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ABSTRACT: 2H NMR quadrupole interaction spectroscopy has been used to measure the deformation of
a 610 kD PDMS melt under shear in a Couette cell. The signals were acquired from a perdeuterated
benzene probe molecule, which provides a motionally averaged sampling of the entire segmental ensemble.
Our Rheo-NMR method involves the use of a selective storage precursor pulse, which enables one to
observe NMR spectra from preselected regions within the flow. We have measured the dependence on
the shear rate of the SXX (velocity) and SYY (velocity gradient) elements of the segmental alignment tensor
as well as the angular dependence of the deuterium quadrupole splitting at a fixed shear rate. The results
agree well with Doi-Edwards theory and return a value for the tube disengagement time of 310 ms.

Introduction
When a random coil polymer melt is subjected to
shear, the polymer chain suffers a biaxial deformation
in which the principal axis of extension has a preferred
orientation with respect to the hydrodynamic velocity
direction. The geometry is as indicated in Figure 1. The
deformation may be usefully described by means of the
averaged segmental alignment tensor,

SRβ(t) )

〈∫

L

0

1
ds uR(s,t) uβ(s,t) - δRβ
3

〉

(1)

where 〈...〉 represents the ensemble average and the
integral is taken over the curvilinear path of s chain
segments along the chain length L. In the Doi-Edwards
formulation of entangled polymer dynamics,1,2 the stress
tensor σRβ is shown to be directly proportional to the
average alignment tensor SRβ. Where polymer segments
are aligned so that SRβ is non-zero, other physical
properties will be anisotropic as well. In particular, the
dielectric properties that determine the material refractive index will be affected, leading to the optical anisotropy known as birefringence. The correspondence of
the stress tensor and the anisotropic part of the refractive index tensor is known as the “stress-optical law”
and is expressed by the relation

nRβ ) CσRβ

(2)

C is known as the stress-optical coefficient.2,3
Birefringence measurements may be used4 to investigate the segmental alignment tensor and so give some
insight regarding the deformation depicted in Figure 1.
If incident plane polarized light has its polarization axis
parallel to the extension axis, a unique refractive index
is observed. In this case extinction will occur between
polarizers crossed at some angle χ, generally called the
extinction angle. Maximum birefringence effects will be
apparent if the polarization axis is incident at 45° to
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Figure 1. Schematic diagram of a “horizontal Couette cell”
in which the vorticity axis is aligned transverse to the
magnetic field. The angle between the local velocity direction
and the magnetic field is given by Φ. The angle between the
principal axis of the molecular (1,2,3) frame and the velocity
axis, X, is the so-called extinction angle, χ.

the extension axis and measurements of n⊥ and n| for
such an arrangement may be used to investigate SRβ.
The measurement of polymer deformation by optical
methods relies on some underlying assumptions, for
example, the identity of the macroscopic and microscopic
polarizability tensor and the dominance of intrinsic
birefringence over form birefringence. In the present
article we report on an entirely new method of measuring polymer deformation under shear in which the
orientation of bond vectors is determined through
nuclear spin interactions. We use nuclear magnetic
resonance to determine the strength of the electric
quadrupole interaction of deuterons, a quantity which
depends in a very simple manner upon the relative
orientation of the electric field gradient axis (the bond
axis) and the polarizing magnetic field used to produce
the nuclear Zeeman effect. In our experiments reported
here, the deuteron is present in a small probe molecule
that rapidly samples the mean alignment of the host
polymer. Because of the use of such an indirect probe,
the measurement of alignment is not absolute and, like
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the birefringence method, relies on an equivalent to the
stress-optical coefficient. However, the measurement of
“extinction” is absolute and we are able to investigate
the shear-rate dependence of the interaction, thus
testing the predictions of Doi-Edwards theory.
Theory
Measurement of Segmental Alignment by NMR.
A spin-one deuterium nucleus will experience an electric
quadrupole interaction between the nuclear quadrupole
moment and the surrounding electric field gradient.
This interaction is experienced in the presence of an
overwhelmingly larger Zeeman interaction between the
magnetic dipole moment and the polarizing magnetic
field B0 and, as a consequence, is observed as a firsorder perturbation projected along the spin quantization
axis defined by the static magnetic field. This direction,
normally labeled the z axis, is to be distinguished from
the hydrodynamic vorticity direction, Z. For an axially
symmetric electric field gradient, as is typically found
in a carbon-deuterium bond, the quadrupole interaction
takes the form

HQ )

3eVzzQ

P2(cos θ)(3Iz2 - I2)

4I(2I - 1)

(3)

Here, θ is the angle between the field gradient axis and
the polarizing magnetic field, Vzz is the electric field
gradient strength, Q is the nuclear quadrupole moment,
and I is the nuclear spin quantum number. The effect
of HQ is to split the deuterium resonance into a doublet
separated in frequency by (3/2eVzzQ/h)P2(cos θ). The
quadrupole interaction strength 3/2eVzzQ/h is usually on
the order of 100 kHz in partially ordered systems. The
angular dependence arising from the second-rank Legendre polynomial, P2(cos θ), makes it possible to use the
quadrupole splitting to determine mean bond orientation.
In simple isotropic liquids, molecular tumbling causes
θ and hence HQ to fluctuate. Provided that this motion
is more rapid than the quadrupolar interaction strength,
a condition which is true for all but the most viscous
liquids, the quadrupolar Hamiltonian is averaged to
zero. In anisotropic liquids, the motional averaging is
incomplete. Suppose there exists a local director, inclined at angle R to the magnetic field B0, which is fixed
in space or which fluctuates slowly by comparison with
the quadrupolar frequency. The orientation (θ,φ) of the
electric field gradient (bond) axis with respect to B0 can
then be decomposed into (θR,φR) describing the bond axis
with respect to the director, and R. Let us for the
moment assume that distribution of (θR,φR) with respect
to the axis labeled by R is independent of the particular
orientation of that axis. The significance of this assumption will be discussed in the next section. Meanwhile,
we note that the spherical harmonic addition theorem
may be used to factorize as follows,5

P2(cos θ) ) P2(cos θR) P2(cos R)

(4)

P2(cosθR) thus defines a local order parameter that
scales the quadrupole interaction strength.
Here, we consider the case of a small benzene probe
molecule that is placed as a dilute species near a
polymer segment whose orientation u defines the local
director. The tumbling probe molecule will undergo
steric interactions with that segment and experience an

anisotropic mean orientation. The probe will thus
exhibit a scaled down quadrupole splitting associated
with that local site via a “pseudo-nematic” interaction.6
This interaction is akin to the local anisotropic steric
interaction experienced by small probe molecules placed
in a nematic liquid crystalline environment.7 On average, the probe molecule samples an ensemble average
value for P2(cos R) as it diffuses over the molecular
dimensions. For typical small molecules the diffusion
time to cross the molecular length scale is certainly
sufficiently short to ensure that motional averaging
occurs in the sampling of the distribution of u vectors.
The ensemble average of P2(cos R) is identically Szz )
〈∫L0 ds uz(s) uz(s) - 1/3〉, and the quadrupole splitting
may be written

∆ν )

(

)

3 eVzzQ
P2(cos θR)Szz
2 h

(5)

In the Doi-Edwards description of the alignment tensor
SRβ, the relevant axis system is the hydrodynamic frame
described respectively by the velocity (X), velocity gradient (Y), and vorticity (Z) axes. Thus, to relate DoiEdwards theory to the case of the NMR quadrupole
interaction experiment, it is necessary to transform this
tensor into the frame of the magnetic field, i.e.,

(

)

SXX SXY 0
R-1(Θ,Φ)
R(Θ,Φ) SXY SYY 0
SZZ
0
0

(6)

where the polar angle Θ defines the direction of the
vorticity axis Z relative to B0 and the azimuth Φ defines
the orientations of X and Y. We are concerned with an
experiment in which the vorticity axis is situated normal
to B0 and the projection along B0 is in the X-Y
(velocity-velocity gradient) plane. We write

SZZ ) SXX cos2Φ - 2SXY sinΦ cos Φ + SYY sin2 Φ
(7)
for the diagonal tensor element representing the interaction strength measured in the NMR experiment. Note
that this expression reduces to P2(cos Φ)SXX for SXY )
0, SYY ) SZZ ) -1/2SXX, that is, when the deformation
is uniaxial.
The Doi-Edwards Model for Segmental Alignment under Steady Shear. The standard description
for polymer deformation under shear is the tubereptation model of Doi and Edwards,1 parametrized by
the tube disengagement time τd and the tube diameter
a. τd is the dominant relaxation time for the internal
dynamics of the polymer; in this model it is the time
for the polymer chain to leave the deformed tube by
reptation. By solving the diffusion equation in the tube,
Doi and Edwards show that the equilibrium deformation
is given by

SRβ(s,t) )

∫-∞t dt′(∂t′∂ ψ(s,t-t′))URβIA(E(t,t′))

(8)

ψ(s,t) is the probability that the chain segment s is in
the deformed tube at time t and U is the independent
alignment approximation for the tube orientation distribution. In the independent alignment approximation
the segments deform affinely. The stress tensor is
written
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σRβ(t) ) Ge
L

L/2
ds SRβ(s,t)
∫-L/2
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(9)

where Ge ) 3kBTcb2/a2, b is the Kuhn segment size, and
c is the segment concentration.
For the reptation model it is convenient to set ψ(t) )
1 for t < τd and 0 for t > τd. ∂/∂t′ψ(t - t′) reduces to δ(t′
- (t - τd)) and the relevant deformation, E, is simply
that which occurs for shear rate over the duration, τd.
In the case of steady shearing at rate γ̆ that deformation
is γ̆τd so that
IA
(γ̆τd)
σRβ(γ̆) ≈ GeSRβ(γ̆) ) GeURβ

(10)

However, here we have evaluated eq 8 using used the
exact reptation expression for ψ(t), namely, ∑podd (8/π2p2)
exp(-p2t/τd). Figure 2a shows the relevant elements of
the SRβ tensor, where X, Y, and Z are the hydrodynamic
velocity, gradient, and vorticity directions. Figure 2b
shows the shear-rate dependence of the extinction angle
χ. In terms of the stress tensor, χ is the alignment angle
that the principal axes of σRβ make with the velocity
direction X.
Nonlinear viscoelastic behavior becomes important at
moderate shear rates in polymers having large τd values.
Shear thinning occurs once the Deborah number γ̆τd
exceeds unity. In fact, the Doi Edwards model states
that for shear rates in excess of 1/τd, the rate of decrease
of viscosity is so sharp that the shear stress actually
declines, thus predicting unstable flow in shear regimes
where, experimentally, only stable flow has been observed. Various refinements to the Doi-Edwards model
modify the flow curve, and in particular the severity of
the stress decline beyond γ̆τd ∼ 1. These include the
effects of contour length fluctuations,8,9 nonaffine tube
deformation,10 and convected constraint release.11 In the
present analysis we shall use the unrefined DoiEdwards model to compare measured and calculated
segmental alignment elements.
At this point we revisit the assumption of independence of the (θR,φR) distribution on R. For the entangled
polymer, consider shear deformation at a strain rate on
the order of or faster than the tube disengagement rate
τd-1 but slower than the Rouse rate τR-1. The orientation
distribution of tube segments becomes anisotropic but
the tube step length and the dynamics of the segmental
motion at length scales smaller than a tube step are
unperturbed. Consequently, we may take R to represent
the tube step vector with the (θR,φR) distribution common to each such vector, thus underpinning the assumptions behind eq 4.
Experimental Section
The polymer sample studied in this work is high molecular
weight (Mw ) 610 kD) poly(dimethylsiloxane) (PDMS), Mw/
Mn ) 2.0 (as measured by GPC), obtained from Polysciences
(Warrington, PA). M0, the molecular weight per monomer, is
74, and the molecular weight between chain entanglements
Me is 104 for this PDMS melt.12 In this was dissolved approximately 10% w/w per-deuterated benzene (Aldrich, Steinheim, Germany). Rheo-NMR measurements were carried out
at a deuteron frequency of 42 MHz in an AMX300 spectrometer, using a specially constructed shear cell. Figure 3 shows
our Rheo-NMR apparatus. It comprises a Couette cell made
of a machinable glass (MACOR) inner cylinder of outer
diameter 5 mm and a glass outer cylinder of inner diameter 6
mm. The poly(dimethylsiloxane) is enclosed in the 0.5-mm gap
between these cylinders. Surrounding the cell is an rf coil
tuned for deuterium (2H). This assembly fits inside a set of

Figure 2. (a) Elements of the alignment tensor, SRβ, and (b)
the extinction angle χ, as a function of the reduced shear rate,
γ̆τd, according to the Doi-Edwards model.

Figure 3. Mechanical arrangement of the horizontal Couette
cell used in this work. The gear mechanism is driven by a
vertical shaft down the magnet bore.
gradient coils and the entire probe is inserted in a 7 T
superconducting magnet such that the vorticity axis (the
cylinder axis) is normal to the polarizing field. The inner
cylinder is rotated through a gear stage above the cell that is
connected via a drive shaft running up the bore of the magnet
to a gearbox and stepper motor mounted above.
Standard NMR microimaging13 is used to view the PDMS
in the Couette gap, to image the velocity distribution across
the gap (Figure 4a), or to excite a desired region of the sample
for spectroscopy experiments (Figure 4b) during steady-state
shear. This latter image shows that in one case the selected
region has the velocity direction coincident with the polarizing
field B0, while in the other, the velocity gradient (shear axis)
is parallel to B0. The selective excitation pulse sequence used
has been specially devised to minimize exposure of selected
nuclear spins to any relaxation, so that high-quality NMR
spectroscopy can be performed in the desired region. We
describe this method in another article;14 however, the essential details are shown in Figure 5. The technique employs
a selective precursor pulse sandwich that destroys magnetization outside the desired region but stores along the z-axis for
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Figure 5. Rf and gradient pulse sequence used to obtain
images and spectra from selected regions of the sample. The
section of the pulse sequence before the dashed line is the
selective storage segment that destroys all unwanted magnetization and stores the desired magnetization along the z-axis
for later recall, in (a) for subsequent imaging and in (b) for
subsequent NMR spectroscopy. The spectroscopic pulse sequence shown in (b) uses a spin-echo to refocus unwanted
Zeeman interactions while retaining the desired evolution, over
the t1 interval, under the quadrupole Hamiltonian.

Figure 4. (a) Speed map showing the shear across the Couette
cell. This map was reconstructed from two NMR images that
had been respectively encoded for velocity components in the
x and z direction. Details of the velocity encoding method can
be found in chapter 9 of ref 13. (b) NMR image obtained
following selective storage of magnetization from a desired
region of the Couette cell. The image shows the region of
sample that contributes to spectroscopy experiments when Φ
) 0 (velocity direction parallel to B0).
later recall the magnetization from the region of interest.
Using the pulse sequence of Figure 5a, this magnetization can
be used to obtain a confirmatory image (see Figure 4b), or
using the sequence shown in Figure 5b, it may be recalled for
NMR spectroscopy. Our spectroscopic method involves a Hahn
echo that refocuses all unwanted Zeeman interactions arising
from susceptibility inhomogeneity and leaves undisturbed the
desired but weak quadrupolar precession. Fourier transformation of the echo amplitude with respect to the evolution
dimension t1 results in the quadrupolar spectrum. With this
method we are able to resolve and measure quadrupole
splittings of a few Hz.

Results and Discussion
Figure 6 shows a series of 2H spectra obtained using
the two-dimensional quadrupole spectroscopy sequence
shown in Figure 5b. These spectra were acquired for a
range of shear rates as indicated, in the region of the
Couette cell in which the velocity axis X is aligned with
the magnetic field direction. The shear rates were
calculated from the known inner cylinder rotation speed

Figure 6. Examples of deuterium NMR spectra obtained by
Fourier transforming the signal evolution in the t1 domain.
The splitting arises from the electric quadrupole interaction
and is a measure of the ensemble-averaged local order.

and confirmed by velocity microimaging. Note the
increasing width of the peaks as the shear rate increases, an effect which we attribute to slight heterogeneity in the shear field, thus leading to a distribution
of splittings whose width is proportional to the average
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Figure 7. Quadrupole splittings, ∆ν, obtained from the spectra as shown in Figure 6, for a selected region of the horizontal
Couette cell in which the velocity direction (solid circles) and gradient direction (open circles) are respectively parallel to the
magnetic field. The lines are fits using the Doi-Edwards model in which the absolute splitting (vertical axis) is scaled to yield
the pseudonematic order parameter and the horizontal axis is scaled to yield the tube disengagement time, τd. The best compromise
fit corresponds to τd ) 310 ms.

shear rate. A corresponding set of data was acquired
for the Couette cell region in which the velocity gradient
direction Y was coincident with the field axis. Figure 7
shows the dependence of these splittings on shear rate.
On the same graph we plot the corresponding DoiEdwards alignment tensor curves (eq 10) in which the
effective quadrupole interaction strength is scaled to
match the absolute alignment and the tube disengagement time is adjusted to match the reduced shear rate
γ̆τd. The fit to the two curves is quite good and any
remaining discrepancy from the Doi-Edwards theory
may be due to the chain length polydispersity or to the
small nonuniformity in the shear rate. The best overall
fit yields a tube disengagement time of 310 ms and a
pseudonematic order parameter, P2(cosθR), of 4.74 ×
10-4. We note that the tube disengagement time obtained by this method agrees well with that for un-crosslinked polymers of high molecular weight, calculated
according to15

τd )

a2ζ0MW3
MeM02π2kBT

(11)

Using the literature values15 for the tube diameter a
and the monomeric frictional coefficient ζ0, we calculate
τd ) 350 ms.
We have also carried out this experiment at a fixed
shear rate (γ̆τd ) 3.9), varying the angle Φ between the
velocity direction X and the magnetic field direction
through a number of prescribed angles. This was
achieved by changing the orientation of the magnetic
field gradient used in the precursor selective storage
pulse. The angular dependence of the splitting is shown
in Figure 8, along with the Doi-Edwards curve calculated using eq 7. Again, the agreement is excellent. At
this particular value of the reduced shear rate, the

Figure 8. Quadrupole splittings, ∆ν, versus orientation angle,
Φ, at a fixed Deborah number of γ̆τd, )3.9.0° corresponds to
the velocity axis aligned with B0 and 90° to the gradient axis
aligned with B0. The solid line shows the predictions of the
Doi-Edwards model, with the angular dependence as given
by eq 7. The dashed line corresponds to a simple uniaxial
transformation (P2(cos(Φ-χ))). χ is the corresponding extinction angle in each case. The images show the selected regions
used to obtain Φ ) 0°, 45°, and 90°.

extinction angle, χ, is predicted to be 14.6° from the
results in Figure 7. To gain some intuitive insight
regarding the orientation of the polymer in the flow, we
have shown plotted in Figure 8 the theoretical curve
for P2(cos(Φ-χ)) with χ adjusted to give the best fit (χ
) 17.7°). Such a theoretical curve is naively based on
the assumption of an axially symmetric polymer deformation, whereas the Doi-Edwards formulation predicts
a non-zero second normal stress difference, σyy - σzz.
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The poorer fit to the data given by this naive model
provides independent confirmation of the biaxial nature
of the deformation and further support for the DoiEdwards description.
One defect of the present approach involves the need
to use an indirect probe of the segmental order and the
possibility that the benzene diluent may plasticize the
polymer and significantly alter its dynamical behavior.
To check this point, we have carried out flow curve
measurements on 610 kD PDMS both with and without
the 10% benzene and find no significant difference in
the behavior. A different approach to direct measurement of the alignment tensor would be to use a perdeuterated polymer. Apart from the difficulty in obtaining high molecular mass PDMS, there exists an
additional complication in that the nature of the motional averaging is quite different when signals are
acquired from deuterons attached to the polymer chain.
Now the characteristic time over which a given deuteronlabeled segment is able to sample the entire ensemble
of possible orientations, u, is given by the tube disengagement time (J10 ms) rather than the time for a
small probe molecule to diffuse over the chain dimensions (j0.1 ms). Consequently, the averaged interaction
will arise from a subensemble of orientations and the
overall 2H NMR spectrum will reflect an inhomogeneous
distribution of such subensemble spectra. The distribution of subensemble effective directors will lead to
somewhat different average quadrupolar splittings than
those predicted by the Doi-Edwards curves of Figure
2, although there should exist significant differences in
the nature of the quadrupole spectra observed when
different sample orientations Φ are chosen.
In principle, it is possible to use the proton dipolar
interaction to gain similar information regarding chain
segment alignment, and such experiments avoid the
need to isotopically label. The proton spectrum may be
complicated by the influence of scalar spin-spin interactions (although these are absent in the case of PDMS),
by the role of long-range dipolar couplings that are
superposed on the desired, local two-spin couplings, and
by the complexities of motional averaging discussed in
the previous paragraph. A recent study of weak dipolar
spectral broadening in sheared PDMS has however
revealed a significant alignment effect and one which
is dependent on the selection angle Φ.16
Conclusion
We have shown here that deuterium NMR spectroscopy can provide useful insight regarding the deformation of polymers under shear. Our results obtained from
610 kD PDMS, up to a Deborah number in excess of 5,
are consistent with the classical Doi-Edwards description and yield a value for the tube disengagement time,
which is consistent with other measurements for this
particular polymer. The use of an isotopically labelled
small-molecule probe has the advantage of experimental
simplicity and the nature of the motional averaging
achieved means the full segmental ensemble average
is returned in the NMR spectrum, albeit with an
unknown scaling factor for the pseudonematic interaction. This scaling factor is however no different in
principle from the stress-optical coefficient required in
birefringence studies. Our Rheo-NMR method has significant advantages in that it avoids the need for sample
transparency, is not affected by unwanted scattering
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impurities, voids, or irregular surfaces, and provides a
local, microscopic description for which the known spin
Hamiltonian gives the basis for an exact theory.
By changing the nature of the labeled probe, it may
be possible to gain additional information. For example,
site-specific deuteron labeling on the polymer could
return the alignment tensor, SRβ(s), corresponding to
different points along the polymer chain. Where a
diluent probe molecule is used, different motional
averaging regimes could be accessed by tuning the
molecular diffusion coefficient. It is possible, in principle,
to study deformation at specific molecular sites within
blends, and by use of a probe molecule that can partition
between different regions of the sample, it may be
possible to study translational ordering. In a recent
experiment, anomalous alignment effects have been
observed when the probe diluent is a small oligomer,
an effect which was attributed to weak smectic ordering.16
Other NMR isotopic labels are possible which access
orientational order. In particular, 13C has a large
anisotropic chemical shift whose angular dependence
when measured in the B0 field can provide information
regarding the distribution of local director alignment.
While 13C labeling is expensive, abundant sites do exist
in most polymers of interest and this spin probe could
prove effective in the study of model molecular systems.
Finally, we note that for γ̆τd . 1 the Doi-Edwards
picture may hold longer. We hope to extend our RheoNMR observations further into this regime to investigate possible deviations.
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