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The spin-spin relaxation time, T 2, for DCP-cured natural rubber with various crosslink densities, re, has 
been measured under various deformation. T 2 is separated into two components: one is the long T 2 
component, T2L, for the mobility of amorphous network chains, the other is the short one, T2s, for that of 
the strain-induced crystalline chains. T2L decreased exponentially with increasing extension ratio,e, and 
the decreasing rate was more remarkable with increasing v,. The o~ and v e dependence of T2L has been 
quantitatively explained by the equation experimentally derived by Nishi et al. m2L under various 
extension increased and became almost constant with increasing temperature, while the corrected 
fraction of T2s, T2s (%), gradually decreased. The apparent melting point, Tin, at which the corrected T2s 
(%) was zero under various deformation was determined. The <x dependence of T m, has been discussed 
by using Flory's equation. 
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I N T R O D U C T I O N  

The relationship between the spin-spin relaxation time, 
T 2, and the crosslink density, v e, for rubber vulcanizates 
has been studied in detail 1. T 2 is related to long range 
motions of network chains between the two crosslinkages 
and is influenced by such factors as molecular weight and 
crosslink density as well as temperature. 

Manufactured goods made from rubber are often used 
under large strain. Behaviour of rubber vulcanizates 
under large deformation is very important not only from 
the industrial point of view but also from the fundamental 
scientific view point, but has not been completely 
explained theoretically. 

Most experiments under high extension were either the 
stress-strain and/or stress-relaxation method 2 or 
structural analysis by using X-ray diffraction methods 3. 
However, since molecular motions are not influenced or 
perturbed by the applied static magnetic field, reliable 
information about the mobility of network chains can be 
expected from n.m.r, for elastomers under deformation. 
However, there are some drawbacks in the measurements 
and analyses by broad-line n.m.r. (rapid-passage n.m.r.) 4 
as suggested by Nishi et al. 5 

In this article the solid echo technique 5'6, the pulse 
sequence of which is 90°x, z, 90°y, has been applied. The 
dependence of extension ratio, ~, v e and temperature on T 2 
for rubber vulcanizates under deformation and the 
crystallinity of the strain-induced crystalline have been 
discussed. 

EXPERIMENTAL 

The cylindrical samples of crosslinked natural rubber 
(NR) were prepared by milling 3 phr of DCP (dicumyl 

peroxide) with uncrosslinked rubber followed by pressing 
at 145°C and 200 kg cm -2 for given intervals. All the 
samples were extracted with hot acetone for 48 h in order 
to eliminate the impurities and were dried in vacuo. 

The cylindrical samples were cut into round slices and 
fixed at constant strain around the outside of the glass rod. 
The rod has the groove on each end. • was determined by 
the ratio of the length around the rod to the circumference 
of a band rubber sample v. 

The crosslink densities, ve, for all samples are given in 
the last comumn of Table 1. v was determined by the 
equilibrium degree of swelling for vulcanized NR samples 
swollen in toluene at 30°C and using the Flory-Rehner 
equation. 

A pulsed-n.m.r, spectrometer was used to measure T 2 
(Bruker-CXP type) with a proton resonance frequency of 
90 MHz. The direction of extension and the applied static 
magnetic field were perpendicular to each other. The pulse 
sequence was 90°x, z, 90°r. The width of the 90 ° pulse and 
the z-value were 2 #s and 10 /~s, respectively. The T 2 
measurements have been carried out on three kinds of 
DCP-cured NR in the temperature range from room 
temperature to 373.15 K. The samples to be measured 
were placed in the probe at the correct temperature and 
left for 20-30 min to ensure equilibrium. 

RESULTS AND DISCUSSION 

Figure 1 shows the relative signal strength of solid echo, 
M(t)/M(O), for sample C measured under various 
extensions at room temperature. The solid echo can be 
approximately regarded as the free induction decay (FID) 
after 90 ° pulse 6. The decay of M(t)/M(O) is more rapid with 
increasing a, which means T 2 for an extended sample 
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Table 1 Preparation of  natural rubber vulcanizates and the cross l ink  
densities for all samples  

Curing time 
Sample DCP* (min) 102 v e (mol dm -3 )  

A 3 phr t 20 4.23 
B 3 30 5.50 
C 3 40 6.66 

* Dicumyl peroxide 
t Parts per hundred rubber 

i0 

a 
1.0 

OI " 22  

. 5-35 

° 6o 

O IO 2.0 
t (ms) 

9 0  MHz a t  ~t. 

Figure 1 The change of the relative signal strength of solid-echo, 
M(t)/M(O), measured for sample C under various extension ratio, 
a, at room t e m p e r a t u r e  

where p is the distribution parameter of the n.m.r, line 
shape. T 2 under high extension was calculated from 
equation (5) which was derived on the assumption of the 
additivity of equations (2) and (3) 11. 

M(t)/M(O) = f e x p (  - t2/2 T2s z) + (1 - f ) e x p (  - t/T2c) (5) 

where f is the fraction of short T 2 component, Tzs. 
It is evident that the M(t)/M(O) under free state or small 

deformation is influenced by chemical shift as shown in 
Figure 2. Figure 2 shows the absorption line of n.m.r, into 
which the solid echo signal for sample C at c~= 1 was 
converted by Fourier transformation. If equations (2) and 
(3) are converted by Fourier transformation, the former 
becomes Lorentzian and the latter Gaussian type 
function. However, the n.m.r, line shape in Figure 2 is 
neither Lorentzian nor Gaussian type. Thus, the width of 
line shape is apparently broadened due to chemical shift 9. 
As a result, the M(t)/M(O) decays non-exponentially, even 
if the z of NR chains is in the range of the motional 
narrowing. 

Figure 3 shows the change of T 2 under various 
extension. The long T 2 component, TzL , and the short one, 
T2s, correspond to the mobility of amorphous network 
chains and to the strain-induced crystalline chains, 
respectively. The Tzs was clearly observed at higher 
extension ratio than c~ = 4  and independent of c~. Because 
Tzs is independent of L and takes the constant as 
expressed by equation (3) since L of the crystalline chains 
is longer than 10- 5 s. The T2L in the range of c~ = 3 to 5 
usually varied to some extent. It is thought that when the 
strain-induced crystallization occurs under intermediate 
deformation the motion or the degree of strain of 
amorphous network chains is more or less different from 
one another, even though ~ is macroscopically the same. 

becomes shorter. The Kubo-Tomi ta  equation describes 
the molecular motional narrowing byS: 

M(t)/M(O) = e x p [ -  aoZz~{exp( - t/z~) + (t/z~)- 1 }3 (1) 

where z c is the correlation time of molecular motion, and 
%2 means the second moment of the resonance. 

Equations (2) and (3) are derived from equation (1). The 
former is a t  zc<10 -6 s and the latter at L > 1 0  -5 s. 

M(t)/M(O) = exp( - ao2Z~t) - exp( - t/T2) (2) 

M(t)M(O) = exp( - aoZtZ/2) = exp( - t2/2Tz 2) (3) 

However, as shown in Figure 1 the actual M(t)/M(O) did 
not decay exponentially. The M(t)/M(O) under 
undeformed state or low extension decays non- 
exponentially because molecular motions are so rapid 
that the effect of chemical shift is no longer negligible 9. On 
the other hand, the M(t)/M(O) under high extension than 
ct = 5 decreased remarkably in short time region due to the 
strain-induced crystallization. So, T 2 under free state or 
low extension was determined by the Weibull type 
function expressed by9'l°: 

{ _ l _ ( t ' ~ u ~  1~#~<2 (4) M(t)/M(O) = exp /~\T2J J 

141 mG 
i i 

6 0 0  Hz 

9 0  MHz o t  r t  
ct=l 

Figure 2 The n.m.r, absorption line for  sample C in free state at 
room temperature 
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Figure 3 The e dependence of T 2 L and T2S for sample B at room 
temperature: T~L is a long component of T 2 for the mobi l i ty of  
amorphous network chains; T2S is a short one for that of  the 
strain-induced crystalline chains 
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Figure 4 The (~ dependence of T 2 L for  samples at room tempera- 
ture with various crosslink densities, 102 v e (tool din--3): 0, 4.226; 
O, 5.504; X, 6.657 

This result suggests that the original network is 
inhomogeneous. 

Figure 4 shows the v e dependence of TzL decreased 
exponentially with increasing a, and the decreasing rate of 
T2L increased with v e. Since it is known that ao 2 is almost 
independent of deformation, the decreasing of T2L is 

explicable to be caused by the z c dependence on c~ as 
expressed by equation (2) 12. Thus, the rc of micro- 
Brownian motion of network chains becomes longer with 
extension. Nishi et al. reported the experimental relation 
among TzL , ~ and v e byT: 

TzL(C~,v~) = TzL(C~ = 1,Ve)eXp{ --K(v~)(c~- 1)} (6) 

The results in Figure 4 could be described by equation (6). 
The v e dependence of K(Ve) is shown in Figure 5. Although 
the number of plots in Figure 5 was three, the straight line 
was drawn by the least-square fitting, which is represented 
by: 

K(v~)=-4 .82x10  3+3.14ve (7) 

Equation (7) can be adequately approximated to equation 
(8) within experimental errors. 

K(v~) ~- 3.14 v e (8) 

It is found that K(ve) for unvulcanized rubber samples (at 
Ve=0 ) is zero from equation (8). That is, T2L(Cqv =0  ) is 
equal to TZL(~ = 1, V ----0), which agrees with the fact that 
the deformation of uncured rubber generally occurs not 
because of the extension of molecular chains but because 
of the slippage among them. Nishi et al. reported the result 
as expressed by equation (9) from T 2 measurements for 
accelerated-sulphur cured NRT: 

K(Ve) ~- 1.12v e (9) 

The coefficient in equation (8) is roughly three times that 
in equation (9). The cause of which is not determined. 
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Figore 6 The ~ dependence of  the f ract ion of  T2S, T2S (%), for  
samples at room temperature wi th  various crosslink densities, 
102 v e (mol din--3): e ,  4.226; O, 5.504; X, 6.657 

However, it may be interesting if the difference is based 
upon the distinction between the two vulcanization 
systems. 

Figure 6 shows the fraction of T2s , T2s(~o) , i.e. f in 
equation (5), dependence on ~ and v e. T2s(~o) increased 
remarkably with ~ and re. There was several per cent of 
T2s(~o) at ~ = 1 due to the impurities which could not be 
eliminated by extraction or due to the inhomogenities in 
the network. In our case z c at which the motional 
narrowing occurs is ca. 10 -5 s, and the z c of NR at room 

? 8 temperature is in the range of 10- to 10- s. If one takes 
off the values of T2s(~o) at ct = 1 from the observed T2s(~o) 
under deformation, the values of corrected T2s(~o) can be 
regarded as crystallinity, and are roughly close to the 
crystallinity measured by X-ray diffraction method ~3. 

Figure 7 shows the temperature dependence of T 2 at 
~ =  1, 6.897 and 7.118. At any extension, T2L increased at 
lower temperature region and became almost constant 
above 350 K, while T2s was independent of temperature. 
T 2 is constant below T 0. The plateau of T2L at higher 
temperature as seen from Figure 7 resembles solid-like 
behaviour in spite of z~<10 -6 s. This reflects the 
incomplete averaging of dipolar interactions due to the 
anisotropic motions of network chains. Not  only the high 
frequency motions of short sections of chains but also the 
low frequency motions over the wide range of chains must 
be averaged out in order to eliminate the anisotropic 
motions. In other words, the form of spin-spin relaxation 
decay is attributed to the existence of residual unaveraged 
dipolar interactions which confer a pseudo solid-like 
response on the spin-spin relaxation. The low frequency 
motions, however, are constrained because of the 
chemical crosslinkages or entanglements in the network. 
So, those motions are highly complex owing to the 
multiplicity of types of motions 14. These long range or 
lower frequency motions have great influence on T 2. 
Probably, this effect is thought to be more remarkable 
under higher extension. Consequently, the value of T2L 
under free state or small deformation becomes a sensitive 
index of the crosslink density. 

McCall and Anderson have discussed the mobility of 
amorphous  and crystalline chains in polyethylene is. 
Their results are 

1 ~ rP3--cos 00 sin200 (10) T2 ~-yAH1/2 

where 7, # and r are the proton gyromagnetic ratio, the 
nuclear magnetic moment  and the internuclear distance, 
respectively. Thus, the ratio of the narrow resonance 
width to the rigid lattice width is of the order of cos 00 
sin200 . 00 is the angle between the internuclear vector and 
the applied static magnetic field, and evaluated from the 
experiment. It was assumed that the arbitrarily rapid 
molecular motions were restricted under 0 > 00. So their 
results may be applied to our case, and equation (11) can 
be derived. 

T2s/TzL -~cos 0 o sin20o (11) 

0 o was ~ 12 ° in case of ct = 7.118. The value at 350 K was 
used as T2L. This value of 0 o is much closer to the one 
(0 o ~- 13°) determined by the ratio of the narrow resonance 
width for amorphous chains to rigid-lattice width for 
chains bound on the surface of carbon black in 
polybutadiene-carbon black mixture 11. The morphology 
of the strain-induced crystalline chains is different from 
that of the bound rubber, however, from the view point of 
molecular motions it is found that both of the segments in 
the above two kinds of chains are restrained to the same 
extent. 

The 'X'-marks in Figure 7 mean #-value for sample B at 
= 1. The averaged one was ,-~ 1.34. 
The change of corrected T2s(~o ) with increasing 

temperature under various extension ratios is shown in 
Figure 8. The temperature at which corrected T2s(~o) was 
zero was defined as the apparent melting point, T,,. T m 
became higher with c¢ as seen from Figure 8. Table 2 listed 
the enthalpy of fusion per monomeric unit, AH,, 
calculated according to equation (12) 16, assuming that T,, 
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c~ = 5.694 
. ^ ~ " ' "  

= L  
--~ 102. 
k " 

- 1 4  

= L  

I0 I 
i i 

- I .3  

102 L , I , , , , I , , 
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T(K) 
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Figure 7 The temperature dependence of  T 2L and T2S for 
sample B under various extension. The 'X'-marks meamthe change 
of  #-values in equation (5) w i th  increasing temperature for  sample 
B in free state 
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The change of corrected T2S (%) with increasing tern- 
perature for sample B under various extension, ~: O, 7.118; 
X, 6.897; e,  5.694 

Table2 The list o f  T ° and AH u determined by various methods 

T ° (K) AH u (kJ mo1-1) 

n .m.r. 318.18 a, 309.17 b 7.90 a, 7.70 b 
s .m .m .c 289.1 5 d 4.92 d 
f.p.d.e 301 4.37 _+ 0.25 

aNu =85.1 ,S =1.5 
b Nu =158,S =1.5 
c Stress measurement method (ref. 16) 
dNu = 291,S = 1.5 
e Freezing point depression method (ref. 17) 

deformation is not essentially the real equilibrium one. 
Because the new thermodynamically equilibrium state is 
probably achieved due to fusion and crystallization of the 
strain-induced crystalline during the T 2 measurements at 
each temperature. T,, ° and AH, were recalculated 
according to corrected equation (12): the strain function in 
equation (12) was replaced by the one based upon the non- 
Gaussian network. However, the recalculated values of 
T,, ° and AH, did not agree with those obtained from the 
other methods in Table 2. The above result supports the 
idea that T,, is not the equilibrium melting point under 
deformation. This point must be clarified in future work. 

CONCLUSION 

T 2 (T2L and Tzs ) for DCP-cured NR has been measured 
under deformation. It was found that e and v e dependence 
of T2L was quantitatively explicable on the basis of the 
experimental equation reported by Nishi et al.7 However, 
the v e dependence of the constant, K(Ve), in the above 
equation for DCP-vulcanization was more remarkable 
than that for the accelerated-surphur vulcanization. TzL 
under various extension at higher temperature than 350 K 
was almost constant, since the dipolar interactions are not 
completely averaged for the anisotropic motions of 
network chains due to the chemical crosslinkages and/or 
entanglement. The corrected Tzs(% ) decreased with 
increasing temperature, and the apparent melting point, 
T,,, under deformation was estimated. The relationship 
between T m and c~ could not be explained quantitatively. 

can be regarded as the thermodynamically equilibrium 
one under deformation. 

1 1 R 
T,. = T. ° 2N.A/-/. F(~) (12) 

N = N , / S  

where F(e), R, N. and S are the strain function, the gas 
constant, the number of monomeric unit between the two 
crosslinkages and the number of monomeric unit per 
statistical chain segment, respectively. N, of sample B is 
85.1 from swelling method, and is 158 from stress-strain 
measurement. S is 1.5 (ref 17). In Table 2, T,, ° and AH, 
determined by n.m.r, experiment are higher than those by 
stress measurement t8 or freezing point depression 
method 19. In particular, AH, is approximately twice as 
much as the other AH,. Some causes can be considered. 
Firstly, since equation (12) was derived on the basis of the 
Gaussian network, it is incorrect to analyse the n.m.r. 
experimental data measured under large deformation by 
using equation (12). Secondly, the parameters of N, and S 
are doubtful. Assuming that the values of AH, and T,, ° are 
4.65 kJ mol - t and 295 K, respectively, as shown in Table 
2, if one calculates S from equation (12) by using the 
obtained experimental data in this study, S is ~ 2.4. The 
above value of S has not been proved by any other method. 
However, the main reason may be that the T,, under 
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