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Technology, Meguro-ku, Tokyo, Japan  

Synopsis 
Elastic disulfide-crosslinked polycaprolactams of different sulfur contents (0.4- 

3.3%) were prepared by the reaction of N-methoxymethyl polycaprolactam (D.S., 
0.30) with different amounts of thiourea, the hydrolysis with excess potassium hydroxide, 
and the spinning into aqueous hydrogen peroxide. 

The fibers obtained exhibited high elongation at break (500-300%), low initial mod- 
ulus (13-1 kg/mm*), and high elastic recovery. The initial modulus decreasd with 
increased crosslinking. Heat-treatment of the fibers a t  140°C lowered the initial 
modulus remarkably. The effect of the crosslinking and the residual methoxymethyl 
substitution on the structure and the physical properties of the untreated and heat- 
treated fibers is discussed. 

The residual methoxymethyl groups were removed completely from the fibers by 
hydrolysis with formic acid. The removal led to  marked reduction in the elongation 
and much increase in the initial modulus. 

INTRODUCTION 

Wool, a crosslinked protein fiber, has long served as a challenging model 
for making new valuable fibers. However, relatively little work has been 
reported on the production of crosslinked synthetic fibers, and in most of 
work, crosslinking has been done by the posttreatment of fibers under 
heterogeneous conditions. The “built-in” structure of the preformed fibers 
then could profoundly influence the crosslinking both in location and in 
extent, and the effect of such a treatment on the physical properties should 
he much complicated. 

This paper deals with the direct preparation of disulfide-crosslinked poly- 
caprolactam fibers from N-mercaptomethyl polycaprolactams‘ by reaction 
spinning. Some of the properties of the crosslinked fibers will be also dis- 
cussed in connection with the crosslinks. 

EXPERIMENTAL 

Analyses 

Methoxy contents were determined by Zeisel’s method. Sulfur contents 
were obtained by the standard oxygen combustion method. 
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D.S.M (degree of substitution of amide hydrogen of polycaprolactam 
derivatives with methoxymethyl) and D.S.s (degree of substitution of 
amide hydrogen with mercaptomethyl and its disulfide) were calculated 
from the following equations: 

D.S., - 32 X 113 X M - 
31 X 32 X 100 - 32 X 44 X M - 31 X 46 X S 

31 X 113 X S D.S.s = 
31 X 32 X 100 - 32 X 44 X M - 31 X 46 X S 

where M is methoxy content (wt %) and S is sulfur content (wt %). 
D.S.T"~~I (degree of total substitution of amide hydrogen) was calculated as 
follows: 

D.S.~otal = D.S.M + D.S., 

Mercaptan and disulfide contents were determined by the method of 
Leach2 with minor m~dification.~ The reaction of samples with methyl- 
mercuric iodide in a &ensen buffer solution (pH, 7.3) containing 8 M 
urea and 0.5 M potassium chloride was followed polarographically. The 
reaction was carried out at 30°C with agitation for more than 3 days for the 
completion. Mercaptan in the sample was considered equal to the 
amount of methylmercuric iodide consumed. For the determination of 
disulfide, samples were allowed to react with methylmercuric iodide in an 
ammonium chloride-ammonia buffer solution (pH, 9.4) containing 0.2 M 
sodium sulfite, 8 M urea and 0.5 M potassium chloride at 50°C for more 
than 6 days. The equilibrium uptake of methylmercuric iodide was taken 
as the sum of mercaptan and disulfide present in the polymer. 

Preparation of N-Mercaptomethyl Polycaprolactaml 
Into 20 ml of 80% aqueous methanol were dissolved 6 g of N-methoxy- 

methyl polycaprolactam (D.S.,, 0.304; Teikoku Chemical Industries Ltd., 
Japan) and a given weight (0.3-1.5 g) of thiourea (TU) with stirring at ca. 
70°C for 1 hr. After the solution was cooled to 30"C, a methanol solution 
of hydrogen chloride which was equimolar to TU used (conc. HCl, 0.3-1.5 
ml; methanol, 0.84.0 ml) was added with vigorous stirring and the mixture 
was left to react for 3 or 15 min. Then 80% aqueous methanol (2-10 ml) 
containing twice as much sodium hydroxide as TU used was added. The 
mixture was kept at room temperature for 6 hr. All procedures were 
carried out under nitrogen atmosphere. 

The resulting solution was used directly for either spinning or casting 
films. 

spinning 
The hydrolyzed solution was extruded into a hydrogen peroxide solution 

The fibers were wound on a 
To avoid the self-adhesion of 

by nitrogen pressure through a glass nozzle. 
bobbin and washed with tap water for 6 hr. 
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the fibers of low D.S.s in subsequent drying, the fibers were rewound on 
another bobbin in a way that the fibers did not touch each other. The 
fibers were immersed in 5% hydrogen peroxide for 1 hr for completion of 
the oxidation and washed again with tap water for 6 hr followed by air- 
drying- 

Physical Properties 

For the determination of the stress-strain curve, a piece of sample (test- 
ing length, 2.0 cm) was stretched at a rate of lOO%/min. From the curve 
obtained were calculated the initial modulus, the elongation at  break and 
the breaking strength. 

For the determination of the elastic recovery, a piece of sample (testing 
length, 10.0 cm) was stretched to 100% extension at a rate of 2O%/min and 
released at the same rate. The length at  1 min after completely released 
was read. The stretching and releasing were repeated. The recovery a t  
n’th cycle is expressed by (20 - ln)/lo X 100 (%) where 1, is the length 
after n’th releasing and lo is the original length. 

The relaxation modulus wm obtained as follows. A piece of sample 
(testing length, 10.0 cm) was mounted on relaxation apparatus and was 
placed in a glass tube containing silicon oil for 2 min, the tube being in a 
thermostat. The sample was extended to 25% strain in about 1 sec. The 
stress measured with a strain gauge at 5 sec after the extension was taken 
for calculating relaxation modulus at  5 sec, E,(5). 

The wide angle x-ray diffraction photograph was taken with Rigaku 
Denki x-ray diffractometer 3D-F with Ni-filtered Cu-Ka. 

The density was measured at  30°C by use of a density gradient tube 
made of toluene and carbon tetrachloride. 

Heat-Treatment 
Samples were fixed on a wooden frame and placed in an oven of 140°C 

for 30 min. The samples were removed from the frame and conditioned 
before the physical measurements. 

The effect of the heatrtreatment on the properties of the disulflde-cross- 
linked polycaprolactam fiber was found to depend much on the moisture 
in the oven during the treatment. The experiments reported in the present 
paper were done in a day when it was around 60% RH. No attempt was 
made to control the moisture of the oven. 

Removal of Methoxymethyl Groups from the 
Crosslinked Polycaprolactam by Hydrolysis 

Samples were wound on a glass reel and placed in a beaker filled loosely 
with glass fibers so that swollen samples did not slip off the reel. A formic 
acid solution was put into the beaker and the reaction was carried out a t  
50°C for a given time. The samples swelled much in the hydrolyzing 
medium. When the hydrolyzed samples were washed with tap water and 
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air-dried, the samples contracted to their original length. The physical 
properties were measured after aging at room temperature for 6 months. 

RESULTS AND DISCUSSlON 

Preparation of DimMde-Crosslinked Polycaprolactam Fiber 
Reaction spinning where crosslinking and fiber formation occur simul- 

taneously is expected to produce uniformly crosslinked fibers. It appears 
that the crosslinking reaction to apply for the reaction spinning is limited. 
The use of difunctional crosslinking agents seems to be undesirable because 
stoichiometric control of the crosslinking reaction under spinning conditions 
is difficult to achieve and branching of the difunctional reagent rather than 
crosslinking may proceed more. It was considered that backbone polymer 
should have self-crosslinkable groups and the crosslinking reaction should 
proceed at a proper rate. Oxidation of mercaptan of the backbone polymer 
to disulfide was chosen in the present study for the introduction of cross- 
links into polycaprolactam fibers. 

N-Nlercaptomethyl polycaprolactams (in the form of potassium mercap- 
tide) of various degrees of sulfur substitution were prepared from N-meth- 
oxymethyl polycaprolactam (D.S.,, 0.30) according to the following se- 
quences : 

I 
N-CHzSC(NH)NHz. HCI 

I 
I 
I 

N-CHzOCHa 

C 4  
NHxCSNHz 1 

HCI I - c=o 

I 
KOH N-CHZSK (or -CHzSH) - L o  i- 

The reaction conditions used were similar to those reported by Cairns et 
al. 1 for the preparation of N-mercaptomethyl polyhexamethyleneadipamide. 

Various degrees of the N-mercaptomethyl substitution were attained by 
using different amounts of thiourea. The solution of N-mercaptomethyl 
polycaprolactam was cast into a film by evaporating solvent. The film 
was washed thoroughly with water and dried. Sulfur and methoxy con- 
tents of the film were determined, and the degrees of substitution with 
N-mercaptomethyl (D.S.,) and N-methoxymethyl (D.S.,) of the 
original polymer in solution were calculated. The film was partly cross- 
linked by air-oxidation. The total degree of substitution (D.S.mal) was 
nearly equal to D.S.M of N-methoxymethyl polycaprolactam which was 
used rn a starting material, when eyuiniolar amouiit>s of hydrogen chloride 
and thiourea were used. This indicates that, t,he postulated reaction pro- 
ceeds without any side reaction. The yield of the mercaptomethyl sub- 
stitution based on the amount of thiourea was between 43 and 62% when 
the reaction was carried out for 15 min. When twice molar amount of 
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(b)  

M2 x250 M4 x250  

1601 

M4h x75 

Fig. 1. Cross-sections of disulfidecrosslinked polycaprolactam fibers. (a) Untreated; 
( b )  hydrolyzed. 

hydrogen chloride was used, the yield was improved but D . S . T ~ ~ ~ ~  of the 
product was lower than that of the starting material. In  this case, some of 
the methoxymethyl groups seems to be lost via hydrolysis. The results 
are summarized in Table I. 

The preparation of the crosslinked polycaprolactam fiber was achieved 
by spinning the solution of mercaptomethyl polycaprolactam (in the form 
of potassium mercaptide) into dilute aqueous hydrogen peroxide at room 
temperature. Mercaptide was preferred rather than free mercaptan be- 
cause the former was more stable towards air-oxidation than the latter.' 
The preparation and the spinning conditions of mercaptomethyl polycap- 
rolactam are listed in Table 11. The amount of hydrogen chloride used 
was equimolar to thiourea throughout the spinning experiments. 

There were two competing effects of the mercaptomethyl substitution on 
the formation of fibers. The polymer containing mercaptide groups was 
more hydrophilic, resulting in slower coagulation as the substitution in- 
creased. On the other hand, the crosslinking took place faster as the sub- 
stitution increased, therefore, precipitation of the polymer from a hydrogen 
peroxide solution occurred faster as D.S.s increased. Consequently, the 
samples of low D.S+! such as M I  formed fibers slowly even in a very dilute 
hydrogen peroxide solution by the precipitation mechanism, while the 
samples of high D.S.s such as M4 formed fibers fast in 5% hydrogen per- 
oxide by the insolubilization due to the crosslinking. Fibers of higher D.S.s 
than that of M4 were not obtained. When M ,  in solution was extruded 
into higher concentration of hydrogen peroxide, the crosslinked polymer 
separated rapidly, but it was too weak to draw. 

Much change in the fiber cross-section is observed microscopically with 
increasing D.S.s as shown in Figure la. While the cross-section of Mz 
was semicircular in shape, that of M4 was circular. It appeared that the 
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coagulation of the former in the spinning bath was slow and incomplete, 
hence, the resulting soft filament became hard slowly in a pressed form 
(semicircular cross-section) on a winding bobbin. On the other hand, the 
latter coagulated fast in the bath to form circular cross-section because of 
the surface tension. 

The modified polycaprolactam fibers made in this work were insoluble in 
either solvents for unsubstituted polyamides or N-methoxymethyl poly- 
amides, showing that the crosslinks were formed by the reaction spinning. 
Bruck' converted a polycaprolactam fiber into disulfide-crosslinked one 
according to the same reaction scheme as employed in the present work 
under heterogeneous reaction conditions. It was observed that the cross- 
linked fiber swelled differentially in m-cresol, resulting in helical coiling. 

TABLE I11 
Analyses of DisulfideCrosslinked Polycaprolactam 

Sulfur Sulfurb 
found, Mercaptan,a Disulfide,a calc'd, 

M* 0.39 11 27 0.21 
M* 1.23 9 225 1 .46  
Ma 1.87 10 289 1.88 
M4 3.25 12 443 2.87 

Sample % fi  moWg fi  mole/g % 

* Determined polarographically. 
b Calculated from mercaptan and disulfide contents. 

This phenomenon was considered to be due to the uneven distribution of 
the crosslinking density across the fiber axis. The fibers prepared in tho 
present work by the reaction spinning did not undergo crimping in m- 
cresol. This suggests that the crosslinking takes place evenly in a coagu- 
lating spinning mixture to form a uniformly crosslinked fiber in the case of 
the reaction spinning. 

The 
mercaptan and disulfide contents were estimated by Leach's polarographic 
method2 with minor m~dification.~ The mercaptan content of the fiber 
was very low, and the most of the sulfur in the fiber was found in the form of 
disulfide. The sulfur content calculated from the mercaptan and disulfido 
contents agreed well with the sulfur content found by the sulfur analysis. 
The analyses of sulfur and methoxy made on one fibrous sample gave DAs 
of 0.112 and D.S., of 0.201. Thus, D.S.T,,~,~ (0.313) did not change by 
the reaction spinning. All these results led to a conclusion tlhat most o f  
the mercaptan convertcd tlo disulfide and both the rest, of the mercaptan 
and the residual methoxymet hyl remai ned unchanged t,hroughout, thc 
spinning procedure. Earland and Raven5 reported that hydrogen per- 
oxide did not oxidize disulfide of N-mercaptomethyl polyhexamethylenc- 
adipamide. 

The sulfur contents of the fibers determined are given in Table 111. 
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Properties and Structure of Diade-Crosslinked 
Polycaprolactam Fiber 

The mechanical properties of the disulfide-crosslinked polycaprolactam 
fibers are characterized by low initial moduli, high elongations at break and 
low apparent breaking strengths as shown in Table IV and Figure 2. The 

TABLE IV 
Properties of Fresh Disulfide-Crosslinked Polycaprolactam Fibersa 

Breaking Elongation Initial 
strength, a t  break, modulus, 

Sample Denier g/d % kg/mrn2 

MI 96 0.28 470 7.0 
Mz 34 0.30 450 6.5 
M* 220 0.30 450 2.1 
M4 54 0.45 450 0.2 

a Measured about one week after preparation. 

stress-strain curves resemble that of rubber. In  the case of the most cross- 
linked fiber (M4),  the stress increased progressively as the fiber was ex- 
tended. The mechanical properties of the fibers were found to change on 
aging at room temperature. In  Figure 3 are shown the change in the stress- 
strain curve of M4 on aging. The initial modulus increased and the elonga- 
tion at break decreased on storing the fiber for one month. The stress- 
strain curve stopped changing further after a few months. The stress- 
strain curves of the aged samples are illustrated in Figure 4. The compari- 
son of the stress-strain curves in Figure 4 and Figure 2 shows that the stress 
required for stretching increases on aging, and the yield regions are dis- 
tinguished more easily for the aged sampIes except M4. The observed 
change in the stress-strain relationship might arise from the slow formation 
of secondary bonding which might form restricting structures against 

0.5 1 

0.2 
v) 

100 150 200 250 300 350  400 

S T R A I N  (%I 
Fig. 2. Stressstrain characteristics of fresh disulfide-erosslinked polycaprolactam fibers. 
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S T R A I N  (%) 

Fig. 3. Effect of aging on the stress-strain relationship of M'. A week after preparation, 
(-); a month after preparation, (---); four months after preparation, (---). 

stretching. Both the initial modulus and the stress at the yield point in- 
creased with decreased crosslinking. The crosslinking presumably pre- 
vents the rearrangement of the polymer chains and the formation of secon- 
dary networks. The newly formed structure on aging may be labile in a 
hydrogen-bond-breaking medium; indeed, the initial phases of the stress- 
strain curves of the aged samples in water (Fig. 5 )  were similar to those of 
the unaged samples measured in the dry atmosphere. 

The mechanical properties of the aged fibers are recorded in Table V. 
The elongations at  break of the samples ranged between 300 and 500% and 
the breaking strengths were between 0.43 and 0.57 g/d. The initial 
modulus decreased markedly as the crosslinking increased, ranging between 
13.0 kg/mm2 for M I  and 1.2 kg/mm2 for M,. The elastic recoveries of the 
samples from stretching were high. All the samples show almost complete 
recoveries after several stretching-releasing cycles are applied, as shown in 

S T R A I N  (%) 

Fig. 4. Stress-strain characteristics of aged disulfide-crosslinked polycaprolactam fibers. 
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TABLE V 
Properties of Aged Disulfide-Crosslinked Polycaprolactam Fibersa __ 

Breaking Elongation Initial Specific 
strength, at break, modulus, gravity, 

Sample Denier g /d % kg/-' 30°C 
~~~~ ~ 

MI 96 0.57 400 13.0 1.130 
M2 34 0.47 350 12.0 1.138 
Ma 220 0.43 500 4 .3  1.140 
M4 54 0.50 300 1 . 2  1.141 

a Measured about one month after preparation. 

TABLE VI 
Repeated Elastic Recoveries from 100% Extension 

~~ ~~~ ~~ 

Number of stretching-releasing cycle 
Recovery, yo 

SamDle 1 2 3 4 5 

MI 74 67 65 63 62 
Me 81 76 74 74 74 
Ma 84 81 79 77 75 
M, 95 92 92 92 92 

Spandex 96 96 96 96 96 
(210 denier) 

Table VI. The elastic recovery of a Spandex fiber is also shown in the 
Table for comparison. Generally speaking, the more crosslinked sample 
showed better recovery. 

It has been well established that the substitution of the amide hydrogen 
of polyamides with alkyl, alkoxy and other groups lessens hydrogen bonding 
between the polymer chains and reduces the regularity of the polymer ar- 
rangement. As a consequence, N-methoxymethylated polyhexamethyl- 
eneadipamide, far instance, exhibits lower melting point, lower crystallinity, 

Fig. 5. Stress-strain characteristics of disulfide-crosslinked polycaprolectam fibers (wet). 
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Fig. 6. X-ray diffraction photographs of disulfide-crosslinked polycaprolactam fibers. 
(a) Aged; ( b )  heat-treated; (c) hydrolyzed. 

and higher reversible extension. In the present work, the amide substitu- 
tion with both methoxymethyl and the disulfide linkages resulted in the 
elasticity. The elongation at break did not depend on the density of the 
crosslink. The elastic recovery of the crosslinked fiber was better than 
that of comparably substituted N-methoxymethyl polyhexamethylene- 
adipamide.'j 

The x-ray study revealed that the highly crosslinked sample (M4)  was 
amorphous while the less crosslinked sample (Mz)  was partly crystalline al- 
though the diffraction patterns of Mz were diffuse. Crosslinking appar- 
ently disturbed crystallization. When both samples were stretched at 
100% extension, the polymer molecules underwent orientation. In  addi- 
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I 

I 

100 Is0 200 250 300 350 4 

1607 

S T R A I N  (%I 
Fig. 8. Stress-strain characteristics of heat-treated disulfide-crosslinked polycaprolactam 

fibers. 

tion, the crystallization accompanied stretching in the case of M4.  The 
highly crosslinked fiber (M4) returned to its original unoriented amorphous 
structure, when the force of the extension was removed. The less cross- 
linked sample (M2) ,  however, remained oriented when the force was re 
moved. The x-ray photographs for the above discussion are collected in 
Figure 6s. 

The 
specific gravity increased with increased crosslinking. The amorphous 
M4 showed a higher density than the partly crystalline M2. The amount 
of sulfur in the fiber seems to have more pronounced effect on the specific 
gravity than the crystallinity. 

The relaxation moduli of the samples measured in silicon oil are plotted 
against temperature in Figure 7. The modulus decreased with increasing 
temperature. The fiber seems to be in a transition region from glassy to 
rubbery regions at room temperature. 

The effect of the heat-treatment on the properties of the crosslinked fibers 
was studied. The samples were kept a t  a constant length and heated a t  
140°C for 30 min. The stress-strain curves and x-ray diffraction photo- 
graphs of the heat-treated samples are shown in Figure 8 and Figure 6b, 
respectively. The stress-strain curve of the most crosslinked M ,  became 
almost identical with that of the fresh M4 by the heat-treatment. This sug- 
gests that the weak secondary-bonded network structure of the aged sample 
was ruptured during the heat-treatment. The stress-strain curves of Mz 
and M3 became similar to that of &I4 after the heat-treatment. The initial 
modulus was low and the stress increased progressively without the yield 
region as the fiber was stretched. The initial moduli of M2 and M3 were 
much lower than those of fresh M2 and M3, respective!y. These also in- 
dicate the breakdown of the original network structure. The initial modu- 
lus increased with decreased crosslinking. This could be explained by the 
formation of more stable small crystallites during the heat-treatment. 

The specific gravities of the fibers measured are listed in Table V. 
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TABLE VII 
Properties of HeabTreated DisulfideCrosslinked Polycaprolactam Fibers 

Breaking Elongation Initial 
strength, at break, modulus, 

Sample g/d % kg/mme 

M2 0.80 140 1 . 4  
M3 0.53 200 0.4 
M ,  0.30 300 0.2 

The crystallites could serve as crosslinks in effect. The initial modulus, 
then, could depend on the net effect of crosslinking and the formation of 
the crystallites. As was the case on aging, crosslinking might oppose the 
rearrangement of polymer chains to form the crystallites. Thus, the less 
crosslinked fiber forms more crystallites during the heat-treatment. An 
alternative and less probable explanation is the formation of methylene 
bridges between methoxymethyl groups during the heat-treatment? 

The physical properties of the heat-treated fibers are collected in Table 
VII. The i-nitial moduli of the heat-treated fibers were about one tenth 
of those of the corresponding aged ones. The elongation at break of the 
heat-treated Mq (300%) was equal to that of the aged M4, while the elonga- 
tions of other heat-treated samples were about two fifths of those of the 
corresponding aged ones. The elongation of the heat-treated fiber in- 

0 

S T R A I N  (%) 

Fig. 9. Comparison of stress-strain curves of heatrtreated and untreated samplw. 
S contents of samples: (a )  1.10%; ( b )  2.45Yo3. Untreated, dry, (-); heabtreatd, 
dry, (---); heattreated, wet, (---). 



DISU,LFIDECROSSLINKED NYLON 1609 

creased with decreased crosslinking. The breaking strength increased 
appreciably by the heat-treatment. The strength increased with increased 
crosslinking. 

In Figure 9 are shown stress-strain curves of the heat-treated samples in 
water and in the atmosphere along with the curves of the untreated samples. 
The structure of the heat-treated sample was rather stable towards water as 
the stress-strain relationship in water was similar to that in the dry atmo- 
sphere. 

It is interesting to note that the change in the stress-strain curves of Mq 

was the least. This appears consistent with the following data of heat set. 
A couple of fibers (M2 and M4) were kept a t  100% extension at  120°C for 
1 hr. The sets obtained were 93% for Mz and 24% for M4, respectively. 
It was also evident that the crosslink opposed flow of the polymer segments 
in cold water. Samples (Mz and M4) were kept at 100% extension in water 
at 25°C for 1 hr. While 68% of the extension was set in the case of M2, 

only 9% was set for M4. More detailed work will be described in a follow- 
ing paper on the mechanism of setting in various aqueous media. 

The more crosslinked sample was more stable. 

Removal of Methoxymethyl Groups from the Disulfide-Crosslinked 
Pol ycaprolactam 

Hydrolytic removal of the residual methoxymethyl from the disulfide- 
crosslinked fibers was investigated. In a preliminary experiment with 
film samples, it was shown that the methoxymethyl groups were completely 
removed from the polymer when the film was treated with 85% formic acid 
at 50°C for 15 min. Slight loss of sulfur was accompanied when the film 
was treated longer (see Table VIII) . As the less crosslinked polymer dis- 
solved partly in 85% formic acid, it was allowed to react in 20% formic 
acid for a longer period. 

TABLE VIII 
Removal of Methoxymethyl Groups from 

Disulfide-Crosslinked Polycaprolactam Films 

Reaction time, Methoxymethyl, 
min % 

Sulfur, 
% 

0 
5 

15 
60 

4.50 
trace 
0 
0 

3.18 
3.18 
3.08 
2.57 

a Samples were hydrolyzed in 85% formic acid at 50°C. 

The x-ray diffraction patterns are shown in Figure 6c to indicate that the 
hydrolyzed samples are more crystalline compared with the untreated ones. 
Orientation of the polymer chain was also observed. The fibers swelled in 
the formic acid longitudinally and contracted during washing and air- 
drying. Orientation of the molecule could occur in the latter stage of the 
treatment because the samples were not allowed to shrink freely. 



4
 % k-2 I4 

T
A

B
L

E
 I

X
 

D
is

ul
fid

ec
ro

ss
lin

ke
d 

Po
ly

ca
pr

ol
ac

ta
m

 F
ib

er
s 

Fr
ee

 fr
om

 M
et

ho
xy

m
et

hy
l 

G
ro

up
s 

z 2 
C

on
di

tio
ns

 o
f 

hy
dr

ol
ys

is
' 

Pr
op

er
tie

s 
of 

hy
dr

ol
yz

ed
 f

ib
er

s 
P

 
C

on
ce

nt
ra

tio
n 

R
ea

ct
io

n 
M

et
ho

xy
m

et
hy

l, 
B

re
ak

in
g 

El
on

ga
tio

n 
In

iti
al

 m
od

ul
us

, 
%

 
Su

lfu
r, 

%
 

st
re

ng
th

, 
g/

d 
at

 b
re

ak
, 

%
 

kg
/m

m
P 

g ti 
Sa

m
pl

e 
of 

fo
rm

ic
 a

ci
d,

 y
o 

tim
e,

 m
in

 

1W
ZA

 
20

 
60

 
0 

1.
10

 
0.

7 
12

0 
15

0 
M

3h
 

85
 

15
 

2.
08

 
0.

7 
12

0 
82

 
M

4h
 

85
 

15
 

0 
2.

79
 

0.
5 

60
 

18
 

U
 

-
 

a 
Sa

m
pl

es
 w

er
e 

hy
dr

ol
yz

ed
 in

 fo
rm

ic
 a

ci
d 

at
 5

0°
C

. 



DISUT,FIDECROSSLTNKED NYLON 1611 
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The stress-strain curves and the properties of the hydrolyzed fibers after 
being aged at  room temperature for 6 months are recorded in Figure 10 
and in Table IX, respectively. It was found that the initial modulus in- 
creased about fifteen times by the removal of the methoxymethyl groups. 
The higher initial modulus of the hydrolyzed fiber seems to be due to in- 
crease in crystallinity and crystal orientation. The initial modulus of the 
hydrolyzed fiber increased with decreased crosslinking and with increased 
crystallinity and orientation. The elongation at break decreased consider- 
ably by the hydrolysis probably also due to higher crystallinity and orienta- 
tion. Crosslinking itself may reduce the elongation since M4h, which was 

Mzh 

- M 4 h  

-- - 
M 3h --- - - 

c 

the most highly crosslinked and had the lowest crystallinity and orienta- 
tion, had the lowest elongation. It should be mentioned, however, that the 
elongation at break and the breaking strength of the hydrolyzed fiber varied 
much from one sample to another probably due to the irregular damage 
caused by the treatment. The cross-section of a hydrolyzed sample 
(At4*) is given in Figure l b  to show the damage. 

As mentioned in the Experimental, the wet disulfide-crosslinked fibers 
made by the reaction spinning tended to glue together when being dried. 
This tendency decreased as the crosslinking increased. The fibers did not 
stick to each other after being treated with formic acid. Thus the ob- 
served self-adhesion of the fibers arose from the residual methoxymethyl 
groups. It was reported that polycaprolactam fibers treated extensively 
with formaldehyde glued together.8 

The authors wish to express their appreciation to Prof. Noboru Azuma and Miss 
Harue Watamoto for their helpful discussion. The authors also wish to thank Prof. 
Kunio Makishima for microscopy, Miss Nobuko Ojima for sulfur analysis, and Mr. 
Junichi Takeda for polarographic determinations. 
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