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ABSTRACT: 2H NMR experiments in a series of poly(dimethylsiloxane) end-linked networks are
presented. The 2H NMR line shape in the relaxed state consists of a pseudo-solid contribution, with
nonzero residual interactions, and a liquid contribution, with no residual interactions. The liquid part
is attributed to dangling chains. The magnitude of residual interactions in the pseudo-solid part (elastic
chains) is compared to the magnitude of the uniaxial order induced upon stretching uniaxially the
networks. The induced order is measured by the splitting of the doublet which appears upon stretching.
The splitting correlates also well with the polymer network volume fraction at swelling equilibrium. All
these quantities are related to the properties of effectively elastic chains in the networks. The presence
of dangling chains does not modify the interpretation given previously for the induced uniaxial order, in
terms of a mean orientational field. The analysis which is presented allows one to estimate the strength
of orientational interactions between segments.

1. Introduction

Rubbers and gels are important materials for numer-
ous and important applications.1-4 Nuclear magnetic
resonance (NMR) allows one to relate macroscopic
properties (such as elastic moduli, birefringence induced
under strain, or equilibrium swelling) to the microscopic
behavior of polymer chains.5,6 One essential NMR
property in such systems is the presence of residual
interactions, due to the local order related to the
constraints exerted on polymer chains by cross-link
junctions.7-13

A number of deuterium (2H) NMR studies in end-
linked poly(dimethylsiloxane) (PDMS) model networks
have been already performed.14-24 The molecular ori-
entation induced by a uniaxial strain was studied in
details. It was shown that it may be interpreted in
terms of short-range orientational (nematic-like) inter-
actions between segments.20 On the other hand, re-
sidual interactions in the relaxed network have been
analyzed. It was shown that dangling chains have an
NMR behavior which is different from that of elastic
chains, leading to a two-component NMR signal.24 The
induced orientation and the residual interactions in the
relaxed state, being both related to elastic properties of
chains, are expected to depend on the same molecular
parameters. Though all these quantities have been
measured and correlated in several series of PDMS
networks, the number values were not compared di-
rectly. Therefore we propose here to correlate quanti-
tatively both quantities. We show that this comparison
allows one to estimating the parameter u which char-
acterizes the strength of short-range orientational in-
teractions between segments.20 To do so, the NMR
signal has to be analyzed carefully. The signal from
network chains has a liquidlike component, which
behaves isotropically in the relaxed state. This compo-
nent in the signal is attributed to dangling chains. The
estimate of the parameter u is coherent with those
previously published, provided that dangling chains are
properly taken into account. The presence of a fraction
of chains with a liquidlike behavior does not preclude

the mean-field model for the induced order which was
proposed in previous works.
The paper is organized as follows. First, we recall

the basics about 2H NMR in polymer networks, and a
basic (Gaussian) model widely used to analyze these
experiments (section 2). In section 3, we describe the
series of PDMS networks which have been used. Ex-
perimental results are presented in section 4. First, the
orientation induced upon stretching is correlated to the
equilibrium swelling. This was already done in refs 15
and 16 to show that the induced order is sensitive to
the number of trapped entanglements. Here a quanti-
tative comparison within the framework of the Gaussian
model mentionned above gives an estimate of the
interaction parameter u. Then it is shown that the half-
height line width of the spectra does not correlate well
to the magnitude of the orientational order induced by
stretching. The line shape is then analyzed more
precisely, to separate the contribution from dangling
chains. Results are discussed in Section 5.

2. 2H NMR Properties of Networks
2.1. Residual Quadrupolar Interactions. 2H

NMR properties are determined by the way in which
the quadrupolar HamiltonianHQ(t) ) (ωQ/3)P2(θ(t))(3Iz2
- 2) is averaged by molecular motions.25-26 The space
variable of the interaction is the angle θ(t) between the
quadrupolar tensor and the magnetic field (P2(θ) is the
second-order Legendre polynomial P2(θ) ) (3 cos2 θ -
1)/2). ωQ is the quadrupolar coupling constant (ωQ )
2π × 125 kHz).
It was shown long ago that elastic chains are char-

acterized by the presence of residual interactions due
to motional restrictions, related to cross-link junc-
tions.7,8,27,28 In the limit of fast intrachain motions, the
residual interaction within one elastic chain is 8,20
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Cartesian) coordinates of the chain end-to-end vector,
in a fixed frame with axis z along the magnetic field
BB0. a is a typical monomer length. Elastic chains are
described here as freely jointed chains of N segments,
terminated by junctions which are fixed in space on
average. Each segment has a quadrupolar tensor
directed along the segment.
For a PDMS chain, one has to take into account fast

molecular motions inside a monomer, which average the
quadrupolar interaction along the chain tangent. In
-CD3 groups, the quadrupolar tensor is uniaxial, di-
rected along the C-D bond. Thus, fast rotation around
-CD3 group axis average the interaction along this axis,
with a reduction factor of 1/3. Then, rotation of the
monomer around the O-O axis further averages the
interaction along the local chain direction, with an
additional reduction factor of 1/2. Thus it is convenient
to consider that the interaction is reduced by a factor
of 1/6 and to use the effective value ωQ ) 2π125/6 ) 2π
× 21 kHz.
For an elastic chain (or chain fragment), the relax-

ation function is

In a network made of chains (or chain fragments) with
a Gaussian distribution P(RB) dRB ) (σ2/π)3/2 exp(-σ2R2)
dRB (with σ2 ) 3/2Na2)), the overall relaxation function
is,5,9 neglecting the irreversible term exp[-t/T2]:

This function describes the behavior of the elastic part
of the network. In this very simple model, it is related
to the molecular properties of the network through one
single parameter, namely the effective average chain
length N.
2.2. Splitting in a Uniaxially Stretched Net-

work. In a uniaxially stretched network, the resonance
spectrum is splitted into a doublet. This doublet is due
to the presence of a mean orientational field, which was
interpreted as the effect of short-range orientational
interactions between chain segments.18-20 The splitting
(measured in Hz) is given by20

in which νQ ) ωQ/2π ) 21 kHz and λ ) L/L0 is the
elongation ratio. Ω is the angle between the applied
uniaxial force FB and the magnetic field BB0. The quantity

which is measured is the slope P ) ∆ν/(λ2 - λ-1). The
parameter u characterizes the strength (in kBT units)
of the segmental interactions.20 The value of u should
be comprised between 0 and 1. The value u)1 would
correspond in this model to a spontaneous nematic
transition (i.e. to a nonzero orientation for λ * 1).

3. Experimental Section
3.1. Samples. Dry PDMS networks were used. They were

obtained by end-to-end cross-linking, as described in refs 29
and 30. First, a series of monomodal networks was studied.
The characteristics are summarized in Table 1. The index of
polydispersity of precursor chains is 1.6. A fraction ΦD of the
precursor chains are perdeuterated. The cross-linking agent
for tetrafunctional networks (f ) 4) is tetrakis(allyloxyethane),
except for network H21 which has cyclic cross-links made from
tetrakis(vinylcyclosiloxane) (TVCS). Hexafunctional networks
(f ) 6) are cross-linked with bis(allyloxy-3-diallyloxymethyl-
2,2-propyl oxide). The cross-linking reaction was performed
either in the bulk or in concentrated solution (concentration
νc g 0.5), with stoichiometric amounts of cross-linking agent.
wf is the fraction of functional precursor chains extracted after
cross-linking (relative to the total precursor polymer). wf is
measured from a GPC analysis of the extractible products,
which contain also nonfunctional oligomers (typically 4% of
the total precursor polymer). The fraction of pendant chains
wp is estimated fromwf by the equation: wp = 2p(1 - p), where
p ) wf

1/2 is the probability that an extremity of precursor
chains did not react to contribute to a cross-link.31 To measure
the polymer volume fraction at swelling equilibrium Φe, we
measured optically the dimension of a small rectangular
sample, in the dry state and immersed in cyclohexane.

Φe is related to the average effective chain length N. The
free energy per unit volume of the swollen network is (in kBT
units)32

Φ is the volume fraction occupied by network chains. For
Gaussian chains, R0

2 ) Na2 and at swelling equilibrium Φ )
Na3/R3 according to the c* theorem.32 Then the condition for
equilibrium swelling Π ) 0 (Π is the osmotic pressure) gives
the equilibrium value

ν is the excluded volume parameter: ν ) a3(1 - 2ø). For the
PDMS/cyclohexane pair, ø ) 0.42.33,34
A series of bimodal networks was also studied, whose

characteristics are summarized in Table 2.21,35 They were
synthesized from precursor chains of two different lengths.
They are characterized by the volume fraction of long chains
ΦL. They were synthesized either with tetrakis(allyloxy-
ethane) (index x) or with TVCS (index o). Either long or short
chains are perdeuterated, allowing selective observation of
either type of chains.

Table 1. Characteristics of Monomodal Networksa

refs Mn(D) Mn(H) ΦD νC f wf wp

G3 3100 3050 0.19 0.7 4 0.004 0.12
G19 10500 9900 0.2 0.7 4 0.004 0.12
G21 10500 9900 0.19 1 4 0.003 0.1
G26 23000 25000 0.09 1 4 0.0065 0.15
G27 23000 25000 0.19 0.7 4 0.017 0.23
G30 10500 9700 0.19 1 6 0.0023 0.09
G31 10500 9700 0.27 0.7 6 0.0065 0.15
G32 23000 25000 0.07 1 6 0.008 0.16
H21* 9700 10500 0.15 1 4 (1) 0.01 0.18

a Key: Mn(D), number average molecular mass of deuterated precursor chains;Mn(H), id for hydrogenated precursor chains; ΦD, fraction
of deuterated chains; vc, polymer concentration in the cross-linking reaction bath; f, functionality of junctions; wf, fraction of functional
precursor polymer chains extracted after the cross-linking reaction; wp, fraction of dangling chains, estimated from wf.
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2
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3.2. NMR Experiments. Experiments were done at room
temperature. To measure the slope P, samples were stretched
uniaxially along the direction of the sample tube using a simple
device described in ref 16. The elongation is measured
optically with an accuracy of 0.2%. In this geometry the force
is always perpendicular to the magnetic field, so that |P2(Ω)|
) 1/2 in eq 4. 2H NMR experiments were done at 13 MHz on
a Bruker CXP90 spectrometer. Figure 1a gives some repre-
sentative examples of spectra for different elongation ratios
λ, obtained in network G21. The corresponding splittings are
plotted vs λ2 - λ-1 in Figure 1b, according to eq 4. Two
methods were used to measure the relaxation function (or
equivalently, the line shape). First, the envelope of the spin-

echo maxima in a simple (π/2, π(90°)) pulse sequence was
recorded (90° is the phase of the second pulse). This was done
on the CXP90 spectrometer. The time interval between pulses
was varied between 200 µs and 50 ms. The π/2 pulse duration
was about 7 µs. Another method is to record directly the free
induction decay (FID), that is the relaxation signal after a
single π/2 pulse, in a high resolution field. This was done at
36.1 MHz on a Bruker AM250 spectrometer. To obtain a
highly homogeneous field within the samples, the network
pieces (typically 1 × 4 × 5 mm) were immersed in a nondeu-
terated PDMS melt of length Mn ) 25 000, and the field was
shimmed carefully for each sample. The molten chains are
longer than (or in some cases equal to) the average mesh size
of the networks. Moreover, in each case the experiment was
done immediately after immersion. This guarantees that the
network does not swell in the melt,36,37 and thus the network
chains are not affected in this procedure. The field homogene-
ity was controlled by measuring the half-height line width of
the proton signal, which comes mainly from the protonated
melt (with a small contribution from the network). The line
width is typically 10 to 12 Hz, which corresponds to a field
inhomogeneity ∆B0/B0≈ 0.05 ppm at most in the entire volume
of the sample. This gives a line broadening of 1.5-2 Hz at 36
MHz, which we consider to be negligible and is in any case
comparable to the resolution of the spectra recorded. As an
example, Figure 2 shows the FID (continuous line) and the
spin-echo envelope for network G30. Both superpose exactly,
which demonstrates that the effect of field inhomogeneity on
the FID is negligible in the time range of observation of the
signal. Solid echo train sequences were performed on the
CXP90 spectrometer. The pulse sequence used is the OW4
sequence (π/2, (τ, π/2(90°), τ)n),38,39 with values of τ between
200 µs and 4 ms. Special care was taken to obtain a
homogeneous irradiation RF field. Other two-pulse sequences
were performed on the CXP90 also.

4. Results

Table 3 gives a summary of all the measurements
done (some of these numbers were already pub-
lished15-17,21). It is clear, as was already mentionned
before, that the “real” (chemical) chain length is not the
only parameter which determines the properties of the
networks. On one hand, networks with the same chain
length distribution do not have the same measured
parameters. On the other hand, networks with different
chain lengths do have very close values.
4.1. Relation between Φe and P. Figure 3 shows

the slope P, plotted as a function of Φe in monomodal
networks. From eqs 4 and 6, we have (with |P2(Ω)| )
1/2):

Table 2. Characteristics of Bimodal Networksa

refs ΦL deuteriated chains

do 0.15 short
Mo 0.50 long
mo 0.50 short
So 0.75 long
Cx 0.10 long
cx 0.10 short
Mx 0.50 long
mx 0.50 short

a Key: ΦL, weight fraction of long precursor chains (Mn )
25 000); short precursor chains have Mn ) 3000.

Figure 1. (a) Representative set of spectra obtained in
network G21, at different elongation ratios λ. (b) NMR splitting
∆ν plotted vs λ2 - λ-1. The slope P is obtained by a linear fit
of the data.

Figure 2. Free induction decay (FID) obtained in homoge-
neous field in network G30 (continuous line) compared to
spin-echo maxima in a pulse sequence (π/2, π(90°)) (symbols).
The spin-echo envelope superposes exactly the FID.

P ) 1
5

νQ
u

1 - u
(1 - 2ø)3/4Φe

5/4 (7)
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Figure 3 shows that there is indeed a clear correlation
between P and Φe. The dispersion of the points and the
rather limited range of accessible values does not allow
to test eq 7, namely for instance the 5/4 exponent.
However, the fit shown in Figure 3 gives P ) 371.5Φe

5/4

(Pmeasured in Hz), which gives the following value for
the orientational interaction parameter u (in kBT units):

This value is roughly consistent with that which may
be extracted from similar data in ref 24. However, the
PDMS networks described therein have slightly higher
Φe’s, which leads to a higher u (u = 0.32).
4.2. Relation between P and the Line Width.

Figure 4 shows the slope P as a function of the half-
height line width in the relaxed state, for different
monomodal or bimodal networks. It appears immedi-
ately that there is no good correlation. However, we
find that the slope and the half-height line width do
have the same order of magnitude. The Gaussian model
presented in section 2 may be used to relate quantita-
tively the line width to the effective chain length N. We
calculate the function M(t) given by eq 6 and then
Fourier transform it and measure the half-height line
width ∆ on the resulting spectrum. One obtains the
relation ∆ = 4200/N (∆ measured in Hz). Then, the
relation ∆ ≈ 0.67P (see Figure 4) gives u ) 0.6. This
value is significantly larger than the previous one.

4.3. Homogeneous vs Inhomogeneous Broaden-
ing. The result in section 4.2 suggests that the line
width ∆ and the slope P do not depend in the same way
on the molecular parameters of the networks. It may
be also that the parameter ∆ alone is not appropriate
to describe the line shape. Therefore the line shape has
to be analyzed in a more detailed way.
The approach presented in Section 2, specifically eq

3, is based on two main assumptions.5-9 First, aniso-
tropic intrachain motions are fast with respect to the
inverse line width. Then, the line shape itself is
determined by the distribution of residual interactions.
In other words, this means that the line shape is of
inhomogeneous type.26 This may be checked in several
ways. This is specifically demonstrated by the appear-
ance of a pseudo-solid echo.5,7 Neglecting the homoge-
neous contribution to the line broadening requires
estimating quantitatively the homogeneous (irrevers-
ible) contribution to the relaxation exp(-t/T2), to esti-
mate the ratio between homogeneous and inhomoge-
neous broadenings. This has been done by applying a
solid echo pulse train using the OW4 sequence,38,39
which refocuses quadrupolar residual interactions.40-42

A solid echo is generated between each pair of π/2
pulses. Figure 5 shows the decays (amplitudes of the
echo maxima) obtained in a solid echo train sequence,
for three different values of the delay τ between the
pulses. Resonance offsets and/or field inhomogeneities
are only partially refocused in the OW4 sequence and
part of the signal is lost at short time due to this effect.9
This explains the difference in amplitude of the decays
shown in Figure 5 for the different τ values. Indeed this
difference depends on the resonance offset, which shows
that this is not related to the presence of two compo-

Table 3a

refs slope P (Hz) line width Φe

G3 43 32.2 0.185b
G19 30.5 0.135b
G21 37.5 25.72 0.167b
G26 32.5 12.04 0.1b
G27 16.5 15.51 0.067b
G30 50 27.61 0.192
G31 40 39.12 0.152
G32 37.3 0.149
H21* 62.5 45.42 0.26
mo 68.5c 70
Mo 62c 53.68
mx 33c 28.37
Mx 32c 24.37
So 44c 30.37
do 70c 29
Cx 50c 19
cx 50c 18
a Key: P, slope ∆ν/(λ2 - λ-1) where ∆ν is the splitting measured

at a elongation rate λ; Φe, the polymer network volume fraction
at swelling equilibrium in cyclohexane. b From ref 17. c From ref
21.

Figure 3. The slope P ) ∆ν/(λ2 - λ-1) (see eq 7) plotted vs
the polymer network volume fraction at swelling equilibrium
Φe in the series of monomodal networks. The continuous line
is the best fit using eq 11.

u = 0.26 (8)

Figure 4. The slope P vs the half-height line width ∆ in the
relaxed state in the series of networks. The continuous line
gives ∆ ) 2/3P.

Figure 5. Solid echo maxima obtained in a OW4 sequence
(see section 4.3.), in network H21, for three different values
of the time interval τ between the pulses in the solid echo pulse
train: (3) τ ) 0.2 ms; (0) τ ) 0.5 ms; (]) τ ) 1 ms.
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nents in the signal. The important point is that the
decays are exponential after a fewmilliseconds, and that
the relaxation time T2

eff is practically independent of τ.
This demonstrates that there is no contribution from
slow motions in the relaxation (the correlation time τc
is typically τc e 10-2τ) or, in other words, that the
system is in the fast motion regime. Fitting the long
time part of the envelope of echo maxima with an
exponential function gives a relaxation time T2

eff of the
order of 50-60 ms, depending on the network (it is 68
ms for network H21 which is shown in Figure 4). This
value would correspond to a homogeneous broadening
with a half-height line width ∆1/2 ) 1/πT2 = 5 Hz. Thus,
the ratio inhomogeneous/homogeneous broadening is
not much larger than one, contrary to the case of a “true”
solid. Strictly speaking, this would preclude neglecting
the homogeneous contribution in the line width.
Then we have compared the relaxation functions

obtained experimentally to the functionM(t) calculated
within the Gaussian model in section 2. The fits
obtained in this way are very poor in all cases, which
indicates that the model does not provide a good
representation of chain properties in the networks under
study. One consequence of this is that resonance lines
in the series of networks do not satisfy a superposition
principle as expressed in eq 3. This could explain the
dispersion of points in Figure 4.
4.4. Relaxation Functions in the PDMS Net-

works. The relaxation functions may be analyzed in
two distinct contributions, one decreasing faster, at a
short time, another one decreasing slower, at a longer
time. Figure 6 shows the FID obtained in network G21.
Data are fitted with a two-component fitting function.
The function M(t), eq 6, is used for the fast component
and an exponential part is used for the slow component.
Thus, three adjustable parameters are involved: the
average residual interaction ∆ ) ωQ/5N (or equivalently
the effective chain length N) in the fast part, the
relaxation time T2, and the relative fraction (1 - Φ) of
the exponential tail. The values obtained from this fit
are summarized in Table 4. Indeed, the two components
behave in a different way. The pseudo-solid behavior
(nonzero residual interactions) may be checked by
comparing the echo envelopes obtained in the (π/2, τ,
π(90°)) and (π/2, τ, π/2(90°)) pulse sequences, respec-
tively.5,8 The first one does not refocus quadrupolar
interactions, and the obtained envelopeMFID(t) is iden-
tical to the FID in homogeneous field (see Figure 2):

The latter one refocuses quadrupolar interactions, but
only part of the field inhomogeneity; the envelope is
denoted by MSE(t) and is given by (in inhomogeneous
field):

It was shown in section 4.3 (see also Figure 4) that
the spin-echo envelope is roughly exponential. This
allows one to extract the T2 term from the ensemble
average as it is done in eq 10, to a good approximation.
Then the ratio

allows one to isolate the contribution from residual
interactions. The ratio Q(t) measured in network G30
is plotted in Figure 7. To increase the precision at long
times, Q(t) was determined for each time t0 by fitting
the complete expression for the spin-echo maximum
in a pulse sequence (π/2, τ, â(90°))43

The length â of the second pulse (measured in
degrees) was varied between π/10 and π, by steps of
π/10, typically. It is observed that the ratio Q(t) does
not decrease to zero, but reaches a constant value after
a characteristic time of the order 10 ms. Within
experimental uncertainties, this value is the same as
the fraction of the slow, exponential component intro-
duced in the composite fit in Figure 6. The relaxation
time T2

slow of the slow component is of the order 10 to 35
ms depending on the network. This is shorter than the
values for T2

eff measured above. This suggests that
slow motions may contribute to this part of the signal.
Indeed, in the limit of fast motions, one would expect
T2
slow to be equal to T2

eff.40,41 Anyway, this contribution
is perceived as a liquidlike component, without perma-
nent residual interactions. T2

slow as well as T2
eff is

shorter than the transverse relaxation time in the
corresponding melt, which is a pure liquid from the

Figure 6. FID obtained in network G21, with amplitude in
logarithmic scale. The fitting function is M(t), given in eq 6
for the short time part, and is an exponential contribution at
long times.

Table 4a

refs ∆ (rad‚s-1) Φ T2 (s)

G3 846 0.54 0.0189
G21 470 0.782 0.0229
G26 454 0.753 0.0344
G27 426 0.70 0.0265
G30 735 0.807 0.0173
G31 719 0.76 0.0112
H21 774 0.925 0.0251
mx 1293 0.659 0.0176
Mx 681 0.6625 0.0238
So 788 0.78 0.0259
Mo 589 0.8 0.0133
mo 1103 0.884 0.0073

a Key: ∆, average residual interaction 2 2πνQ/5Nmeasured from
fitting the fast decaying (pseudo-solid) part of the FID; Φ, fraction
of the pseudo-solid component in the FID; T2, relaxation time of
the liquid component in the FID.

MFID(t) = exp(- t
T2

) 〈cos (∆Rt)〉 (9)

MSE(t) = 1
2
exp(- t

T2
) (10)

Q(t) )
MFID(t)

2MSE(t)
= 〈cos(∆Rt)〉 (11)

Mâ(t0) = 1
2
[sin2 â - cos â (1 - cos â)Q(t0)] (12)
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NMR point of view: a PDMS melt of chain length Mn
) 6000 has T2 equal to 180 ms at room temperature.

5. Discussion
The results presented above confirm that the signal

in PDMS networks may be analyzed in two compo-
nents.13,44-46 This was already observed by 1H NMR
in similar PDMS networks.47 The component relaxing
slower may be clearly attributed to dangling chains, as
shown in ref 24. The liquid fraction (1 - Φ) (see Table
4) has to be compared to the estimated fraction of
dangling chains wp (Table 1). The correlation between
both quantities is difficult to establish. It is observed
generally (except in one case) that (1 - Φ) is larger than
wp. This would suggest that other defects, such as
closed loops, may contribute also to the liquid fraction.
Additionally, the fraction of dangling chains calculated
from wf may be underestimated. We suggest here that
NMR may provide a way to measure accurately the
fraction of dangling chains, which is often not controlled
in network samples.
It is interesting to compare the obtained N values to

the actual chemical length of presursor chains. It is
generally admitted that a statistical segment in the
PDMS chain corresponds to six backbone bonds, that
is, to three monomers.48 An average residual interac-
tion as defined in eq 3 ∆ ) ωQ/5N = 700 rad‚s-1 (see
Table 4) corresponds to an average chain length N )
ωQ/5∆ = 36 statistical segments, that is, to about 110
monomers. Chains with Mn )10000 have about 135
monomers on average. Both values are thus roughly
consistent with each other. Therefore, no evidence for
a direct effect of trapped entanglements is obtained in
that way.
We demonstrate here that elastic chains and dangling

chains have qualitatively different NMR behaviors.
Whereas elastic chains are pseudo-solids, dangling
chains are purely liquid in the relaxed state, which
indicates that they are free to reorient isotropically on
the NMR time scale. This confirms that NMR proper-
ties are essentially determined by the constraints
exerted on the chains, which either prevent (for elastic
chains) or allow (for dangling chains) isotropic reorien-
tation. Thus, the two populations differ in the statistical
properties of chains, rather than in the time scale of
the motions. From that point of view, dangling chains
behave in a way similar to free chains, and they orient
on stretching the networks.
The presence of a liquid fraction should be taken into

account in the description of the permanent orienta-
tional order induced upon stretching. In the mean field
model developped previously,20,49 the complete expres-

sion for the residual quadrupolar interaction in a
network chain is20

The residual interaction tensor includes a term aver-
aged along the end-to-end vector (first term in (13)) and
a uniaxial, mean-field term, averaged along the applied
external force (second term in (13)). For free chains,
only that latter term is present.20 Then, if only a
fraction Φ of the network chains are effectively elastic,
i.e., are submitted to the constraints on extremities
which lead to the first term in eq 13, the residual
interaction has to be rewritten:50

The first term in eq 14, related to entropic elasticity
of chains, is considered to be unaffected. In other words,
the distribution of interactions in elastic chains is the
same as it would be in the absence of a liquid fraction
in the signal. The splitting induced upon stretching
comes from the second (uniaxial) term (it is equal to
twice the interaction). Thus the slope P is weighted by
a factor Φ. Then the quantities to compare are P/Φ and
the magnitude of residual interactions in the pseudo-
solid part of the signal, coming from elastic chains. In
Figure 8, the residual interaction ∆ ) 2πνQ/5N is plotted
as a function of the reduced slope P/Φ for different
networks. The correlation is significantly better than
in Figure 4, both for monomodal and bimodal networks,
except for one point. The corresponding sample is not
perfectly transparent, which may be due to heteroge-
neities in the cross-link density. Two other samples are
not reported in Figure 8 for the same reason. From
Figure 8, the following relationship is obtained:

This gives the value

The agreement with the estimate given in section 4.1
is good, given the rather large error bars in the

Figure 7. The ratio Q(t) of the echo amplitudes in the (π/2,
π) and (π/2, π/2) pulse sequences respectively, in network G30.

Figure 8. The residual interaction ∆ ) 2πνQ/5N (see eq 6)
measured in rad‚s-1, estimated from fitting the fast, pseudo-
solid component in the relaxation signal, plotted as a function
of the reduced slope P/Φ measured in Hz. Φ is the liquid
fraction, i.e., the fraction of the slow, liquidlike part of the
signal. The continuous line gives P/Φ ) 0.08∆.
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1
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measurements presented in Figure 8. The values given
here are consistent with those estimated from previous
measurements.18-20 It was shown also that Monte
Carlo simulations give very similar values for u.51,52
The orientation of probe molecules and/or free chains

was used to estimate the coupling constant u. Specif-
ically, the ratio ε of probe orientation to network chain
orientation was measured with various techniques.
Whereas NMR experiments generally give ε ) 1 when
probe chains identical to network chains are used,18,53
other techniques give ε between 0.3 and 0.7 depending
on the system.54-56 Related to this apparent contradic-
tion, there has been a controversy on the interpretation
of the coupling constant u. An alternative explanation
was proposed to account for this discrepancy, based on
a distribution of motional rates in the system.57 Dan-
gling chains were supposed to contribute to the narrow
component in the spectrum, that is, to move faster. Here
we assign the narrow components in the spectra to
dangling chains as well. However, the mean field effect
described by eq 13 and 14 is sufficient to model the
orientational behavior. Indeed, the doublets for both
network and dangling (or free) chains are measured by
the second term in eq 14. This gives an orientation for
free chains, along the stretching direction (in the limit
of infinite free chain dilution) given by the order
parameter

The average orientation 〈S0〉 of network chain seg-
ments is measured in optical techniques. It is given by
a self-consistent equation which leads to

Thus the ratio ε ) SF/〈S0〉 ) u, even though the same
doublet is measured in free and network chains in NMR.
This peculiar NMR observation is related to the sym-
metry of the mean orientational field in the stretched
system, with no need to invoke dynamic heterogeneities.
An alternative theory was also proposed, based on
isotropic excluded volume interactions.58 An interpreta-
tion of the parameter u in terms of the Edwards
screening length ê was given. That theory is consistent
with the present results, since it takes into account
explicitly the uniaxial symmetry of the stretched sys-
tem.

6. Conclusion
We have studied a series of PDMS end-linked net-

works, with different molecular characteristics, namely
precursor chain length, functionnality and chemical
nature of cross-link junctions, density of trapped en-
tanglements, and chain length distribution (monomodal
or bimodal). Three quantities were measured indepen-
dently: the magnitude of residual interactions in the
relaxed state ∆, the slope P, i.e., the magnitude of the
orientation induced upon stretching, and the polymer
volume fraction at swelling equilibrium in a good solvent
Φe. All these three quantities are related to an effective
average chain length N.
A number of difficulties remain for a quantitative

analysis of the present measurements:
(1) The local order, i.e., the average orientation, is

probably not uniform along the chains. Chain extremi-

ties (close to cross-link junctions) may be more oriented
than central fragments.45
(2) the chain length is rather broadly distributed

(polydispersity index 1.6).
(3) cross-link fluctuations, as well as heterogeneities

in the cross-link density, are not properly taken into
account.
However, we could demonstrate that all three quanti-

ties correlate well, provided that a fraction of liquid
component in the NMR signal is taken into account.
This component is attributed to dangling chains. A step
further is achieved when comparing the number values
obtained for the different measured quantities. The
values are consistent with molecular characteristics of
the networks and give a coherent estimate of the
parameter u (u = 0.3), which measures the strength of
short-range orientational interactions. This reinforce
the physical basis for the model of orientational interac-
tions20 which has been proposed to interpret the uniax-
ial order induced upon stretching.
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