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Molecular Ordering and the Direct Measurement of Weak
Proton—Proton Dipolar Interactions in a Rubber Network
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ABSTRACT: We demonstrate a new NMR technique that is suitable for the measurement of weak proton
dipolar interactions in fluid polymers where rapid segmental dynamics “preaverage” the rigid-lattice
dipolar coupling. The method is especially applicable to polymer melts and networks, where such residual
interactions can provide valuable insight regarding molecular order and reorientational dynamics. We
use this method to study natural rubber under uniaxial stretching. By measuring the residual dipolar
coupling and its orientation dependence, we are able to distinguish the influence of chain stretching
from chain reorientation in the deformation process. The pulse sequence we employ directly generates
a function g, which is zero in the absence of dipolar interactions, which is completely independent of all
Zeeman dephasing associated with chemical shifts or magnetic inhomogeneity, and whose time dependence
can yield both the magnitude and the fluctuation rate of the residual dipolar interaction.

Introduction

Nuclear magnetic resonance has been a profoundly
useful technique for providing insights into segmental
dynamics in dilute polymer solutions through measure-
ments of spin relaxation times. Recent advances in solid
state NMR give access to a wide range of dynamical
processes in solid polymers. While the dipole—dipole
interaction between a pair of protons is inherently the
most sensitive way to elicit dynamical information from
NMR, it has severe limitations in the condensed fluid
phases of polymers, where magnetic interactions pre-
clude their measurement. We have developed a method
to circumvent this problem and demonstrate this with
a natural rubber network, wherein we can systemati-
cally alter the magnitude of the residual dipolar inter-
actions by mechanically deforming the sample. The
methodology we propose is generally applicable to
partially averaged proton dipolar interactions and opens
the way to studying segmental order and its associated
dynamics in a variety of fluid polymer networks or
entangled melts and solutions (transient networks)
without the need for nuclear isotopic labeling.

Dynamical processes in the condensed fluid phases
of entangled polymers—melts, concentrated solutions,
and amorphous networks above the glass transition—
occur over a wide range of time scales. These include
fast, localized processes like intramonomer librations
(~10712 s time scale) and correlated conformer isomer-
izations (<1079 s), which are comparable to motions in
liquids comprised of flexible, low molar mass molecules.
In contrast with such liquids, though, the concatenation
of monomers imposes constraints on molecular motions
that give rise to slow dynamical processes unique to
polymer chains. For example, the so-called Rouse
modes correspond to subchain reorientations that may
exhibit dynamics on the microsecond time scale. And
cooperative multichain processes that involve whole-
chain reconfigurational dynamics (e.g., reptative diffu-
sion) can be operative on a tens of seconds time scale
for high molar mass polymers. Consequently, the way
in which microscopic properties appear to be averaged
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will depend on the time scale of the experimental
window associated with the particular technique em-
ployed.

Among the many important average molecular prop-
erties that can be measured by NMR is the local order
parameter associated with nuclear spin interactions of
rank 2 tensorial character. In particular, these include
the proton—proton dipolar interaction of magnitude vy
= (3/2)y?hr~3, associated with a pair of protons affixed
at a separation r within a monomer, and the quadru-
polar interation of magnitude vp = (3/4)e?Qq/h experi-
enced by deuterons in the presence of a magnetic field
gradient g associated with the local molecular orbital.
These interactions, which are bilinear in the spin
operators, transform under rotation as Py(cos ) =
(1/2)[3 cos? #(t) — 1], where ®(t) is the angle the
polarizing magnetic field makes with the internuclear
vector in the case of the pair of protons, or the electric
field gradient symmetry axis in the case of deuterons.
The corresponding local order parameters involve the
temporal average over relevant dynamical processes. In
the case of isotropic polymer melts or solutions,

P,(cos ¥) = 0 on a sufficiently long time scale. How-
ever, on the operative NMR time scale, [vyp]™t ~ 1076
s, the whole-chain reconfigurational processes are too
slow, and the rank 2 spin interactions are incompletely
averaged. J.-P. Cohen Addad originally suggested that
one might investigate aspects of the topological restric-
tions in networks and entangled phases (“slow” dynami-
cal processes) by studying residual nuclear spin
interactions—dipolar and quadrupolar interactions that
have been preaveraged over the “fast” dynamical pro-
cesses.12 Subsequently, it was shown that, in mechani-
cally ordered fluid polymers—deformed networks and

sheared melts—P,(cos #) = 0, irrespective of the time
scale. In particular, the deuterium NMR spectroscopic
signature of mechanically induced anisotropy, the qua-

drupolar splitting (2vpP,(cos ¥)), has been extensively
studied.3®

In principle, knowledge about the strength of the
dipolar and quadrupolar interactions and the orienta-
tion distribution of their relevant principal axes can
reveal important information about local order and
dynamics. In practice, such knowledge depends on the
effectiveness with which the interaction can be distin-
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guished from other terms in the nuclear spin Hamilto-
nian, especially from those associated with Zeeman-like
magnetic interactions. In the case of 2H-NMR, this
distinguishability is relatively straightforward and has
led to the widespread use of deuterium labeling experi-
ments. However, in many applications, the chemical
modification required to uniquely label with a deuteron
probe is impractical. Even where labeling is possible,
the much lower sensitivity of 2H-NMR makes the use
of this method prohibitively time consuming in a wide
class of experiments. By contrast, the use of proton
NMR to gain information about molecular order has a
number of attractive features. However, the method
traditionally suffers from the often overwhelming domi-
nance of the remaining (non-dipolar) magnetic interac-
tions.

The existence of residual interactions for protons will
be especially important for polymers above their glass
transition or melting temperatures, wherein topological
restrictions hinder isotropic reorientation of chain seg-
ments. In polymer networks, the covalent cross-links
(and entanglements) prevent isotropic reconfigurations
of the chains, while in melts, complete motional averag-
ing is inhibited by the persistence of entanglements on
the NMR time scale. The relevant time scale is, in fact,
[A]7* ~ 1073-10"* s, corresponding to a transient,

residual dipolar interaction, A = v P,(cos ¥#). The
magnitude of A often corresponds to a reduction of the
static dipolar interaction, vy, by 2 or more orders of
magnitude by preaveraging P,(cos ) over the stochasti-
cally independent and nearly isotropic “fast” motion of
the chain segments. The size of the residual dipolar
interaction may then be comparable to the spread in
Zeeman energies associated with the chemical shift.
Moreover, the comparatively delicate nature of the
residual proton dipolar interaction in such materials
may be exacerbated by sample geometries highly un-
favorable to magnetic field homogeneity. Therefore, in
addition to chemical shift effects, the spectrum of proton
precession frequencies may be dominated by inhomo-
geneous broadening of Zeeman origin. Such circum-
stances may arise in experiments where the sample has
undesirable surface symmetry (nonspherical network
fragments), where it has diamagnetic filler particles, or
where it is contained in a diamagnetic goniometer, jig,
or shear cell.

Here we report on a means of extracting information
about both the magnitude and dynamics of small
residual proton dipolar interactions and demonstrate
the application of this method to observe the degree of
order induced in natural rubber upon stretching. The
method is shown to be effective even in the presence of
strong and undesirable magnetic interactions.

Theory of Spin Echoes and Dipolar Interactions.
In a series of papers published in the early 1970s,” J.-
P. Cohen Addad suggested that weak, rank 2 tensorial
interactions present in entangled polymers might be
observed in a convenient manner by means of a com-
bination of “solid echo” pulses trains and the free
induction decay following a simple 90° pulse. By
appropriately superposing the signals obtained under
three different pulse sequences, it is possible to derive
a function, T, which is directly sensitive to correlations
in the precessional motion of the spins under the
tensorial interaction. The dynamical nature of the weak
interactions isolated by this method was later demon-
strated by Collignon et al.8 in the case of proton dipolar
and deuterium quadrupole interactions for polyethylene
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melts in a highly homogeneous magnetic field.

The method of Cohen Addad, while effective in the
case of deuterons, is difficult to implement for proton
dipolar interactions. In particular, the method suffers
from the persistent influence of magnetic dephasing due
to a coefficient in I arising directly from the Zeeman
interactions. This can result in a domination of the I
function’s time dependence by unwanted terms in the
spin Hamiltonian, especially where proton chemical
shift effects or local field inhomogeneity effects are
significant. Our alternative strategy is to implement a
pulse sequence that is capable of generating the desired
correlation function directly and in a manner that
completely refocuses all magnetic precession.

In the argument presented here, we follow the nota-
tion introduced by Collignon et al. We allow for a spin
Hamiltonian in which a given spin experiences, in
addition to the dominant Larmor precession in the
polarizing magnetic field, two additional (or offset)
interactions. The first, which is linear in the spin
operator with associated precession frequency 6, com-
prises all additional Zeeman interactions such as those
associated with chemical shift or local field homogeneity.
The second, which is bilinear in the spin operators with
associated precession frequency A, will arise from the
dipolar interaction between proton spin pairs. Because
of the dependence of this latter frequency on the
orientation of the internuclear vector, we allow that it
is time-dependant in accordance with the motion of the
molecular segment in which the spin pair resides.
Following a 90° radio frequency (rf) pulse, we may
describe the ensemble-averaged, in-phase magnetization
for such isochromats of the spin system as

Sy(t) = [Bos ot cos ¢(0,t)0 (1)

where t is the evolution time following the rf pulse, and
the dipolar phase angle, ¢, is given by

Bty = [ AY) dt @)

For convenience, we may write the separate ensemble
average over the Zeeman precession as

G(t) = [Gos Ot [J 3)

Next we consider the effect of these precessions in the
case of four separate experiments in which we apply
combinations of rf pulses, ©,,, where © is the nutation
angle and the subscript o, denotes the relative phase
of the nth pulse. The experiments comprise the free
induction decay pulse sequence consisting only of a
single 90°« pulse; the “solid echo” sequences, 90°x—1—
90°; and the “Hahn echo”, 90°x—t—180°, where, in the
echo examples, 7 is the time separating the rf pulses.
In each case, we allow that the density matrix that
describes the nuclear spin ensemble will evolve under
the influence of the two offset terms in the Hamiltonian.
The details of these evolutions are well known and can
be found in standard texts.® The results are as follows:

free induction decay
So(t) = G(t)cos ¢(0,1)C] @)

solid echo, 90°,—7—-90°,

S,(t.1) = ",[G(t) + G(2r — H]2os[$(0,1) — $(r,H]C (5)
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solid echo, 90°,—7t—90°,
S,(t,7) = ',[G(t) — G(2r — t)]2os[¢(0,7) — ¢(z,1)]0 (6)
Hahn echo, 90°,—7—180°

S,(t,7) = G(27 — B)os[p(0,7) + ¢(x, )]0 (7)

where, in each case, t represents the time delay before
sampling as measured from the initial 90° pulse. In
the Cohen Addad scheme, one computes the function
I'(t,7), where

I(t,7) = [S,(t.7) + S,(t,7) — Sy(1)1/2S,(0)
= G(V)[Ein $(0,7)sin ¢(z,t)0 8)

Note that I" comprises two factors, one arising from the
Zeeman precession and the other a sine correlation
function due to the dipolar precession. Despite the
factorization of these terms into separate ensemble
averages, the interesting time dependence of the dipolar
correlation may be masked by a dominant Zeeman
precession G(t). We propose, instead, a different com-
bination involving the solid echoes and the Hahn echo.
The scheme is similar to a qualitative experiment
proposed by one of us in an earlier paper.’® The new
superposition, which we term j(t,7), is given by

B(t,7) = [Sy(t,7) — S,(t,7) — S5(t,7)1/2S;(0,0)
= G(2t — B)Ein ¢(0,7)sin $(z,t)0 9)

The time t = 27 corresponds to the instant when the
magnetic precessions are refocused in the spin echo. At
that particular instant, the effect of Zeeman precession
vanishes (G(0) = 1), leaving the result

B(27,7) = Bin $(0,7) sin ¢(z,27)0 (10)

This one-dimensional function is ideally suited to re-
vealing the weak dipolar interactions and their fluctua-
tions without perturbations due to Zeeman effects.

The dipolar correlation function, [$in ¢(0,7) sin ¢(z,t)[]
has a number of interesting properties. It is a null
function in the absence of dipolar interactions. This
means that the appearance of a non-zero result for g is
indicative of terms in the Hamiltonian bilinear in the
spin operators. Furthermore, the function is zero in the
limit that t (and 7) approaches zero. This limiting short
time behavior of the correlation [Sin ¢(0,7) sin ¢(z,t)dis
both interesting and useful. For example, Collignon et
al. have pointed out? that, where both ¢(0,7) and ¢(z,t)
< 72 (the small phase angle limit), one may write

[Sin ¢(0,7) sin ¢(z,t)~ [3(0,7)¢(7,1)1]

= [Tt [ dt" AE®)AE)D (1)
The simplest possible description of the phase angle
correlation, [A()A(t")Cis given by the stationary Markoff
function, [A2[éxp(—|t'-t"'|/2z7A), where Tais the correlation

time for the fluctuating dipolar interaction. Using this
function, one finds

B(27,7) = N3, [1 + exp(—21/1,) — 2exp(—1/7,)]

~ [N[Fexp(—1lt,) (12)
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Figure 1. Radiofrequency pulse sequence used to acquire the
p(t,r) and I'(t,7) functions directly. The associated phase cycles
are given in Table 1.

It should be stressed that this equation assumes a
simple exponential correlation function and will be valid
only when t < [A2(32, Furthermore, it takes no account
of other processes which result in a decay of transverse
magnetization. These include relaxation effects arising
from the rapid (preaveraging) fluctuations of the dipolar
interactions as well as stochastic effects arising from
purely Zeeman origin. Such additional relaxation may
be incorporated by including in eq 12 an empirical
factor, exp{—27/T,}, where T, may be independently
determined. A more exact evaluation of eq 11 appropri-
ate to general correlation functions and valid over all
time scales is available and will be the subject of a
separate publication.’* However, for the purposes of the
present study, eq 12 will serve us well within the limits
of vailidity specified.

Experimental Implementation

An efficient pulse sequence that implements the f(t,7)
function directly is shown in Figure 1. The composite of one
90,, and two 45, pulses can be used to simulate a null pulse,
a single 90° pulse, or a single 180° pulse, depending on the
phases a, and oan. The phase cycle appropriate to this
sequence is shown in Table 1. It incorporates an eight-step
cyclops sequence along with the phase triplet required to
implement the basic (t,7) superposition. While it is possible
to generate this superposition by subsequently combining the
results from three separate experiments corresponding to the
three separate pulse sequences, the direct implementation has
the advantage that it is less susceptible to errors due to
variation in magnetic field or spectrometer gain.

We have implemented the j(t,7) pulse sequence on a Bruker
AMX300 NMR spectrometer, along with a similar sequence
(but with different phase cycle; Table 1), which results in the
I'(t,7) function of Cohen Addad. A comparison between the
effectiveness of these two sequences in shown in Figure 2,
where we plot signal intensity contours of (t,7) and I'(t,7),
respectively, for the proton NMR signal obtained from a
natural rubber network—cross-linked cis-1,4-polyisoprene filled
with treated clay. The I'(t,7) function clearly suffers severely
from the decays due to T,* relaxation, so much so that the
rising dipolar sine correlation function is completely over-
whelmed. In Figure 3, we compare §(t,7) (®) and I'(t,7) (O) at
the time t = 27, where the significant reduction in signal for
the latter function is apparent. (In more homogeneous samples,
oscillations and dephasing due to a distribution of chemical
shifts is also apparent in I'(27,7).) By contrast, at the time t
= 21, the f(t,7) exhibits an echo maximum at which all Zeeman
dephasing is removed.

Dipolar Interactions in Stretched Natural
Rubber

We now describe experiments in which the 3 function
is used to determine the degree of residual dipolar order
in the cross-linked polyisoprene chains of natural rub-
ber. The principal objective of this study will be to
investigate the degree of chain alignment produced
under uniaxial extension of the network.



116 Callaghan and Samulski

Macromolecules, Vol. 30, No. 1, 1997

Table 1. Phase Cycles for Implementing f(t,z) and I'(t,r) Using the Four-Pulse Sequence in Figure 12

f cycle
phase® 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
o 0 0 0 0o 0o 0 2 2 2 2 2 2 1 1 1 1 1 1 3 3 3 3 3 3
o 1 0 1 3 2 3 1 0 1 3 2 3 2 1 2 0 3 0 2 1 2 0 3 0
o3 1 1 1 3 331 1 1 3 3 3 2 2 2 0 0 0 2 2 2 0 0 0
o4 3 3 1 11 3 3 3 1 1 1 3 0 0 2 2 2 0 0 0 2 2 2 0
Olacquire 0 2 2 0 2 2 2 0 0 2 0 0 1 3 3 1 3 3 3 1 1 3 1 1
sequence: S; — Sy — Ss ...
T cycle
phase® 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
o 0 0 0 o 0 0 2 2 2 2 2 2 1 1 1 1 1 1 3 3 3 3 3 3
o2 1 0 1 3 2 3 1 0 1 3 2 3 2 1 2 0 3 0 2 1 2 0 3 0
o3 1 1 3 3 31 1 1 3 3 3 1 2 2 0 0 0 2 2 2 0 0 0 2
(o0} 3 3 3 1 1 1 3 3 3 1 1 1 0 0 0 2 2 2 0 0 0 2 2 2
Olaguire 0 0 2 0o 0 2 2 2 0 2 2 0 1 1 3 1 1 3 3 3 1 3 3 1

sequence: S;+ S, — Sp ...

a8 The total cycle consists of a convolution of the three-phase cycle segment to implement egs 8 and 9 and an eight-step phase cycle
designed to correct for spectrometer artifacts. ® The phases 0, 1, 2, and 3 correspond to X, y, —x, and —y, respectively.
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Figure 2. (A) p(t,r) and (B) I'(t,7), the proton NMR signal
intensity contours derived from a natural rubber sample. A
series of 24 experiments is shown where the 7 value is changed
from 0.05 to 4.0 ms; the vertical lines indicate the 2z value
(sampling points for extracting the 5(27,7) and I'(2z,7) func-
tions).

(i) Theory of Uniaxial Extension. The averaged
second moment is a measure of the residual dipolar
order in the polymer chains in the natural rubber after
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Figure 3. Comparison of §(t,7) (®) and I'(t,t) (O) for t = 27;
the solid line is derived from eq 12 (see text).

the preaveraging process associated with rapid segmen-
tal reorientation. We shall show here, in the case where
the rubber network is extended, that this parameter
also gives a measure of the chain alignment.

In the equilibrium (unstretched) state of the rubber,
the end-to-end vectors of chain segments between cross-
links will be isotropically distributed. Assuming, for
simplicity, that all proton pairs experience a unique

residual dipolar splitting, 2A, = 2v,P,(cos v), we may
deduce that a single segment associated with a network
chain end-to-end vector, R, oriented at angle 0 to the
magnetic field would present an apparent dipolar split-
ting of 2A,Px(cos 6), while the static orientational
average of all such isotropically distributed vectors
(indicated by [J) would result in a powder spectrum.
The second moment of a spectrum, ®(w), is given by
o= [ " do o(w)o? (13)
For the dipolar interaction described, v = A,P2(cos 6),
and, given an angular distribution W(cos 0), we may
write
A= A2 [ d(cos 6) W(cos )[P,(cos O)F  (14)
The isotropic powder distribution, for which W(cos 6) is
unity, gives [A2[J = (2/5)Aq2, while a sample whose end-
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to-end vectors {R} were all perfectly aligned with the
magnetic field direction would give [A2[J = 2A,2. By this
simple argument, a factor of 5 range is available
between the dipolar second moment of unstretched
rubber and that of a sample in which all chains were
aligned.

In fact, the simple reorientation argument just pre-
sented is somewhat naive. Any exact model that
accounts for the influence of uniaxial stretching on the
dipolar second moment for a polymer network must
allow for several factors. First, it should take into
account the distribution of end-to-end distances, R, and
each of the corresponding segmental dipolar interac-
tions, A,, preexisting in the equilibrium state due to the
statistics of the chains. Second, once the rubber is
stretched, the chain end-to-end distances change, thus
resulting in altered preaveraging motion and an altered
magnitude of the residual dipolar interactions, A,'.
Finally, stretching along the direction of the magnetic
field causes a realignment of the set of chain vectors
{R} toward this direction and hence a change in the
orientational distribution, W(cos 6#). Using such a
simple model, Brereton!? has calculated the spectral line
shape, ®(w,4) resulting from an affine uniaxial stretch-
ing of Gaussian chains by a ratio 4 = L/Lo, where Lo
and L are the lengths of the network along the stretch-
ing axis before and after extension. In the Brereton
formulation, the residual dipolar interaction for a chain
segment associated with an end-to-end vector R =
(X,Y,Z) is given by

A

_ V_H(222 - X2 - Y2) (15)

° N Nb?

where vy is the interaction strength in the absence of
motional averaging and N is the number Kuhn statisti-
cal units, of size b, between cross-links. The resulting
spectrum is given in terms of the parameter Q = Nw/
Vi by12

D(w,4) = D(0,1)[3/(24 + 17?)]Y2exp(—3QA/2){1 +
exp(3QA)erfe([3Q(24 + 12)/2]1Y?) (16)

However, this expression is not consistent with the
requirement of a constant area under the spectrum on
deformation. Closer inspection of the derivation sug-
gests that the correct result is3

D(w,1) = ®(0,1)[3/(24 + A7 2)]Y*{exp(—3Q1) +
exp(3QA)erfc([3Q(24 + 271217 (17)

It may be shown?!3 that eq 17 yields a second moment,
which varies approximately as 15/(24 + 1 2) ~ 4.

(ii) Unstretched Natural Rubber. We begin by
considering dipolar interactions in undeformed natural
rubber. Figure 3 (®) shows the results obtained for -
(27,7) using the unstretched sample (1 = 1), where the
time delay 7 is varied from 0.1 to 4 ms in 24 steps, the
entire experiment lasting <20 min. The data show
clearly the dipolar sine correlation rising and then
decaying in accordance with egs 11 and 12. We have
measured a value T, = 6.5 ms in this sample using the
Ostroff-Waugh'4 sequence, [90°—(t—90°—7—)n], with
7 = 0.05 ms. Correcting the experimental 5(27,7) data
for this intrinsic relaxation, we can, according to eq 12,
plot In[3(27,7)/(z%exp{ —27/T,})] vs T as shown in Figure
4 (O) to determine the correlation time governing the
decay of the residual dipolar interactions, 7, from the
slope and the magnitude of the interactions in terms of
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In[B'(2t,1)/1°]
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0.0 0.5 1.0 L5 2.0
T (ms)
Figure 4. Typical plots of In[3(27,7)/(r?exp{—27/T2})] vs 7 for
a natural rubber network. T, = 6.5 ms and is independent of
the deformation ratio 4. The initial points (filled symbols) were
used in a least-squares fit to derive the second moment, [A2[]
from the intercept and 7 from the slope (Tables 2 and 3).

the second moment, [A?[] from the intercept. Although
for the 4 = 1 network the semilog plot of the data
exhibits a fairly linear dependence on t over the entire
range, we used the 7 values for short times (®) to extract
Ao = 0.52 ms and [A?[J= 1.2 x 108 rad?s~2, corresponding
to the rising edge of the p(27,7) data, where the ap-
proximate expression eq 12 is valid. The solid line in
Figure 3 is the theoretical result obtained from eq 12
(with the added factor exp{—27/T,} and the 7, and [A20
values extracted from Figure 4); this result quantita-
tively describes the leading edge of the (27,7) data and
is in qualitative agreement with experiment across the
entire range of 7.

(iii) Stretched Natural Rubber. In our initial
investigation of uniaxial stretching in the rubber net-
work, we have observed the effect of sample oriention
on the $ function at fixed extension ratios, A ~ 5 and 1
~ 2. We were able to measure the angular dependence
of 4(27,7) using the Teflon goniometer shown in Figure
5. A glass capillary containing the approximately!®
uniaxially deformed network was inserted into the
Teflon goniometer disk which was then oriented so that
the extension axis subtended angles of 6, = 0°, 55°, and
90° with respect to the magnetic field. At these angles,
the squared Legendre polynomial [Pa(cos 6,)]? takes
values of 1, 0, and /4, respectively. The resulting
experimental 5(2z,7) functions are shown in Figure 6,
where it is immediately apparent that, for fixed orienta-
tion, a large increase in the value of [A20has occurred
on stretching—the leading edge of 3(27,7) increases its
slope and shifts to shorter times on deforming the
network. The § function exhibits an orientation depen-
dence that is more pronounced the larger the deforma-
tion; contrast the 1 ~ 5 network observations (Figure
6B) with those of the 4 ~ 2 network (Figure 6A). At
each of the sample orientations 6,, the corresponding
values of 7, and [A20were extracted from semilog plots
of the type shown in Figure 4. Table 2 shows that, on
extension to 4 ~ 5, the observed second moment
increases by more than an order of magnitude. This
finding is in contradiction with the simple argument
presented above using eq 14 for [A2[]; we expect at most
a factor of 5 increase for perfectly aligned chains with
6, = 0°. This contradiction emphasizes the necessity
for addressing the changes that must occur in the
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Figure 5. Teflon goniometer disk (A) and cylindrical Teflon casings (B,B’; 15 mm o.d.) with end-rings (C,C'). The device is used
to orient the symmetry axis of uniaxially deformed rubber (D) held in the glass capillary insert (E) at specific angles relative to
the spectrometer magnetic field (6, = 0°, 90°, and 55°). The NMR experiments are performed with the goniometer/casing in a 15

mm diameter resonator.

Table 2. Angular Dependence of the Residual Second
Moment, [A2[] and Its Correlation Time, za, of the
Undeformed Natural Rubber Network (4 = 1) and at Two
Extension Ratios, A~ 2 and A~ 5

A 6o [A2{(rad s—1)2 7a (MS)
1 1.2 x 108 0.52
~2 0° 5.5 x 106 0.18
55° 4.2 x 108 0.20
90° 3.9 x 108 0.22
~5 0° 17.1 x 108 0.12
55° 11.1 x 107 0.14
90° 11.8 x 107 0.14

residual segmental dipolar interactions (A, — A,') when
the chain vectors are (affinely) deformed. Additionally,
the residual second moments found for the 6, = 55° and
90° orientations are similar at both extensions ([A2[dye/
[A2[ds- =~ 1), while the ratio of the moments, [A2[g-/[A2%[gs,
changes modestly from 1.3 to 1.54 as A is increased from
2 to 5.

These observations can be understood if one takes
account of the static distribution of end-to-end vector
orientations for chains between cross-links (or entangle-
ments). The calculated 1, 0, and 1/, values for [Px(cos
0,)]? alluded to before for the three orientations 6, =
0°, 55° and 90° correspond to the second moment
scaling factors for chains that are perfectly aligned. As
shown in Figure 7A, however, a small angular spread
o in the distribution in chain directors (modeled with a
Gaussian distribution, W(cos 0), about 6, with variance
02) has the effect of compressing the calculated orien-
tational dependence of the relative second moments
[A2[4,/[A2L) where the subscript characterizes the ori-
entation of the static distribution. Forming the ratios
from the calculated relative second moments in Figure
7A circumvents the uncertainties in the magnitude of
A, on extension and gives direct access to the calculated
o dependence of, for example, [A2[4,/[A2[ds.. For mea-
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Figure 6. Orientation dependence of 5(27,7) obtained from
uniaxially deformed natural rubber samples. In both panels
A (1 = 2) and B (1 =~ 5) the extension axis has been oriented
with respect to the magnetic field at 6, = 0° (O), 90° (O), and
55° (A). The gray interpolation lines are merely a guide to the
eye.
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Figure 7. Calculated relative second moments (A), second
moment ratios (B), and chain degree of order (C) for a static
distribution of end-to-end vectors with a Gaussian spread of
angles with variance ¢? about the mean orientation 6, relative
to the magnetic field. In panel A, the static average of the
second moment taken over the Gaussian spread is shown as
a ratio to the value [A20 Results are shown for mean
orientations of 6, = 0° 90°, and 55°. The shaded bars
correspond to the standard deviation (o) of the angular
distribution that fits the experimentally measured ratios [A%[,/
(A2%0s- for 6 = 0° and 6 = 90°.

surement at a given extension 4, a simultaneous fit of
the experimental ratios [A2[dpe/[A%[dse and [A2[g-/[A%[ds
to calculated ratios (ordinate of Figure 7B) delineates
a self-consistent range for the angular spread o (shaded
bars spanning the range on the abcissa of Figure 7). In
turn, the o range gives the corresponding magnitude of
the degree of chain vector alignment—the intersection
of shaded bar specifying the angular spread and the
calculated static average [P»(cos 6)[d = J d cos 0)P»(cos
0)W(cos 6). Via this process, we derive [P»(cos 60)[
values of 0.1 and 0.2 corresponding to the network
extensions 1 ~ 2 and 1 ~ 5, repectively (Figure 7C).
In our second set of experiments, we have carried out
a series of measurements of the residual dipolar inter-
actions in a rubber sample at fixed orientation (6, = 90°)
but stretched over a range of extension ratios up to A =
4. The experiments were performed using a specially
constructed jig similar to that diagrammed in Figure 3
of ref 16. The jig was used to controllably extend a
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Figure 8. Family of $(27,7) functions obtained from the
uniaxially extended sample of natural rubber in a transverse
orientation (6 = 90°). The grey lines are simply data interpola-
tions provided to guide the eye.

Table 3. Angular Dependence of the Residual Second
Moment, [A2[] and the Apparent Correlation Time, za,
Governing the Loss of Dipolar Correlations in the
Natural Rubber Network with Extension Ratio 4

A A2Jrad s 1)22 7a (Ms)?2
1.00 1.2 x 108 0.52
1.05 1.3 x 108 0.46
1.18 1.4 x 106 0.45
1.40 1.5 x 108 0.43
1.53 1.6 x 108 0.39
1.75 2.1 x 106 0.32
2.14 2.7 x 108 0.29
2.48 3.5 x 108 0.25
3.03 4.5 x 108 0.22
3.33 6.8 x 106 0.18
3.96 8.3 x 106 0.15

a Uncertainties in [A20and 7, are < 10%.

rubber sample running through a solenoidal rf coil
oriented normal to the magnetic field. Figure 8 shows
the family of 5(2z,7) functions where there is an indica-
tion of a qualitative change in the profile of the function
as the extension ratio exceeds 4 ~ 2. The measured
value of T, was essentially independent of extension.
Hence, the apparent shift in the leading edge of the g
function to shorter time with increasing A can be
analyzed as before with In[3(27,7)/(z2exp{—27/T2})] vs T
plots (Figure 4). In contrast with the findings at 1 = 1,
the semilog plot at high extensions shows considerable
curvature (O in Figure 4 are for 1 = 4). Consequently,
the inital slope (derived from M) is used to determine
the 7o and [A?[values given in Table 3. This analysis
shows a monotonic increase in the values of [A20on
stretching.

The values of the correlation time 7, appear to
decrease with increasing 4 from a maximum value of
0.5 ms in the undeformed network. The reliability of
the 7, values derived from the semilog plots appears to
be robust. For example, the 7 values are independent
of the magnitude of the second moment, as the ~20—
70% variation in [A20 with the mean deformation
direction 6, (Table 2) does not manifest itself in the
extracted values of 7o using our analysis procedures.
However, it is not obvious what kinds of A-dependent
dynamical processes are responsible for the loss of
(residual) dipolar correlation (see Discussion).

In Figure 9A, we show the A dependence of the
residual dipolar interactions in terms of the observed
[A?0](®@) and the independently measured tensile force
(0). The apparent qualitative change in the 4 depen-
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Figure 9. (A) Average residual second moments, [A’({®), and
the force (O) vs the extension ratio A. The lines indicate that
the qualitative trends in the data differ on either side of the
shaded bar (1 ~ 1.75). (B) Log—log plot of the residual second
moment vs the extension ratio. A change in scaling behavior
is observed at the same extension ratio as the observed
transition in elastic modulus.

dence of [A20Owith network extensions above A ~ 1.75
seems to be correlated with the initial deviation of the
measured tensile force (or nominal stress of the initially
~1 mm? rubber network) vs 4 curve from the classical
statistical theory'’ of rubber elasticity (see Figure 5.4
in ref 18). Additionally, we observe from Figure 9B that
the 1 dependence of the value of [A20is very much
weaker than A4 predicted by the Gaussian model net-
work calculation described above. Last, the break in
the log—log plot shows that there does not appear to be
a single scaling relation across the range of extensions
we have explored.

Discussion

The small but finite residual dipolar interaction in
natural rubber networks studied here may be viewed
as if it were comprised of a rescaled static interaction—
the preaveraged intrasegment dipolar interaction that
is associated with each segment’s respective network
chain. Concomitantly, the rescaled interaction direc-
tions are transformed from the local interaction direc-
tions, the set of interproton vectors {r}, to { R}, the set
of chain end-to-end vectors spanning the constellation
of cross-links and entanglements in the network. We
have demonstrated that changing the orientational
distribution of {R} by uniaxial extension can perturb
the magnitude of the residual dipolar interactions.
Further, the observed changes in the magnitude of the
residual second moment [A2(](>5 for extensions span-
ning A = 1-4) implies that, in addition to changing the
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distribution of static R vectors, there is a change in the
efficacy of the intrachain preaveraging, i.e., an ac-
companying change in the definition of the rescaled

interaction A, = v,P,(cos v) itself on stretching the
network.

Using the 1 ~ 5 results (Table 2) in conjunction with
a Gaussian form for W(cos 6) (where o ~ 45° is derived
from fitting the ratios in Figure 7B), we would anticipate
a 50% increase in [A2[J(Figure 7A) from the associated
orientational redistribution of the R vectors on stretch-
ing. But, in fact, we observe a 3-fold increase relative

to the 4 = 1 case, implying that P,(cos v) has also
increased due to changing the length distribution of { R}
by stretching. Thus, there exists clear evidence that the
second moment increase does not arise from a change
in the orientational distribution alone but also from a
change in the preaveraged, intrasegment dipolar inter-
action as well.

Rapid fluctuations of R about its mean orientation—
diffusive motions of the cross-link (entanglement)
junctions—are subsumed into the preaverage of the
dipolar interactions when the correlation time of such
motions is sufficiently short (e.g., less than [A2[T12 ~
1073—10~* s for the rubber network considered herein).
This contribution to the preaverage makes NMR re-
sidual dipolar and quadrupolar interations useful for
characterizing networks since the magnitude of the
incompletely averaged interactions and, particularly,
their contribution to transverse relaxation—dipolar
(quadrupolar) dephasing of the transverse magnitiza-
tion—depend on the mean chain length between junc-
tions, the fraction of pendant chains, etc.19721

Random reorientations of R on a longer time scale
would cause fluctuations in the (residual) dipolar in-
teraction and ultimately lead to the decay of the phase
angle correlation 8in ¢(0,7)sin ¢(z,t)[] as expressed by
eq 11 and implied by the experimental g function.
However, it is difficult to propose plausible slow mo-
tional processes in the rubber that could lead to signifi-
cant changes in the mean direction of R while simul-
taneously respecting the topology of the network. This
perspective is reinforced by the recent measurements
of Sotta and Deloche,?? who infer that the residual
guadrupolar interaction in deuterium-labeled polydim-
ethylsiloxane networks is effectively static on a 107! s
time scale. They show that the dynamics associated
with the decay of the residual quadrupolar interaction
are governed by the quadrupolar relaxation time, Tig
~ 0.2 s. This is accomplished by using the Jeener—
Broekaert pulse sequence,? [90°—7—45°—1—45°], which
refocuses only effectively static quadrupolar (dipolar)
interactions. Application of the Jeener—Brockaert se-
guence to the natural rubber sample gives the corre-
sponding dipolar relaxation time, Tip. We find Tip =
30 ms in the 1 = 1 polyisoprene network, suggesting
the residual dipolar interactions are static on the
approximately 2 orders of magnitude smaller time scale,
7a, governing the decay of the g function.

In attempting to interpret 7, it is important to
reemphasize that eq 12 provides only an approximate
representation of the “dipolar phase” sine correlation
given in eq 11. Hence, the apparent value of 7, will be
strongly influenced by the assumptions inherent in the
simple exponential correlation model and our use of the
small phase angle approximation. A more detailed
discussion of the time dependence of the sine correlation
without the need for these assumptions will follow.1?
However, even within the simple theoretical framework
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of the present discussion, it is clear that there exist
additional mechanisms for the apparent decay associ-
ated with the rate 7,71

One candidate mechanism for this premature loss of
dipolar correlation might be incomplete refocusing of
higher order contributions to the dipolar echo. Consider
the Bloch decay, as manifested in the signal acquired
using the [90°,—7—180°,] sequence, where no refocusing
of dipolar dephasing occurs. This decay may be repre-
sented by the standard moment expansion,?* exp[—(?/
21) Mz + (z¥4")M4 — ...), where My, is the nth moment of
the line shape, f; do ®(w)o". As pointed out by
Powles and Strange,?® the solid echo pulse sequence
refocuses the Bloch decay only partially. In particular,
there remains from the fourth moment a residual
component, Mg, wWhere My involves interactions
between more than two spins. Powles and Strange have
shown, in the case of a rigid lattice, that M ~ (1/4)M4
= (1/2)M,2. By analogy, we would suggest that similar
higher order multispin interactions (of order [A2(3), could
lead to a diminution of the 3 function before it decays
by intrinsic T, processes. Our observation that the
decay rate 7,1 increases as M; increases is consistent
with this viewpoint. However, given the “super-Lorent-
zian” character of the NMR line shape in rubber, we
would expect that the ratio M4/M;2 will be considerably
higher than the value expected for a rigid lattice, where
the line shape more closely approximates an ideal
Gaussian form. Indeed, we find that our apparent 7
values suggest Mgy ~ 10M;? if the Powles and Strange
mechanism is to be invoked.

Multispin interactions would complicate an underly-
ing assumption of this study, namely, that the dipolar
interactions are derived from isolated, pairwise interac-
tions between the protons of polyisoprene. However,
there is experimental evidence for the validity of a
dominant two-spin approximation of the partially aver-
aged dipolar interactions in polymer networks.1%20 Us-
ing this approximation, we can get a sense of the efficacy
of the fast preaveraging processes in the relaxed rubber
by comparing the measured magnitudes of [A2[0(Table
3) with the calculated static value of the second moment
for rubber. To estimate the latter, it is necessary to
make some idealizations of the polyisoprene molecular
structure, —[-CH,CH=CCH3CH,>—],. If we assume
that the proton pairs in the methylene groups of the
isoprene units dominate the intramolecular residual
dipolar interaction, we can calculate its static second
moment,?* (9/20)y*h%r—6 = 8.1 x 10° [rad s~1]2, where
we have set r = 0.178 nm, the distance between a pair
of geminal methylene protons. This value can be
compared with the experimentally measured?® rigid
lattice second moment of solid polyisoprene below its
glass transition, 12.9 x 10° [rad s~1]?, a number that
includes both inter and intramolecular contributions.
The static second moment is reduced by liquid-like local
segmental mobility in the network, and we find that this
fast reorientational motion of r results in a residual
second moment, [A°0= 1.2 x 108 [rad s71]? (A = 1).
Hence, the ratio of the root-mean-square observed

residual second moment, [A20Y2 = y_P,(cos ), to the
rms calculated value, [(9/20)y*h2r—6]~%2, implies that the
preaveraged residual dipolar interaction is roughly 1%
of the static interaction, vy, i.e., the residual orienta-
tional order of the interproton axis r averaged over the

fast segmental motions changes is P,(cos ¢#) =~ 0.01 in
the relaxed network (A = 1).
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Summary

We have demonstrated here that it is possible to
measure quite small proton dipolar interactions by the
use of a pulse sequence that directly generates the
superposition [S1—S,—S3], where S3, S,, and S; are the
respective signals arising from (90°x—t—90°), (90°x—7—
90°), and (90°x—7—180°) spin echo experiments. The
resulting echo function, which we term pj(2t,7), is
independent of dephasing effects arising from magnetic
inhomogeneity or chemical shifts, effects that would
normally mask the dipolar interactions in conventional
NMR spectroscopy and that prove extremely trouble-
some in other dipolar echo experiments, such as the I'
experiment of Cohen Addad.

The ability to avoid Zeeman dephasing is the key
factor that enables the  experiment to be applied
effectively in the case of proton NMR. This method,
therefore, has the potential to be applied to a wide class
of polymers, without the need for isotopic labeling and
without significant regard to chemical shift complexities
in the proton NMR spectrum. The fact that g is
unperturbed by magnetic inhomogeneity is especially
useful, since it allows weak dipolar interactions to be
evaluated independent of sample geometry, thus en-
abling such measurements to be performed where the
sample has an irregular shape or where it is contained
in a vessel of magnetically undesirable symmetry, such
as a Couette cell or cone-and-plate device.

In the experiments reported here, we have been able
to measure g for the polymer protons in a natural rubber
sample in two sample configurations: (i) a stretched
network in a specially built extension rig placed inside
the NMR probe and (ii) an extended rubber sample
placed in a goniometer, which permitted rotation of the
strain axis with respect to the polarizing field of the
surrounding superconducting magnet. These experi-
ments on extended rubber have revealed a number of
interesting results. First, we have shown that the
second moment of the line shape associated with the
proton dipolar interaction can be extracted from the
function time dependence using a simple extrapolation
procedure, which in our analysis is based on a single-
exponential model for the dipolar echo decay. This
decay appears to be more rapid than would be expected
from fluctuations in the residual dipolar interactions
associated with chain end-to-end vector reorientation,
a view that is supported by the appearance of Jeener—
Broekaert echoes on a time scale orders of magnitude
larger than the apparent correlation time, 7a. We
believe that the most likely explanation for this decay
is to be found by considering a more exact evaluation
of the sine correlation expression, although we note that
another contributing factor may be the influence of
higher order spin interactions in the Bloch decay.

It is clear from the experiments performed here that
the changes in the dipolar second moment observed
when the rubber network is stretched arise both from

a change in the preaveraging process (i.e., P,(cos ¥))
and from a change in the orientational distribution of
chain end-to-end vectors, {R}. We are able to separate
these effects by measuring the dependence of the dipolar
second moment on the angle subtended between the
strain axis and the magnetic field axis. This method
yields an estimate of the static distribution of chain end-
to-end vectors that is independent of chain stretching
effects. We find here that the dependence of the dipolar
second moment on the uniaxial extension ratio, 4, is
somewhat weaker than that predicted by the simple
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Gaussian chain extension model of Brereton but stron-
ger than would be predicted on the basis of chain
reorientation alone.

We believe that our method for extracting information
about small proton dipolar interactions has many
potential applications in studies of polymer systems
whose chain conformations and dynamics are con-
strained by topology in model networks. In subsequent
publications, we will show that the delicate, residual
proton dipolar order and its associated fluctuations can
also be used to gain access to the molar mass depen-
dence of slow dynamical processes in quiescent and
sheared entangled polymer melts.
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