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spopsis 
The stress relaxation at 100% elongation in water was investigated for disulfidecross- 

linked polycaprolactam (DSPC) fibers prepared from N-mercaptomethyl polycaprolac- 
tam. The stress decreased faster with increasing temperature and with increasing mer- 
captan content of the fiber. Little stress decay took place when the fiber was treated 
with a mercaptan-blocking reagent. It was concluded that the controlling mechanism 
of the stress relaxation was the mercaptan/disulfide (SH/SS) interchange reaction. The 
remanent stress observed for the stress relaxation was fairly high and increased with de- 
creasing mercaptan content of the fiber. The stress decay curve was not Maxwellian. 
It has been suggested that the concentration of mercaptan that could not participate in 
the interchange with stressed disulfide bonds increased with increasing cycles of the inter- 
change reaction. A kinetic equation is presented and the activation energy of the 
SH/SS interchange reaction was evaluated as 22.3-23.9 kcal/mole. The stress relax- 
ation of DSPC fibers in dilute 8-mercaptoethanol was also studied. The stress decreased 
more rapidly to almost zero and the decay curve was Maxwellian. The activation energy 
of the reaction was 17.1 kcal/mole. These results were compared with the stress relaxa- 
tion of wool fibers. 

INTRODUCTION 

Considerable attention has been paid to the role of the mercaptan/ 
disulfide (SH/SS) interchange reaction in supercontraction,1-3 set and 
release of set14-' and stress relaxation6S8 of wool fibers since B ~ r l e y ~ ~ ' ~  
showed in 1955 that the ease of creep and degree of supercontraction of wool 
fibers depend much on the amount of cysteine residues and explained the 
results by the SH/SS interchange mechanism: 

Observations on the physical behavior of wool fibers are often equivocal in 
discussing the role of cysteine residues because the structure of wool fibers 
is very complex. 
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Elastic disulfide-crosslinked polycaprolactam (DSPC) fibers were pre- 
pared from N-mercaptomcthyl po1yc:tprolactRin." It w:w found thtit 
DSl'C: fibcrs contained not orily disulfide crosslinks but, :tlso some amount 
of mercaptan. Tliereforc, IXl'C fibers can serve as a simple wool model 
in the study of the SH/SS interchange reaction in wool. In  this report, 
the stress relaxation of DSPC fibers in water is discussed in connection with 
that of wool. 

EXPERIMENTAL 

Samples 

DSPC fibers (S1, Sz, Sa, S4) were prepared according to the procedure 
described in a previous paper" and used after being aged for one month. 
S4h was prepared from the same dope used for the preparation of S4, but 
the usual hydrogen peroxide aftertreatment was omitted. 

Analyses 

Sulfur contents were determined by the standard oxygen combustion 

Mercaptan contents were found by the polarographic method, utilizing 
met hod. 

the reaction of mercaptan with methylmercuric iodide." 

S tress43 train Curves 

A piece of sample (testing length, 2.0 cm) was mounted on a tensile 
tester in an ordinary manner and placed in a slack state for 10 min in dis- 
tilled water maintained a t  a desired temperature in a thermally controlled 
tube. The fiber was stretched at a rate of 100%/min. 

Relaxation Moduli in Water 

A piece of sample (testing length, 10.0 cm) was mounted on relaxation 
apparatus and was placed in a slack state in a glass tube containing dis- 
tilled water for 10 min, the tube itself being in a thermostat. The sample 
was extended to 25% strain in about 1 sec. The forces measured with a 
strain gauge a t  5 sec after the extension were taken for calculating the re- 
laxation modulus a t  5 sec, Er(5).  Cross-sectional area of the dry fiber was 
used for the calculation of E45) instead of that of the wet swollen sample. 

Stress Relaxation 

A piece of sample (testing length, 5.0 cm) was mounted on relaxation 
apparatus and was placed in a slack state in a glass tube containing dis- 
tilled water at a desired temperature for a given time (usually 10 min). 
The sample was stretched to a given strain level (usually 100%) in about 1 
sec and kept extended. The forces were continuously recorded with a 
strain gauge. Unless otherwise stated, the stress relaxation was measured 
by this continuous method. 
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For the determination of the stress relaxation in 0.01M P-mercnpto- 
ethanol, a piece of sample was preimmersed in distilled water for 10 min :it 
a desired temperature, then, placed in 0.01M P-mercaptoethanol in a slack 
state a t  this temperature, for 5 sec, and stretched to 100% strain in about 1 
sec and the forces were measured continuously. For the calculation of the 
relative stress f(t)/f(O), f(0) was substituted by f(5) of the fiber in water 
measured a t  the same temperature. Time zero for f ( t )  was the time when 
the fiber was put into the aqueous P-mercaptoethanol. 

The stress relaxation (intermittent) was observed as follows : The sample 
was placed in a slack state in distilled water a t  90°C for 10 min. Then the 
fiber was stretched to 100% strain in about 1 see, kept stretched, and the 
forces at 5 sec after being stretched were recorded. The fiber was re- 
laxed immediately. The stretching was repeated occasionally. 

70°C 

7 

RESULTS AND DISCUSSION 

Mechanical Properties in Water 

It has been demonstrated that the mechanical properties of DSPC fibers 
are much influenced not only by the crosslinks but also by secondary bonds ; 
and the formation of secondary bonds, in turn, depends upon the degree of 
crosslinking." The effect of secondary bonds appeared to be reduced in 
water. 

Stress-strain curves of DSPC fibers of various sulfur contents measured 
in water a t  25" and 70°C are recorded in Figure 1. The sulfur content 

.04 
/ 

S T R A I N  (yo) 

Fig. 1. Stress-strain curves of various samples in water at 2.5' and 70°C: (-- -), SI; 
(----), 52; (-1, 53; (---I, s4. 
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TABLE I 
Sulfur Contents of Samples Used 

Sample 

S, SP S3 S4 s4 h 

S content (%) 0.93 1.93 2.45 2.90 2.90 

and the degree of crosslinking increased in the order S1, Sz, S3, S4 (see Table 
I). At 25"C, the least crosslinked sample (SI) showed a distinct yield 
point, while a highly crosslinked sample (S3) showed no yield point. The 
yield phenomenon is considered to be due to secondary bonds of short re- 
laxation times. The above results indicate that few secondary bonds are 
involved in highly crosslinked fibers. The stress at 100% strain decreased 
in the order S1, S3, Sz. The least crosslinked sample showed the effect of 
secondary bonds the most. The stress-strain curve of S3 did not change 
much when it was measured at  70°C. On the other hand, the stress-strain 
curve of S1 at 70°C was dissimilar to that measured at 25°C. The yield 
point became indistinguishable and the stress decreased remarkably at 
70°C. The secondary bonds probably disappear as the temperature in- 
creases. The stress at 100% strain measured at 70°C increased with in- 
creased crosslinking. The effect of secondary bonds virtually disappeared 
at this temperature. 

Relaxation moduli a t  5 see, Er(5), of the samples are plotted against 
temperatures between 25" and 80°C in Figure 2. SI had the highest 
E45)  at low temperatures. The modulus of S1 decreased rapidly to a value 
which is expected for an amorphous crosslinked polymer as the temperature 
was raised. The modulus of Sz was the lowest a t  low temperatures and de- 
creased slightly to reach to a constant value at about 40°C. On the other 
hand, moduli of S3 and Sq remained constant when the temperature was 
raised. These results confirm the discussion on the stress-strain curves. 

O2 t ' 30 40 50 60 70 d0 
T E M P E R A T U R E  ( O C )  

Fig. 2. Relaxation moduli versus temperature for various samples in water: (a), Sl; 
(O), %;-(Oh s3; (01, s4. 
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Stress Relaxation 

It was found that the highly crosslinked DSPC fibers were amorphous 
without any secondary bonds in water a t  a wide range of temperatures. 
In  the study of the stress relaxation in water, two highly crosslinked 
samples, S4 and S4h, were used. S4 was prepared according to the usual 
conditions with the hydrogen peroxide aftertreatment," w-hile S4h was pre- 
pared from the same dope used for the preparation of S4 but without the 
peroxide aftertreatment. As shown in Table 11, S4h contains more free 
mercaptan than S4. The difference between the degrees of crosslinking of 
s4 and S l h  is negligible. 

TABLE I1 
Remanent Stress Observed in Water at 90°C 

Sample 
SH content, Remanent stress, 

pmoles/g % 
14 
39 

28.6 
18.1 

The stress relaxation was measured a t  100% strain level. The effect of 
the strain level will be discussed later. The fiber was strained in 1 see 
and the stress after 5 sec was taken as f(0). Rapid initial decay of stress 
was not encountered in any case. 

Figure 3 shows the 
stress relaxation curves measured a t  90°C after the samples were immersed 
for 10 and 60 min. This suggests 
that the preimmersion time of 10 min is adequate for wetting and that 
hydrolysis of DSPC fibers does not take place appreciably in 60 min a t  
90°C. In  the following experiments, samples were preimmersed for 10 min 
before stretching. 

The effect of the preimmersion time was examined. 

Both curves agree well with each other. 

I 

I 

I 10 100 10 0.1 

T I M E  (min t  

Fig. 3. Effect of preimmersion on stress relaxation of S d  in water at 90°C: elongation, 
100%; preimmersion time: (-0-), 10 min; (-O-), 60min. 
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The stress relaxation curves of S4 measured in distilled water a t  temper- 
atures between 20" and 90°C are illustrated in Figure 4. The relaxation 
was very slow a t  low temperatures. The larger relaxation was observed 
with increasing temperature. The stress decreased fairly rapidly a t  90°C 
until about 60 min and then seemed to reach a leveling-off value (remanent 
stress). In  order to see whether this stress relaxation is due to the rupture 
of crosslinks, S4 was immersed in a relaxed state in water a t  90°C and oc- 

70°C 

90°C 
80°C 

I 10 100 lo00 1001 
T I  M E  ( m i n )  

I 

Fig. 4. Stress relaxation of S4 in water at different temperatures: preimmersion time, 10 
min; elongation, l o O ~ o .  

I 
I 10 100 1000 loo00 

T I M E  (rnin) 

Fig. 5. Stress relaxation of S4 in water at 90°C: preimmersion time, 10 min; elonga- 
tion, 100%; (-0-), continuous method; (-O-), intermittent method. 

casionally extended to 100% to measure f(5). After each f(5) determi- 
nation, the sample was rehxed again. The results (intermittent stress re- 
laxation) are shown in Figure 5 .  The stress was reduced to 93% a t  most. 
This indicates that no appreciable change in the amount of djsulfide cross- 
links occurs during heating in water. The continuous stress relaxation 
curves of S 4 h  measured at temperatures between 60" and 90°C are recorded 
in Figure 6. The stress relaxation of S 4 h  was faster and larger than SJ. 
This indicates that mercaptan facilitates the stress relaxation in water. 



DISULFIDE-CROSSLINKED NYLON 

6dC 

70.C 

SO'C 

SdC 

*O/ 
L 
01 I 10 m IQ 

T I M E  (min) 

2175 

1 

Fig. 6.  Stress relaxation of Slh in water at different temperatures: preimmersion time, 
10 min; elongation, 100%. 

Fig. 7. Effect of 2,4-dinitrofluorobenzene (DNFB) blocking on stress relaxation of S h i n  
water at 90°C: preimmersion time, 10 min; elongation, 100%; (-0-), control; 
(-O-), treated with 1M DNFB methanol solution at  20°C for 24 hr. 

S4 was treated with 2,4-dinitrofluorobenzene (DNFB) to obtain a mer- 
captan-free sample. The stress relaxation scarcely occurred when the 
mercaptan-free sample was extended in water a t  90°C (see Fig. 7). Polaro- 
graphic analysis of mercaptan coritents of Slh before and after heating in 
water a t  90°C for 1 hr revealed that the mercaptan content of the sample 
changed little (39 to 40 pmoles/g) by the treatment. From these experi- 
ments it may be concluded that the stress relaxation phenomenon of the 
highly crosslinked DSPC fiber in water is due to the SH/SS interchange 
reaction, as is the case of polysulfide rubber a t  elevated ternperat~res. '~-'~ 

Kinetics of Stress Relaxation 

According to the theory of elasticity of ideal rubber, the stress at time 
zero, f(O), is given by 

f(0) = 2N(O)RT(a - a-2) (1) 
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and the stress at  time t is given by 

f ( t )  = 2N(t)RT(a - a-2) (2) 

where N(0)  and N ( t )  are the concentrations of crosslinks (moles/cm3) at  
time zero and t, respectively. R is the gas constant, T is temperature 
( O K ) ,  and a is the extension ratio. The original cross-sectional area is 
used for the calculation of f ( t ) .  The interchange reaction is expressed by 

where k1 is a rate constant and n(t) is the concentration of mercaptan 
(moles/cm3) at  time t which can undergo the SH/SS interchange reaction. 

In  earlier kinetic studies on the chemical stress relaxation due to the 
SH/SS interchange reaction, n(t) was assumed to be equal to the concentra- 
tion of total SH present (n),  and therefore a constant for a given sample. A 
Maxwell expression was derived from this a~surnption'~: 

f(t)/f(O> = exp (-W (4) 

The above equation cannot explain that DSPC fibers apparently showed 
remanent stress. The assumption that n(t) is equal to n means that any 
newly formed mercaptan by the interchange reaction can react further with 
another stressed disdfide bond. However, the newly formed mercaptan 
may not always be able to come close to the next stressed disulfide bond 
due to steric arrangement. This consideration leads to the following as- 
sumption: 

Integration of eq. (5)  gives 

n(t) = n(0) exp (-kzt)  (6) 

where n(0) is the concentration of mercaptan at  time zero which can undergo 
the interchange reaction. From eqs. (3) and (6) we obtain 

lorom eqs. (l), ( 2 ) ,  and (7) we get 

Equation (8) gives 
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Fig. 8. Log j(t)/f(O) versus time for Sa. 

10 20 30 40 50 60 
T I M  E (rnin) 

Fig. 9. Log f(t)/f(o) verSus time for Sih.  

As f( OD ) < f(O), the relative remanent stress, f( 00 )/f(O), is to increase with 
decreasing n(0). This equation explains quabtatively the remanent stress 
values of Sq and S4h given in Table 11. 

When kd << 1, eq. (8) is approximated by 

In f ( t ) / f ( O )  = -kl iz(O)t .  (10) 

Log f(t)/f(O) of Sq and Sgh are plotted against time in Figures 8 and 9, 
respectively. The slopes of the curves at time zero give kln(0). 

Temperature dependence of kl is expressed by 

k,  = A exp (-E,/RT). (11) 

The chemical relaxation time (T) is defined as l /kln(O); then 

where El is the activation energy of the SH/SS interchange reaction. 
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Fig. 10. Arrheiiius plots of chemical relaxation times: (-0-), S, in water; (-O-), S~I,  
in water; (-O-), S, in 0.01M p-mercaptoethanol. 

Figure 10 shows the plots of log r against 1/T. The activation energy 
obtained was 22.3 and 23.9 kcal/mole for S d  and S4h, respectively. These 
values are nearly equal to 24 kcal/mole observed for the activation energy 
of the SH/SS interchange reaction in polysulfide rubber a t  elevated temper- 
atures.l6V l7  

Equation (8) is based on the assumption that the reactivity of mercaptan 
attached to polymer chains is limited by a steric factor. It is interesting 
to study the stress relaxation of DSPC fibers in the presence of excess low 
molecular weight mercaptan. Low molecular weight mercaptan is sup- 
posed to be able to move freely in the polymer network and react with any 
strained disulfide linkage. In  this case, kz in eq. (8) is zero, in other 
words, n(t) is equal to n. Therefore eq. (4) can be applied for this system. 
Figure 11 shows the stress relaxation of Sd in 0.01M ,&mereaptoethanol a t  
different temperatures. A rapid decay to zero stress was observed. 
Figure 12 shows the plots of logf(t)/f(O) against time. The linearity of the 
plots exists in a wider region. Apparently the rate of the reaction is not 
diffusion controlled. The departure from linearity occurs only when the 
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11. Stress relaxahn of Sa in 0.01M p-mercaptoethanol a t  different temperatures: 
elongation, 100%. 

T I M E  ( m i n )  

Fig. 12. Log j ( t ) / j ( O )  versus time for SC in 0.01M P-inercuploetliaiiol. 

Fig. 13. Effect of elongation on stress relaxation of S4 in water a t  90°C: preimmersion 
time, 10 min; elongation: (-O-), lOOyo; (-U-), 80yo; (-A-), 5070; (-O-), 25y0. 
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Fig. 14. Effect of elongation on stress relaxation of s 4 h  in water at 9ooc: preim- 
mersion time, 10 min; elongation: (-O-), 100%; (-O-), 80%; (-A-), 50%; (-0-), 

25%. 

stress decreases to about %yo. The deviation may be due to orientation 
and crystallization which accompany with cleavage of disulfide crosslinks. 
The activation energy for the reaction of DSPC fiber was calculated as 
17.1 kcal/mole (see Fig. 10). 

The effect of the strain level on the stress relaxation was examined. Ac- 
cording to Treloar,I8 the equation of rubber elasticity can be applied to 
strains up to 50%. Tobolsky reported that the relaxation proceeds more 
rapidly at  larger deformations.'g Figures 13 and 14 show the stress re- 
laxation curves of S4 and S4h in water a t  90°C at  different strain levels be- 
tween 25 and 100~o. It was found that the relaxation did not depend on 
the strain levels between 80 and 1 0 0 ~ o .  However, at lower elongations 
the relaxation proceeded much slower as the strain level became lower. 
This unexpected result may be due to the dependence of the equilibrium 
of the SH/SS interchange reaction on the strain level. The iaterchange 
reaction between mercaptan and strained disulfide to form unstrained new 
disulfide is not reversible when the extension ratio is high enough, but the 
reverse reaction cannot be neglected when the ratio is low. This would 
account for the apparent lower rate of the stress decay when the strain 
level is low. 

Comparison of Stress Relaxation Phenomena on Wool and DPSC Fibers 

The stress relaxation of wool fibers in aqueous media has been studied in 
connection with sets of wool fibers. Speakmanm showed that the stress 
relaxation process can be divided into two stages. According to Wood,21 
the first, rapid stage involves the breakdown of secondary bonds such as 
hydrogen bonds, salt linkages, and van der Waals interactions. The ac- 
tivation energy of this process was reported to be 4 to 7 kcal/mole by 
Rigby.22 
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The second, slow stage of the stress relaxation was proposed to be due to 
the SH/SS interchange reaction.6 Weigmann, Rebenfeld, and Dansize? 
studied the kinetics of the second stage of relaxation. They divided stress 
in water at time t, f(t), by stress observed in the presence of an SH-blocking 
reagent (N-ethylmaleimide) at 1.2 sec, fNEMI(1.2), as a substitute for 
f(0) for the SH-controlled stress relaxation. The elimination of SH groups 
apparently stops the interchange reaction but does not interfere with the 
first stage of the stress relaxation controlled by the breakdown of secondary 
bonds. Chemical relaxation times are given as times when f(t)/fNF.MI(1.2) 
was equal to l/e, with assumptions that the decay curve should be Max- 
wellian and that the remanent stress was negligible. From the relaxation 
times, activation energies were obtained as 23.6 f 1.0 kcal/mole for 20y0 
extension and 21.8 f 0.4 kcal/mole for 40% extension of untreated fibers 
and 21.3 f 1.4 koal/mole for 20% extension of reduced fibers. 

Being different from the behavior of wool fibers, amorphous DSPC fibers 
did not show the initial rapid decay of stress due to the breakdown of 
secondary bonds when being extended. This is advantageous for studying 
the SH/SS interchange reaction by the stress relaxation technique. The 
Weigmann-Rebenfeld-Dansizer treatment may involve additional experi- 
mental error due to fiber-to-fiber variation since two different sets of fibers 
were used for the determination of the relative stress, one in the absence 
and another in the presence of N-ethylmaleimide. 

The rate of the stress relaxation of DSPC fibers in water was much slower 
than that of wool fibers (second stage), and the remanent stress of DSPC 
fibers was higher than that of wool fibers. The remanent stress of wool 
fibers is often considered to be due to crystalline regions stable under the 
experimental conditions. It is proposed in this paper that the remanent 
stress of DSPC fibers is due to the steric limitation of reactivity of mercap- 
tan attached to polymer chains. 

The activation energies of the SH/SS interchange reaction of wool and 
DSPC fibers in water agree well with each other. The activation energy of 
the reduction of DSPC fiber with D-mercaptoethanol is lower than that for 
the interchange reaction. Kubu and R/lontgomeryZ3 studied the reduction 
of wool with cysteine by stress relaxation measurements and obtained 
an activation energy of the reaction (18.2 kcal/mole) which was also lower 
than that of the SH/SS interchange reaction. 

Unexpected dependence of the rate of the stress relaxation of DSPC 
fibers on the strain levels below 80% was observed. The data of Weig- 
mann, Rebenfeld, and Dansizel.8 on wool also indicated that the stress 
decreased faster at a higher strain level (40%) than at a lower strain level 
(20y0). Human and L i n d l e ~ ~ ~  reported briefly that when wool was 
stretched, the reaction of cystine residues with thioglycolate took place 
faster. More work should be done to reason out these behaviors. 

We would like to thank Miss N. Ojima for the sulfur analyses. 
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