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Deuterium nuclear magnetic resonance (D n.m.r.) is a potentially powerful technique for exploring
molecular structural and dynamical properties of polymer chains in bulk fluids and concentrated
solutions. A variety of systems can be investigated (the solid state, elastomeric networks, sheared
polymer fluids, chain solutes in liquid crystal solvents, and polymeric liquid crystals), over a wide range
of dimensions (local chain properties, rotational isomeric state parameters, behaviour between network
junctions or entanglements, evolution of tube distributions, and domain sizes of homogeneous chain
alignment). A coarse comparison of low molar mass liquid crystals with condensed phases of entangled
polymer fluids and elastomeric networks illustrates the key features of the D n.m.r. technique and
establishes a common framework for interpreting experiments.
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INTRODUCTORY REMARKS

The complex behaviour of both quiescent and non-
equilibrium entangled polymer fluids and the associated
difficulties of modelling such fluids has challenged experi-
mentalists and theoreticians for much of the history of
polymer physics!'?. These challenges are not without
significant practical ramifications: extreme, aperiodic
flow and shear fields characterize most polymer fabri-
cation processes. This long-standing interest in studies of
oriented, fluid polymer phases (melts and solutions) has
recently been augmented by the discovery of spon-
taneously oriented polymer fluids—polymer liquid crys-
tals®. In addition to the intrinsic interests in this peculiar
state of matter, polymeric liquid crystals have attracted
considerable attention in their own right as such ordered
phases are intimately associated with the fabrication of
ultra-high strength polymeric materials. Herein we con-
sider the utility of deuterium nuclear magnetic resonance
(D n.m.r)) for eliciting structural and dynamical infor-
mation from oriented, fluid polymer phases. The D.n.m.r.
technique continues to prove to be singularly well-suited
to the investigation of organization and molecular dy-
namics in low molar mass liquid crystals*. And, since the
latter materials may provide a useful paradigm for
investigating fluid, macromolecular phases (e.g. polymer
solutions or melts under the influence of flow fields,
deformed elastomer networks and polymeric liquid crys-
tals), we begin by constructing a coarse, heuristic com-
parison of low molar mass liquid crystals and entangled
flexible polymers. Then the relevant features of the
D n.m.r. methodology are reviewed followed by brief
summaries of studies employing elastomeric networks
subjected to simple tension and compression, sheared
polymer fluids, chain solutes dissolved in liquid crystal
solvents, and polymeric liquid crystals.
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LIQUID CRYSTALS VS. ENTANGLED
MACROMOLECULES

A very large number of anisometric, low molar mass
organic molecules, molecules exhibiting distinctly dif-
ferent dimensions (prolate or oblate), melt into ordered
fluid phases (thermotropic liquid crystals) before forming
the conventional isotropic liquid state. There are also
examples of low molar mass molecules that form liquid
crystalline phases when dissolved (lyotropics). For the
most part, however, these latter phases are frequently
characterized by specific interactions between the solute
and solvent (e.g. an amphiphile in water) resulting in a
spontaneously ordered dispersion of anisometric ag-
gregates (rod- or disc-like micelles). Both thermotropic
and lyotropic liquid crystals exhibit a remarkable variety
of mesophases having supramolecular organization rang-
ing from structures with multiple degrees of translational
and orientational order to the simplest, a nematic liquid
crystal—an ordered fluid whose constituent molecules
have a single degree of orientational order (no trans-
lational order). The nematic liquid crystal is a uniaxial
phase characterized by anisotropic physical properties,
i.e. properties such as the molar refractivity, magnetic
(dielectric) susceptibility, etc., which depend on orien-
tation®. It is this unique feature of liquid crystals which
distinguishes them from ordinary liquids and which is in
fact reminiscent of the physical properties of crystals and
hence the origin of the nomenclature.

Nematic liquid crystal

For our purposes it will be sufficient to focus on the
properties of a thermotropic nematic liquid crystal com-
posed of prolate molecules. In the nematic, each prolate
molecule (mesogen) maintains its major axis on average
parallel to those of its neighbours locally defining a
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Mesogen

Deformed elastomer

Aligned nematic

Figure 1 Schematic illustration of the principal structural
elements and features of two types of uniaxial, fluid phases: a
nematic liquid crystalline melt (left) and an elastomer polymer
network (right) subjected to simple tension. The unique direction
in each of the fluids, the nematic director and the direction of
principal strain, respectively, is denoted n. n in turn may be
oriented at an angle Q relative to a laboratory coordinate (e.g.,
the n.m.r. spectrometer magnetic field B)

unique direction in the fluid —the local nematic director n.
The mesogen librates about a under the influence of an
anisotropic potential of mean torque. The anisotropic
nature of the forces exerted on a mesogen by its neigh-
bours appears to be dominated by repulsive (steric)
interactions®. This is schematically suggested in Figure I
by depicting the mesogen in a cylindrical cage. (The
nematic cage would transform into a spherical cage on
heating to the isotropic melt.) In this representation the
axis of the nematic cage would be colinear with the local n.
In the absence of external forces, n will assume in a
continuous manner all possible orientations throughout
the bulk fluid. Such a macroscopically unaligned nematic
might be viewed as a poly(liquid)crystalline sample, with
the direction of a arbitrarily determined by boundary
conditions and defects (disclinations) within the fluid.
Macroscopically aligned single (liquid) crystal samples
may be prepared by orienting the nematic director via
suitable container surface treatments or more con-
veniently for magnetic resonance experiments, by exploit-
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ing the diamagnetic anisotropy characteristic of the
nematic structure: Ay=(y, — x,) where y, and x, are the
values of magnetic susceptibility parallel and perpendi-
cular to n, respectively. In moderate fields (> 0.1 Tesla), a
nematic with Ay >0 will rapidly orient (<1 s) with the
nematic director aligned parallel to the magnetic field; a
uniaxial single (liquid) crystal is established with its optic
axis along the field. For Ay <0, nis aligned normal to the
field yielding a uniplanar distribution of the local nematic
directors, i.e. a two-dimensional powder-like distribution of
n is established and the sample is characterized by
susceptibilities y, in the field direction and (x, +y,)/2 at
right angles to the field.

Molecular dynamics in nematics

Many of the molecular dynamical features of liquid
crystals are very similar to those of ordinary liquids. The
time scales for intra- and extra-molecular motions (isom-
erization or transitions among Rotational Isomeric States
(RIS) and rigid-body motion) are arbitrarily differentiated
and categorized in Table 1A. The key differences between
isotropic liquids and liquid crystals are subtle and involve
both extra-molecular rotation and translation. Ro-
tational diffusion of prolate molecules is inherently aniso-
tropic even in isotropic liquids but this anisotropy
appears to be exaggerated in the liquid crystal: rotational
diffusion about the minor semi-axes of the prolate me-
sogen is encumbered in the nematic fluid. There is also
evidence for anisotropy in the translational diffusion;
diffusion along the director being enhanced relative to
that normal to n by a factor of two. There is an additional
dynamical mode unique to liquid crystals: fluctuation of
the director about its equilibrium orientation’. There
have been intensive efforts to probe the molecular dy-
namics of low molecular mass liquid crystals and contrast
them with ordinary liquids using n.m.r. relaxation in
order to ascertain exactly how director fluctuations, in
addition to the more conventional dynamical processes,
modulate nuclear spin interactions. It is, however, the
combination of liquid-like dynamics and spatial aniso-
tropy that makes liquid crystals uniquely suited to n.m.r.
investigations: nuclear hyperfine interactions (dipolar
and quadrupolar) that are averaged to zero in isotropic
liquids are accessible in liquid crystals via essentially high
resolution n.m.r. techniques®. Hence, both molecular
structural features of mesogens and molecular organiza-

Table 1 Schematic breakdown of dynamical processes

A Dynamical processes in a nematic Rate 1/7 {s-1)

1. RIS transitions 1001012
2. Rigid-body tumbling (anisotropic) 107 —1010
3. Self-diffusion; r =~{(x2)/2D 107 —10®
(anisotropic; for x = 10A)
4, Director fluctuations
(collective elastic modes) 10° —10°
B Dynamical processes in a polymer fluid Rate 1/7 (s~1)
1. RIS transitions 1001012
2. Segmental reorientation
{anisotropic libration) 107 —10'°

3. Self-diffusion along chain contour;

1 = (x?)/2 D (reorientation of re via

reptation; for x = 100 A) 10% -10’
4. Fluctuations of principal strain direction

(collective elastic modes) ‘overdamped’




tional features of liquid crystal phases can be investigated
with n.m.r.

Entangled polymer fluids

As in liquid crystals there are unique organizational
and dynamical aspects of the long chain molecules in
entangled polymer fluids. Hence, we try to construct an
analogous hierarchy of structural and dynamical features
of polymer fluids. The equilibrium properties of flexible,
linear chains composed of covalently linked monomer
units can most conveniently be described with idealized
models of a polymer such as the freely jointed chain or
random flight chains having successive bond directions
uncorrelated®. These model chains follow Gaussian stat-
istics in the limit of an infinitely long chain. In real chains,
however, the inherent flexibility of the linkages between
monomers is insufficient to satisfy the requirement of
negligibly small orientational correlations between suc-
cessive monomer units. This difficulty is reasonably
avoided by rescaling the polymer chain to yield an
equivalent chain of hypothetical segments each com-
prised of several actual monomer units. Such a hypotheti-
cal or Kuhn segment k is illustrated schematically in
Figure 1. The equivalent polymer chain of hypothetical
segments can in turn be partitioned into subchains which
span the distance r, between entanglements (permanent
covalent crosslinks and/or transient topological con-
straints)!®. In fluid phases (neat melts or concentrated
solutions) of chains having dimensions that exceed the
entanglement molecular weight, the lateral excursions of a
given subchain are encumbered by its complement of
neighbouring chains, ie. the subchain is confined by a
penetrable tube with a diameter on the order of tens of
Angstroms?-!!. Coarsely we can identify the tube with its
associated locally uniaxial constraint as a superficial
analogue to the nematic cage in the liquid crystalline fluid.
In a quiescent polymer fluid or relaxed elastomeric
network the tube axes would assume random orien-
tations; in a sheared fluid or a deformed elastomer
network, a non-random distribution would be applicable.
A uniaxial (nematic-like) distribution would be obtained if
elongational flow or simple tension were applied to a
polymer fluid and an elastomeric network, respectively.

Dynamics of entangled chains

The dynamical attributes of a condensed polymer fluid
are indicated in Table 1B. The principal motions can be
coarsely subdivided into two processes: intrachain dy-
namics and whole chain transport properties. The former
are driven by rapid isomerization about primary bonds in
the real chain, a process that leads to variably restricted
reorientation of the equivalent chain’s hypothetical seg-
ments. This is similar to the anisotropic molecular motion
in liquid crystals. Isotropic reorientation of the chain
segments is only affected by the slower, translational
diffusion of the chain along its contour length through the
maze of neighbouring chains, i.e. diffusion through a
randomly oriented sequence of connected tubular con-
finements in the entangled polymer fluid (reptation)?!,
The rate of this latter process, equivalently described in
terms of its influence on the n.m.r. properties as the
reorientation of tube axes r,, is inversely proportional to
the square of the chain’s mass. We conclude this brief
comparison of liquid crystals and polymer fluids by
speculating that in macroscopically aligned uniaxial
polymer fluids and elastomeric networks, the motional
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analogue to director fluctuations 1is probably

overdamped.

DEUTERIUM NUCLEAR MAGNETIC
RESONANCE

Dynamical and structural information about deuterium
labelled molecules in oriented, fluid phases is particularly
accessible with D n.m.r. The labelling of the molecule is
innocuous: specific hydrogens are exchanged for de-
uterons without altering the dimensions of the molecule.
In the ordered phase, the anisotropic motion of the
labelled molecule manifests itself in the D n.m.r. spectra in
the form of resolved quadrupolar doublets, Av, one for
each of the orientationally (motionally) inequivalent sites
in the molecule. The magnitude of Av is directly related to
the average orientation of the C-D bond vector relative to
the symmetry axis (director) of the oriented phase. (For
the uniaxial phases depicted in Figure I, each of the Av is
further attenuated by the factor P,(cosQ)=3(3cos2Q — 1),
where Q is the angle between n and B.) The usefulness of
D.n.m.r. becomes evident when it is possible to decom-
pose the average orientation of the C-D bond vectors into
two contributions: (1) averaging caused by the anisot-
ropic rigid-body reorientation of each conformer of the
labelled molecule; (2) averaging due to intramolecular
motion—reorientations of the C-D bond vector gene-
rated by transitions among the possible conformers. The
former contribution would scale all of the Av in a multiply
labelled flexible molecule whereas the latter contribution
would be reflected in the relative differences in the
magnitudes of the Av. In principle, therefore, it is possible
to extract internal structural information from flexible
molecules using D n.m.r.%,

Although the primary subject of this article is limited to
studies of oriented, fluid phases, it should be emphasized
that D n.m.r. is a very valuable technique for investigating
structure and dynamics in isotropic liquids and solids. In
liquids, D n.m.r. lineshapes and relaxation times are
dominated by the quadrupolar interaction and dynamical
information may be obtained in the conventional ways!2.
In immobilized glasses and solids, the D n.m.r. lineshapes
exhibit a very explicit dependence on the detailed manner
in which the C-D bond vector exercises restricted re-
orientations. In the past few years this feature of the use of
D n.m.r. to monitor macromolecular dynamics has ad-
vanced considerably; Spiess has succinctly reviewed such
applications of D n.m.r. to solid polymers*?.

Herein we will focus on recent D n.m.r. investigations
from our laboratory involving oriented fluid phases
including uniaxially deformed polymer phases, chain-like
solutes dissolved in nematic solvents, and linear thermo-
tropic polymer liquid crystals. We will review these
systems drawing analogies with the organization and
dynamics in low molar mass liquid crystals.

The quadrupolar interaction

The D n.m.r. spectra of deuterium labelled solids and
anisotropic fluid phases are dominated by the interaction
of the deuteron nuclear quadrupole moment with the
residual electric field gradient (efg) at the nucleus'?
Defining the applied magnetic field B to lie along the z-
axis, the first order perturbation of the Zeeman levels is
given by

E,=[eQV./AhIQI - D][Bm*~1UI+1)] (1)
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E,, is expressed in frequency units and for the deuteron
I=1; eQ is the quadrupole moment and V,, is the z
component of the efg tensor. V,, is in turn related to a
locally defined efg tensor at the deuteron. For aliphatic
deuterons, we define such a local tensor in a principal
cartesian X,Y,Z-frame with the Z-axis along the C-D
bond vector; the principal value is denoted V,,=eq, and
the asymmetry parameter n=(Vyy— Vyy)/V,, with the
convention |Vy| <|Vixl |V, ie.

—-m 0 0
V=eg| 0 —Yl+n) 0)

0 0 1
and @)

V, = eq[(3cos20— 1)/2 +’%sin20cosz¢]

where 0 and ¢ are, respectively, the polar and azimuthal
angles locating B in the X,Y,Z-frame. (eQ V/h is called the
quadrupole coupling tensor, e?qQ/h is the quadrupole
coupling constant, and 3e2qQ/4h =y, is referred to as the
quadropole interaction constant.) The aliphatic quad-
rupole coupling constant eQV,,/h=e>qQ/h=168 kHz
and n=0.04!>,

The quadrupolar perturbation of the Zeeman levels
results in two transitions centered about the chemically
shifted frequency vy=(1 —0,,)B/2n. The separation be-
tween the two transitions (the quadrupolar splitting) is
given by

Av=3eQV,,/2h 3)

Orientational distributions

For a static distribution of C-D bond vectors relative to
B, the D n.m.r. spectrum or lineshape I(v) is a super-
position of quadrupolar splittings. The intensity of I(v) is
weighted by the orientational distribution function
W(0.¢):

_ 1/T, W(0.4)d0d¢
o= f f [(v=(vo—Av/2)]* +(1/T)? @

0@

where we have assumed the transitions to be Lorentzians
of linewidth 1/T;,.

The appearance of the static or rigid limit spectra are
illustrated in the top traces in Figure 2. Two cases are
shown: (1) a static, isotropic distribution of the C-D bond
vectors (referred to as a Pake powder spectrum) having
W(0,0)d0d¢ =sinfdOd¢; (2) a uniplanar distribution of
the C-D bond vectors (a 2-D powder spectrum) having the
plane tangent to B, i.c. W(0,¢9)d0d¢ =W (n/2,$)d¢.

Molecular motion

The character of the rigid limit spectrum is substantially
modified if the C-D bond vectors are allowed to reorient
at a sufficiently rapid rate. The quantity determining the
limiting rate 1/7 (in s~') is the average quadrupolar
interaction constant vy. For a solid this is the rigid limit
value A=3eQV,,/4h (~1.25x10°s7! for aliphatic de-
uterons). For slow (1/t<A) and intermediate (1/t1~A)
reorientational rates, I(v) is particularly sensitive to the
type of reorientation mechanism (libration, jumps, ro-
tational diffusion, etc.). This sensitivity has been exploited
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Figure 2 Simulated n.m.r. spectra for isotropic (left) and
uniplanar (right) distributions of C—D bond vectors as a function
of the rate of reorientation of the vectors; the rate 1/7 is in units
of the average quadrupolar interaction constant 3eQV,,/4h which
was taken as unity and the linewidth 1/7,=0.013 (in the same
units). The reorientational jumps are random but preserve the
initial C-D bond vector distributions; for the uniplanar
distributions, the plane is tangent to B

UNIPLANAR

to obtain the reorientational rate 1/t (and the amplitude)
of specific types of motion!3-1¢,

In Figure 2 the effect of C-D bond vector reorientation
is illustrated with the evolution of I(v) for increasing
jump-rates (random jumps in 0—¢ space) subject to the
initial distributions, isotropic powder and 2-D uniplanar
distribution, respectively. With increasing jump rate the
rigid limit spectra transform into the ultra-fast exchange
limit spectra (bottom traces in Figure 2). For the isotropic
case, vary rapid random reorientation of the C-D bond
vector (1/7>10A~107 s~'), the motion averages the efy
tensor to zero (V,,=0) and the spectrum collapses to a
sharp Lorentzian singlet with a linewidth independent of
1/z. By contrast, the uniplanar distribution together with
the rapid motion leaves a residual, averaged efy tensor.
Correspondingly, a resolved quadrupolar doublet persists
with a splitting determined by the motionally averaged efy
tensor. If we assume the local efg tensor is uniaxial (n=0)
and the C-D bond (Z-axis) is constrained to reorient in
the plane, the rapid motion averages the relevent com-
ponent of the efg tensor to V,, = (Vy, + Vyx)/2=1/4eq for
the plane tangent to B. The resulting Av=23e2qQ/8h is a
factor of 4 smaller than the rigid limit maximum splitting
with the C-D bond parallel to B.

Ordered fluids

In the last idealized case showing the effects of rapid but
anisotropic (uniplanar) motion, the observed I(v) is
suggestive of the kind of D n.m.r. spectrum we might
anticipate from labelled molecules in liquid crystals and
oriented fluid polymer phases. For uniaxial nematic-like
fluids, it is convenient to specify the average orientation of
the labelled molecule relative to the director n with the
Saupe order tensor s'?, a second rank, traceless tensor
with elements:

Sij=<(3lilj—5ij)/2> (5)



The brackets {...) indicate a time average taken over the
rapid molecular motion; [; are the direction cosines
between n and the j-axis of a cartesian frame fixed on the
molecule (e.g. the X,Y,Z-frame with the Z-axis along the
C-D bond). The relevant component of the efg tensor
(that along the magnetic field B), averaged over the
anisotropic rigid-body motion of the labelled molecule, is
readily expressed by

V,.=3Tr(V-S)P,(cosQ) 6)

where cosQ=n-Band ¥V and S are specified in a common
molecular fixed frame.

For flexible molecules it is necessary to consider the
additional motional processes that can average the efg
tensor. We employ an equilibrium statistical mechanical
average over all of the possible conformations, {¢}, of a
flexible molecule in the rotational isomeric state (RIS)
limit®. The combination of the contributions from rigid-
body reorientation and intramolecular reorientation to

the observed quadrupolar splittings is formally expressed
aS2 0,21

AV=eQ/h[ZP{¢}Tr(V{¢}'S{¢})]Pz(cosﬂ) (7)

{6}

P{¢} is the probability of having conformation {¢} in the
ordered fluid and depends on the internal energy of the
conformation as well as energetic considerations as-
sociated with accommodating the conformation in the
anisotropic environment. Both ¥ and § may be functions
of {¢}. This functionality will be dependent on the frame
in which these tensors are defined; clearly V will be
independent of {¢} if the local X,Y,Z-frame is employed.
In the absence of detailed descriptions of the molecular
dynamics involved in averaging V,and especially for cases
with less than uniaxial symmetry (e.g. liquid crystals with
monoclinic or orthorhombic symmetry), it is convenient
to express the quadrupolar splittings in terms of the
motionally averaged principal element of ¥ and the
resulting asymmetry parameter, eg and #, respectively:

Av=3(eQ/h)eq[ P,(cosf) + (17/2)sin*bcos2¢]  (8)

0 and ¢ are the polar coordinates of B in the local frame
defining a homogeneous (orientationally uniform) do-
main in the liquid crystal. The parameters e and # can be
extracted by fitting the experimentally observed lineshape
I(v). It should be emphasized that while the local 5 =0 for
aliphatic deuterons, the motionally averaged asymmetry
parameter # may differ substantially from zero; it will
reflect the symmetry characteristics of the motion averag-
ing the efg tensor®?.

RESULTS AND DISCUSSION

Isotropic fluid polymers

In dilute solutions of deuterium labelled polymers
composed of monomers that may isomerize about one or
more bonds, the efg tensor is very effectively averaged to
zero by rapid intra- and extra-molecular motion. Essen-
tially high resolution D n.m.r. spectra (line widths <5 Hz)
are observed for such isolated macromolecular indepen-
dent of the polymer chain’s length. In entangled fluid
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Figure 3 D n.m.r. spectra of poly(propylene oxide-dg) at

13.8 MHz (non-spinning) 7=300K. Top trace ~1% (wt) in
chloroform solution; the neat polymer is methoxy terminated; the
network was obtained by reacting the PPO-dg diol with a
tricarboxylic acid chloride (see ref. 23). The bottom trace was
obtained by spinning the network at ~100 Hz about an axis
normal to 8

polymer phases, the spectra will be sensitive to the
intrinsic chain flexibility and the dynamics of the larger
scale chain reorientational processes. Figure 3 shows the
kind of D n.m.r. spectra that the rather flexible elastomer
poly(propylene oxide-dg) (PPO-dg) exhibits in dilute
solution and in the neat fluid polymer phase. Even though
this chain is rather short (degree of polymerization ~ 30),
on going from isolated chains (dilute solution) to the neat
fluid phase there is some evidence of broadening of the
resonance corresponding to the deuterons directly bond-
ed to the main chain. Further restriction of the chain
mobility by anchoring the chain ends (covalently reacting
them) to form a 3-D network results in incompletely
averaged quadrupolar interactions and a substantially
broadened D n.m.r. spectrum (linewidth ~100Hz). The
identification of the broadening with the residual
quadrupolar interactions can be verified ; the linewidth is
reduced by rapid spinning (~ 100 Hz) about an axis at
right angles to the field (bottom trace Figure 3)**.
Although PPO and poly(cis-isoprene) (PIP) have si-
milar glass transition temperatures (205K and 200 K,
respectively), the double bond present in the latter reduces
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Figure 4 D n.m.r. spectra of cis-poly(isoprene-dg) with the
same conditions as Figure 3. The labelled network was
synthesized by an end-linking reaction of diols with a triisocynate
(see ref. 25)

its intrinsic flexibility in the melt above T;. This increased
rigidity of the chain is not apparent in the dilute solution
D nm.r. spectrum of poly(cis-isoprene-dg) (top trace
Figure 4); in fact, it is possible to distinguish the chemi-
cally shifted methine deuteron from the aliphatic
resonances in this essentially high resolution D n.m.r.
spectrum. However, there is a dramatic increase in the
line-width (to ~ 1 kHz) on removal of the solvent, i.e. the
D n.m.r. spectrum of this neat fluid elastomer is domi
nated by the incompletely averaged quadrupolar in-
teractions. Moreover, because of the comparatively large
chain length and accompanying transient) entanglements
in this fluid, the relevant chain reorientational motions
are not substantially changed on anchoring the chain
ends; there is less than a factor of two increase in the
D n.m.r. linewidth on forming the poly(isoprene) net-
work (Figure 4).

The D n.m.r. spectra of the isotropic networks in
Figures 3 and 4 may be considerably broadened relative to
high resolution spectra, but the residual quadrupolar
interaction is very small relative to the rigid limit spectra.
As shown in Figure 5, below T, both polymers exhibit
rigid limit spectra spanning a ~250kHz range (the
linewidth of the superposed methyl component of each of
these rigid limit spectra is reduced by a factor of 1/3
because of rapid rotation about the Cj;-axis). Hence, at
300K, the residual quadrupolar interactions only
amount to ~1% of the static values, ie. the room
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temperature spectra of the elastomer networks are near
the ultra-fast exchange limit (Figure 2). Near this limit, the
effective linewidth of the apparent Lorentzian resonance
1/T; is a very strong function of the temperature (Figure
6). In this regime an effective correlation time 7’ character-
istic of additional larger scale dynamical processes that
may average the residual quadrupolar interactions can be
introduced. The influence of such motions on the line-
width is given by'4

1Ty=1/T, +X3e2qQ/2h)?v )
where (3e2qQ/2h) is the residual quadrupolar splitting,
CD; D
(':D:; (\:=(/:
+0-CD-CD, % +cp,  CDp:

n=30 n=250

165K 175K

! 1 1 I 1 1 ! ]
-100 0 100 kHz  -100 0 100

Figure 5 D n.m.r. spectra of PPO-dg and PIP-dg below their
respective glass transitions at 46 MHz. The observed edge
singularities correspond to the C-D (and CD; C;-axis) oriented
normal to B. The methy! quadrupolar splitting is reduced by a
factor of 1/3 relative to those of the C—D bonds on the
mainchain

1.0

0.8~

0.6

Linewidth (kHz)

Ry
o) | | 1
20 40 60 80 100

Temperature (°C)

Figure 8 Apparent D n.m.r. linewidth (1/7',-1/T,) for PIP-dg
polymer (@) and network (O) as a function of the temperature

—




Linewidth (kHz)
o

Slope = 1.0

1 | | 1 1 |
9 10 1 12 13 14
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Figure 7 A semi-log plot of the apparent linewidth (data in
Figure 6) versus the fractional free volume for the PIP-dg polymer
(@) and network {O). The free volume fraction f at each
temperature was calculated using: 7;,=200K, f,=0.026,
=48x10"4K"1,1/T,=5Hz

i.e. the result of averaging the efg tensor over the rapid
local motions.

Generally, these larger scale dynamical processes are
activated when sufficient free volume is accessible in
condensed polymer phases. The effective correlation time
has been related to the average free volume fraction at a
particular temperature, f, via t'= dexp(f ~!), where A is a
constant characteristic of the polymer?®. Williams, Lan-
del and Ferry (WLF)?7 have expressed f by the linear
function

f=fy+a,(T-T) (10)
where f, is the fractional free volume at the glass transition
temperature and a, is the thermal expansion coefficient of
the free volume. With these definitions, in Figure 7 we
demonstrate that such an analysis of the D n.m.r. line-
width data seems appropriate; the plot of In(1/T** — 1/T,)
versus 1/f (@ WLF plot) is linear.

Chain order via guest probe molecules

Uniaxially deformed polymers have structural simila-
rities with nematic liquid crystals and consequently many
of the techniques developed to study low molar mass
liquid crystals may be applied to the polymer phases. In
particular, these materials may be probed by studying the
D n.m.r. spectra of a small amount of deuterium labelled
guest molecule solubilized in the bulk phases.

Deformed elastomer networks. Deloche and myself
demonstrated the feasibility of the probe approach with
swollen networks under simple tension?®, The reorien-
tation of the guest as it diffuses through the polymer host
matrix reflects the anisotropy of the array of partially
ordered chains; resolved quadrupolar splittings that scale

Polymer chains in oriented fluid phases: E. T. Samulski

with the strain function (12-4 ~!) are exhibited by the guest
probe. Typical D n.m.r. data from a uniaxially strained
poly(cis-isoprene) network swollen to various degrees
with benzene-d is shown in Figure 8; A=L/L, is the ratio
of the deformed sample length to the original length.

In similar experiments on swollen networks subjected
to uniaxial compression (4 < 1), the compression axis may
be conveniently rotated relative to the field B. Figure 9
shows the angular dependence of the D n.m.r. spectra of
benzene-dg (~ 59%) dissolved in a compressed poly(cis-
isoprene) network. The morphology of the compressed
sample may be anticipated to consist of a uniplanar
distribution of radially oriented domains of extended
chains; the local tube axes are on average aligned normal
to the compression axis ¢. Hence, when ¢||BQ2=0°), a
discrete quadrupolar doublet is observed with
Av=0.85 kHz; when Q=155°, P,(cosQ)=0 and the split-
ting disappears. At Q=90°, I(v) is determined by the guest
molecule’s self-diffusion coefficient D: if the benzene
diffusion is fast in the compression plane (if (s?)/2D large
relative to the inverse of the quadrupolar splitting, where s
is an rms diffusion distance in the plane that corresponds to
a~ 1-radian angular change in the orientation of a local
domain symmetry axis), the guest probe can sample all
domain orientations and a resolved doublet is observed
with half the magnitude of that in the Q=0° spectrum. If
the diffusion is slow and only a few domains are samples,
an incompletely averaged spectrum is exhibited.

Such findings exactly parallel guest molecule D n.m.r.
studies of cholesteric liquid crystals, a phase with a
uniplanar-like arrangement of uniaxial domains'’*®, In

A
1 2 3 4
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i o114
1.0k CgDg in rubber o
112
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<110
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Figure 8 D n.m.r. quadrupolar splittings of benzene-dg at
various concentrations in a uniaxially deformed crosslinked
poly(isoprene) rubber; ¢ is the polymer volume fraction

(©) ~¢4=0.93; (@) ~¢=0.80; () ~¢$=0.52; (W) ~$=0.32:
~=L/L,isthe deformation. S,,= (P, (cosf) ) is the order parameter of

the benzene symmetry axis relative to n in the experiment is normal to
B

POLYMER, 1985, Vol 26, February 183



Polymer chains in oriented fluid phases: E. T. Samulski

n
OO

90°
4 kHz |

-
L,

Figure 9 D n.m.r. spectra (left) of benzene-dg (2.5%wt) in a
uniaxially compressed sample (/i~0.75) of a crosslinked
poly(isoprene) rubber as a function of the angleQ between the
compression axis ¢ and B. Calculated lineshapes I(y) (right) are
for an axial quadrupolar interaction undergoing planar
reorientational diffusion with Q the angle between the magnetic
field and the normal to the plane. The diffusion rate
1/7=0.9(1.7 KHz), where 1.7 KHz is the average quadrupolar
splitting (2Ay{Q2=0]) and 1/7,=200 Hz (see ref. 18)

phases wherein the orientation of the local director ais not
spatially invariant, diffusion of the guest probe molecule is
tantamount to reorientation of a. The effect of increasing
the rate of reorientation of a (increasing the guest diffusion
rate) on the D n.m.r. spectra can be calculated in the same
way illustrated in Figure 2. In Figure 9 we contrast the
angular dependence of the D n.m.r. spectra of benzene-dg
in the compressed poly(isoprene) network with spectra
calculated to account for similar data derived from
cholesteric liquid crystals. The director reorientation rate
used to simulate the spectra together with an independent
measurement of the benzene self-diffusion coefficient (e.g.
see ref. 29) would enable one to estimate the gradient of
average chain orientation in the plane of compression.

Sheared elastomer fluids. It is possible to probe transient
orientational phenomena in polymer fluids with D n.m.r.
A sheared melt of high molecular weight poly(isobutylene)
containing ( ~ 5%) benzene-d, will exhibit transient quad-
rupolar splittings after being subjected to an elongational
shear strain. Figure 10 shows the evolution of the benzene
molecule’s average orientation (in terms of its quadru-
polar splitting) as a function of the time after cessation of
the shear. Analysis of the data suggests at least two
relaxation processes characterized by half-lives on the
order of seconds and tens of seconds, respectively®. As
chain equilibration (accommodation of the average chain
conformation to changes in the magnitude and orien-
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Figure 10 D n.m.r. spectra of benzene-dg (~0.5 wt%)
solubilized in a neat poly(isobutylene) fluid as a function of time
after cessation of a simple shear deformation; 300 K
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Figure 11 D n.m.r. spectra of poly(dimethyl! siloxane-dg)

networks under a uniaxial tensile deformation with the principal
strain director normal to B. (A) Experimental spectrum (number
average degree of polymerization m=350; ref. 34. (B) Simuiated
lineshape I1(y) with affine deformation of ideal network of
identical chains. (C) as in (B) but with distribution of chain
lengths (most probable distribution with a number average
degree of polymerization=350)

tation-of r,) is rapid>'->?, the transient orientational order
observed with D n.m.r. reflects the slower processes.
Conceivably retraction of the chain in the deformed tube
as well as the slower reorientation of the tubes to their
equilibrium isotropic distribution as the stress relaxes in
the fluid could be investigated with D n.m.r. The time
scales associated with the various relaxation processes
that are operative after subjecting an entangled fluid to a
step strain have been recently discussed>3.

D n.m.r. of labelled polymer chains

Deloche and coworkers have demonstrated that net-
work chain segmental orientational order can be directly
probed with D n.m.r. by studying a perdeuterated
poly(dimethylsiloxane-d¢) network3*. At room tempera-
ture, the relaxed network shows a single resonance with a
linewidth of ~25 Hz suggesting that the intramolecular
motion of this inherently flexible polymer above T,
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very effectively averages the efg tensor even in the
crosslinked network. Under simple tension, the network
exhibits a partially resolved quadrupolar splitting that is
proportional to (12-A71'). Figure 114 shows such a
spectrum for a deformation ratio 4=2.08.

Figure 11B and C show computed I(v) based on affinely
deformed networks composed of Gaussian chains. Using
equation (8) with #=0, we have for the average of the efg
tensor over the internal dimethylsiloxane segmental
motion:

eq=eqP,(cos 70.5°)P,(cos 90°)S, (1

where the two Legendre polynomial factors account for
the rapid reorientation of the C-D bond vector about the
methy C;-axis and the orientation of the C;-axis at right
angles to the segment symmetry axis, k. (We naively
assume one dimethylsiloxane monomer corresponds to a
single Gaussian chain segment.) S, ={P,(cos6,)) is the
average orientation of a segment relative to the chain’s
end-to-end vector. In the Gaussian limit S, =34%/5n,
where n is the number of segments in the chain (degree of
polymerization). The spectrum I(v) is computed with
equation (4) using an elliptical distribution for the orien-
tation of the end-to-end vectors relative to the strain axis
(affine deformation):

W (0.¢)d0d¢ = A% sin 6d0d¢p/(cos® 0+ A% sin?0)>2;

the isotropic limiting form for W(0,¢) is recovered in the
undeformed network (A—1).

In Figure 11B we assume an ideal network of identical
chains having degree of polymerization n=350; in Figure
11C, 1(v) is calculated by convoluting W(6,¢) with a most
probable molecular weight distribution parameterized
such that the average degree of polymerization n=350.
Gronski and coworkers advocate the importance of
including the effect of chain length distributions and non-
affine considerations to fit the observed I(v) in recent
D nmr. studies of uniaxially deformed, labelled
poly(butadiene) networks?>.

In more refined calculations of I(v) for labelled net-
works, we examine the assumption of # =0, the influence
of rapid fluctuations of junctions (rapid reorientation of
the chain end-to-end vector), and the identification of the
Kuhn segment with a single monomer unit*®. Experimen-
tal advances on this topic include monitoring the be-
haviour of junctions and chain segments independently
by specific labelling?, the effect of swelling on labelied
networks>” and the relationship between the quadrupolar
splittings exhibited by the labelled chain segments and
those obtained from deuterium labelled guest probes*®.

Chains solubilized in a nematic liquid crystal

Proton n.m.r. has been used extensively in conjunction
with deuterium n.m.r. to investigate the molecular struc-
tural details of small solutes dissolved (~1wt%) in a
nematic solvent*). Both rigid and flexible solutes have
been studied ; geometrical as well as mechanistic data (on
modes of internal isomerization) is obtained3®. Studies of
deuterium labelled alkyl chains in this way yield data
relevant to a variety of systems including chains appended
to mesogens themselves as well as chains integral to
biological structures such as membranes*®. In Figure 12
we show the D n.m.r. spectra of three perdeuterated
n-alkanes solubilized in a nematic solvent (ZLI-1167;
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Figure 12 D n.m.r. spectra of perdeuterated n-alkanes (octane,
hexadecane, hexatriacontane) solubilized (~1%wt) in the
nematic solvent ZLI1167 (Merck). The reduced temperature is
relative to the apparent nematic-isotropic transition temperature
in the respective solutions

Merck) at the same reduced temperature (i.e. the same
degree of nematic order). Each of the labelled n-alkane
homologues displays a discrete quadrupolar doublet Ay,
for all of the i inequivalent CD, units and for the terminal
CD,’s. A sequential examination of the quadrupolar
splitting patterns of n-alkanes enables an inductive as-
signment of Av?'. The methyl doublet is the most intense
and has the smallest splitting; the rotation about the C,-
axis averages the e¢fgy by an additional factor of
P,(cos 70.5°)= — 1/3. The next largest quadrupolar splitting
is from the (equivalent) penultimate CD, segments, the
next from the antepenultimate CD, segments, and so on;
the central internal methylene segment(s) exhibit(s) the
largest Av;. In short, for a given chain length, the Ay,
asymptotically converge to the limiting values exhibited
by the methylenes near the centre of the chain. With the
exception of the first few CD, units near the chain termini,
the internal CD, units are equivalent in terms of their
propensity for averaging the efg tensor. Additionally, the
spectra show a tendency for increased solute orientational
order with increasing chain length, i.e. as the number of
carbons in the alkane solute increases, the values of the
internal CD, quadrupolar splittings increase. It appears
that the rigid-body reorientational motion responsible for
averaging all of the efy tensors is attenuated as the chain
length increases.

In order to obtain the alkyl chain flexibility from the
D.n.m.r. spectra (Figure 12), we have modelled the subtle
variations in the observed quadrupolar splitting patterns.
Such modelling enables a determination of the extent to

186 POLYMER, 1985, Vol 26, February

which the flexible solute is perturbed in the uniaxial
solvent, i.e. whether or not the chain flexibility is signi-
ficantly different from that anticipated for a ‘free’ chain—
an alkane in an isotropic environment. In order to
investigate such relative differences in the chains, we have
employed an equilibrium statistical mechanical average
over alkane conformations sampling internal dihedral
angles in the rotational isomeric state approximation. For
our puposes, we have found a phenomenological model of
an isolated chain constrained by its environment to be
sufficient.

The inertial frame (IF) model that we used to calculate
quadrupolar splittings exhibited by labelled flexible mo-
lecules has been described before?!#°, Originally de-
veloped to explain the D n.m.r. spectrum exhibited by n-
octane-d, 4 dissolved in a nematic solvent*!, it has been
applied to labelied alkyl chains appended to nematic?®
and discotic*? liquid crystals. Qualitatively, the IF model
visualizes each alkane conformer as constrained by a
cylindrical cavity which mimics the uniaxial mean field
(assumed to be repulsive in nature) that the nematic
solvent imposes on the alkane. The strength of the
repulsive interaction is parameterized via the cavity
radius. This repulsive energy is added to the usual RIS
energies thereby perturbing the conformer’s probability
of occurrence (P{¢} in equation (7)) to favour those
molecular shapes compatible with a uniaxial environ-
ment. In the nematic solvent, the alkane solute’s confor-
mer probabilities are given by

P{¢}=Z""exp(— U{$}/kT) (12)

where U{¢} includes the additional energetic contri-
bution attributed to the uniaxial constraint imposed on
each conformer as well as the usual RIS energies; Z is the
partition function.

The alkane quadrupolar splittings may be calculated
with equation (7) using the IF model by specifying the
alkane solute’s orientational order tensor S{¢}—both its
magnitude and the orientation of its principal axis frame
for each conformer. The crux of the IF model is the
identification of the principal frame of the order tensor as
the frame that diagonalizes the inertia tensor of each
conformer. This identification is consonant with a
repulsive- or shape-dominated picture of solute ordering
in the nematic mean field; prolate solute conformers on
average align with their ‘long molecular axis’ parallel to
the local nematic director.

As trans states are preferable to gauche states in
alkanes, generally speaking, the nematic solvent favours
the lower energy, more extended alkane conformers
(conformers with a minimal number of gauche RIS). For
example, an optimized fit of the IF model calculations to
the observed quadrupolar splittings of octane in the
nematic requires the probability of the all-trans confor-
mer P{¢=0°} =0.12%". This value is enhanced by a factor
of ~2 relative to that of the isolated ‘free’ chain
(P{¢=0°}=0.05). Such implied conformational pertur-
bations for the flexible chain in the nematic solvent are,
moreover, very sensitive to the primary structure of the
solute chains. In diglyme (the analogue to n-nonane with
carbons, 2, 5 and 8 replaced with oxygens), the gauche RIS
at C—C bonds 3 and 6 are energetically favoured, i.e. the
low energy conformers are less extended than those of the
analogue alkane®. Hence, when diglyme is solubilized in a
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Figure 13 D n.m.r. spectra of diglymer-d;, solubilized (~1%)
in the nematic solvent Phase 5 (Merck; 7,=0.98). The largest
splitting corresponds to the innermost methylenes in the chain
and the smallest to the terminal methyl groups. In the simulated
spectrum (B) this assignment is confirmed using the IF model
with a cavity radius similar to that employed for simulating the
spectrum of n-decane-d,, (see ref. 21)

nematic the uniaxial mean field exerts significantly larger
distortions of this molecule relative to those observed for
an alkane. The D n.m.r. spectrum of diglyme-d,, can be
described with the IF model (Figure 13) and the model
implies that the diglyme chain’s P{¢=0°} increases by a
factor of 6 (relative to the ‘free’ chain value
P{¢$=0"}=0.02) when it is constrained in the nematic
solvent*°.

The implied enhancement of the RIS energetics as-
sociated with dissolving (distorting) the oxyethylene chain
in a nematic appears to be substantiated by the n.m.r.
spectra of similarly solubilized poly(ethylene-d, glycols).
Figure 14 shows that with increasing degree of polymeri-
zation, the magnitude of the CD, quadrupole splittings
decrease. (Contrast this with the observations of the n-
alkanes (Figure 12).) This is presumably indicative of a
trade-off, with increasing chain length, between the RIS
internal energy (favouring more globular conformers of
the oxyethylene chain with the lower energy gauche RIS
populated) and the influence of the nematic uniaxial
constraint (favouring extended conformers).

Polymeric liquid crystals

Over the last twenty-five years a variety of solutions
and melts of certain semi-flexible polymers have been
shown to exhibit lyotropic and thermotropic phases.
Perhaps the most thoroughly studied polymeric liquid
crystals are the cholesteric phases formed in solutions of
the rod-like, helical synthetic polypeptides**. Poly(y-
benzyl-L-glutamate) (PBLG), Figure 15a,in particular has
been shown to exhibit all of the characteristics of low
molar mass liquid crystals. In the mid-1960’s, it was
discovered independently in three different laboratories
that in moderate magnetic (and electric) fields, the choles-
teric structure in PBLG solutions could be untwisted to
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yield an aligned nematic phase suitable for carrying out
n.m.r. studies*®. In fact, PBLG appears to have been the
first oriented polymer in which quadrupolar interactions
were investigated with D.n.m.r.#¢ There was, however, an
extant effort to study hydration in fibrous proteins
(collagen) and DNA using the residual quadrupolar
interactions in D,0*”.

In the magnetically aligned PBLG liquid crystals,
quadrupolar splittings of both labelled solvents and
labelled polypeptides can be readily observed*®4°, Figure
15b shows the D.n.m.r. spectra of PBLG-d; in the liquid
crystal the helices are aligned parallel to the director n
(and B). The restricted motion of the labelled sidechains is
reflected in the magnitude of the quadrupolar splittings. It
is noteworthy to mention that the two deuterons in the
benzyl methylene group are not equivalent (labelled A
and B in Figure 15b), and that this difference changes with
temperature and solvent reflecting changes in the average
orientation of the labelled sidechain on the periphery of
the PBLG helix®°,

In isotropic solid samples of PBLG-d,, powder spectra
indicative of intrasidechain mobility are observed at room
temperature (e.g. Figure 15c¢ shows evidence for rapid
reorientation about the ring para-axis plus libration of
this axis). Moreover, as magnetically oriented (single
crystal) solid PBLG films can be prepared by evaporating
the solvent from the liquid crystalline solutions in the
presence of a magnetic field*>, both the angular de-

~+CD,CD,04; Tr = 0.99
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Figure 14 D n.m.r. spectra of poly(ethylene glycoi-dy)
solubilized (~2%wt) in the nematic solvent Phase 5 (Merck) as
a function of the degree of polymerization of the chain; in the
bottom trace some phase-separated isotropic solution contributes
the central resonance
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stay mutually co-parallel in the nematic melt. For a highly
stretched chain, this is only possible when there are an odd
number of bonds in the spacer. For alkyl chains with an
even number of bonds, the first and last ‘bond’ of the
spacer tends to differ in orientation by roughly the
carbon—carbon valence angle.

These posited differences between even and odd spacer
lengths in linear polymeric liquid crystals should be
reflected in the D n.m.r. spectra of suitably labelled
polymers. Figure 164 shows such a spectrum of the
nematic phase of a polymer with a labelled even spacer
attached to the mesogenic cores by ester linkages®3.
Basically two quadrupolar doublets are observed ; the low
intensity doublet with the maximum splitting was ten-

PBLG -d, tatively assigned to the «-CD, groups at both ends of the
spacer. The eight internal methylenes were thought to
SkHz have their splittings superposed (i.e. equivalent residual

D n.m.r. spectra of polymeric liquid crystals with labelled
B A spacer chains (arbitrarily lengthening the terminal bonds
’ ' of an analogue alkane) confirm this assignment (calcu-
b lated spectrum, Figure 16B) and, moreover, suggest that
M_‘ ‘\_J_’M____ the quadrupolar splitting pattern for a spacer having an
odd number of methylenes should be qualitatively dif-
ferent from that with an even number (calculated spec-
trum for a nine-methylene spacer, Figure 16C). Con-
firmation of this last prediction remains to be de-
Solid monstrated. Changes in the quadrupolar splitting pat-
terns associated with the mode of linking the spacer to the
mesogenic cores (ether linkages versus ester linkages) have
been observed experimentally’* and rationalized

theoretically*>.

} efg tensors). Extensions of the IF model to simulate

| | 1
-100 0] 100 kHz

Figure 15 (a) Structure of poly(-y-benzyl-L-glumate-d;)

(PBLG-d5) sidechain appended to an «-helix. (b) D n.m.r. CI)
spectrum of a PBLG-dy liquid crystal (30% polymer in dioxane), N
300 K; the resonances of the benzyl methylene deutrons are

indicated A and B. (c) Solid state D n.m.r. spectrum of PBLG-d,

(isotropic powder), 300K, 46 MHz

pendence and the temperature dependence of the D.n.m.r.
lineshapes in oriented, solid PBLG-d, films can be
exploited to give unique structural insights into the
mobility and packing of the sidechains in the solid state of
this polypeptide’!.

Thermotropic polymeric liquid crystals may be readily
synthesized by judiciously combining prolate mesogenic
cores and flexible chains. Comb-like polymers with the B =10
mesogenic sidechains connected to the main chain by a
labelled, flexible, alkyl spacer have been studied with
M I

D n.m.r.; the extent of dynamic coupling of the mesogenic
sidechains to the main chain (mobility of the spacer) has
been investigated®2.

An alkyl chain experiences maximum extension in a
fluid phase when it is embedded in the main chain of a
linear polymer liquid crystal—a polymer composed of
rigid, mesogen cores alternating with a flexible alkyl
spacer. In neat nematic melts of such polymers, the high
orientational correlations between the mesogenic cores F 1

. I . 100 kHz
on both ends of the spacer impart additional constraints i 6 D o emeric liauid ervatal
in’ ; igure n.m.r. spectra of a linear polymeric liquid crysta
on t.he. Spacet Chan?; clgnfgrlr)natloqal fr;:edolrln - These with a labelled alkyl chain spacer. (A} Experimentail spectrum,
reSt,m,:tl?nS n.lay be i e?‘ 1€ y gaymg t at,t € s.pacer 350K. (B) Simulated spectrum using {F model, ten-carbon
chain’s ‘terminal bonds’ (mesogenic cores) will strive to spacer. (C) Simulated spectrum of a nine-carbon spacer
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CONCLUDING REMARKS

Residual quadrupolar interactions in the D n.m.r. spectra
of labelied (and ‘probed’) fluid polymers, especially in
phases exhibiting macroscopic order, give new and direct
insights into the molecular dynamics and organization in
this important state of matter. In networks and sheared
fluids the larger scale attributes of chains are sampled ; the
orientation distribution (and its evolution in time) of the
(sub)chain’s end-to-end vector is accessible through
D n.m.r. Also, explicit information about local chain
properties can be studied with D n.m.r.; modelling quad-
rupolar splittings exhibited by labelled chains in nematic
solvents is intimately linked to local dihedral angle
preferences—to the magnitudes of the rotational isomeric
state statistical weights. Such applications of D n.m.1. to
labelled oligomers may provide a novel way to evaluate
RIS parameters in the liquid state. The comparative
perspective employed herein draws heavily on the use of
the D nm.r. in studies of low molar mass liquid
crystals and suggests that the methodologies used so
successfully there might be readily transferred to research
on fluid phases of entangled polymers.
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