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ABSTRACT The orientational order generated in uniaxially strained elastomers is probed with deuterium 
NMR. Perdeuterated swelling agents exhibit quadrupolar splittings which have an explicit dependence on 
the extension ratio, degree of swelling, and temperature. A phenomenological description based on a lattice 
model of the deformed, swollen network which includes short-range nematic-like interactions successfully 
accounts for the observations. The implications that these findings have for the opticoelastic behavior of 
swollen networks are emphasized. 

Introduction 
The elastic and opticoelastic characteristics of rubbers 

have been studied e~tensively.l-~ The classical kinetic or 
gaslike theory of rubber elasticity is based on ideal, vol- 
umeless, Gaussian chains suspended between a constella- 
tion of network junctions which deforms affinely. At low 
deformations there appears to be qualitative agreement 
between theory and experiment. However, closer inspec- 
tion reveals inconsistencies: stress-strain data behave 
classically only in highly swollen  network^;^ stress-optical 
data are sensitive to ill-defined characteristics of the 
swelling This latter difficulty impedes a confident 
comparison of stress-optical behavior of a given elastomer 
with the configurational properties of the constituent 
chains in the context of the rotational isomeric state 
s ~ h e m e . ~ ? ~  

In general, the deviations from the classical theory have 
been ascribed to short-range orientational correlations 
between chain segments in the deformed network (seg- 
ment-solvent correlations may persist in swollen net- 
works). Modification of the theory to account for such 
correlations started with DiMarzio's generalization of the 
classical lattice theory to include the volume of the chain 
segments and the consequent packing entropy;s these ideas 
have been extended more r e ~ e n t l y . ~ J ~  Addressing this 
problem from the viewpoint of liquid crystal physics, de 
Gennes considered the effect of a nematic-like interaction 
(uniaxial orientational field) on network chains composed 
of nematogenic segments;'l explicit results relevant to 
rubber elasticity were subsequently reported.12 Herein we 
interrelate these various theoretical approaches via a 
phenomenological description of new experimental data 
resulting from a unique probe for short-range orientational 
order, deuterium nuclear magnetic resonance (2H NMR). 

2H NMR has been extensively used to probe local ori- 
entational correlations in liquid ~rysta1s.l~ Here we use 
it to probe the local environment within swollen rubber 
networks under simple uniaxial tension. We focus on the 
orientational order parameter of labeled swelling agents; 
it exhibits a distinctive dependence on the network ex- 
tension ratio, volume fraction, and temperature. Inclusion 
of a nematic-like short-range coupling into the expression 
for the free energy in a lattice model of the deformed 
network yields an explicit relationship among the network 
variables which is in good agreement with the experimental 
results. An extension of this description to opticoelastic 
behavior can readily account for the observed dependence 
of the stress-optical coefficient on the degree of swelling 
and explicit characteristics of the swelling agent. More- 
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over, this phenomenological description rigorously cor- 
roborates earlier empirical conclusions suggesting that the 
intrinsic configurational properties of isolated chains can 
only be extracted from the stress-optical coefficients 
measured in highly swollen elastomers employing optically 
isotropic swelling agents. 
Background 

A. Opticoelasticity. The stress-optical behavior of 
deformed elastic networks is usually interpreted in terms 
of the kinetic theory of Kuhn and GrUn.l4 For uniaxial 
tension this theory leads to a relation between the true 
stress t (referred to the strained cross section) and the 
extension ratio X 

(1) 
N ,  is the number of active network chains per unit volume, 
R2 is the mean-square end-bend distance of chains in the 
unstressed network, and RZ is the corresponding value for 
chains free from perturbations imparted by the network 
or by long-range  interaction^.'^ The stress-induced bire- 
fringence of the network, An, is related to the mean re- 
fractive index of the network, a, and the uniaxial polar- 
izability anisotropy of the ideal freely jointed chain seg- 
ment, Aa*, by 
An = (2?r/45)N,A(u*[(ii2 + 2)2/ii](R2/R02)(X2 - A-l) (2) 
The ratio A n / t  defines the stress-optical coefficient, C 

which according to the classical theory is independent of 
N ,  and A. Experiment generally supports this prediction 
but the observed strong dependence of C on the degree of 
swelling of the n e t ~ o r k ' - ~ J ~ J ~  is not accounted for, as both 
t and An are affected in the same way by dilution of the 
network chains. 

On close examination C does not follow the simple T 
dependence of eq 3. The residual temperature depen- 
dence, usually expressed as d In Aa* f dT, is believed to be 
accounted for by more elaborate molecular theories of C 
using the rotational isomeric state scheme.lgU In practice, 
the T dependence of Aa* is found to be consonant with 
the T dependence of the statistical weights of the rotational 
isomeric states of a specific elastomer only for highly 
swollen networks and a judicious choice of swelling 
 agent^.^^^ 

B. Deuterium Nuclear Magnetic Resonance. Mo- 
lecular motion in macroscopically anisotropic fluid media 
does not average some magneto- and electrostatic inter- 
actions to zero. The dipole-dipole interaction among 
magnetic nuclei and the electric field gradient (efg) are two 
tensor quantities which, if incompletely averaged, can 
markedly perturb the conventional NMR spectroscopy of 
the affected molecules.25 Liquid crystals (or probe mole- 

t = N,&T(R2/Ro2)(X2 - X-') 

C (2?r/45lt2')[(ii2 + 2)2/n]A(u* (3) 
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cules solubilized in liquid crystalline fluids) provide striking 
examples of this phen0men0n.l~ The proton NMR spec- 
trum of mesogens (or of probes with several inequivalent 
hydrogens) is distorted to a broad, featureless spectrum 
spanning tens of kilohertz because of the strong proton- 
proton dipolar interactions. Such distortions are negligible 
for most quadrupolar nuclei as their magnetic moments 
are relatively small. For quadrupolar nuclei with spin = 
1 such as the deuteron, the quadrupole moment's inter- 
action with the partially averaged efg lifts the degeneracy 
of the two transitions associated with the three Zeeman 
levels. Hence the 2H NMR spectra of deuterium-labeled 
mesogens (or labeled probes) become a superposition of 
discrete doublets, Avi, one for each of the i inequivalent 
deuterons in the molecule. 

The formalism that has developed to relate the dipolar 
and quadrupolar interactions in oriented, uniaxial liquid 
crystals to the average orientation of the relevant molecule 
employs a symmetric, traceless order tensor, S.26 The 
elements of S are time-averaged values of products of the 
direction cosines 1, relating the axes of a molecular 
Cartesian xyz frame to the constraint or symmetry axis 
of the medium. In uniaxial nematic liquid crystals wherein 
the constraint direction is defined by the apolar director 
d,  the tensor elements are 

(4) 

where 6,, is the Kronecker delta (a, 0 = x ,  y,  2 ) .  The 
number of independent elements Sa, depends on the 
symmetry of the molecule under consideration. For 
molecules with C3 or higher symmetry the number of el- 
ements is reduced to one, S,,, the principal element (the 
z axis is the molecular symmetry axis). 

In the case of a deuterated probe molecule with high 
symmetry, the quadrupolar splittings Avi are directly re- 
lated to the principal element s,, by 

Avi = 3/2(e2qQ/h)iPz(cos n)P2(cos Bi)S,, (5) 
where (e2qQ/h)i is the static quadrupolar coupling constant 
of the ith deuteron (we make the usual assumption of an 
axially symmetric efg tensor with its principal value along 
the ith C-D bond). The P2 terms are second Legendre 
polynomials; fl is the angle between_ the constraint d and 
the spectrometer magnetic field H, and Bi is the angle 
between the ith C-D bond and the probe molecule's z 
axis.26 

S,, is the orientational order parameter of the probe 
symmetry axis relative to the constraint d. For a perfectly 
oriented probe the corresponding values for S,, are +LO 
(zlld) or -0.5 ( z l d ) ;  if the probe samples all orientations 
of z relative to d with equal probability on the NMR time 
scale (-lo4 s), then S,, = Av = 0. The value of S,, ex- 
tracted from the NMR experiment on probe molecules is, 
as is characteristic of all probe techniques, an indirect 
measure of the orientational order of the medium itself, 
S 

s,, = gs (6) 
g is a proportionality factor which depends on the nature 
of the medium and physicochemical properties of the probe 
such as probe shape anisotropy, specific interactions, e.g., 
H bonding and electrostatic interactions. However, a large 
body of data on liquid crystals suggests that g, while 
characteristic of a given probe and medium, is not in- 
trinsically very temperature dependent. Changes in Av(S,,) 
with external constraints, therefore, primarily reflect 
changes in the orientational behavior of the medium. 

NMR has been used for some time to monitor probe 
orientation in fibrous proteins.27 There are examples of 

Sa, = (f/2(3& - 6 4 )  ) 

the application of this technique to synthetic fibers as 
well.2s And there are observations of dipolar interactions 
in the proton NMR spectra (dipolar splittingsZ9 and line 
broadening30) of swelling agents in strained elastomers. 
The 2H NMR technique is, however, a more powerful 
technique for probing these latter systems. The current 
resolution available for observing Av (-1 Hz) in con- 
junction with the inherently large value of the C-D 
quadrupolar coupling constants e2qQ/h (-200 kHz) ena- 
bles one to measure (eq 5) probe orientational order dif- 
fering from the isotropic state by as little as a few parts 
in lo6. 

Experimental Section 
A. Sample. A commercial polyisoprene predominantly cis 

(Natsyn 2200; Goodyear Corp.) with a sulfur cure (nominal size 
1.4 mm X 0.9 mm X 10 mm) was used in our study (Plymouth 
Rubber Co., Inc.; Revere size 16). The modulus C N 6.65 X lo' 
kg/m2 and the average molecular weight between cross-links M, 

3500 (the number of monomer segments/network chain is 
roughly 50) as determined from stress-strain data at low elon- 
gation; swelling measurements indicate a somewhat lower range 
for M,, 2300-2900. Prior to using, the sample was extracted with 
benzene for 12 h. 

Preweighed samples of dry elastomer were exposed to the 
vapor/liquid of the swelling agents (commercial perdeuterated 
solvents were employed) and the volume fraction of polymer, 4, 
was determined by weighing the samples before and after the 
NMR experiment (additivity of polymer ( p  = 0.92 g/cm3) and 
solvent volumes was assumed). As the measurements were carried 
out in a capped NMR tube, the uncertainty in 4 was approxi- 
mately 5%. We used an optical determination of the extension 
ratio, X = L/Lo, where L and Lo are the strained and unstrained 
lengths of the swollen elastomer, respectively; L was determined 
to within *0.2 mm. 

B. NMR A commercial Fourier transform NMR spectrometer 
(Bruker WH-90) with deuterium observation at 13.82 MHz and 
an external deuterium lock was used. A conventional 5-mm NMR 
tube WM modified with a Teflon bottom to hold the elastomer, 
and a glass insert through the cap enabled simple uniaxial ex- 
tension of the sample. The stress constraint d is coincident with 
the tube axis and at right angles to the spectrometer magnetic 
field (Q = 90' in eq 5). With the less than optimum f i g  factor 
and the decrease in effective sample size with increasing A, signal 
averaging was necessary but not prohibitive. 

Results 
Figure 1 shows the transformation in the 2H NMR 

spectrum of hexadeuteriobenzene (C6D6) in the rubber 
network (4 = 0.5) from a single line (A = 1, isotropic me- 
dium) to a quadrupolar doublet as the uniaxial stress in- 
creases. The finite values for Av are indicative of aniso- 
tropic reorientational diffusion for c& constrained by the 
uniaxial field generated by the deformed network chains. 
The phenomenon is quite general; similar results were 
observed in swollen poly(dimethylsi1oxane) networks. The 
observed line width, -35 Hz, is probably determined by 
bulk magnetic inhomogeneity effects resulting from the 
sample holder and the noncylindrical sample shape (the 
samples were not spinning). 

Figure 2 demonstrates that nearly spherical swelling 
agents (CDC13) as well as completely flexible swelling 
agents (n-hept~~1e-d16) exhibit anisotropic reorientational 
diffusion in the deformed network. For those solvents with 
more than one type of deuteron, multiple quadrupolar 
doublets are present in the spectrum. The Av can be 
assigned with a knowledge of the chemical shifts and in- 
tensities of the various types of deuterons. For p-xy- 
lene-dlo, there are two overlapping doublets; the upfield 
intense doublet is due to the CD3 groups and the low-field 
doublet is from the ring. In the network swollen with 
n-heptane-d16 the central doublet corresponds to the ter- 
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Figure 1. Evolution of quadrupolar splittings in the deuterium 
NMR spectra of the swelling solvent C&j for a rubber network 
(polymer volume fraction 4 = 0.5) as a sample is uniaxially 
elongated. The extension ratio X is relative to the swollen, un- 
strained state. The small central resonance apparent at large X 
is attributed to isotropic C.& in the vapor phase. 
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Figure 2. Deuterium NMR spectra of c&, CDCl,, p-xylene-dlo, 
and n-heptane-d16 used as swelling agents in a strained rubber 
network (A = 2; 4 = 0.5). The latter two solvents have chemically 
inequivalent deuterons and exhibit more than one quadrupolar 
doublet. Additionally, the lower symmetry of the latter solvents 
requires more than one order parameter, S to specify the solvent 
orientation. As the observed Av will be fitermined by a linear 
combination of the S , a comparison of solvent orientational order 
among the four swefing agents by simple inspection of the Av 
is precluded. 

mind CD3 groups; the individual methylene doublets are 
superposed within the larger outer doublet and can be 
resolved only a t  high A. 

Figure 3 illustrates that Av, for networks swollen with 
c,@6 to different volume fractions of elastomer, is a linear 
function of X2 - X-l. The variation of Au with X is com- 
pletely reversible with the strain; the range of X for highly 
swollen networks is limited by the breaking tensile strength 

A 
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Figure 3. Quadrupolar splitting Av (left ordinate) and calculated 
order parameter S,  (right ordinate) of C p ,  in the rubber network 
vs. X2 - X-' for various degrees of swelling (4). The observed Av 
are completely reversible with the extension ratio A. 

IOL// d3 d4 0.a 0; 0.; o i  0.b 

+ 
Figure 4. Slopes of b w. X2 - X-l data of the type shown in Figure 
3 plotted against polymer volume fraction 4 on a log-log scale. 
Within the experimental uncertainties (indicated) the data exhibit 
a 4" dependence, where rn = 4 / 3  (straight line). 

of the sample. The right-hand ordinate in Figure 3 shows 
the orientational order parameter of the benzene c6 axis, 
S,,, calculated with eq 5 with D = q5 = 90° and e2qQ/h = 
190 kHz. The values of this order parameter are similar 
in magnitude to those found for solvent molecules in lyo- 
tropic polymeric liquid crystals;31 S,, is about 2 orders of 
magnitude smaller in the swollen network than that ob- 
served for the c,@6 probe in thermotropic liquid crystals.32 

Figure 4 is a log-log plot of the slopes A v / ( X 2  - X-l), 
derived from data of the type shown in Figure 3, v9. volume 
fraction of network chains. The plot shows that the 4 
dependence of Av is of the form #m, where within the 
experimental uncertainties, m = 4/3. 

Discussion 
The solvent acquires nonzero average orientational order 

as it diffuses33 through the deformed fluid elastomer. It 
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appears in the 2H NMR spectrum of labeled swelling 
agents in the form of discrete quadrupolar splittings. This 
general behavior is evidence for a nematic-like orientational 
field in the deformed network that has its origins in the 
short-range interactions between partially aligned chain 
segments. Nematic-like interactions will in turn enhance 
segment orientational order above that anticipated by the 
affine deformation of isolated chains. The enhanced 
segment orientational order and concomitant reduction in 
the stress in the presence of the nematic interaction have 
been examined theoretically before;8-12 a recent comple- 
mentary treatment of this subject consid,ered an elasto- 
meric network swollen with an actual nematogenic sol- 
vent.34 In the following section we cache this problem in 
the framework of a lattice model of the swollen network 
which includes the effects of the nematic-like field probed 
by the labeled swelling agent; explicit relationships among 
the equilibrium degree of nematic-like order, S, the degree 
of swelling of the network, 6, and the network deformation, 
A, are derived. 

A. Lattice Model. The presence of nematic-like in- 
teractions among the chain segments in a lattice model of 
a swollen regular network under uniaxial tension will 
modify the usual expression for 3, the free energy per 
site,3s in the following way: 

Macromolecules 

fa3 
kT 1 

3 / k T  = (1 - 4) In (1 - 4) - - (A  - 1) + 

X2( 1 - ES + 
2 NRo2 

(7) 

The first two terms correspond to the translational entropy 
of the solvent and the energy associated with the nominal 
stress f induced in the network by the strain X (low-de- 
formational limit, X < 2); $ is the fraction of lattice sites 
(each with volume a3) occupied by chain segments. The 
orientational order associated with the mean field is 
characterized by the orientational order parameter S; the 
remaining terms involve the effect of this nematic-like 
mean field. 

First, there are two terms quadratic in S which represent 
the coupling of the segments and the coupling of the 
solvent with the nematic field with a coupling constant A 
assumed to be identical for both species. For systems 
which spontaneously form an ordered phase with no ex- 
ternal constraints imposed (e.g., liquid crystals), A has the 
form a(T - P), where P corresponds to the temperature 
limit of metastability of the isotropic phase.36 As con- 
ventional chain segments and solvents have little pro- 
pensity for spontaneous ordering, P < T and, therefore, 
A > 0. The modification of segment-solvent interactions 
(xo) due to orientation correlations is expected to be 
negligible (xl << 1) for conventional segment-solvent 
species and this contribution to 3 will be ignored in sub- 
sequent expressions. The final term in eq 7 represents the 
Gaussian entropic elasticity (constant volume and affine 
deformation are assumed) modified by the presence of the 
nematic-like interactions. In the coefficient of this term, 
N is the number of chain segments beween cross-links, Ro 
corresponds to the unperturbed dimensions of the chain, 
and R represents the dimensions in the swollen, unde- 
formed network; R is related to $ by the packing condition 
$R3/a3 = N. The operationally ill-defined coefficient (Q 
in notation of ref 35) dependent on network functionality 
is set to unity. The entropic term is decomposed into 

interactions along the constraint direction d and those 
normal to d. In the former, to first order the coupling of 
the segments with S for a given X decreases the elastic 
energy by an amount proportional to -ESh2 (the negative 
sign for this term has been discussed before"); F << E.  

The equilibrium value of S, the nematic-like order 
generated in the deformed network, may be obtained by 
minimizing the free energy at fixed X and $. a 3 / a S  = 0 
yields in the limit F /  N << A 

(8) 

This expression can be further simplified in the case of low 
deformations (X2/N << 1) to give 

where S*, is readily identified as the ideal segment order 
parameter deduced from kinetic theories of rubber elas- 
t i ~ i t y . ~ ~  The X dependence of the quadrupolar splittings 
of the solvent (Figure 3) is in excellent agreement with the 
predictions of eq 9. The magnitude of the factor $ E / A  
can be estimated from Au (eq 5 and 6) with values for g 
and N, e.g., for $ = g = 1 and N = 100 we obtain $ E / A  
N 1. 

The presence of the nematic-like interaction results in 
an enhancement of the segment orientational order by the 
amount ($E/A)S*,. When this enhancement is combined 
with the orientation caused by the affine deformation of 
the ideal chain, S*%, the total segment orientational order 
is given by 

(10) 

Identical expressions for S, were derived by Jarry and 
MonnerieI2 with a statistical calculation of a three-chain 
model of the network and by Tanaka and Allenlo from the 
consideration of packing entropy using a lattice model. 

B. Network Swelling. The Tanaka and Allen treat- 
ment of this problem provides a starting point for infer- 
ences about the $ dependence of the coupling coefficients 
E and A.  The enhancement factor $ E / A  is identified with 
their factor G (eq 20 in ref 10) 

(11) 

The 4 dependence of G was derived by these workers for 
two models: a random lattice walk and a restricted lattice 
walk for which the parameter e in eq 11 is and 27/8, 
respectively. The computed $ dependence of G (see Figure 
1 of ref 10) can be contrasted with experimental data of 
the type shown in Figure 3. For fixed A, we anticipate that 
Au/(X2 - X-1)$-2/3 G (see eq 5,6, and 9; note: R2 a $-2/3). 

In Figure 5 we show Au/ (X2  - X-1)$-2/3 renormalized to 
1.0 and 0.5, respectively, for the dry network ($ = l ) ,  
derived from the slopes of Av vs. X2 - X-' plots (Figure 3). 
The general agreement between experiment and the com- 
puted $ dependencelo (solid lines) is quite good; the ex- 
perimental uncertainty does not warrant a distinction 
between the two network models. Also shown in Figure 
5 is a hypothetical $2 dependence of the short-range en- 
hancement factor; namely, $ E / A  a @ (dotted line). This 
$2 dependence is close to the computed behavior of G and 
the experimental observations. Moreover, if we combine 
this 42 dependence in eq 9 with the $ dependence of the 
chain dimension, R2 a 4-2/3, we find Av a gS a $4/3. The 
quadrupolar splittings of the solvent do, in fact, demon- 

Sseg = S*seg(l + $ E / A )  

G = $ E / A  = [4e(3 - $)/9$ - 11-l 
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Figure 5. Computed 4 dependence of G (eq 11) derived by 
Tanaka and Allenlo (solid lines) and a @ dependence (dotted 
lines); the random lattice walk and restricted lattice walk models 
of the swollen network correspond to intercepts of 1.0 and 0.5, 
respectively. The experimental data for the exhancement factor 
4 E / A  are derived from Figure 3 by dividing by 62/3 (see text) 
and then renormalizing to 1.0 and 0.5 for 4 = 1. 

strate the 44/3 behavior (Figure 4). Hence, it appears that 
the changes in the nematic-like interactions within the 
deformed network on dilution are satisfactorily accounted 
for and reflected in the diluent anisotropic rotational 
diffusion sampled by the 2H NMR experiment. 

C. Stress-Optical Behavior. The description of a 
strained, swollen network with nematic-like interactions 
can be readily extended to opticoelastic phenomena. 
Letting the polarizability of the swollen network along the 
constraint director d ,  PI[, and that normal to d ,  P,, be 
additive functions of the appropriately weighted contri- 
bution from the partially oriented chain segments and 
solvent molecules, we find 

In eq 12 it is implicitly assumed that the segment and 
solvent polarizability anisotropies, Aa* and A d ,  respec- 
tively, are derived from ideal uniaxially symmetric entities; 
S,,, and gS (see eq 6) specify the average orientation of 
the respective symmetry axes relative to d .  The birefrin- 
gence of the network, An, follows from eq 12 if we utilize 
the Lorentz-Lorenz relation and the standard approxi- 
m a t i ~ n ~ ~  relating the differences in principal segment 
(solvent) refractive indices to a mean refractive index no: 

N,, the number of chains per unit volume, is given by Ncl 
= 4-lNa3; for algebraic simplicity, we assume the mean 
refractive indices of a segment and a solvent molecule are 
identical in eq 13. Using the equilibrium order parameters 
derived from the lattice model in eq 12, we find that the 
polarizability anisotropy in eq 13, unlike that in the 
classical kinetic theory (eq 2), consists of three components 
as in eq 14: the ideal segment anisotropy, an enhancement 

+ (1 - 41-g- 'CY' "1 (14) 
Aa* A 

due to short-range interactions of the segments with the 
nematic field, and a component from the partially oriented 
optically anisotropic swelling agent. 

.4 .?I 6 .7 .e .9 1.0 + 
Figure 6. Stress-optical coefficient data of Gebhard et al." for 
trans-1,5-polypentamer swollen with C C 4  in the form of C - C* 
plotted vs. volume fraction of polymer on a log-log scale; the 
intrinsic value C* e 2.0 is obtained from the limiting value of 
C as $I - 0. The solid line corresponds to a $2 dependence for 
the quantity C - C*. 

In order to obtain the stress-optical coefficient from eq 
13, we find the equilibrium true stress t in the lattice model 
by setting A(d3/dA) = 0 
t =  

The negative correction term to the classical stress (see 
eq 1) arising from the nematic interaction may be neglected 
at low deformations (A2/ N << 1); this term was originally 
investigated in the context of the Mooney-Rivlin equa- 

Using the first term in eq 15 and eq 13 and 14, 
we find for the stress-optical coefficient 

+ (1 - 4) -g- ild "1 (16) Aa* A 

where C* = (47r/18)[(nO2 + 2)2/kTno]Aa* is, within a 
multiplicative constant, identical with that derived from 
the classical theory (eq 3). 

It is clear from the limiting cases of eq 16 that intrinsic 
properties of isolated chains (Aa*) are not simply derived 
from the quotient A n / t .  For dry networks (4 = 1) the 
nematic interaction among segments in the form of the 
ratio of the coupling coefficients, E/A, contributes to C. 
Hence chains with differing monomer primary structures 
will exhibit different stress-optical coefficients via dif- 
ferences in Aa* and the strength of their respective cou- 
plings with the nematic-like field. The latter effect does 
not preclude considerable differences in C for dry networks 
having only small differences in Aa* (originating in ste- 
reochemical differences in the chain primary structure), 
e.g., the cis- and tr~ns-1,4-butadienes.~ 

It is also apparent from eq 16 that when the network 
chains are diluted (4 # 1) by an optically isotropic solvent 
( A d  = 01, the short-range interactions among the segments 
are screened. Further, utilizing the approximate q52 de- 
pendence found in section B for the enhancement factor 
$E/A, we anticipate that C - C* 4E/A @. In Figure 
6 we demonstrate that C - C* does, in fact, exhibit the 
anticipated c $ ~  dependence, using recent measurements of 
C in samples of 1,5-polypentamer swollen with CCl,." In 
principle, C*, and thereby the intrinsic anisotropy of the 
segment polarizability Aa*, can be obtained from mea- 
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Figure 7. Quadrupolar splitting of the swelling agent CDC13 in 
a strained rubber network (A = 2, 6 = 0.5) vs. temperature. 

surements of C in the limit 6 - 0 when the solvent an- 
isotropy A d  = 0. 

When the network is swollen with an optically aniso- 
tropic solvent ( A d  # 01, there is an additional contribution 
to C, the third term in eq 16. Moreover, as there is no a 
priori method for predicting the sign (or magnitude39) of 
g, the proportionality factor relating the average solvent 
orientational order to that of the nematic field, this con- 
tribution could increase or decrease observed values of C 
in swollen networks relative to the value of C in the dry 
network. A case in point is cis-polyisoprene, wherein re- 
ported values of C (m2/kg) are 1.90, 1.55, and 2.15 for the 
unswollen elastomer, that swollen with benzene, and that 
swollen with p-xylene, re~pectively.~ (Note that since the 
symmetry of p-xylene is less than C3, the uniaxial de- 
scription of network polarizability (eq 12) is not applica- 

Lastly, we consider the effect of temperature on the 
nematic-like contributions to C. In Figure 7 we show that 
the quadrupolar splitting of a network swollen with CDC13 
is dependent on temperature. Admittedly, the tempera- 
ture dependence of Au may be due in part to changes in 
probe-medium interactions that affect g (eq 6 and 9). I t  
is probably dominated, however, by changes in the nematic 
interactions with temperature (S*,, is independent of 
temperature). If we use the slope of the Au vs. T data in 
Figure 7, we can estimate the magnitude of the tempera- 
ture dependence of d In C/dT due to those terms involving 
the nematic coupling. We find, using eq 5,6, and 9 that 
for 6 = 0.5 and g = 1, d In (E/A)/dT = N X Hence 
for moderate swelling and reasonable values for the chain 
length ( N  = loo), we can anticipate corrections to d In 
C/dT of the same order of magnitude as that previously 
reported for d In Aa*/dT.“7 Moreover, this contribution 
to d In Aa*/dT persists for networks swollen with o p t i d y  
isotropic solvents (see eq 16 with Aa’ = 0 and finite 6). 
Concluding Remarks 

In the past, investigators using a variety of experimental 
te~hniques”’J~9~~ concluded that short-range orientational 
correlations may play an important role in the physico- 
chemical properties of strained elastomers. We have 
demonstrated that % NMR provides a means for probing 
short-range nematic-like order in strained elastomers. The 
phenomenological lattice description of the orientational 
order of swelling agents in strained elastomers articulates 
the role of the nematic-like interactions in a formulation 
that is readily extended to opticoelastic behavior. We 
obtain an expression for the birefringence of swollen 
networks (eq 13 and 14) wherein there are three contri- 

bie.40) 

butions: the intrinsic segment anisotropy, segment-seg- 
ment correlations, and segment-solvent interactions; these 
terms parallel the three contributions to the birefringence 
intuited by Bullough some 20 years In general, our 
findings emphasize that the presence of nematic-like in- 
teractions in highly swollen networks complicates the ex- 
traction of intrinsic characteristics of isolated chains (d In 
Aa*/dT) from stress-optical data, and this complication 
persists irrespective of the nature of the swelling agent. 

Finally the power of the 2H NMR technique is apparent 
in this study. It obviates the perturbative disadvantages 
characteristic of conventional probe techniques (electron 
spin resonance and fluorescence) while providing a mi- 
croscopic picture of local changes in the elastomer. A 
zero-order approximation to the local response of the 
network chain under deformation may be inferred from 
the 2H NMR of flexible swelling agents such as the n- 
heptane-d16 (Figure 2). One of us has recently presented 
a scheme for deriving the orientational order of flexible 
probes from the quadrupolar splittings.43 Obviously, the 
chain behavior can be monitored directly with 2H NMR 
and we are currently extending this technique to deuterium 
labels a t  specific sites on the network chains. For a ju- 
dicious choice of a labeled elastomer, it should be possible 
to compare in a complementary manner the short-range 
segmental behavior derived from 2H NMR with long-range 
configurational behavior ascertained from neutron scat- 
tering44 and thereby obtain a complete picture of the re- 
sponse of the network to external constraints. 
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ABSTRACT: 13C NMR was used to characterize the molecular motions which occur in the mobile regions 
of solid Hytrel thermoplastic elastomer, a segmented copolymer composed of tetramethylene terephthalate 
“hard” segments and poly(tetramethy1eneoxy) terephthalate “soft” segments. The samples studied range 
from 0.96 to  0.80 mole fraction hard segments. Proton scalar decoupled (yH2/2* = 4 kHz or 1 G) 13C NMR 
spectra were observed in the solid state for all Hytrel samples but not for the poly(buty1ene terephthalate) 
homopolymer. The fraction of each sample which contributes to the scalar-decoupled spectrum was found 
to consist of all of the aliphatic carbons of the soft segments and -10% of the terephthalate and hard-segment 
carbons. The soft-segment aliphatic carbon line widths are a linear function of the average hard block length 
of the polymer but are essentially independent of temperature over the range 30-110 “C. The TI values are 
identical for both soft-segment aliphatic carbons and are independent of the mole fraction of hard segment 
in the polymer. The T1 values increase with increasing field strength and with increasing temperature. The 
NOE values at 47 kG for the soft-segment OCH2 and CH2CHzCH2CHz carbons are also independent of the 
hard-segment content of the polymer. Taken together, these data indicate that the part of the dipolar 
Hamiltonian made time dependent by anisotropic thermal motion is independent of the hard-segment content 
of the polymer. However, the angular range over which reorientation occurs is directly related to the average 
hard block length. These results support a model for Hytrel structure in which there is phase separation 
and in which there is negligible mixing of the two phases a t  the domain boundaries. 

Introduction 
Block copolymer thermoplastic elastomers generally 

contain amorphous “soft” segments and structured “hard” 
segments which are not miscible. The chemical incom- 
patibility of the two segments results in  phase separation, 
from which the unique mechanical and thermal properties 
of these polymers derive. The soft  segments impar t  
elastomeric character to the polymers, whereas the hard 
segments form thermally reversible noncovalent networks 
analogous to the covalent cross-links i n  elastomers. The 
hard-segment networks rely on various intramolecular 
interactions for their  stability: the hard segments of the 
polyurethanes are stabilized b y  hydrogen bonding,l the 
styrene-butadiene or -isoprene block copolymer hard 
segments contain polystyrene i n  the glassy phaseY2 the 
ionomer resins rely upon ion clusters i n  the hard phase for 
their structural ~ tab i l i ty ,”~  and the polyester hard segments 
form a network of crystalline lamellar  region^.^ 

Although the nature of the microphase separation,6 the 
dynamic interactions between the chains in the hard and 
soft  p h a s e ~ , ~ J > ~  and the composition of the domain  
boundariesg i n  the polyurethanes, the polystyrene-buta- 
diene, and the polystyreneisoprene systems have been the 
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subjects of recent active study, the polyester class of block 
copolymers seems to have escaped a similar systematic  
e ~ a m i n a t i o n . ~  

Hytrel is a thermoplastic polyester elastomer produced 
by  E. I. du Pont de Nemours and Co. and is available i n  
a range of compositions of m tetramethylene terephthalate 
hard segments  and n poly(tetramethy1eneoxy) tere- 
phthalate soft segments. 

“hard” “soft” 

Hytrel  is formed by  the melt transesterification of di- 
methyl  terephthalate, 1,4-butanediol, and poly(tetra- 
methylene ether)  glycol, the latter having a number-av- 
erage molecular weight of about 1000.lo The distribution 
of the copolymer blocks is assumed to be random.sJ1 

Electron microscopy has shown that these copolymers 
exhibi t  a two-phase m ~ r p h o l o g y . ~ J ~ J ~  However, the 
structure consists of cont inuous and interpenetrat ing 
crystalline and amorphous phases? rather than the discrete 
domain structure which is seen for  styrene-butadiene or 
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