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ABSTRACT: The orientational order generated in a uniaxially strained polymer network is described and
discussed. Experiments have been performed on an end-linked poly(dimethylsiloxane) network, using the
deuterium nuclear magnetic resonance technique (2(H NMR). We first recall that the resonance spectra
observed in the absence of an external force reflect a local anisotropy of segmental motions, which may be
related to the constraints associated with the presence of network junctions. When a uniaxial force is
applied, a detailed analysis of the spectrum shows that the segmental motions become uniaxial around the
external force direction. This experimental fact, which is inconsistent with noninteracting chain descrip-
tions, is interpreted as new evidence for short-range orientational interactions between segments (intro-
duced previously by Sotta et al. to account for free-chain orientation). A crude mean-field treatment includ-
ing these interactions, together with the constraints associated to junctions, is proposed and compared with

experiments.

1. Introduction

Much work, using several experimental techniques, has
been devoted to investigating the anisotropy induced at
a molecular scale by a macroscopic deformation in rub-
ber polymer networks. Among these techniques, deute-
rium nuclear magnetic resonance (?H NMR) in principle
gives access to the anisotropy and time scales of individ-
ual molecular motions, by use of a probe nucleus (?H)
coupled solely with the orientation and motions of its
host molecule. Thus 2H NMR has been used to study
the orientational order induced in rubber networks under
a uniaxial stress. The main properties, which so far have
been experimentally demonstrated in poly(dimethylsi-
loxane) (PDMS) networks, are now reviewed briefly.

Deuteriated probes, either conventional solvent mole-
cules’? or free PDMS chains,® have been dissolved in
PDMS networks, wherein they undergo liquidlike trans-
lational diffusion (diffusion coefficient of the order 10712
m?s™!). A uniaxial orientational order is induced in these
probe molecules upon elongation of the network; in other
words, their orientational diffusion becomes, weakly but
permanently, anisotropic and uniaxial around the applied
force direction. This property, and specifically the free-
chain orientation, has been interpreted as an experimen-
tal evidence for orientational interactions between chains,
cross-linked or not, at a segment scale.

2H NMR spectra obtained on network chains them-
selves exhibit more complex features, hitherto difficult
to analyze quantitatively. Nevertheless, as the network
is uniaxially stretched, these spectra likewise reveal a
motional uniaxiality around the applied force direction.*
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Moreover, the orientation degrees measured on network
chains and guest free chains (diffusing in the network)
are the same under similar conditions.® This suggests
that the correlations related to the orientational interac-
tions quoted above may play a significant role in molec-
ular dynamics, for both kinds of chains.

The purpose of this paper is to study in more detail
the local uniaxiality reflected by the spectra of network
chains, under uniaxial stress. Results particularly rele-
vant in view of this scope are described in section 4, which
emphasizes observations already published. The observed
stress-induced uniaxiality, as well as the free-chain ori-
entation previously stated, is inconsistent with descrip-
tions in terms of independent chains: this major discrep-
ancy is illustrated in section 5. The observed induced
uniaxiality is interpreted, as earlier, as a cooperative effect
of the segmental short-range interactions already men-
tioned. These, modeled in a simple mean-field way, result
in a uniaxial orientational field (of order 1/N, where N
is the average mesh size of the network). The motional
anisotropy of a segment submitted to this field, addition-
ally to constraints due to cross-link junctions, is com-
puted; a qualitative description of 2H NMR spectra is
then proposed (section 6). However, the important dis-
crepancies that remain between experimental results and
modeling are discussed (section 7). These do not ques-
tion the specificity of the 2H NMR technique, which
appears clearly when comparison is drawn with various
optical techniques widely used in this area (section 7):
these basically give access to ensemble averages of molec-
ular orientation functions rather than to the distribu-
tion of these orientations, as is the case in 2H NMR.
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2. 2H NMR Background and Local Orientational
Order

The basic concepts of 2H NMR in anisotropic fluids
have been developed in numerous references.> Only ele-
mentary results relevant for our purpose are recalled herein.
Due to its nonzero electric quadrupolar moment, the deu-
terium (*H) nucleus possesses an electrostatic energy in
the nonuniform electric field of the C-D bond. This
nuclear interaction is a second-order tensor affixed to
the molecule; it is expressed by the instantaneous Ham-
iltonian:®

Hg = vgPy(6)(31,7 - 2) (1)

I, is the usual spin operator (I = 1, so the effect of Hq
is to give a doublet of resonance lines). vg, the static
quadrupolar interaction constant, is of the order 200 kHz.
f is the instantaneous angle between the C-D bond and
the steady magnetic field B, and P,(f) denotes the sec-
ond Legendre polynomial:

Py(8) = (3 cos’§-1)/2 (2)

A temporal average over the molecular reorientations faster
than vq (107%-107° s) must be taken in eq 1, leading to
an average interaction A given by

A = 1Py (6) (3)

Throughout the paper, overbars will denote temporal aver-
ages over fast motions. If the motions of the C-D bond
are isotropic (isotropic liquid), A reduces to zero, and the
transverse magnetic relaxation function (associated with
fast fluctuations of the interaction) is an exponential with
a relaxation time T, (corresponding, when Fourier trans-
formed, to a Lorentzian line shape of line width T,7%). If
the motions are anisotropic, the fluctuations no longer
average the interaction to zero; this leads to a modula-
tion of the transverse relaxation function, which may be
expressed as

M, (t) = Me*/T2 cos At (4)

or as well, by Fourier transforming eq 4, to a doublet of
Lorentzian lines, symmetric relative to the Larmor fre-
quency, characterized by a splitting A.

In case of a nonuniform system, i.e., containing C-D
bonds with distinct average axis and/or orientation degrees,
there is one such doublet for each C-D bond (with a dis-
tinct orientation), and the resulting spectrum is the super-
position of all these doublets. This ensemble average is
denoted by angular brackets:

M.(t) = My(e™/Te cos At) (5)

Note that the two steps described above must be clearly
distinguished. First, the quadrupolar interaction for each
nucleus is averaged by temporal fluctuations faster than
107%-107% s, leading to eq 4. Then, the relaxation func-
tion (eq 4) is integrated over all the nuclei present in the
system, which leads to eq 5.

The second step vanishes out in a (uniform) uniaxial
fluid system, wherein the motions of all C-D bonds con-
sist in fast reorientations around the same symmetry
axis;’ in other words, all microscopic axes coincide with
a macroscopic one, denoted by the unit vector n. In that
case, the resulting spectrum is a unique doublet whose
splitting A may be expressed as

A = vPp(Q) Py(9) (6)

where Q is the angle between the symmetry axis n and
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Figure 1. (a) 2H NMR spectrum of perdeuteriated cross-
linked chains in a dry PDMS network (average molecular weight
between junctions: M, = 10 500). The number of accumula-
tions is 300, and the temperature, 298 K. The inset shows the
pseudosolid echo obtained after a (x/2],, 7/2],) pulse sequence
(arrows indicate pulse times). (b) “H NMR spectrum of per-
deuteriated molten PDMS chains (M, = 10 500).

the magnetic field, B, and ¢ is the angle between the C-
D bond and n. The P,(Q?) dependence may then be used
as a crucial test for the uniaxial character of the molec-

ular motions. P,(#) is the mean degree of orientational
order (i.e., the so-called order parameter S of the uniax-
ial fluid).

3. Experimental Section

3.1. Samples. A dry poly(dimethylsiloxane) (PDMS) net-
work was used, whose synthesis was outlined in detail in refs 8
and 9. It is an end-linked network, obtained by an hydrosilila-
tion reaction performed at a polymer volume fraction v, = 0.71,
that involves bifunctional PDMS precursor chains (average molec-
ular weight M, = 9700, molecular weight distribution M_ /M,
= 1.67) and bis(allyloxy)-3-[bis(allyloxy)methyl]-2,2-propylene
oxide as a cross-linking agent. The network is therefore hexafunc-
tional. About 26% of the chains are perdeuteriated. Note that
the weight fraction of pendant chains was estimated to 15%
from the fraction of the gel extracted after the cross-linking
reaction.

3.2. NMR Experiments. They were performed on a Bruker
CXP90 spectrometer, associated with a conventional electro-
magnet, at room temperature (T = 25 = 1 °C). The Larmor
frequency, vg, is 12 MHz, which corresponds to a magnetic field,
B, of 1.8 T. Each spectrum is obtained by fast Fourier trans-
forming the averaged free induction decay observed after a sin-
gle ©/2 pulse (whose length is about 8 us), without any data
manipulation. The line broadening associated with B inhomo-
geneity is less than 10 Hz and so is small with regard to the
intrinsic half-height width of the spectrum (which amounts to
about 70 Hz).

Sample elongation is performed as described earlier.® A uniax-
ial compression of the network has alternatively been achieved,
which allows us to vary the angle Q between the axis of the
compression F and B.* Note that in practice the deformation
remains low due to the fragility of the sample (deformation ratio
A = L /L, ranging from about 0.5 in compression to 2 in elon-
gation).

4. Experimental Results

4.1. Relaxed Network. Figure la shows a spectrum
obtained in the PDMS network in the absence of an exter-
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Figure 2. ?H NMR spectra of a uniaxially compressed PDMS
network (compression ratio A = 0.5). The spectra correspond
to three values of the angle Q between the applied force, F, and
the magnetic field, B: 0°, the magic angle 55°, and 90°.

nal constraint. The half-height line width is small (about
70 Hz) compared to the static interaction vg (about 200
kHz), which means that a strong motional averaging is
achieved.!® However, the spectrum remains broad com-
pared to the perfectly liquidlike resonance line (line width
< 10 Hz) obtained in a melt of the same PDMS chains
(Figure 1b); moreover, the line shape in Figure 1a is not
a Lorentzian one. Both features suggest that the spec-
trum may be associated with an incomplete averaging of
the nuclear interactions. This point is corroborated by
the response to an appropriate pulse sequence, which
exhibits a well-shaped pseudosolid echo'! (inset in Fig-
ure 1a). This pseudosolid echo reflects a modulation in
the relaxation function, related to a nonzero residual
nuclear interaction (see eq 4): it demonstrates that the
molecular motions are slightly anisotropic on the 2H NMR
time scale (less than 108-1075 s), though the system is
macroscopically isotropic.

4.2, Uniaxially Strained Network. Figure 2 dis-
plays 2H NMR spectra obtained in the uniaxially deformed
network (deformation ratio A = 0.5), for different values
of the angle Q between the applied force, F, and the mag-
netic field, B. The most apparent pattern is that a well-
resolved doublet structure (A # 0) appears. It has already
been pointed out that the doublet spacing, A, repro-
duces with great accuracy the P,(Q) dependence stressed
ineq 6.* This demonstrates that the motions of the chain
segments associated with the doublet are uniaxial around
the applied force direction or, in other words, that the
local symmetry axis n is along the force F. On the other
hand, A varies linearly with A>-\"! without any thresh-
old, i.e., as soon as the doublet becomes measurable.

However, together with this doublet, the spectra exhibit
spectral wings, which become broader when the applied
force is increased. Their presence is a general feature in
all the networks studied (and is specific to the cross-
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linked chains). It remains to be specified to what extent
the corresponding segmental motions are microscopi-
cally uniaxial around F.

Thus, a major result in this study is that the spectral
wings themselves exhibit also clear indications of a
P,(Q) variation: indeed, a dilatation of the frequency axis
by a factor 2 in the spectra obtained with Q@ = 90° allows
us to superpose with good accuracy the wings obtained
with @ = 0°, and a characteristic magic angle narrowing
effect is also observed at @ = 55° (Figure 2). This shows
that the wings contain also contributions from motions
which are uniaxial around F at a microscopic scale, though
they correspond to different (higher) degrees of anisot-
ropy, i.e., to various splittings: in other words, the wings
reflect variations in the magnitude of the degree of order
rather than in the local symmetry axis. However, the
spectrum obtained at the magic angle (Q = 55°) is not a
single Lorentzian (completely averaged) line and is iden-
tical with the one obtained in the relaxed state, within
experimental uncertainties. Specifically, pseudosolid echos
are obtained in that case as well as in the relaxed state,
which means that some quadrupolar interactions are not
averaged to zero at the magic angle. Some contributions
to segmental motions, therefore, are not uniaxial around
the applied force, F.

5. A Single-Chain Description

The aim of this section is to derive the 2H NMR line
shape, which would arise from a “kinetic” description of
the chains, both in a relaxed and uniaxially constrained
network. According to such a description, the chains inter-
act only via their junctions, including both chemical and
eventually physical ones, i.e., trapped entanglements. The
junctions are allowed to fluctuate rapidly around their
mean spatial positions, which are fixed. Then all the con-
figurations compatible with this condition are supposed
to be accessible and equally probable.!? Indeed, the cru-
cial point in this description is that certain constraint
points along the chains are on average fixed in space at
the NMR time scale, delimiting end-fixed chains (or sub-
chains).'?

The first step of the computation consists of estimat-
ing the anistropy along a network chain (or subchain)
and the residual interaction associated with it. Then the
contributions of all the chains are added together, given
a proper distribution of chain (or subchain) end-to-end
vectors.!* Attention is focused on qualitative features
of the spectra, so that a rather crude modeling of chain
and network statistics has been adopted.

5.1. Anisotropy along a Single Chain. Each chain
(or subchain) is represented by N freely jointed seg-
ments of length a. It is assumed for simplicity that each
chain segment may be identified with an axially symmet-
ric rigid rod, bearing one C-D bond along its axis and
denoted by a unit vector i. This cylindrical symmetry
may result from fast intrasegmental motions (isomeriza-
tions), such as rotations around the segment connecting
two adjacent oxygen atoms in the PDMS chain. A weak
force u, which imposes an average end-to-end vector, R,
is applied at the ends of a network chain to represent
the effect of cross-link junctions. The free energy per
segment, associated with the orientational entropy of the
chain, is (expressed in kT units):

F* = { fa(e) In fa(w) do (M)
dw, the angular integration element, is normalized so that
fdo=1 ®
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Figure 3. Different angular coordinates used to define the ori-
entation of a segment i or of a chain end-to-end vector, R, with
respect to the magnetic field B, or to the applied force, F.

fr(w) is the orientational distribution function of the seg-
ment of a chain, whose average end-to-end vector is R:
fr(w) dw is the probability that a given segment lies in
the direction w(8,y), within the solid angle 4rdw. Note
that fr(w) only depends on the angle 8 between R and i
(and not on the azimuthal angle v), since the chain exhib-
its an average axial symmetry around R (see Figure 3).
fr(w) is normalized so that

@ do=1 ©)

fr may be alternatively regarded as an instantaneous
ensemble distribution over the whole chain or a tempo-
ral average over the successive orientations of one par-
ticular segment: chain motions are ergodic in this descrip-
tion, which implies that the segmental orientation is uni-
formly distributed along the chain. This property may
be controversial in practice.!® The constraint describing
the cross-linked chain connectivity is

ffacos Bdw =ng =R/Na=r/N"2  (10)

where ng is a reduced length of the chain and r = R/R,
is the ratio of R to the root-mean-square end-to-end vec-
tor of the corresponding chain in the melt (ideal chain):
R, = N'2a. The quantity to minimize in order to obtain
the equilibrium distribution function fg° is thus

Ge’ = Fa' - ug [ frcos 8 de (11)

The Lagrange multiplier, 1y, may be identified with the
weak force (in reduced units) introduced above. The func-
tional minimization in eq 11 leads to

fa’ = Zy* explug cos B] (12)

where Zg, the partition function, is (neglecting all terms
of order higher than or equal to ug®)

Zg = | explug cos 8] dw = (sinh ug)/ug = 1 + ug?/6 +
up'/120 + O(ug® (13)

The distribution function, fg° has thus been expressed
in powers in ug. One may at this stage calculate the ori-
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entational second moment of the chain segments with
respect to R:

(PyB)n = [(3cos’ B-1)/2)fg’ dw = ug?/15 + O(‘?il))

This may alternatively be expanded in terms of the aver-
age reduced length of the chain, ng, which is given by

nr = (61n Zg)/bug = ug/3 - ug’/45 + Olug®)  (15)
so that the following well-known expression is obtained:

(Py(B))g = (3/5)ng" + Olng") (16)

5.2. Relaxation Function for a Single Chain. The
relaxation function, M, (t), defined in eq 4 is computed
in this section. The relaxation time, T, should a priori
depend also on the end-to-end vector, R.*® However, it
may be assumed that the line shape is dominated by the
distribution of the residual quadrupolar interactions rather
than by the intrinsic width of each component: indeed,
the largest T, value measured in the system (about 30
Hz) is small compared to the total width (a few 100 Hz)
of the spectrum, i.e., to the modulations associated with
residual interactions. So, in first approximation, the R
dependence in T, may be neglected. What remains to
compute is the interaction A given in eq 3, for the chain
of end-to-end vector, R. Given the uniaxiality of the

motions around R, the average quadrupolar order Py(f)
of the segments with respect to the magnetic field, B,
may be expanded as

P2(9) = Pz(a’) Pz(ﬁ) (17
where o is the angle of R with respect to B (Figure 3).

Then, the temporal average P,(3) in eq 17 is identified
with the statistical average calculated in eq 16. This pro-
cedure may be achieved since the chain, considered as a
statistical ensemble, is assumed to be ergodic, as quoted
in section 5.1. This leads to the following expression for
the residual interaction, Ay (neglecting all terms of order
higher than 1/N):'"

Ag = (3/5)vg(r*/N) Pya) (18)

The anisotropy at the segment scale, and thus the resid-
ual quadrupolar interaction (eq 3), has been averaged along
the vector R, which represents the average direction of
the chain: the interaction has been transferred from a
local to a semilocal scale.!®

5.3. Relaxation Function for the Network. The
distribution of residual nuclear interactions is therefore
related to that one of the end-to-end vectors R. Accord-
ing to eq 5, an integration must now be performed over
the spatial (static) distribution of these vectors:

M.(0) = M, f h(R) dR /™ cos Agt (19)

The spatial integration element, dR, is 72 dr dw. In the
absence of an external force, the normalized distribution
of the vectors R is assumed to be isotropic Gaussian:

h(R) = 4°xt 20" (20)

For Gaussian chains, ¢® equals 3/2. When an external
force F is applied, the end-to-end vectors are assumed
to deform affinely, the volume element remaining con-
stant; thus, for an elongation ratio A, the distribution (eq
20) becomes

hy(R) = 46%7"/% exp[-(o%?/AD[A =~ (N = 1) cos? x]]  (21)



Macromolecules, Vol. 23, No. 7, 1990

Figure 4. Spectra computed according to eq 22: (a) in the relaxed
state (A = 1); (b) in a uniaxially elongated state (A = 2.5); (c) in
a uniaxially compressed state (A = 0.5), with F along B (Q =
0°). Affine deformation of the junctions has been assumed. Mean
(reduced) average end-to-end distance: ¢ = 3/2. Number of
chain segments: N = 20. Relaxation time: T, = 30 ms.

where x is the angle between R and F. The explicit for-
mulation of the relaxation function is thus written as

Ma(t) = Mye™™ f B,(R) cos [(3/5)vq(r/N) Pyf) t] X
rtdrdw (22)

Upon introduction of a (laboratory) fixed frame, with 2
axis along the external force F direction (Figure 3), the
angles o and x in eq 22 may be related to each other
using the spherical harmonics addition rule:

4 2
Pya) = g"Z(—l)myzmm,O) Y000 (29)

m=-2

The Y,™s are the normalized spherical harmonics, (Q,0)
and (x,¥) denote, respectively, the orientations of B and
R with respect to F, and the x axis of the laboratory
frame has been set in the plane containing B and F (as
indicated in Figure 3).

5.4. Comparison with Experimental Results. Since
the line shape has been assumed to be dominated by the
distribution of residual interactions, the parameter T,
does not play a role in the computation of M, (¢) (eq 22).
So, the adjustable parameters in the description reduce
to N, the number of segments per chain (or subchain),
and o?, the average mean-square end-to-end distance of
a network chain (or subchain). These parameters, which
describe the network chain configurations, must be
adjusted to values in accordance with the network molec-
ular characteristics: then, o2 should be of the order 3/2
(ideal chains) and N of the order 50-100.

Relaxation functions in relaxed (A = 1), elongated (A
= 2.5), and compressed (A = 0.5) states have been com-
puted from eq 22, using the values ¢ = 3/2 and N = 20,
and then Fourier transformed to give the spectra pre-
sented in Figure 4.
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In the relaxed state (A = 1), the calculated spectrum
is not qualitatively different from the experimental one;
specifically, a spectral broadening, related to the pres-
ence of residual interactions, is present. However, the
line shape is not reproduced very accurately, and a rather
low value of N (or ¢?) must be used in order that the
half-height line width lie in the right range (about 70
Hz). This suggests that the Gaussian picture detailed
above underestimates the residual interactions or, in other
words, that the network chains are locally more oriented
along R than Gaussian chains.

The line shape may be clarified in the following way.
First, the integration over the direction of the end-to-
end vectors R leads to a so-called Pake doublet with a
splitting related to the modulus of R (i.e., a powder spec-
trum associated with an isotropic ensemble of equal in-
teractions).® Then, the integration over the R moduli,
given the distribution in eq 20 resumes in superposing
powder spectra of various splittings. This results in the
line shape represented in Figure 4a, similar to a so-
called “super-Lorentzian” one.'®

The calculated spectrum structure is not basically mod-
ified in the deformed network. Consider, for example,
the case of F parallel to B (Figure 4b): the central part
of the spectrum becomes narrower, whereas the wings
become broader. This is a geometrical effect related to
the anisotropy of the end-to-end vector distribution.
Indeed, for each powder spectrum quoted above, the cen-
tral part corresponds to vectors R at an angle 90° with
respect to B (and then to F). The nuclear interactions
are lowered in this direction. The wings correspond to
vectors R along F: the interactions are magnified in this
direction. However, the most noticeable feature is that
no doublet structure appears, contrary to experimental
evidence, whatever the angle Q between the magnetic field,
B, and the applied force, F.

The major point in this description is that the local
anisotropy directions are distributed in the angular space:
the motions of each segment are correlated with a par-
ticular chain direction. Then, the overall induced anisot-
ropy comes from a anisotropic static distribution of the
chain end-to-end vectors. As we have already pointed
out, the uniaxiality reflected in the observed doublet struc-
ture is basically different: it actually means that each
segment experiences the direction of the external force
as a symmetry direction for its reorientations. So, the
preceding analysis fails to account for the presence of a
doublet. The minimum requirement in any attempt to
model the segmental behavior is therefore to explain at
the same time the line shape in the absence of con-
straint (at least qualitatively), the appearance of a dou-
blet in the constrained state, and its P,(Q) dependence.

6. Orientational Interactions: A Mean-Field
Description

Previous 2H NMR experiments have shown that stress-
induced orientation involves orientational interactions
between chain segments, which are presumed to be short-
range liquidlike interactions (van der Waals attractions,
steric repulsions, ...). The effect of these interactions was
described in terms of a weak self-consistent orienta-
tional field (with a nematiclike symmetry) coupled to the
deformation.»** This description is reformulated in this
section, in order to take into account the complexity of
segment motions, which results from the competing effects
of an orientational field (related to short-range inter-
chain interactions) and of constraints due to junctions.
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6.1. Short-Range Orientational Interactions. The
network free energy per segment is written (in kT units)
in the mean-field form:

F= [hR) dR { faw) In fa(w) do + % {h(R) dR x
[r®) R [ (o) frle) View) dode’ (24)

The first term is the (kinetic) orientational entropy, already
discussed above (section 5.1). The second term is the
interaction energy, F,,, written in terms of one-segment
distribution functions fg(w) and fg/(w).?! V(ww’) is an
interaction potential between two segments [ and j, which
represents an average over all possible r;;, the spatial vec-
tor between i and j. Attention is focused herein on the
part of the interaction potential that depends on the rel-
ative segment orientation. This anisotropic part is
expanded in the spherical harmonic basis; given the
assumed axial symmetry of each segment, it may be sup-
posed that V(w,w’) depends only on the angle #,; between
the segments { and j, and the first term may thus be
written in the form?

Viw,w) = ~UPy(9;) (25)

The parameter U characterizes the interaction strength
(U > 0 if parallel packing is locally favored). It is then
necessary to refer to the laboratory frame introduced in
section 5.3 (Figure 3). A segment will be defined by its
angle @ with F and an azimuthal angle, ¢. When the
spherical harmonics addition rule is used, the interac-
tion energy, F,,,, may be naturally rewritten in the form

47 2
Fpe=-—U [ h(R)dRY_(-D"S;™(Y;™g  (26)
0 m=~2
The brackets with subscript R denote, as previously (sec-
tion 5), a statistical average over a chain of end-to-end
vector R (i.e., an average over the equilibrium orienta-
tional distribution, fg°)

(Yr = f de fi'l@) Y 0.0) @7

and S,™ is then an additional ensemble average over the
R vectors

"= fhR)dR (Y,")g (28)

Note that the S,™s may be viewed as the five indepen-
dent elements of a symmetric traceless tensor, which char-
acterizes the mean degree of orientational order (the inte-
grand in eq 26 has something to do with the second-
order invariant of this tensor).?! The mean-field expression
eq 26 means that a segment is sensitive to an average
orientational field. It is all the more justified as a given
segment interacts with neighboring ones connected to many
chains with different orientations.

6.2. Partition Function and Equilibrium Degree
of Order. For a chain of end-to-end vector R, the par-
tition function and then the equilibrium orientational coef-
ficients (Y,™)r are determined by the same minimiza-
tion procedure as in section 5.1, including now the inter-
actions between chain segments. Following the lines
developed in the Appendix, (Y,™)g is given by (in the
order ng?

~1)m
<Y2m>R= : 5)

x and ¢ are the angles that define the orientation of R
with respect to the laboratory frame introduced above

[US,™ + 3ng Yy (x,¥)] (29)

Macromolecules, Vol. 23, No. 7, 1990

(see Figure 3), i.e., with respect to F.

The average (macroscopic) values S,™ of the orienta-
tional coefficients are obtained by integrating over the
end-to-end vector distribution h,(R) dR, which leads to
a set of self-consistent equations. In a uniaxially strained
state (A # 1), the only nonzero value is S,°. The aver-
age degree of order is usually characterized by the quan-
tity S = (Py(f)) = (47/5)}28,°, given by (in the order
1/N)

S=[1/G- DY NA -1 (30)

In other words, only S is coupled to the deformation
of the network and is therefore expected to appear in
the corresponding coupling terms in the free energy.!

6.3. ZH NMR Relaxation Function. The average
nuclear interaction, Ag, for a chain of end-to-end vector
R, which involves the angle § between the segment i and
the magnetic field, B, is now computed. As has been
done previously (section 5.2), intrachain statistical aver-
ages are identified with temporal averages. Then the
spherical harmonics addition rule leads to

— 4
Py) = ;”Z(—l)'" YQ0 (Y, (8D

where Q denotes as previously the orientation of B with
respect to F. When the (Y,™)gs are replaced by their
values given in eq 29, the following expansion is obtained
(in the order 1/N):

2
Ap= VQ[g—rNP2(a) + %S-PQ(Q)] (32)

The first term in this equation is identical with the one
calculated previously (eq 18). This part of the interac-
tion, averaged along the end-to-end vector, R, according
to the P,(a) dependence, expresses the correlation between
segmental motions and the vector R. It represents the
effects of constraints due to cross-links. The second term
in eq 32 represents the effect of the mean orientational
field, characterized by the mean degree of order S given
in eq 30. The corresponding part of the interaction is
averaged along the direction F of the applied force, F,
as reflected by the P,(Q) dependence. So, according to
eq 32, two directions play a specific role in the segment
motions.

6.4. Comparison with Experimental Spectra. The
relaxation function for the network may be computed
by the same explicit formula as eq 19, using the distri-
bution function (eq 21) and the expression 32 for the
residual interaction. Then a Fourier transform gives the
resonance spectrum displayed in Figure 5b. The same
parameters N = 20, ¢° = 3/2, and A = 0.5 as in section
5.4 have been used, together with a value of 160 Hz for
the splitting, corresponding to an adjustable value U/5
of the order 107!, Qualitative features of the experimen-
tal spectra are well reproduced in this description. First,
a doublet structure arises; it betrays the effect of the mean
orientational field, US, which results from orientational
correlations between segments. The doublet splitting,
given by the second term in eq 32, reproduces the entire
P,(Q) dependence. Moreover, according to eq 30, it var-
ies as a (A2 = A1) linear function.

Second, part of the interaction (corresponding to the
first term in eq 32) is not averaged along F and so does
not cancel at 55°. Note that the line shape obtained herein
at 55° is the same as that one obtained previously in the
absence of orientational interactions for the same A (sec-
tion 5.4). It is comparable to, though not strictly iden-
tical with, the one computed in the relaxed network.
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Figure 5. Spectra computed according to eq 22: (a) in the relaxed
state; (b) in a uniaxially compressed state (A = 0.5) in a direc-
tion Q@ = 0° with B. The same conditions and parameters as in
Figure 4 have been used. The effect of a uniaxial orientational
interaction has been included in the residual interaction, accord-
ing to eq 32, in the form of a doublet of splitting 160 Hz.

7. Discussion

7.1. Microscopic versus Macroscopic Uniaxial
Order. A new property of rubber networks has been
put into evidence, which leads to new insight in the seg-
ment orientation process. Indeed, in most descriptions
of polymer networks, topological constraints at a semilo-
cal scale (a few 10 A) are attributed a predominent role
in restricting the chain configurations. These con-
straints consist of cross-linking junctions with various geo-
metrical restraints? or in confining potentials or tubes.?%’
The external force is assumed to be transmitted at a molec-
ular scale via these topological restrictions: the local con-
straints, and then anisotropy axis for segmental motions,
are thus distributed in direction and magnitude, as
sketched in Figure 6a. Consequently, the macroscopic
uniaxiality induced upon stretching has its origin in the
overall anisotropy of this distribution. Additional inter-
actions at the segment scale (likely related to the details
of the chain structure) are presumed to be negligible and
are ignored.

It has been demonstrated (section 5) that the behav-
ior observed at a segment scale is incompatible with the
above picture. Indeed, the doublet structure and its
Py(Q) dependence reflects uniaxiality at a local scale: on
the NMR time scale (10°-1075 s), F plays the role of a
local symmetry axis for the reorientations of each seg-
ment. This characterizes a uniaxial fluid behavior,
sketched in Figure 6b. To interpret this result, short-
range orientational interactions between segments, belong-
ing to different chains have been included, in addition
to the distribution of constraints due to cross-link junc-
tions. Upon elongation, these interactions generate a weak
orientational field, which betrays the collective charac-
ter of these interactions: the uniaxial symmetry is trans-
ferred at the segmental scale. Therefore, the segment
motions are correlated with two competing directions,
the one of the external force (via the orientational field)
and the one of a topological constraint, related to cross-
link junctions. According to eq 32, both contributions

in the NMR spectrum are of the same order of magni-
tude 1/N.
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Figure 6. Two microscopic behaviors that may be distin-
guished with 2ZH NMR: (a) According to a “kinetic” descrip-
tion, each chain retains a particular anisotropy direction in the
deformed state, along its end-to-end vector. (b) In the uniax-
ial situation, which is observed experimentally, all the seg-
ments have the same symmetry axis for their reorientational
motions.

7.2. Inhomogeneities in the System. As quoted in
section 4.2, strong fluctuations in the magnitude of the
degree of order are also reflected in the spectral wings.
They are not accounted for by the above mean-field treat-
ment, since no fluctuation in the orientational term has
been included: clearly, the wings in the spectra are not
reproduced very accurately. These fluctuations must be
distinguished from the variations in the orientation direc-
tions related to junctions, i.e., due to the orientational
distribution of end-to-end vectors. Several interpreta-
tions for such fluctuations may be suggested. Note, first,
that the network chain polydispersity invoked in refs 5
and 15 is not expected to give a significant contribution
to the wings, according to our interpretation. Indeed,
recent 2H NMR experiments in binodal PDMS net-
works show that the orientation degrees are the same on
short and long chains.?® It is more likely that, as pointed
out in ref 15, the segmental orientation might be enhanced
near the junctions, due to a stronger segment confine-
ment in these areas. A specific role might also be attrib-
uted to dangling chains, whose ratio is not negligible in
our system (about 15% in weight); they are doubtless
oriented, as are free chains,® and may contribute to the
doublet itself rather than to the wings. Last, inhomoge-
neities may result from the network structure itself:? some
regions in the network might be more densely cross-
linked than others, resulting in larger orientation. In order
to be clarified, all these points need further experimen-
tal work, using, for example, networks selectively deute-
riated near junctions or in the dangling chains.



2006 Sotta and Deloche

7.3. Comparison with Optical Techniques. Vari-
ous optical techniques have been used to study the seg-
mental orientation in uniaxially deformed networks. In
this section, the 2H NMR approach will be compared to
birefringence, infrared dichroism, and fluorescence polar-
ization techniques. It is not intended here to compare
quantitatively the results obtained in similar materials
with these techniques but rather to discuss in a general
way the nature of the quantities measured in each case.
The specificity of 2H NMR will therefore appear clearly.

The stress-induced birefringence (or optoelasticity)
comes from an anisotropic (static or instantaneous) dis-
tribution of molecular polarizabilities, throughout the
sample.'? An ensemble average, i.e., the second moment
of the chain segment orientational distribution, is obtained.
Since the segmental polarizability is a second-order ten-
sor, the optical anisotropy for one chain is equivalent to
the intrachain-averaged quadrupolar interaction (sec-
tion 5.2). However, in optoelasticity measurements, these
intrachain quantities are then averaged over all the chains
and their distribution cannot be analyzed:3*32 the two
averaging steps are not conceptually distinct, as in 2H
NMR. Consequently, the two pictures sketched in Fig-
ure 6 cannot be distinguished in these experiments, which
might as well be interpreted in terms of a uniaxial ori-
entational field (as shown in ref 1). Nevertheless, the
question of short-range order has been discussed in the
light of optoelasticity measurements.>*3% The authors
concluded that short-range effects, though eventually
present, were too weak to be conveniently observed with
this technique.

Infrared dichroism gives access to the orientational sec-
ond moment of tensors affixed to the chain segment (cor-
responding to certain intramolecular vibrations).33" This
second moment is an ensemble-averaged quantity, and
the same information on chain configurations as in bire-
fringence is obtained. The specificity of this technique
is to give specific pieces of information on local chain
conformations (isomerizations), a point which was eluded
in this paper.

Fluorescence polarization experiments make use of flu-
orescent probes attached to polymer chains and give access
to correlation functions of the fluorescence moment ori-
entation, especially®®4!

G200 = <P2(a0))
Gy = (Pylag) Pyler)) (33)

G4o° gives the second moment of the instantaneous ori-
entational distribution of fluorescent moments. This quan-
tity is basically analogous to that measured in birefrin-
gence experiments. G,,° is a dynamic correlation func-
tion relating the orientation a, of a moment at a time ¢,
and « at a time ¢, + 7 (7, the fluorescence lifetime, being
of the order 10 s). So, the specificity of this technique,
compared to the previous ones, is to give access to dynamic
properties, as in NMR. However, the fluorescence inten-
sity that is observed integrates contributions from all the
chains, and the conditional probability distribution,
Davlw/wg), to move from orientation w, (at t = 0) to w (at

= 7) is averaged over the whole system; the correlation
function, G,,°, may thus be written under the schematic
form

Gy’ = § J Puler) Pofe) pulw/wp) dwgdw (39

On the contrary, ?H NMR implies first an intrachain cor-
relation function (defined over an intrachain condi-
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tional probability, p;(w/we), for each chain i), which is
then integrated over all the chains, as detailed in section
2. These two steps, detailed in section 5, might be sche-
matically expressed as

G’ = 3_ S J Pl Pof) pifeo/ ) day dw (35)

So, the average processes involved in both techniques,
NMR and fluorescence, are very different. It follows that
the two situations sketched in Figure 6 cannot be distin-
guished by the fluorescence polarization either.

8. Concluding Remarks

The specific property of the uniaxially deformed poly-
mer network, which has been put into evidence experi-
mentally, is the uniaxiality of the segmental dynamics in
the external force direction. This result is directly con-
tained in the 2H NMR line shape. It is by no means a
model-dependent interpretation: indeed, the 2H NMR
line shape gives access to the distribution of local anisotro-
pies, which contains more information than a mere ori-
entational ensemble average and which is not accessible
by other techniques cited above.

Then, this behavior has been interpreted as the coop-
erative effect of local orientational interactions, which
induce a weak uniaxial orientational field in the deformed
network. This orientational field contributes a US?/2
term in the classical entropic free energy, i.e., a term of
order N2, which appears as a perturbation of N™! dom-
inant terms. The main scope of the modeling was to clar-
ify the picture of polymer networks, which is suggested
by the experiments, and not to provide an accurate fit
of experimental spectra. Specifically, the nature and val-
ues of the parameters, which should appear in a realistic
network description, have not been discussed. As pointed
out by Gottlieb and Gaylord,*? these parameters are of
two kinds: one related to the chain entropic elasticity
and another one describing the additional chain confine-
ment. As quoted in section 7.1, this later term is gener-
ally considered as acting at a semilocal scale (tube diam-
eter of the order of the so-called distance between entan-
glements); what has been put into evidence herein is the
effects of a local term, acting at the segmental level, which
modify the local symmetry of segment motions.

Appendix

When interactions between chain segments are taken
into account, the quantity to minimize with respect to
the distribution fg, in order to get average quantities for
a chain of end-to-end vector, R, is, according to eqs 26
and 27

Gr = F' - J fale) dwlup cos 8+

2
r/5)UY_(-D"S," Y, (9,0)] (a.1)

m=-2

where Fg° is the orientational entropy of the chain in
the absence of constraints (eq 7, section 5.1). The par-
tition function for the chain may thus be written:

Zy = fdw expfug cos B +

2
@r/5)UD_(F)"S,™ Y, ™(9,0)] (2.2)

m=-2

The exponential is expanded in powers of ux and US,™,
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and the angular 1ntegratlons lead to the following expres-
sion (in the order ug?):

2 4

HR

Zy —1+—+—- U2§ S,"Sy ™ +
6 120 25 &2

7—uR2UZsz Y, "(x¥) (a.3)

The equilibrium values (Y,™)g of the orientational coef-
ficients, for a chain of end-to-end vector R, are obtained
by relations of the form

(Y,"(3,¢))g = (5/47)(-1)" (8 In Zg)/6(US,™)
(a.4)

This leads to, in the order ug*

(Yy"p = [(D™/B][US," + (ug?/3) Y,"(x:¥)] (a.5)

These may alternatively be expressed as functions of g,
which is given by

6InZp ug V'R 8t
pRpE—=—- —HnUzsz Y, oow) +

6“1{ 3
O(ug) (@.6)

The substitution of eq a.6 into eq a.5 leads to, in the
order ng2

(Y™ = [(1)"/5][US,™ + 3ng® Yo" (x,¥)]  (a.7)

which is eq 29 in the text. The (macroscopic) average
values S,™ of these orientational coefficients are obtained
by an integration over the end-to-end vector distribu-
tion, h,(R) dR, following eq 28. Given the axial symme-
try of the distribution k,(R) dR, the only nonzero value
is obtained for m = 0; the quantlty S = (P,(0)) = (4n/
5)1/28,° is usually computed and is given by (in the order

1/N):

1 ¢ 1
5= U)N( -\ (a.8)

Note that the quantities S,™ (m = 0) may have been
equated to zero a priori in eq a.1 and (Y,™(d,¢) )y alter-
natively computed by

f dw Y,"(9,¢) explug cos 8 +
(4r/5)USy Y, (9,0)] (a.9)
The same results are of course obtained.

S =

(YZ (l’)‘p
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