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Abstract

We consider the problem of performing NMR spectroscopy under conditions of flow, a central issue in Rheo-NMR. By way of
example, the effects of rotational motion on the deuterium NMR spectrum are considered for Couette cell experiments involving
deformation of polymers under shearing conditions. The polymer was modelled as a power law fluid and for each streamline,
the spin Hamiltonian evolved to allow for flow reorientation. The gap-integral spectra are compared with the ‘ideal’ spectra for
a polymer under shear, but without reorientation. It is found that flow does affect the shape of the deuterium spectra, as well as

slightly perturbing the splittings.
© 2004 Elsevier Inc. All rights reserved.
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1. Introduction

One of many recent applications [1-6] of magnetic
resonance is its use in rheology, the science of flow. A
central question in rheology concerns the molecular ba-
sis of complex visco-elasticity in non-Newtonian liquids.
NMR offers the particular advantage that is able,
through magnetic resonance imaging, to provide a
map of the flow field, thus allowing the experimenter
to know the velocity (and, crucially, its gradient) at
every point in the fluid. But more importantly, NMR
is a powerful tool for the investigation of molecular
organisation and dynamics, through measurements of
inter-nuclear dipolar interactions, nuclear quadrupole
interactions, spin relaxation rates, and molecular self-
diffusion coefficients. It is this diversity of approach
which has given impetus to the emerging science of
“Rheo-NMR” [4,5].
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An intriguing aspect of Rheo-NMR is that one is
generally called upon to perform NMR spectroscopy
in a moving fluid. Such motion clearly complicates,
but does not make impossible, self-diffusion measure-
ments [2]. It may also complicate some forms of spec-
troscopy. In particular, if one is using the nuclear
quadrupole interaction to yield information about
molecular alignment in non-Newtonian liquids under
shear or extensional flow [3,7-10,12-15], then the move-
ment of the fluid may induce reorientations which shift
the projected value of the quadrupole Hamiltonian,
when measured in the zeroth order Zeeman frame of
the magnetic field. It has emerged that the use of deute-
rium quadrupole interactions to measure shear and
extension-induced order, has placed NMR in a leading
position with respect to other techniques, such as neu-
tron scattering and optical birefringence measurement,
to the extent that magnetic resonance should become
the definitive tool in Rheo-molecular investigation of
flow-induced alignment. That being the case, it is rea-
sonable to address the question as to whether flow itself
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may perturb the measurement of quadrupole interac-
tions, and so complicate the interpretation of these
experiments.

This paper examines one such example, namely that
of cylindrical Couette flow. This approach has proven
of some value in elucidating the precise details of
shear-induced  deformation of both  polymers
[8,9,12,13] and wormlike micelles [10,16,17]. While we
focus here on a particular example, we would argue that
the methodology we present does present a recipe for
dealing with other closely related flow-perturbation dif-
ficulties in Rheo-NMR spectroscopy. The essential
problem is that flow may cause a reorientation of mole-
cules with respect to the Zeeman field. We will show
here, by accounting for the contribution from each
streamline, and then allowing the spin Hamiltonian to
evolve in real time, that it is possible to reconstruct
the signal and to test whether flow-induced perturba-
tions are problematic.

We focus in particular on the measurement of the
molecular deformation of an entangled polymer melt
in shear. The deformation of the polymer can be de-
scribed theoretically using the Doi-Edwards model
[18,19], the alignment tensor being defined as:

Sa/f = <Mau/; - %5041% (1)

where the ensemble average is taken over all polymer
segments, the u being tangent vectors to the polymer
and o and f being chosen from the directions X, Y,
and Z. The natural axis system is the hydrodynamic
frame, where X is the velocity (v) direction, Y is the
velocity gradient (Vv), and Z is the vorticity (V X v)
direction. In the Doi-Edwards model, S, is directly cal-
culable in terms of the parameter jt4, where 7 is the
shear rate, 0vy/0Y and 14 is the polymer tube disengage-
ment time. A plot of the alignment tensor components is
shown in Fig. 1.

The experiment [9,12,13] employs the Couette cells
shown in Fig. 2. The essential idea is to introduce a deu-
terated ““spy molecule” into the polymer melt so that by
rapid diffusion involving multiple collisions with the
polymer, each imparting a favoured orientation due to
steric hindrance, a motionally averaged “memory” of
the polymer segmental orientation results. While the
absolute magnitude of the quadrupole interaction is un-
known, its dependence on shear rate, and in particular,
its dependence on orientation of the hydrodynamic axes
with respect to the Zeeman field, allows one to measure
the full alignment tensor of the polymer, to within an
arbitrary common constant. The trick, in the NMR
experiment, is to correctly orient the cell and to use com-
binations of shaped RF pulses and magnetic field gradi-
ents [20] to select the desired region of fluid where the
hydrodynamic axes have a chosen alignment with the
magnetic field direction, z. Technical details of this
experiment are given elsewhere [9,12,13,20]. Clearly, in
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Fig. 1. Elements of Doi-Edwards alignment tensor for entangled
polymer melt, as a function of the dimensionless shear rate (Deborah
number), 714.
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Fig. 2. Rheo-NMR cells used to shear a polydimethylsiloxane polymer
melt (molecular weight 670 kDa) where in (A) the vorticity axis is
collinear with the magnetic field while in (B) it is transverse to the
magnetic field, allowing the velocity-gradient elements of the alignment
tensor to be measured.

the case of vorticity axis selection, one may use a Cou-
ette cell whose rotation axis is colinear with the magnetic
field. In this case azimuthal flow around that axis has no
influence on the relevant orientation during measure-
ment of the alignment tensor element, S»,. However,
in order to measure Syy, Syy, and Syy, we must employ
a cylindrical Couette cell for which the rotation axis is
transverse to the applied magnetic field. The projection
of the hydrodynamic tensor in the Zeeman frame is
shown, schematically, in Fig. 3. By selective excitation,
we may carry out a measurement of the deuterium quad-
rupole splitting at any chosen azimuthal orientation, @,
an image obtained after such selection being also shown
in Fig. 4.

To relate the predictions of the Doi-Edwards model
to the NMR quadrupole interaction, it is necessary to
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Fig. 3. Schematic showing the relative orientations of the hydrody-
namic (X, Y, Z) axes with the transverse Couette cell axes. Note that
the molecular (1,2,3) frame has a principal axis which subtends an
angle y with the velocity direction. y is known as the “‘extinction angle”
in connection with birefringence measurements.
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Fig. 4. NMR images of the polydimethylsiloxane situated in the
annulus between the 2.5 mm radius inner cylinder (rotor) and 3 mm
radius outer cylinder (stator). Note that the distortion is caused by
diamagnetic susceptibility differences. In (A) the entire sample is shown
whereas in (B) a selective excitation has preceded the imaging sequence
so as to excite only the sample in the region of interest where the
velocity direction is parallel to the magnetic field. This would
correspond to a measurement of the element Syy.

rotate this tensor to the frame of the applied magnetic
field. @ defines the orientations of X, Y, and Z with re-
spect to By, so that

Sxx Sxr 0 1
S.=(1 0 0O)R®)| Sy Sy 0 |RYP)|O
0 0 Sy 0

= Syycos’® — 2Syy sin ® cos @ + Syysin’®.
(2)

Of course, during the time taken to acquire the signal
from which the deuterium quadrupole spectrum may be
derived, the fluid is moving, so that @ is a time-dependent
variable. Near the outer wall of the cell, where the veloc-
ity is close to zero, very little perturbation occurs. But
near the inner wall, the flow-induced reorientation effect
may be substantial. In the measurements previously re-
ported, no account was made of this effect. The question
arises therefore, is it a problem and, if so, what are the
methods needed so that Rheo-NMR spectroscopy exper-
iments may be performed with proper accuracy? Obvi-
ously there is a matter of comparative timescales. If the
characteristic time associated with the spectral feature
(for example the inverse of the splitting) is long com-
pared with the rotation period of the inner cylinder, then
a serious difficulty arises. One can imagine situations, for
example when the flow is rapid and the spectral feature
delicate, where such a problem is unavoidable. We note
here that in our earlier experiments the spectral time
was of the order of tens of milliseconds while the rotation
periods were of the order of seconds, and it was on this
basis that we held confidence in our measurements.
Nonetheless, in that work, some intriguing spectral fea-
tures arose which we were unable to explain. Further,
the question of flow perturbations should not be lightly
dismissed with arguments about timescales, but rather,
it is worthy of proper, quantitative, investigation.

In seeking to understand this problem we point out
the great advantage of Rheo-NMR methodology in that
the flow field is inherently measurable [21] and indeed
was measured in our prior work. Armed with a knowl-
edge of the flow, there is nothing to prevent us from esti-
mating its effect. This paper reports on a numerical
simulation, in which we compare our results with exper-
iment, finally concluding that while our previous mea-
surements and their interpretation were justified, some
care is needed in any such measurement where relative
timescales might be unfavourable.

Our work concerns the spin-one deuterium nucleus
which experiences an electric quadrupole interaction be-
tween the nuclear quadrupole moment and the surround-
ing electric field gradient, a gradient whose principal axes
are embedded in the deuteron-containing molecular
bond. In reiteration, this interaction is experienced in
the presence of a much larger Zeeman interaction be-
tween the magnetic dipole moment and the polarising
magnetic field By, and is therefore a first-order projection
along the spin quantisation axis defined by the static
magnetic field, z. The total Hamiltonian for this system
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is H=—wl,+ PlI? —1I(I 4+ 1)], where P is a constant
representing the size of the quadrupole interaction. How-
ever, the effect of the Zeeman term, and its inhomogene-
ity, can be cancelled by using an echo sequence which
leads to a change in sign of the linear term whilst leaving
the quadrupole term unchanged. The Hamiltonian for
the purely quadrupole term can then be defined as

H(1)/l = Awgll? —3I(1 + 1)]S=(97a), 3)

where I, is the usual spin angular moment matrix for
spin one in the z direction, Awy is a scaling constant,
and S.. is the element of the alignment tensor projected
along the magnetic field, as described in Eq. (2).

2. Method

Our approach may be generalised as follows: (i) Sub-
divide the fluid into representative streamlines, using a
Lagrangian (moving fluid element-based) depiction of
the flow, (ii) determine, for each streamline, the time-de-
pendence of the rotation matrix which connects the
hydrodynamic and Zeeman frames, (iii) calculate the
spin Hamiltonian, as a function of time, in each stream-
line, using a suitable discretisation of time, (iv) calculate
the time-dependent NMR signal from each streamline,
(v) sum all signals, appropriately weighted, and (vi)
Fourier transform to obtain the desired spectrum.
Clearly, because of the linearity of the transform, steps
(v) and (vi) may be reversed.

Our Couette cell consists of an inner cylinder of ra-
dius 2.5 mm and an outer cylinder of radius 3.0 mm,
the polymer fluid, being 670 kDa polydimethyl siloxane
(PDMS, American polymer Standards, Cincinnati,
Ohio) which is contained within the 0.5 mm gap. The
introduced deuterated probe molecule was d6-benzene
at 5% w/v, a doping level sufficiently small that the poly-
mer rheology was unperturbed. At this level of doping
we found the quadrupole splitting constant, Awg, to
be 55 Hz. Following selected excitation of the azimuthal
sector of interest (see Fig. 2B) a 90, — ¢, — 180, —
t, — echo sequence was used, the quadrupole spectrum
being obtained by Fourier transforming with respect
to the evolution (#;) domain.

In what follows we lay out our calculation approach
following each step in turn. Our numerical simulation
uses MATLAB which is well suited to the matrix multi-
plications inherent in the calculation. Complete spectral
evaluations took just a few seconds on a G4 Macintosh
computer.

2.1. Step (i)

We divide the fluid in the 0.5 mm gap, into 11 equally
spaced elements of different radius, ranging from 2.5 to
3.0 mm. Although we could have chosen to use the mea-
sured velocities, we instead choose, for this exercise, to

model the local velocity using the power-law constitutive
equation [11] g, 4 = mj", reflecting the fact that the poly-
mer melt is a non-Newtonian fluid, and allowing us to
test for the effect of non-uniform shear rates by adjust-
ing the power-law exponent. The power-law model
yields an analytic solution for the velocity in our cylin-
drical Couette geometry. Solving the equation of motion
for a power law fluid leads to an explicit expression for
the azimuthal component of the velocity field at r:

ve  R(1—R7M

= ) 4
Qr;  K(1—-K") @
with a corresponding shear rate of

2QR7"
/ n(l — K2/ ®)

Here K =ri/r, and R =r/r,, r; and r, being the inner
and outer cylinder radii, respectively, and the inner cyl-
inder angular velocity is Q.

2.2. Step (ii)

Obviously, for a given rotation rate 2, @ is dependent
on the time elapsed following the selective excitation
immediately prior to signal acquisition. For each
streamline an instantaneous value @(z) is calculated.
We choose here the case of an attempt to measure Syy-

2.3. Step (iii)

For each streamline labelled by radius r, and for a given
rotation rate 2, we calculate j, and then the components
of the alignment tensor, Syy, Sxy, and Syy, allowing that
these components depend on different local values of y
characterising the strength of the interaction. Knowing
®(r,t), S.. is calculated from Eq. (2), leading to the
Hamiltonian for the quadrupole term and hence to the
evolution operator, Ug(t, 61) = exp|— 1 H(1)d1).

2.4. Step (iv)

Starting with an initial density matrix, subsequent to
the 90, RF pulse of the form p(0) = I, we evolve p(t)
using

plt+8t) = Ur(t, 51)p(0. ) UL(1, 51) (6)

and, for each streamline labelled by radius r, the signal
contribution is calculated by

S(2) = Trace(l,p(1)) exp(—t/T2). ()

2.5. Steps (v) and (vi)

The total signal is summed, in our case, because a
rectangular slice is excited, each radial contribution
having equal weighting. This total signal is then
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Fourier-transformed to obtain a frequency spectrum.
The calculated deuteron quadrupole splittings are then
determined. Note that if no relaxation is included, the
discrete Fourier transform truncates the signal, leading
to a sinc convolution. This was remedied by multiplying
the signal by an exponential damping factor (see Eq.
(7)), smoothing out the oscillations in the spectrum.
The damping function corresponds to the situation
found experimentally: 7, ~ {s. Clearly, features in the
spectrum less than about 5 Hz cannot be resolved. This
damping factor also means that the signal need only be
evaluated up to around 0.4 s using 0.2 ms steps. Note
that a non-flowing ‘ideal’ spectrum can be calculated
by examining the signal at the outer wall, where the
velocity goes to zero.

3. Results

To gain some insight regarding the role of the rheol-
ogy in determining the spectral outcome, we have cho-
sen to calculate the spectra using two different power
law exponents, 1.0, corresponding to a Newtonian fluid
and 0.3, corresponding to a strongly shear thinning
fluid. The actual power law exponent of the PDMS melt
used in this work is intermediate between these two val-
ues, at around 0.5 [12]. First, in Figs. 5 and 6, we show
spectra calculated assuming # = 0.3, then in Figs. 7 and
8, we show spectra calculated assuming n = 1.0. Figs. 5
and 7 show spectra obtained near the outer wall using
inner cylinder rotation frequencies of 2, 6, 10, and
20 rad/s, respectively. In this region there is very little
flow perturbation and near ideal spectral lineshapes
are observed. By contrast, in Figs. 6 and 8, we see the
total spectra acquired from fluid across the gap. The
spectra are distorted, but to first order, the splittings
seem not to be greatly affected, a point we will soon
investigate.

-100 -50 0 50 100
frequency(Hz)

Fig. 5. Simulated spectra obtained near the outer wall where flow
influences are minimal, for a power law exponent of 0.3 and for
increasing inner cylinder rotation rates of 2, 6, 10, and 20 rad/s.

-100 -50 0 50 100
frequency(Hz)

Fig. 6. Simulated total spectra obtained right across the gap, the
distortions indicating the effects of flow, for a power law exponent of
0.3 and for increasing inner cylinder rotation rates of 2, 6, 10, and
20 rad/s.

-100 -50 0 50 100
frequency (Hz)

Fig. 7. As for Fig. 5 but for n=1.0.

U

-100 -50 0 50 100
frequency (Hz)

Fig. 8. As for Fig. 6 but for n = 1.0.

To compare the calculated spectra with those ob-
served experimentally, we show, by way of example in
Fig. 9, a measured spectrum obtained at a rotation
speed of 10 rad/s, along with the calculated spectrum,
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Fig. 9. Comparison of measured and calculated total gap spectra for
10 rad/s inner cylinder rotation speed, using the known power law
exponent, n = 0.5. Note the appearance of a secondary peak at zero
frequency, an artifact of the flow. The measured spectrum was
obtained using the 2-D spin echo technique described in [9,12].

at the same rotation speed, assuming the measured
power law exponent, n =0.5. The agreement is quite
good. Certainly the calculations undertaken here pro-
vide an explanation for the unusual secondary peak at
zero frequency, making clear that this effect is not due
to the presence of another phase for which the quadru-
pole interaction is zero. That insight alone makes this
calculation extremely valuable.

More importantly however, we are interested to
know whether the doublet splittings obtained from the
entire signal from all fluid elements across the gap are
markedly different from those obtained under zero flow,
near the outer wall. Fig. 10 compares there, in each case

60
o n=0.3, total gap
50 = n=0.3, outer wall g
— o n=1, total gap ° 5
i 40! *n=1, outer wall ° g i
2 % g
= P
7]
20 S
DGE
10 o ®
om
om
0 o
0 2 4 6 8 10

Tt
Fig. 10. Comparison of splittings obtained near the outer wall where
flow effects are minimal, with those obtained from the integral gap
spectrum, both in the case of power law exponents n = 1.0 and n = 0.3.

The agreement is remarkable, when the data are plotted against the
known value of j74 calculated from the flow at the outer wall.

plotting the the comparative splitting as a function of
the dimensionless shear rate (Deborah number, j74) cal-
culated at the outer wall. Remarkably the agreement be-
tween both outer wall splittings and total gap splittings
is excellent, despite the distortions to the spectra obvious
in Figs. 6 and 8. Nonetheless, this agreement is depen-
dent on our taking the shear rate as that given by the lo-
cal velocity gradient at the outer wall. For n = 1.0 the
difference between inner and outer wall values is not sig-
nificant, and even for n = 0.5, they agree to within a fac-
tor of two for the Couette cell geometry used in this
work. However for strongly shear thinning fluids it is
clear that there may exist a substantial discrepancy be-
tween the apparent shear rate (inner wall radius divided
by gap separation) and that calculated locally at the out-
er and inner walls. For such fluids it is clearly important
that the outer gap value is used. What Fig. 10 tells us is
that this very slowly moving fluid plays a dominant role
in the spectrum, probably because the very sharpness of
the unperturbed outer wall spectrum causes it to
predominate.

Note that we have chosen here to calculate spectral
effects in the case of the Syy alignment tensor element
only. We have also carried out an analysis of effects
on the Syy measurement and note that the behaviours
are broadly similar.

4. Conclusions

The calculations contained here give us some confi-
dence in our earlier Rheo-NMR spectroscopy work car-
ried out to determine the alignment tensor for polymers
under shear. However, these calculations contain an
important warning. When using the deuterium quadru-
pole interaction to gain insights regarding orientational
order under flow, one cannot neglect spectral distortion
which may arise when the streamline field causes fluid
elements to reorient their hydrodynamic axes during
data acquisition. One can gain a rule of thumb indica-
tion of these effects by a simple comparison of time-
scales. However, a full spectral calculation is advisable.
In particular, while our simplistic interpretation of peak
splittings has proven valid in our work on polymer
deformation under shear, some key spectral features
have now been explained by our calculations and much
greater insight provided regarding how we might inter-
pret our measurements more precisely. These findings
have implications for future work concerning exten-
sional flow alignment in Fano flow [22,23], 4-roll mill
flow [15], and in contracting tube flow. The methods
outlined here should provide a general means of dealing
with these effects, a factor which is greatly aided by the
facility with which NMR can image the flow field. A
knowledge of the local fluid velocities turns out to be
crucial in any attempt to calculate spectral effects.
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