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ABSTRACT: This work deals with the spin-system response of nuclei attached to polymer chains in a gel. 
It is shown that elongation effects and internal fluctuations of chain segments are involved in the gel elasticity 
and in the relaxation of transverse magnetization, using a phantom network model. Effects of an affine 
deformation of chain segments on NMR properties are discussed considering a uniaxially strained network 
structure. The X - 1/X2 dependence of the retractive force is contrasted to the X2 - 1/X  dependence of magnetic 
relaxation rates (A is the stretching ratio). 

I. Introduction 
The purpose of this work is to show that the elasticity 

property of any polymeric gel can be connected to a specific 
nuclear magnetic relaxation mechanism. More precisely, 
internal fluctuations involved in the response of a gel to 
a weak static strain will be shown to also govern the 
pseudosolid (solidlike) response of nuclear spins, usually 
observed in such a system.l It is now well established that 
the dynamics of the transverse magnetization of nuclei 
attached to polymers may reflect the state of stretching 
of chain segments in a melt or in a network structure. 
More generally, a residual energy of tensorial spin-spin 
interactions has been shown to arise from nonisotropic 
rotational diffusions of monomeric units, induced by all 
topological constraints exerted on structural chain seg- 
mentsa2 These are usually determined from a cutoff in 
chain fluctuations originating form nodes in a gel or from 
a dynamic screening effect in a melt. 

It is worth emphasizing that the residual energy hAr of 
spin-spin interactions is closely related to the asymmetry 
character of hindered motions of monomer units. Starting 
from the description of free chain segments where the 
residual energy is equal to zero, hAr also corresponds to 
a reduction of entropy or, more generally, to a volume 
restriction of phase space associated with all constraints 
encountered by chain segments embedded in a gel. These 
constraints concern the presence of nodes and cross-links 
as well as the existence of monomer unit-monomer uFit 
interactions. It may be stated that the residual energy hA, 
reflects the individual fractal character of a given chain 
segment swollen by all other surrounding segments: the 
higher the fractal character, the lower the residual energy 
in a gel. It is recalled that free chain segments in a melt 
obey a Gaussian  statistic^;^ therefore they have a fractional 
exponent equal to 2. This exponent increases in a gel 
because of constraints. Accordingly, it is inferred that the 
residual energy is like the static modulus of elasticity of 
a gel; i t  may depend upon two main properties of chain 
segments: their elongation between nodes ( ie) and their 
configurational fluctuations ((?e - 

Among the many questions concerning the description 
of gel systems are (i) the demonstration of the presence 
of fluctuations of nodes whether these are covalent bonds 
or not and (ii) the interpretation of an affinity property 
affecting the average displacements of these nodes under 
the effect of a weak elongation of a gel.* 

It will be shown in this work that these two crucial 
properties are also involved in the spin-system response 
observed in gels. 

11. Simple Description of Elasticity 
Ordinary Fluids. The simple description of elasticity 

used throughout this approach starts from the free-en- 

= rO2. 

thalpy function of the system. It relies upon a well-known 
property concerning ordinary fluidse5 Considering the free 
enthalpy function G @ , T )  of any fluid, the derivative 
( d G / a V ) T  is -x, the isothermal compressibility of the fluid; 
it is also related to the mean square of fluctuations of the 
extensive variable V representing the volume: 

( A V )  = +xVkT -VkT/(aG/dV)T (1) 

V and T are statistically independent variables. A similar 
approach can be developed for gel systems. 

Gel Systems. (a) Model. The gel system is described 
as a giant molecule consisting of cross-link points con- 
nected by chain segmqnts. Positions of cross-link points 
in space are denoted Rj  0‘ = 1 ,2 ,  ..., N,). It is considered 
that the gel has no defects, i.e., no dangling chains. All 
chain segments are attached to cross-links. The func- 
tionality is uniform throughout the sample; it is equal to 
f .  It is now assumed that extensive variables used to de, 
scrjbe the gel system are end-separation vectors Yij = Ri 
- RP The conjugate intensive variables are the internal 
forces f i j ;  at  equilibrium, these obey the relationship 

&jij = 0 (i, j = 1 ,  2 ,  . . e ,  Nc) 
j = l  

The free-enthalpy functiog associated with the gel system 
is called G(fij],T)J where vi,] stands for all internal forces. 
The function G(fij),T) is appropriate to the description of 
fluctuations of cross-link positions in space.6 

Any average end-separation vector is obtained from the 
state equations 

and the correlation function of any two components xi, and 
y1, of i$ and F;, vectors is given by 

(4) 

where fimY is the y component of the force f!,. Also 

Formula 4’ applies to all components of ?ij vectors, defied 
along x ,  y, and z axes. For the sake of simplicity but 
without any loss of generality, it is now assumed that 
cross-correlation functions are equal to zero: 

(5) 
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From the state equations (31, the free enthalpy can be 
expressed as an implicit function of the extensive variables 

(b) Uniaxial Stretching. When the gel system expe- 
riences a force applied along the z-axis, its length is 
multiplied by X in the direction of the force; to keep the 
sample volume invariant, its width measured along the 
directions x or y perpendicular to the force is divided by 

The gel system under &_retching is described from 
the free-enthalpy function G(lf,),X,T). The affinity prop- 
erty is now applied in the following way. Considering any 
end-separation vector Fij, its average components ( x i j ) ,  
(yg), and ( zij) in the absence of elongation are transformed 
in affinity with the sample deformation: (uij(X)) = 
(xij)/X1I2, (uij(X)) = (yij)/X'12, and (wij(X)) = X(zij), re- 
spectively. This hypothesis implies the following prop- 
erties of the state equations: 

( F i j )  : G(( ( yij ) 1,T) * 
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Intensive variables fijl are functions of average displace- 
menta (uij( A) ), ( I+( A) ), and ( wij(X) ). Now, the derivative 
(aG/a& is written as 

where all cross-terms are omitted. Then 

In accordance with the phantom network model, 
mean-square fluctuations are supposed to be independent 
of X for slight deformations:' 

C ( A z i f )  = E(AYif)  = E ( A x i f )  = C ( G i f ) / 3  (9) 
i j  i j  1J 1J 

Also, it is assumed that C ( ~ i j ) ~  = E (yij)2 = E ( zi j )2 .  Then, 
in the same way 

with Lo the initial length of the gel (A = 1). Therefore, the 
force per unit initial area, corresponding to the elongation 
A, is given by 

where V3 is the gel volume supposed to be invariant. The 
summation extends over all chains, v in number. Let the 
expression 

The above formula is equivalent to usual expressions 
proposed to describe small elongation of gels, in the sim- 
plest way.' Connections of the elasticity property of a gel 
with the response of nuclear spins attached to polymer 
chains will be discussed in the next section. 

111. Transverse Magnetic Relaxation 
It may be worth briefly recalling the way NMR is sued 

to investigate elementary chain properties in network 
structures. 

Partial Motional Averaging. A given elementary 
chain is considered with a fixed end-separation vector F i j  
whatever the origins of the constraint applied to the seg- 
ment. Instantaneous orientations of any skeletal bond a 
obey a distribution function compatible with the end- 
separation vector Fij: P(Fi j:Z). Monomer units undergo 
nonisotropic rotational diffusions. 

It is first considered that the elementary chain is in a 
frozen state like the glassy state. Then the static distri- 
bution of orientations of bonds within a chain segment is 
also given by P(iij;ri); it now describes an ensemble average 
instead of a time average. The average extends over all 
elementary chains characterized by the same end-separa- 
tion vector Fik Neglecting dipole-dipole interactions be- 
tween spins (I = located on different chain segments, 
a second moment p2s(Fi,i) and a fourth one pq8(Fij) are as- 
sociated with the dynamics of the transverse nuclear 
magnetization defined along the chain. They are calcu- 
lated according to usual formulas, taking dipole-dipole 
interactions 7fijD existing within a chain segment into 
con~ideration.~ Then turning back to the case where 
random motions of monomeric units occur while end- 
separation vectors are fixed, the second moment is in- 
variant whereas the fourth moment is expressed as 

~ ~ q ~ ( i i j )  = ~4YFij) - p z s ( F i j ) r o o e ( 0 )  (13) 

when rooe(0) represents the second time derivative of the 
correlation function describing random motions of mo- 
nomeric units, whatever the complexity of these motions. 
Also, the first-order average of dipole-dipole interactions 
is not equal to zero: there is a residual energy of dipole- 
dipole interactions h7fije. For the sake of simplicity, the 
analysis is now restricted to noninteracting proton pairs. 
The first-order average leads to a splitting of resonance 
frequencies: wo f tije (wo is the Larmor frequency of 
protons); tije will be expressed subsequently. The second 
moment associated with tije is = (tije)2. A well- 
resolved doublet of resonance lines is obtained whenever 
the following inequality is satisfied: 

The above well-known inequality determines the con- 
dition necessary to observe a partial motional narrowing 
effect of dipoledipole interactions. The effect of hindered 
diffusional rotations of monomeric units amounts to the 
elimination of the p2s - p2e part of the second moment 
p$(Fij). Then, the well-defined splitting 2tije becomes the 
parameter of investigations of properties of the gel system. 
The NMR approach described throughout this study will 
rely upon this fundamental property, induced by a partial 
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motional averaging process of spin-spin interactions. The 
nuclear magnetization associated with a proton pair at- 
tached to a given chain segment is simply written as 

MZe(t , i i j )  = '/z exp(fieijet) (15) 

Transfer of NMR Properties. Considering again 
noninteracting proton pairs, the general expression of the 
splitting parameter t i j e  is 

r i j e ( i i j )  = (3y2h/4b3)3iij2(3 cos2 di j  - 1)/5Le2 (16) 

It is a function of both the orientation did of the end-sep- 
aration vector i i j and the ratio IFi .I/Le; Le is the contour 
length of the chain segment. The dipole-dipole interaction 
of two protons separated by a distance b is 3y2h/4b3. The 
ratio l i i  ,I/Le gives an illustration of the competitive roles 
played 6y the chain length and the chain extension, in the 
stretching effect. It also illustrates the sensitivity of NMR 
properties to the fractal character of a chain segment. 
When the segment (ij) is completely stretched (liijl = Le), 
it has no fractal character, and the dipole-dipole inter- 
action within a proton pair is maximum. When the seg- 
ment is slightly stretched (liijl = o), the residual energy 
is reduced by the factor liijI2Le2; the fractal character is 
maximum and the fractal exponent is D = 2. More gen- 
erally, the parameter ei; reflects not only elongation effects 
but also all topological constraints which hinder monomeric 
unit motions. 

Formula 16 applies to real Gaussian chains. It actually 
describes a transfer of NMR properties from the local 
space scale associated with any monomeric unit to the 
semilocal space scale determined by end-separation vectors 
iik Details about the dynamics of monomeric units are 
completely ignored; we are only interested in the asym- 
metry property of the rotational motions. This asymmetry 
character is mainly governed by the elongation vector iik 

More generally, but without entering into a description 
too detailed, the second moment pc lZa( i i j )  associated with 
all proton groups attached along a given chain segment is 
reduced to p2 ' ( i i j ) ,  with 

~ 2 ' ( ? i j )  = Tr ([7fije,Mx])2/Tr W,2) (17) 

M ,  is the transverse magnetization operator. 
The part p2s ( i i j )  - p2'(iij) is reduced by random motions 

of monomeric units, provided that the part ~ ~ ~ ( 7 ~ ~ )  - pe( i i j )  
of the fourth moment is strong enough compared with 
( p Z s ( i i j )  - ~ ~ ' ( ( ? j ) ) ~ ;  p4'(iij) is defined in an usual way from 
the residual interaction 7 f .  ,e. When this condition is 
fulfilled, it can be considered that the transverse magne- 
tization dynamics is purely governed by the residual energy 
of spin-spin interactions h7fije: 

M / ( t ; i i j )  = Tr ' J  MXe-'"iJotMx)/Tr {M:) (18) 

Several cases must now be discussed, depending upon the 
model chosen to describe gel systems. 

Frozen Cross-Links. Noninteracting proton pairs are 
considered again. In the case where it is supposed that 
cross-links do not fluctuate at all, end-separation vectors 
obey a distribution function I I ( i i j ) ,  describing the whole 
gel system; NMR properties result from the isotropic av- 
erage of nonisotropic effects associated with every ele- 
mentary chain. Then, the second moment of the spectrum 
is given by ( e i j e ) 2  and the fourth moment also corresponds 
to 

$II(iij)(rije)2n diij n = 1, 2 (19) 

More generally, the dynamics of the transverse magneti- 
zation observed in such a gel system is given by 
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It reflects the distribution of vectors joining cross-link 
points. The response MxG(t)  has been already calculated 
in the case of a Gaussian distribution of i i j  vectors:2 

with 

U(6) = ((1 + 362)2 + 466)'/2 

and 

6 = t ( 0 . 6 A ~ ~ a ~ / 3 L e ~ ) ' / ~  

a is the mean skeletal bond length and A, = 0.67y2h/b3 
is the second moment which would be observed in a glassy 
state. 

The case of nonfluctuating cross-links has no equivalent 
description within the framework of analysis of gel system 
properties presented in section 11. This simplest theory 
of gel elasticity is known to be independent of internal 
properties of elementary chains. It only depends upon the 
number of cross-links per unit v o l ~ m e . ~  

Fluctuating Cross-Links. It is now supposed that 
positions of cross-link points fluctuate in time. This as- 
sumption implies that end-separation vectors are time 
dependent: i i j ( t ) .  The determination of the crucial role 
played by cross-link fluctuations and the characterization 
of the rate of these fluctuations are two main problems 
encountered nowadays, in the description of the mechan- 
ical response of gels. Considering the response of spins 
attached to polymer chains, two main cases can be con- 
sidered depending upon the rate of cross-link fluctuations. 

(a) Rapidly Fluctuating Cross-Links. Observing a 
given chain segment, characterized by an end-separation 
vector iij, there is a residual energy e i j e ( i i j ) ,  as given by 
formula 16. Assuming now that cross-links fluctuate in 
time, there is a new residual energy eijf corresponding to 
these fluctuations: 

e .  .f = ( ( e i j e ) ) f  

where the symbol ( (  ) )  stands for a double time average 
affecting motions of monomeric units. 

When fluctuations are fast enough, i.e., when the rate 
of fluctuations 7f1 is higher than (eij' - eijfl, they induce 
a partial motional averaging effect perceived from NMR. 

The dipole-dipole energy is more reduced; however, it 
is not averaged to zero: 

eijf = (3y2h/4b3)3(iij)f2(3 cos2 dij f  - 1)/5Le2 (22) 

The dynamics of the transverse magnetization observed 
in such a system is described by 

MX(t) = In,(( 7. I J  ,) f ) COS Ieij '((7jj)f)t) d(Fij)f (23) 

The distribution of average end-separation vectors (Ti , )f  

is perceived from NMR. A Gaussian distribution can Le 
used to describe all average end-separation vectors. 
However, no information is obtained about internal fluc- 
tuations of chain segments involved in gel elasticity. 

(b) Slowly Fluctuating Cross-Links. In this section, 
it is assumed that cross-link points slowly fluctuate, i.e., 
the rate of fluctuations 7;' is small compared with Iqje - 
eijfl. There is no possible additional motional averaging 
effect observed from NMR. As a characteristic property 
of NMR, fluctuations are perceived in space instead of 
being perceived in time. Considering two consecutive 
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nodes i and j ,  the distribution function of instantaneous 
end-separation vectors Fij is used as a distribution function 
of static end-separation vectors, to calculate NMR prop- 
erties. The average of the spin-system response observed 
in a whole gel is obtained in two steps. The spin-system 
response associated with a given vector Fij is first consid- 
ered. The second moment induced by the residual energy 
governing the magnetization dynamics is expressed as 

MZr(ij) = ( w z e ( ? i J ) )  (24) 

or 

for a proton pair. The average extends over all end-sep- 
aration vectors concerning cross-links i and j .  It is cal- 
culated by assuming that the distribution function of ?,J 
vectors is Gaussian. Then 

Mz'(ij)  = l.22(y4h2/b6)((z1,4) - ( z , , ~ ) ~ ) / L ~ ~  (25) 

where z , ~  is one of the three Cartesian coordinates of the 
stretching vector ?,J. 

Let (A7,;)/3 denote the average quantity ( ( z lJ  - ( z l J ) ) ' ) ;  
M, ( i j )  is easily shown to be equal to 

The second step of the average is extended over all 
chains in a gel 
M2' = MZ'(ij) = \ 

vLe4 

The second moment M,' observed on the whole gel system 
is dependent on internal chain segment fluctuations and 
also on the stretching state of chains, in the absence of gel 
elongation. Quantities determining Mzr also define the 
elasticity constant given by formula 12. 

Small Gel Elongation. Only effects of chain stretching 
induced by the gel elongation will be considered 
throughout the present analysis. The possible enhance- 
ment of orientational effects of monomeric units will be 
left aside.g The direction of tfie force is parallel to that 
of the steady magnetic field Bo. 

(a) No Cross-Link Fluctuations. When there are no 
fluctuations of nodes, whatever their exact nature, the 
residual energy within a chain segment (ij) is simply ex- 
pressed by assuming that the displacements are in affinity 
with the macroscopic deformation of the gel: 

eiJe = (2X2ziJz - y lJ2/X - xlJ2/X)/Le2 (28) 

when it is extended over all chains segments, it is not 
equalo to zero: 

(29) 

Also, the second moment resulting from the residual 

M2' = 0.09(y4h2/b6)a2(3X4 - 21 + 2/X2)/Le2 (30) 

The distribution function of end-separation vectors is 
supposed to be Gaussian. 

(b) Rapidly Fluctuating Cross-Links. In the case of 
rapidly fluctuating cross-links, the residual energy of 
spin-spin interactions assigned to a given chain segment 
(ij) reads 

v-lC€iJe = 2(X2 - l/X)v-'Cz,,Z 
1J 1J 

energy is expressed as 

e lJe  = 0.45(y2~/b3)((2wlJ2(X)) - 
( U , , ~ ( X ) )  - (ulJ2(X)))/Le2 (31) 

The residual energy is averaged over the whole gel 
system, assuming that the affinity property applies to 
average end-separation vectors: 

v- lCt lJe  = 0.9(y2h/b3)(X2 - 1/X)v-1E(zl,)2/Le2 (32) 

The second moment is expressed by formula 30, provided 
that the distribution function of average elongation vectors 
is Gaussian. 

(c) Slowly Fluctuating Cross-Links. The effect of 
slow fluctuations of cross-links is to introduce internal 
chain segment fluctuations and chain elongations: 

1J 1J 

(12X4 + 8/X2 - 
0.21 r4h2/ b6 

M,' = 
Le4 

~ / x ) ~ ~ - ~ X ( Z ~ ~ ) ~  (33) 
i j  I 

IV. Discussion 
The above description can be illustrated from the ob- 

servatior. of the transverse magnetic relaxation of nonin- 
teracting two-spin systems ( I  = l / J  or from quadrupolar 
nuclei ( I  = 1).l"-l2 I t  is worth emphasizing that most 
experimental results concerning NMR properties observed 
in uniaxially strained network structures show a linear 
dependence of the residual tensorial energy upon the ex- 
pression X2 - 1 / X .  Slight deviations from this linear de- 
pendence have not been definitely assigned to the no- 
naffine nature of chain deformation. Actually, intrinsic 
NMR properties, like the mathematical structure of the 
relaxation function,. may be also affected by increasing 
strain; then it cannot be considered that the relaxation rate 
is derived in an invariant way from experimental results, 
whatever the strain strength. 

Surprisingly enough the linear variation of the residual 
energy of spin-spin interactions with respect to the ex- 
pression X2 - 1 / X  well applies to proton pairs although they 
interact with one another. This property has been ob- 
served in uniaxially strained polybutadiene networks 
corresponding to several cross-link concentrations.'2 
Furthermore, a similar result is obtained from uniaxially 
strained silica-siloxane mixtures.13 The dynamics of 
three-spin systems ( I  = 1/2) associated with methyl groups 
attached to siloxane chains is known to parallel that of 
proton pairs; therefore, the state of stretching of chain 
segments is probed in the same way by observing either 
proton pairs or methyl groups.2 Silica particles are ran- 
domly shaped and there are about 100 polymer chains 
bound to one particle. When the concentration of particles 
is high enough and the length of siloxane chains is suitable, 
an infiiite cluster is formed. It behaves like a conventional 
gel system. Although cross-links are far from being pic- 
tured as points, the retractive force per unit initial 
cross-section obeys a linear dependence upon the expres- 
sion X - 1/X2.  This property is equivalent to the depen- 
dence upon X2 - 1 / X  observed from NMR. Consequently, 
the specific dependence of the transverse magnetic relax- 
ation rate upon the difference X2 - 1 / X  is considered as 
strong evidence for affine deformation of elastically ef- 
fective chains, whatever the exact nature of nodes. It 
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affects any chain segment as a whole. In accordance with 
formula 33, the dependence upon h2 - 1 / X  is obtained by 
assuming that elongation effects determined by I z i  . ) 2  

It must be noted that the relaxation rate dependence upon 
X is contrasted to that of the retractive force f ( X )  since it 
varies as X2 - 1 / X  instead of X - 1/X2. 

In accordance with the analysis presented in section 11, 
this nearly general NMR property can be given a frame- 
work of description broader than that developed in section 
111. The transverse nuclear magnetization Mx of the whole 
gel system is supposed to be a function of (FijJ vectors. At 
a given time t ,  the derivative of MI@) with respect to the 
stretching ratio X is expressed as 

dominate over fluctuation effects determined by ( Arij 6 ). 

When a relaxation rate is experimentally found to vary 
as a X2 - 1/X ,  its derivative is a function of 2X + 1/X2.  
Compared with equation 34, such a result implies that 

These equalities correspond to dMI/d( wij) = ( wi .)- 
d M x / d ( u i j )  = -(uij), and dMI/d(uij) = -(uii), respectively. 
Accordingly, the magnetization Mx(t) is a function of 2- 
(wij)' - (ui .)' - (u i j )2  as a whole. Furthermore, the ob- 
servation oT! a X2 - 1 / X  linear dependence indicates that 
slow fluctuations of nodes occur in gel systems. Their 
relaxation rate is probably smaller than r a d d  in 
cross-linked polybutadiene, for example. An affine prop- 
erty applies to the displacements of nodes in gels uniaxially 
stretched. 

V. Conclusion 
The present analysis illustrates the relationship existing 

between the retractive force characterizing a gel system 

under stretching and the relaxation rate of the transverse 
magnetization of nuclei attached to polymer chains. More 
precisely, elongation effects of chain segments connecting 
nodes and internal fluctuations are involved in both the 
spin-system response and the retractive force. Also, the 
nature of the dependence of the magnetic relaxation rate 
upon the stretching ratio may help in discriminating sev- 
eral gel models from one another. The observed X2 - 1 / X  
linear dependence of relaxation rates is in accordance with 
the phantom network model which corresponds to an af- 
fine deformation of elastically effective chains and to 
fluctuations independent of the gel elongation. NMR 
investigations concern the response of statistical structural 
units to macroscopic deformations of a gel. This semi-local 
approach to gel elasticity complements the description 
derived from mechanical measurements. NMR is very 
sensitive to the individual fractal character of chain seg- 
ments resulting from monomer unit-monomer unit in- 
teractions and elongation. The X2 - 1 / X  dependence of 
relaxation rates indicates that any chain segment is af- 
fected by an affine deformation as a whole, whatever the 
nature of nodes. 
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Measurement of Homonuclear Coupling Constants Associated 
with Poly(viny1 fluoride) by 19F Two-Dimensional &Resolved 
Spectroscopy 
Martha D. Bruch* 
Polymer Products Department, E.  I .  du Pont de Nemours and Company, Wilmington, 
Delaware 19898. Received April 1, 1988 

ABSTRACT: NMR spectroscopy provides insight into the conformation of synthetic polymers since the 
magnitudes of the homonuclear scalar coupling constants are sensitive to  changes in the average chain 
conformation. These coupling constants are difficult to extract from conventional spectra since the lines are 
broad and poorly resolved. Two-dimensional J-resolved spectroscopy has been used to  measure the scalar 
coupling constants associated with poly(viny1 fluoride). The magnitude of the scalar coupling constants, and 
hence the average local conformation, is shown to depend markedly on the local stereochemistry of the coupled 
fluorines. The local conformation is only slightly affected by the relative stereochemistry of neighboring vinyl 
fluoride units. 

Introduction because the NMR parameters are sensitive to local 
structural variations. In particular, homonuclear scalar 

crostructure and conformation of polymers coupling constants are of interest since the magnitudes of 
the coupling constants are dependent upon the local chain 
conformation. However, these coupling constants often 
are difficult to measure frUm COnVentiOnd Spectra due to 
unresolved sequence effects on the NMR parameters that 

NMR spectroscopy is a powerful probe into the mi- 

*Present address: Department of Pharmacology, University of 
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