 
mass nematics. Based on these find-
ings, tuning of the flow-behaviour of 
side-chain liquid-crystalline polymers 
becomes possible not only by changing 
the temperature but also by adjusting 
the composition of random copolymers 
made from two slightly different mono-
mers.4

While thermotropic liquid-crystalline 
polymers require selective deuteration 
of the molecules, in lyotropic systems 
a deuterated solvent (often water) may 
serve as a probe of the director orien-
tation. A detailed rheo-NMR study using 
D2O on the shear-induced states and 
the director relaxation upon cessation of 
shear in Couette geometry was carried 
out for the lyotropic liquid-crystalline 
polymer hydroxpropylcellulose in aque-
ous solution by Geng and co-workers.5

The smaller quadrupole splitting of 
solvent molecules, due to their lower 
residual order, results in spectra with a 
highly improved signal-to-noise ratio. 
This makes time-resolved experiments 
possible. An example can be seen 
on the right of Figure 2, where time-
resolved D2O spectra measured by 
Isabel Quijada-Garrido from Institute of 
Polymer Science and Technology, Madrid, 
Spain, and Nikolay Sinyavsky from Baltic 
State Academy, Kaliningrad, Russia, for an 
aqueous solution of wormlike surfactant 
micelles (“living polymers”) after start-up 
of shear are depicted.

Lyotropic lamellar phase
Among lyotropic liquid crystals the 
lamellar phase (Lα), often found in 
aqueous surfactant solutions, is the 
most interesting one. Lamellar struc-
tures are also formed by lipids and play 
an important role in living organisms. 
The Lα phase can consist of stacks of 
more or less flat extended bilayers or 
of densely packed multilamellar vesi-
cles. The vesicle state is of interest for 
drug delivery or as microreactor. Shear 

has a strong influence on the orienta-
tion and morphology of the lamellar 
phase. The best-studied lamellar system 
under shear is a 40 wt % solution of 
the non-ionic surfactant C10E3 (trieth-
ylene glycol mono-n-dodecyl ether) in 
D2O.6,7 In this system, shear-induced 
multilamellar vesicles are formed at 
low temperatures and sufficiently high 
shear rates, whereas at higher tempera-
tures and lower shear rates the steady 
state consists of aligned layers. Bruno 
Medronho and co-workers investi-
gated how one state is transformed into 
the other by shear.6 Their rheo-NMR 
results obtained in Couette geometry 
are shown in Figure 3. The evolution of 
the spectra with time (proportional to 
strain) reveal a continuous transforma-
tion from aligned layers to multilamel-
lar vesicles, but a discontinuous process, 
with a coexistence of the two states, 
for the opposite direction, when vesi-
cles are transformed into aligned layers. 
Additional 2H rheo-NMR experiments 
with spatial resolution, carried out at 
Victoria University, Wellington, New 
Zealand, have shown that the former 
transformation proceeds homogene-
ously throughout the sample whereas 
the transformation from multilamellar 
vesicles to aligned layers begins at the 
inner moving wall of the Couette cell 
and propagates to the outer wall.7

Recent developments
The 1H nucleus is also used frequently 
in rheo-NMR spectroscopy. Due to resid-
ual dipolar couplings 1H spectra are 
often broad and featureless but relax-
ation can provide information on the 
sample. 1H NMR is a tool easy to use 
for detecting transitions from liquids to 
solids by simply monitoring the disap-
pearance of the narrow lines of the 
liquid components. For instance, Ohgo 
et al. monitored the time dependent 1H 
spectra of silk fibroin in D2O as solvent.8 
The researchers observed a decrease of 
signal intensity due to the shear-induced 
formation of silk aggregates which form 
when the silk molecules are transformed 
from random coils to b-sheets.

A very interesting nucleus for rheo-
NMR was int roduced by Gal ina 
Pavlovskaya and Thomas Meersmann.9 
They used the quadrupole coupling of 
23Na (spin I = 3/2) to investigate flow-
induced alignment in a solution of the 
polysaccharide xanthan in tubular flow. 
The weak alignment of this non-liquid-
crystalline polymer cannot be detected 
in the single quantum 23Na spectrum 
(or in the 2H NMR spectrum of the 
solvent). However, use of a special pulse 
sequence yields a magic angle double-
quantum filtered spectrum only if a resid-
ual quadrupole coupling exists, even if 
the coupling is very small. In isotropic 

Figure 3. Shear-induced transformations of the lamellar phase of C10E3/D2O observed by 2H 
rheo-NMR.6 Left: An initial state of aligned layers (doublet spectrum) was prepared at 42°C 
by shearing at a rate of 10 s–1. Then shear was stopped, the temperature lowered to 36°C and 
shear was started again. The continuous transformation of the spectrum to the broad single peak 
characteristic of multilamellar vesicles can be seen. Right: Starting from the vesicle state at 36°C 
the shear rate is lowered to 1 s–1. Under these conditions the vesicles are not stable and aligned 
layers are formed again, but the transformation follows a different pathway.
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solution the double-quantum filtered 
spectrum disappears. This is a promis-
ing technique for rheo-NMR applications 
because of the abundance of 23Na, in 
particular in biological samples.

Still a challenge in rheo-NMR is the 
simultaneous measurement of rheo-
logical and NMR parameters. In such 
combined experiments either the NMR 
measurement or the rheological meas-
urement can be optimised. An early 
example of the former approach was 
realised by David Grabowski at the 
University of Freiburg, Germany, who 
used a shear cell with a home-built 
torque sensor.3 This enabled the simul-
taneous measurement of shear viscos-
ity during the NMR experiment. For proof 
of principle the flow-aligning liquid-crys-
talline polymer discussed above was 
used, cf. Figure 2. In the presence of 
the magnetic field, a change of viscosity 
as a function of shear rate is observed, 
due to the change in director orientation. 
When the NMR probe is taken out of the 
magnet, however, the viscosity is inde-
pendent of the shear rate since the direc-
tor aligns at the Leslie angle already at 
low shear rates. Recently, a more flexible 
and easy to use rheo-NMR device with 
a torque sensor has been developed in 
the group of Petrik Galvosas at Victoria 
University, Wellington, New Zealand.10

The second approach, which enables 
high-end rheological experiments, 
is undertaken by Manfred Wilhelm 
and his group at Karlsruhe Institute 
of Technology, Germany. They use a 
Halbach-type magnet similar to the 
one described in Reference 11, which 
consists of an assembly of small perma-
nent magnets arranged around a shear 
cell that is connected to a commercial 
rheometer. Thus low-field low-resolution 
1H-NMR relaxation spectroscopy can be 
combined with various rheological exper-
iments including measurements of the 
complex shear modulus under oscillat-
ing shear.
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