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ABSTRACT: The behavior of network chains in dry poly(dimethylsi1oxane) networks submitted to uniaxial 
extension was investigated by small-angle neutron scattering. The measurements were carried out on 
"end-linked" hetworks. The experimental results were compared with those expected on the basis of the models 
proposed by the classical theories of rubber elasticity, but the observed behavior at the level of the elastic 
chain cannot be interpreted within the framework of a unique model. An interpretation of the chain behavior, 
taking into account a rearrangement of cross-link positions upon deformation, is proposed. 

I. Introduction 
In spite of very intensive theoretical and experimental 

investigations, many questions concerning the behavior of 
elastic chains in rubber networks remain open or are still 
subject to controversy. Therefore the study of the network 
behavior a t  a molecular level in relation to the structural 
characteristics of the system is of major interest. 

A previous article was devoted to an investigation by 
small-angle neutron scattering (SANS) of poly(di- 
methylsiloxane) (PDMS) networks in the dry undeformed 
state;' it was shown that upon cross-linking in the bulk by 
an end-linking process involving a polymer precursor, the 
chain dimensions remain unchanged. On the other hand, 
no memory effect or supercoiling of the elastic chains could 
be observed. 

A macroscopic deformation of the network, either by 
swelling in a solvent or by mechanical constraint, induces 
a displacement of the cross-links and thus gives rise to a 
deformation of the elastic chains attached to the latter. 
An investigation by SANS of the behavior of the elastic 
chains in PDMS networks upon swelling in a thermody- 
namically good solvent has been published recently.2 

The present article is focused on a study of dry PDMS 
networks submitted to uniaxial extension. Again, SANS 
is a powerful technique to characterize the deformation 
of the elastic chains that results from a macroscopic de- 
formation of the system. The scattering experiments were 
carried out on samples on which the stress-strain behavior 
was determined simultaneously. 
11. Theory 

The deformation ratio of a network submitted to a un- 
iaxial extension parallel to the Oz axis is defined by A, = 
A = L/Li ,  where L and Li are the lengths of the deformed 
and undeformed sample. Generally, one assumes that 
deformation occurs a t  constant volume: A, = A, = 
The corresponding elastic force is given by 

A,, is the elastic free energy of the system. 
In the earliest theories of rubber elasticity3-I the 

cross-links were considered to be firmly embedded in the 

elastomeric polymer matrix. This implies that in the de- 
formed sample the displacement of these cross-links is 
affine in the macroscopic deformation. 

The elastic energy was calculated in the case of Gaussian 
 hai ins.^ To define the elastic free energy, a reference state 
was considered, in which the mean square end-to-end 
distance of the elastic chains is the same as that of the 
unperturbed free chains. According to experiments re- 
ported earlier,' this can be considered to be true for 
undeformed dry networks. Under these hypotheses the 
stress u and the shear modulus G are given by 

(2) 
F 

u = - = vRT(A - I-') 
Si 

(3) 

where Si is the cross section of the undeformed sample, 
Y the number of network chains per unit volume, R the gas 
constant, and T the absolute temperature. 

Another approach is based on the "phantom network" 
model of James and Guth?Jo These authors supposed that 
the network chains can move freely without any restriction 
due to neighboring chains. The elastic chains merely 
transmit the forces exerted upon the junctions. The chains 
are assumed to follow Gaussian statistics. Such a phantom 
network can be characterized as follows:9-" (i) the mean 
positions of the cross-links are defined by the macroscopic 
dimensions of the sample, (ii) the displacements of these 
mean positions are affine in the macroscopic deformation, 
and (iii) the fluctuations of the cross-links from their mean 
positions are Gaussian and their amplitude is independent 
of the deformation applied. Graessleyl' has calculated the 
elastic free energy and the strain corresponding to a de- 
formation ratio A: 

u = ( v  - p)RT(A - x-2) (4) 

where p represents the number of cross-links per unit 
volume. The shear modulus of a phantom network is thus 

G = (U - p)RT (5) 
This means that for a tetrafunctional network (where u / p  
= 2 )  G = ' / pRT,  half the shear modulus calculated in the 
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Figure 1. Scheme of a dry network. The star represents a 
reference cross-link (NJ. The sphere has a radius equal to the 
end-bend distance of the elementary elastic chain. The squares 
refer to topological neighboring cross-links (Nz) (directly con- 
nected). The points represent spatial first neighbors (N3). 

absence of cross-link fluctuations (junction affine model 
eq 3 ) .  

The real behavior of a network should be intermediate 
between that of the junction affine and the phantom 
network models. In fact, the network chains strongly in- 
terpenetrate. According to Flory,l3J4 this interpenetration 
induces a stress upon the junction points, but any con- 
tribution of the trapped or the temporary entanglements 
to the elastic behavior of the networks is denied. 

The above theories of rubber elasticity do not allow a 
plausible interpretation of several recent experimental 
r e ~ u l t s : ' ~ J ~  i t  was shown by osmotic deswelling that a 
network can undergo impo-t macroscopic deformations 
without any appreciable change in the dimensions of the 
elastic chains. To  explain such a behavior, Batidel '  
suggested a deformation process based upon a molecular 
rearrangement of the chains. His idea is based on a remark 
by Flory,l* according to  which the network chains are 
strongly interpenetrated in the dry state. This induces a 
distinction between two types of neighboring cross-links 
around any given cross-link N1 of the system (Figure 1): 
(i) the topological first neighbours N2 linked to N1 by an 
elastic chain (there are f topological neighbors if the 
cross-link functionality is f ) ;  and (ii) the spatial first 
neighbors N3, which are at a distance smaller than or equal 
to that of the topological neighbors but not linked directly 

The number n of spatial neighbors can be calculated 
e a s i l ~ . ~ ~ J ' J ~  If (13) is the mean square end-bend distance 
of the elastic chains, all these spatial neighbors to one given 
cross-link are located within a sphere of radius (?) ' I2,  the 
volume of which is V = 4/37r(r2)3/2. For linear Gaussian 
chains, ( r 2 )  is related to the radius of gyration R, by the 
classical expression (?) = 6R and in the case of PDMS 
to the molecular weight by the experimental relation' 

to N1. 

( r 2 )  = 6(O.25)'Mw 

The volume occupied by a single chain is u = (M/N)u , ,  
where A is Avogadro's number and u, the specific volume 
of the polymer. Since the number of chains within the 
volume V is V/u,  the total number of cross-links is given 
by n = ( 2 / f ) ( V / u )  and the ratio of the total number of 
cross-links to the number of topological neighbors is 

In the case of PDMS, n/f = 1.5(M.5)/fL. Table I displays 
the values calculated for PDMS over a molecular weight 
range 3000-23 000 and functionalities of cross-links f = 4 
and 6. It follows that in the unswollen networks used in 
the present investigation the number of spatial neighbors 
is noticeably larger than that of topological neighbors. This 

Figure 2. Scheme for analysis of anisotropic small-angle scat- 
tering. 0 is the scattering angle and D the sample @)-detector 
(P) distance. In the frame of the detector, $ is the azimuthal angle 
of the sector selected for data analysis (0' and 90') and @ is its 
aperture (20'). 

Table I 
Values of the Ratio n/f of the Total Number of Neighbor 

Cross-Links to the Number of Topological Neighbors 
MIl f n / f  
3 100 4 6.5 
6 100 4 9.4 

10 500 4 12.2 
10 500 6 5.4 
23 000 4 17.3 
23 000 6 7.7 

appears on Bastide's model shown in Figure 1. It indicates 
schematically that the path that joins two spatial neighbors 
passes through several other cross-links. This model 
suggests that in a deformed network the elastic chains 
linked to two topological neighbors are less deformed than 
the large path between spatial neighbors. The larger the 
value of n / f ,  the more likely the deformation by rear- 
rangement of cross-links and disinterpenetration of net- 
work chains.15 

111. Experimental Section 
Samples. PDMS networks containing a known fraction of 

deuterated elastic chains were prepared as described earlier' by 
an end-linking process involving a,w-difunctional precursor 
polymers. The samplea were croas-linked in the bulk or in solution 
at polymer concentrations u, above 0.5. Functional polymers with 
molecular weights between 3000 and 25000 were used. The 
volume fraction of deuterated network chains in the samples was 
0.2 in all cases. Some soluble material was extracted from the 
gels with toluene. It corresponds mainly to small cyclic species 
(about 3.6%) always present in the precursor polymers and a very 
small fraction of unreacted functional precursor (0 .349%).  

The uniaxial extension experiments were carried opt on small 
strips of network with dimensions of approximately 40 X 15 X 
1.2 mm. These strips were cut out from the swollen samples and 
dried, very slowly at first, to avoid crack formation, and then under 
vacuum at 60 'C, to constant weight. 

Sample Holder and Stretching Device. The gel strips were 
held firmly on a sample holder by means of two mobile crossheads. 
A micrometric screw operates the displacements of the crossheads. 
This allows stretching of the sample and accurate measurements 
of its length before and after deformation. The upper crosshead 
is fued to a force transducer connected with a measurement bridge 
(HBM KWS 3.082) and a millivoltmeter (Metrix MX 515). This 
apparatus can be fit within the SANS device. 

Thus the force F applied to the sample and the corresponding 
deformation ratio X = L/Li  can be measured, and the stress u = 
F / S ,  calculated. 

SANS Measurements. The neutron scattering experiments 
on stretched PDMS networks were carried out on the D17 
small-angle scattering spectrometer of the Institute Von Laue- 
Langevin (Grenoble, France). The values of the momentum 
transfer 141 = (4x/X) sin (812) are in the range lO-'to 8 X lo-' 
A-1. 

For the analysis of the anisotropy of the samples, two sectors 
of the bidimensional detector were considered: the first one 
corresponds to the direction parallel to the stretching axis and 
the second one to the direction perpendicular to the stretching 
axis (+ = 90' and + = 0'). The width of the sector is characterized 
by the angle @ = 20' (Figure 2), which corresponds to the optimal 
conditions: for lower values of @ the accuracy of the measurements 
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would become poorer; for higher values the intensity measured 
would contain an increasing contribution of a secondary com- 
pound, which cannot be neglected. 

As in the case of undeformed isotropic networks,' the mea- 
surements of the intensity scattered by a partly deuterated system 
have to be  COR^ for incoherent scattering and for the counting 
efficiency of the measuring cells. The incoherent intensity is 
determined by using an undeuterated undeformed sample. It was 
checked that the results are identical in the deformed system. 
It has been established both theoretically and experimentallF= 
that in the case of melts of identical deuterated and undeuterated 
chains, the coherent neutron scattering contribution is directly 
proportional to the intrachain scattering form factor P(q) through 
the relation 

(7 )  
where b D  and b~ are the coherent scattering lengths per unit 
volume of the deuterated and undeuterated species, N is the 
number of chains in the mixture, ( p ~  is the volume fraction of 
deuterated compound, and q is the momentum transfer. Recently, 
it was shown' that this expression is valid also in the case of 
networks containing a high fraction of deuterated elastic chains, 
thus providing a better precision and an appreciable gain of 
exposure time for SANS measurements. 

It must be noted that eq 7 is no longer valid when a molecular 
weight mismatch between H and D species exists. In that case, 
as mentioned in ref 1 and 23, one is led by a Zimm representation 
in the small-q range to evaluate an apparent mean square radius 
of gyration (R2)app. 

I ( q )  - (bD - bH)'N(pD(I - (pD)P(q) 
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As discussed in ref 1, for samples used in the present investiga- 
tions, (R:),, does not differ, within the limit of experimental 
error, from the (R:), value obtained in the case of exact matching 
of H and D species. 

An equation similar to (8) can also be applied in the anisotropic 
case. By analyzing the intensities in the directions parallel (qll) 
and perpendicular ( q l )  to the stretching direction, one obtains 
the component of the radius of gyration in these two main di- 
rections through the relation 

Pk-l(q) N 14- q2(R:)k k 1 1  or 1 (8') 

These two components, Rg,ll and R,,,, can also be calculated as 
a function of the extension ratio A, considering the theoretical 
deformation modes: junction affine deformation, phantom 
network deformation, and affine deformation. 

Junction Affine Deformation. The deformation of the elastic 
chains that is induced by the displacement of the cross-links, affiie 
in the macroscopic deformation, is characterized by the expres- 
s i o n ~ ~ ~ ~ ~ ~  

(9) 

where RgJ is the component of the radius of gyration of the network 
chains in the undeformed system. 

Phantom Network. Pearson% has calculated all and a 1  for 
a uniaxially stretched phantom network. These values depend 
upon the functionality of the cross-links: 

Affine Deformation. This model assumes that the defor- 
mation of each chain segment is affine in the macroscopic de- 
formation. This means that 

Rg,ii/Rg,i = ~ I I  = (13) 
(14) Rg,L/Rg,i = aL = X-'I2 

[ ' ' A f f i n e "  , 
1.4 ,/ " J u n c t i o n , a h i n e "  

. -. 
0.81 1 1  ( 1  i - - - I  I I 1 1  

1 1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9 2 
h 

Figure 3. Variation of the molecular deformation a in the di- 
rection parallel ( 1 1 )  and perpendicular (1) to the stretching di- 
rection. (X) and (+) represent the experimental values obtained 
for two independent measurements on an identical network (M,, 
= 9700). 

The classical theories of elasticity do not consider this model. 
The experimental results can thus be compared with the values 

calculated according to the above equations (9)-(14). One must 
add that during stretching, Rg,Il can reach values that exceed the 
requirement q2(R,2),, << 1. In fact, due to the polydispersity 
of the labeled species (M,/M, - 1.6), this requirement is less 
drastic, a suitable linearity of the Zimm representation being 
obtained up to qR, - 4. 

Accuracy and Reproducibility of the Measurements. On 
Figure 3 the experimental values of all and aL are plotted vs. X 
for two samples originating from the same network. (Molecular 
weight of elastic chains M, = 9 700.) The precision of the value 
of the radius of gyration measured cannot be estimated directly. 
However, it can be characterized by the relative uncertainty 
AR,/R,, which reflects the dispersion of the experimental points 
on the Zimm plots, c / I  = f(q2), from which R ,i, Rg,Il, and Rg,L are 
extracted. This leads to an estimation of Aa/a of approximately 
5%. It follows that the values that correspond to small extension 
ratios (A - 1) have to be accounted for with much care (Figure 
3). 

The relative error of the deformation ratio is rather low: AX/X 
= 0.2%. 

Thus, within the limits of experimental accuracy, the results 
obtained for both samples can be considered as identical. The 
dotted curves in Figure 3 correspond to the calculated variation 
of a vs. X according to the three theoretical models mentioned 
above. The experimental points lie on the curve predicted by 
the phantom network model. 

Simultaneous measurements of the stress applied and of the 
resulting deformation allow the determination of the elastic 
modulus. Another advantage of this procedure is that an acci- 
dental slipping of the sample in the crossheads can be detected 
immediately. It was checked that the measurements of the strain 
are correct within a margin below 5 % .  

In the case of small deformation ratios the moduli were de- 
termined by separate measurements using the Mooney-Rivlin 
equation:27>2s 

./(A - A-2) = 2c1 + 2Czh-' (15) 
The value of G is given to a good approximation by the relation 

G = 2C1 + 2C2 (16) 
An accurate measurement of C1 and C2, which requires strictly 
identical conditions (such as sample dimensions), was not poasible 
in the scope of the present experiments. 

IV. Experimental Results  
We have first tried to establish the influence of the main 

structural parameters of the network and of the conditions 
of network formation on the elastic behavior of the net- 
works and on the conformation of the elastic chains in the 



666 Beltzung, Picot, and Herz Macromolecules, Vol. 17, No. 4, 1984 

t 
"A f f i n e  ' I  "J u n c r i  o n  affine" t / 

1 1 2  1.4 1.6 1.8 2 2.2 
h 

Figure 4. Variation of all and aI as a function of A. Influence 
of the length of the elastic chains (M,,). The networks were 
prepared with a constant functionality (f = 4) and a constant 
concentration at network formation (u, = 0.71). (0) M ,  = 3000; 
(+) M ,  = 6000; (X) M ,  = 10000; (0) M ,  = 25000. The lines 
represent theoretical behaviors. 

deformed systems. These parameters are (i) the molecular 
weight M ,  of the PDMS precursor chains (the length of 
the elastic chains), (ii) the concentration u, at which the 
network is formed, and (iii) the functionality f of the 
cross-links. 

Influence of the Length of the Elastic Chains. 
SANS measurements were carried out on a series of tetra 
functional networks prepared at  a concentration u, = 0.71 
with PDMS precursors of different molecular weight (M,  
= 3000-25 OOO). The weight fraction of deuterated species 
was 20%. 

In Figure 4 the experimental values of all and cyI mea- 
sured at  different deformation ratios are plotted vs. A. As 
in Figure 3, the dotted lines are the calculated curves based 
on the three theoretical models considered. The results 
obtained clearly show that the type of deformation de- 
pends upon the length of the elastic chains: (i) the largest 
variation of the radius of gyration is observed for the 
networks containing the shortest chains; (ii) in no case is 
the deformation of the chains affine in the macroscopic 
deformation; (iii) the discrepancy between the behavior 
observed and the affine behavior increases with increasing 
molecular weight of the network chains. 

In the case of the network containing the longest elastic 
chains (M, N 25000), the deformation is even smaller than 
expected for a phantom network. However, the presence 
of pendent chains cannot be neglected in this latter case. 
The weight fraction w p  of pendent chains can be calculated 
from the amount of extractible polymer. Under the as- 
sumption that a macroscopic deformation does not modify 
the radius of gyration of these pendent chains, the mea- 
sured radius of gyration is given by 

Rg,llm2 = wpRg,lli2 + (1 - wp)Rg,I12 (17) 

and 

The presence of pendent chains also implies a decrease 
of the cross-link functionality since some functional groups 
of the cross-links remain unreacted. The resulting average 
functionality can be easily calculated. 

The corrected values of the radius of gyration are very 
close to those predicted for the phantom network, as shown 
in Table 11. 

Influence of Concentration upon Cross-Linking. 
When networks are prepared with the same precursor 
polymer but at  different polymer concentrations, their 

Table I1 
Variation of Rg,ll with the Deformation 

Ratio h (M, = 25 000)  

Rg,Il,= .A Rg,II(COm),b .A f, = 3.1 
Rg,ll(phantom),c A 

1 59.6 t 0.4 59.6 59.6 
1.13 61.3 f 1.2 61.8 61.0 
1.26 63.9 ?r 1.3 65.1 62.6 
1.39 64.1 ?r 1.2 65.4 64.3 
1.52 65.4 t 1.0 67.0 66.2 
1.65 66.4 +_ 0.9 68.3 68.1 
1.79 67.3 f 1.1 69.4 70.3 
1.92 69.5 t 1.0 72.2 72.4 
2.05 68.8 t 1.0 71.3 74.6 

a Measured values. Values corrected for pendent 
chains. 
network with average cross-link functionality f, = 3.1. 

Table 111 
Influence of the Concentration u, at Network Formation 

on the Shear Modulus G a  

Expected values for elastic chains in a phantom 

Gex t ~ , ~  vRT,' 
UC 10QPa 105 Pa 
1 2.03 2.17 
0.90 1.77 2.21 
0.80 1.55 2.19 
0.70 1.26 1.90 
0.60 1.11 1.91 
0.50 0.50 0.88 

0.98 
1.01 
1.01 
0.83 
0.83 
0.76 

Molecular weight of network chains, M ,  = 10 000. 
Experimental values. 

tion affine model (eq 3) .  
phantom network (eq 4). 

mechanical properties can be quite different. 
We have studied the influence of u, on the macroscopic 

behavior of the networks and on that of the network 
chains. The networks used in this investigation were 
prepared with a precursor polymer of molecular weight M ,  
= 9300 in a concentration range between 0.5 and 1. 

Table 111 shows the experimental values of the moduli 
measured and, for comparison, the theoretical values 
calculated on the basis of the junction affine and of the 
phantom network models (eq 3 and 4). The experimental 
values are always larger than those calculated in the case 
of the phantom network. The slight decrease of the cal- 
culated values of G results from the small increase of the 
number of pendent chains as u, decreases. However, the 
observed decrease of the experimental values of G with 
decreasing u, is far more pronounced. A similar behavior 
was observed earlier on swollen networks and interpreted 
as a contribution of the trapped entanglements to the 
m o d u l u ~ . ~ ~ ~ ~ ~  The number of trappped entanglements in- 
creases with u,. 

Owing to the SANS technique, it is now possible to 
check the influence of u, upon the response of the elastic 
chains to uniaxial extension. The measurements were 
performed on samples prepared with three different pre- 
cursor polymers (M, = 6000,10000, and 25000) in the bulk 
and in solution (u, = 0.60, 0.71, and 1). 

The results obtained for the networks prepared with the 
shortest chains (M,  = 6000) are listed in Table IV. The 
experimental values of a for samples prepared in the bulk 
and those corresponding to networks cross-linked in the 
presence of a solvent (u, = 0.71) can be considered to be 
identical. In both cases the deformation of the elastic 
chains is the same as predicted by the junction affine 
model (displacement of the chain ends affine in the ma- 
croscopic deformation). 

The experimental data concerning the series of networks 
prepared with the PDMS precursor of molecular weight 

Calculated values for the junc- 
Calculated values for the 
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Table IV 

Prepared in Solution and in the Bulka 
Comparison of Molecular Deformation in Networks 
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u, = 1 u, = 0.71 

A. “ II “I h ” I1 a1 

1.11 1.05 r 0.98 ?: 1.11 1.07 1.00 

1.22 1.08 0.98 1.16 1.08 
1.33 1.16 0.97 1.22 1.10 0.99 

1.32 1.15 0.96 

0.4 0.03 

a Molecular weight of network chains, M ,  = 6000. 

Table V 
Comparison of the Molecular Deformation in Networks 

Prepared in Solution and in the Bulka 
u, = 1 u, = 0.60 

h “1 “ I1 ff II ff I1 “I 
u, = 0.71 

1.11 1.03 0.98 
1.12 0.99 1.03 
1.20 1.09 
1.23 0.96 1.05 
1.27 1.05 0.97 
1.35 0.95 1.10 
1.37 1.12 1.08 0.89 
1.40 1.12 
1.46 0.94 1.15 
1.53 0.95 1.16 1.14 0.93 
1.60 1.18 1.15 
1.66 0.93 1.19 
1.70 1.23 
1.78 0.91 1.22 
1.89 0.91 1.25 
1.98 0.89 1.27 

a Molecular weight of network chains, M ,  = 10 000. 

“ 3 u n c t i o n  
1.41 ,// a f f i n e ”  = I  1.3 

,’ 9’’ 
/ z  ,.O 0 

;;.+ 0 

1 1.1 1.2 1.3 1.4 1.5 1 6  1.7 1.8 1.9 

h 
Figure 5. Variation of a,, and aI as a function of h. Influence 
of concentration at network formation (u,). M,, = 9300. (+) u, 
= 1; ( x )  u, = 0.71; (0) u, = 0.6. 

M ,  = 10000 are gathered in Table V. 
In Figure 5 the values of all and cyl are plotted vs. A: in 

this case all the experimental points fit rather well the 
curve predicted for a phantom network. Thus at the 
molecular level there is no significant difference in behavior 
between samples prepared at different concentrations u,; 
this contrasts with the noticeable variation of the modulus 
with u, (Table VI). 

The third series of networks investigated has elastic 
chains of molecular weight 25 OOO. In the previous section 
it was shown that such a network prepared at a concen- 
tration u, = 0.71 behaves like a phantom network in its 
molecular response to deformation (Figure 4). When the 
network is prepared in the bulk, the experimental values 
of a are slightly higher than those predicted for a phantom 
network but still below the values calculated under the 

Table VI 
Influence of Concentration u, on the Shear Modulus’]! 

b V ~ ~ , ~  (U - P ) R T , ~  Gexptl, l o 5  Pa l o 5  Pa l o 5  Pa U P  
~~~ 

1 2.08 2.12 0.97 
0.71 1.35 2.06 0.93 
0.60 1.08 1.85 0.80 

Molecular weight of network chains, M ,  = 10 000. 
Calculated values for the junc- 

Calculated values for the 
Experimental values. 

tion affine model (eq 3). 
phantom network (eq 4). 

Table VI1 
Molecular Deformation of a Tetrafunctional Network with 
Long Elastic Chains (M, = 25 000) Prepared in the Bulk 

1.39 1.13 1.11 1.21 
1.51 1.21 1.15 1.28 
1.73 1.27 1 . 2 3  1.42 

Predicted values for the phantom network (eq 11). 
Predicted values for the junction affine model (eq 8) .  

Table VI11 
Influence of the Concentration u, on the Shear Modulus 

of Tetrafunctional Networks Prepared in 
Solution and in the Bulka 

~~~ 

Gexptl, ( V  - P ) R T , ~  vRT,‘ 
uc  l o 5  Pa l o5  Pa l o 5  Pa 
1 0.85 0.32 0.74 
0.71 0.48 0.27 0.65 

a Molecular weight of network chains, M ,  = 25 000. 
Experimental values. Calculated values for the phan- 

Calculated values for the junction tom network (eq 4). 
affine model (eq 3). 

hypothesis of the junction affine model (Table VII). 
Again, we observe the influence of u, upon the elastic 
modulus (Table VIII). 

Influence of the Functionality of Cross-Links. The 
last parameter investigated that plays a role in the network 
behavior is the functionality f of the cross-links. According 
to the phantom network theory, an increase of the func- 
tionality of the cross-links reduces the fluctuations of their 
average positions. It follows that upon uniaxial stretching 
the deformation of the elastic chains should be enhanced. 
On the other hand, the deformation concept proposed by 
Bastide, which is based upon a disinterpenetration of the 
elastic chains, also assigns a predominant role to the 
functionality, since the ratio nlf is proportional to f -2  (eq 
6). Thus the value of n l f  corresponding to a hexafunc- 
tional network (with elastic chains of M ,  = 10000) is 
smaller than that of a tetrafunctional system with shorter 
chains (M,  = 3100). 

We have studied by SANS three hexafunctional net- 
works. In Table IX we have indicated their structural 
characteristics and listed the corresponding values of al, 
and aI measured. In Figure 6 all and cyI are plotted vs. 
A. 

We notice that in this case the deformation is larger than 
would be predicted for a phantom network. Indeed, for 
these three networks, the molecular deformation is com- 
parable to that of tetrafunctional networks prepared with 
much shorter network chains (M,  = 3000 and 6000) (Figure 
4). 
V. Discussion 

The comparison between the experimental results and 
the behavior deduced from theoretical models does not 
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Table IX 
Molecular Deformation in Hexafunctional Networks 

1 4  

a 
1.3 

1.2 

M ,  = 10 000 M, = 10000 
uc = 1 uc = 0.71 uc = 1 

h “ 11 “1 h “ll “1 h “ I/ “1 

M, = 25 000 

/ - 4Junc t ion  
/ a f f i n e ”  / 

/ / ’ /’ 
- 

, , P h a n t o in“ 
/X’ 

- //.: / ’  

/ .w 

1.22 1.11 0.93 1.18 1.08 0.96 1.20 1.10 
1.37 1.19 0.91 1.38 1.17 0.96 1.39 1.16 

1.45 1.25 

1 1 1  1 2  1 3  1 4  1.5 1 6  1 7  1 8  
h 

Figure 6. Variation of all and a I  as a function of X. Influence 
of the functionality of the cross-links @; f = 6): (U) M,, = 10OO0, 
u, = 1; (0) M,, = 10000, u, = 0.71; (x) M,, = 25000, v, = 1. 

allow an interpretation of the molecular deformation a t  
the level of the mesh size within the framework of a unique 
model among those proposed by the classical theories of 
rubber elasticity. Depending upon the length of the ele- 
mentary chains or on the network functionality, the de- 
scription of the molecular response is achieved by models 
taking into consideration more or less accentuated junction 
fluctuations. The experimental results give clear evidence 
of the influence of the concentration during the cross- 
linking process (u,) on the elastic modulus whereas at  the 
molecular level, no significant influence of u, on the de- 
formation can be detected. As shown by the results ob- 
tained on networks with long elastic chains (M, = 25 OOO), 
the observed molecular deformation is very low (close to 
the phantom network behavior), which implies a high 
degree of mobility of the junction positions. This behavior 
leads us to the conclusion that during the deformation 
process, rearrangements of cross-link positions could occur. 
This process has already been suggested by Bastide:15 
SANS measurements on polystyrene networks submitted 
to osmotic deswelling showed no significant changes of the 
dimensions of the network chains over a large range of 
swelling ratios (between 4 and 18). 

Thus, upon deformation, either by swelling or by 
stretching, the distance between topological neighbors may 
change less than for phantom networks. The geometrical 
neighbors (connected by longer paths) can move apart 
through rearrangements, leading to a more uniform dis- 
tribution of cross-links. This process does not involve 
chain deformation and could explain the rather weak re- 
sponse a t  the molecular level as observed in certain cases 
by SANS. One can expect that the role played by this type 
of rearrangement will be the more significant in the case 
where the number of geometrical neighbors is predomi- 
nant. In this frame, the characteristic ratio n/f can be 
proposed as a relevant parameter in the chain deformation 
mechanism. For this purpose, we have collected in Figure 
7 the results of the molecular chain deformation all for a 
series of networks deformed a t  X = 1.2 as function of n/f .  
Again, it can be noticed that the experimental results 

0.96 
0.92 
0.92 

-9- 
I 
I 
I 
I 
I 

I 

-0 - 

Figure 7. Variation of the elementary chain deformation as a 
function of the characteristic ratio n / f .  Calculated values: (0) 
affiie model; (0) junction affine model; (0) phantom model. The 
experimental range is shown by the bar. 

cannot be fit with a given unique model of the elasticity 
theory. However, one observes a continuous decrease of 
the molecular deformation with increasing values of n/ f ,  
attesting that a close correlation exists between this 
characteristic ratio and the deformation at  the level of the 
network strands. 

We can conclude from our experiments that knowledge 
of the chain deformation a t  the level of the mesh size of 
the network does not provide all the necessary information 
to correlate precisely the molecular processes with the 
macroscopic response of the network samples. Information 
about deformation processes occurring a t  larger scales of 
distances is required in order to describe more completely 
the response of the network a t  the semilocal scale, corre- 
sponding to several meshes of the network. For this 
purpose, SANS experiments on networks with labeled 
paths through several cross-links are presently in progress. 
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Conformational Characteristics of Poly(viny1 alcohol)+ 
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ABSTRACT Conformational energies of meso- and rac-2,lt.pentanediol were estimated, once without account 
for electrostatic interactions or hydrogen bonds and then with two different electrostatic podels for the hydroxyl 
groups. For the dimer as well as for poly(viny1 alcohol) in aqueous solution, a simple three-state rotational 
isomeric state model was found. Vicinal NMR coupling constants for the dimer and the characteristic ratio 
for PVA were computed; they are in excellent agreement with experimental data. In aprotic solutions of the 
dimer intramolecular hydrogen bond formation is postulated, with an associated free energy of ca. 1 kcal/mol 
at room temperature. 

Introduction 
Poly(viny1 alcohol), PVA, is a vinyl polymer of simple 

structure with a wide range of applications. Commonly 
used PVA is atactic and usually obtained by radical po- 
lymerization of vinyl acetate with subsequent hydrolysis 
of the side groups.' Predominantly isotactic as well as 
syndiotactic chains can be obtained by a variety of meth- 

Attempts to characterize atactic PVA in aqueous solu- 
tion have been many;"* results do not mutually agree very 
well, however, as will be discussed later. Reliable values 
for the characteristic ratio of PVA in solution can never- 
theless be deduced.l5J6 Heretofore, no satisfactory theory 
for its conformational characteristics has been presented. 

2,bPentanediol has often been used as a model com- 
pound for PVA.'7-20 The conformational analysis of 2,4- 
pentanediol has been performed mainly by NMR spec- 
troscopy, and experimental coupling constants have been 
determined in water as well as in apolar, aprotic sol- 
vent~."-'~ In the following, a rotational isomeric state 
model for PVA in water will be deduced from conforma- 
tional energy calculations on 2,4-pentanediol. The inci- 
dence of intramolecular hydrogen bonds in 2,4-pentanediol 
and PVA will be discussed in detail. 

Conformational Energies 
Parameters for the Calculation. The conformational 

energy was calculated as the sum of intrinsic torsional 

o d ~ . ~ $ ~  

',Dedicated to Professor Walter H. Stockmayer on his 70th 
birthday. 
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Table I 
Parameters Used in Energy Calculations 

atom or group rio,(l A ai ,b  A' NiC 

H 1.3 0.42 0.9 
C 1.8 0.93 5 
0 1.6 0.59 7 
CH, 2.0 1.77 7 

a Values from ref 44, incremented by t 0.1 A .  See 
ref 29. See ref 27. 

energy and interaction energies between pairs of non- 
bonded atoms. 

The C 4  bonds were assigned a 3-fold intrinsic torsional 
energy function with a barrier EikM = 2.8 kcal/mol?' The 
barrier for the rotation of C-0 bonds was derived from 
experimental data on methanol:22 A 3-fold, composite 
rotational barrier of 1.07 kcal/mol has been reported for 
methanol, and subtraction of van der Waals interactions 
(between the hydroxyl hydrogen and the methyl hydro- 
gens) yields a barrier of Eit,c-o = 0.76 kcal/mol for the 
3-fold intrinsic torsional energy function. The reliability 
of this value was checked by rotational energy calculations 
for the C-0 bond in ethanol: The rotational barrier be- 
tween antiperiplanar and synclinal conformations is es- 
timated to be 1.13 kcal/mol and is in good agreement with 
the reported mean experimental value of 1.2 kcal/m01.~~ 

Nonbonded interactions between atoms separated by 
more than two bonds were estimated as described be- 

using a spliced, three-piece pair energy function26 
based on the Lennard-Jones function f,J(d,J) = (a , /d , , '*)  
- (qJ/d,;), d ,  being the distance between a pair of atoms 
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