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The .rcla.tive ultrav iolet stabi li ty of four chemically modified polycaprolactam (Nylon-6) 
systems IS dIsc ussed : methylmethoxylated fibers a nd t hree other fibers having methylene, 
disulfide, and alkylene sulfide crosslinks, respectively . . The ultraviolet degradation of t hese 
systems is studied by means of a sensitive a na lytical tec hnique in which the meth ylen e 
(- CH 2- ) groups remaining in t he chemically mod ified fib ers after irra diation are converted 
to fo rmaldehyde; t h e liberated formaldehyde is t hen reacted with chromotropie acid to 
give a colored product, the a bsorbancy of which can be determined sp ectrophotometrically. 
The results in d icate t hat t he data can be exp ressed by first order rate equations from which 
t he r ate co nstants m ay be calculated. The scission of t he crosslinks is accompa nied by a 
dec rease in t he in ternal o ri entation of t he networks as shown by X-ray diffraction 
photograph s. 

1. Introduction 

Pl'evious communications from this laboratory [1 
to 4]1 described m.acroscopic deformations such as 
helical coiling and self-crimping of polycaprolactam 
(Nylon-6) fibers as a result of heterogeneous c1'oss­
linking in the swollen state. Among other funda­
mental properties of these crosslinked systems, their 
stability under ultraviolet radiation is of considerable 
interest. By studying such selected model sys tems, 
it might be possible t o predict t he behavior of others. 
It is the object of this paper to evaluate the relative 
ultraviolet stability of fib ers having methylene, 
disulfide, and alkylene sulfide crosslinks, respectively, 
and also fibers wi th methylmethoxyl groups on the 
amide nitrogen atoms. 

2. Discussion 

The followin g stru ctmes are involved 111 this 
study: 

I. 

II. 

III. 

IV. 

I 
N - CH,-0 - CH3 
I o=c 
I 

I I 
N - CH2-K 
I I 

o=c c= o 
I I 

I I 
N - ClI,-S- S- CIJ2-N 

0=6 6=0 
I I 

I ... I 
N - CI I,- S- CI[,-S-CII,--N 

0=6 6=0 
I I 

'Present address: Applied P hysics Laboratory, The Johns Hopkins University, 
8621 Georgia A venue, Sil vcr Spring, Md. 

1 Figures in brackets indicate the literatlU"e references at the end of this papcr . 

Structm e (I ) is a precm sol' in the preparation 
of the sulfm containing crosslinked structmes (III, 
IV). The crosslinked unit (II) incor porates only 
one methylene group between the adj acent amide 
nitrogen atoms of two polymer chains; system (III) 
has tt disulfide type crosslink fmd includes two 
methylene groups ; finally structure (IV) has three 
methylene groups, one of which is interposed b e­
tween two sul[m atoms. By such systematic varia­
tion of the type fwd length of crosslinks, it should be 
possible to evaluate their comparative ultraviolet 
stability and arrive at knetie deductions. 

In order to study the ultraviolet degradation of 
these systems, use was made of a sensitive analytical 
technique described in detail elsewhere [5, 6] . In 
this method, the methylene (- CH2- ) groups in 
structures (I to IV) are hydrolyzed with sulfuric 
acid to yield one equivalent of forma,ldehyde per 
equivalent of methylene group. The formnJdehyde 
so formed is then reacted with chromo tropic acid 
(l,8, -dihydroxynaphthalene-3,6,disulfonic acid), and 
the absorbancy (log 10/1.) of the resul ting reaction 
product is subsequently determined at 570 m,u with 
a spectrophotometer. From the formaldehyde 
anaylsis it is possible to estimate the number of 
equivalents of crosslinks per 106 g of polymer. Al­
though it was shown previously [7 , 8] th at in the 
case of a well-defined, fairly uniform crosslinked 
fib er the numb er of equivalents of crosslinks may be 
calculated from equilibrium swelling measmements, 
such an approach canno t be entirely relied npon 
when the crosslinking density across the fib er's cross 
section is nonuniform, as is the case with the sys tems 
h aving disulfide fmd alkylene sulfide type crosslinks 
[1, 2]. Futhermore, the ultraviolet il'l"adiation may 
cause additional erosslinking not originally present 
in the system which, by participation in the swelling 
process, would obscure the calculations. 

In the present work, two General Electric G25T8 
germicidal, low-pressure mercury lamps were used. 
According to G.E. data, ftbout 60 percent of the 
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input energy is transformed into a predominant 
wavelength of 2537 A, of which the special glass 
envelope transmits about 74 percent, or close to 
half 01' the total energy input. Thus, this type of 
lamp is a convenient source for nearly monochro­
matic ultraviolet radiation. Of the remainder of 
the energy, 2 percent is transmitted into visible 
light, and 48 percent is transformed into heat. Due 
to the special glass envelope, no energy was trans­
rnitted below 2000 A. The fibers were mounted on 
a specially designed stainless-steel holder in the 
manner illustrated by figure 1. The assembly was 

FIGURE 1. Sample holder. 

then placed inside a quartz tube and slowly rotated 
in front of the mercury lamps by means of an 
electrically operated magnetic coupling. The lamps 
were placed approximately 2 in. away from the 
quartz tube and opposite each other. 

During the irradiation , the pressure inside the 
apparatus was kept at 10 - 4 to 10 - 5 mm of Hg by 
means of an oil-diffusion and mechanical pumping 
system. The G25T8 mercury lamps permitted the 
use of samples large enough for subsequent analy­
tical work. The average intensity of the illumina­
tion at the detector was measured by suspending a 
vacuum thermopile inside the quartz sample holder 
tube, and was found to be 6,800 JJ.w/cm2 or 6.80X 104 

ergs/cm2-sec. It was :llso established that the in­
tensity of the radiation along the axis of the lamp 
was uniform within 10 percent . Furthermore, the 
decrease in intensity of the lamps during the irradi:l-

tion process was negligible and the temperature 
within the sample tube did not rise above 40 °C. 

No attempt was made t o determine quantum 
yields in the present work due to the fibrous nature 
of the samples which gives rise to considerable scat­
tering of radiation that is difficult to measure. The 
fiber samples were irradiated in vacuum for up to 50 
hI', treated for 0.5 hI' in distilled water at 90°C to 
remove the degradation products, dried, and then 
subjected to formaldehyde [5, 6] and methoxyl ana­
lyses [9] . Thus, the evolved quantities of formalde­
hyde represent the remaining (nonphotolysed) groups 
in structures I to IV. The results are summarized 
in table 1. In all cases there is a decrease in the 
methylene groups that are part of the crosslinks and 
also in the methylene groups that, are part of the 
methylmethoxylated fiber, as indicated by the drop 
in formaldehyde concentration. 

TABLE 1. Kinetic data for u ltraviolet degradal'ion oj chemically 
modified poZycaproZactam fibers 

Sample Type of Irradia· Sample 
N o. modifica- tion weigbt log 10/1 %CH,O %-OC113b 

tion a time 
-------

hr my 
1 A 0 24.40 0 . 262 4.0±0. 1 3.0± 0. 1 
2 A 2 25.45 . 236 2.5 2. 4 
3 A 4 22.82 . 182 3.0 2.6 
4 A 6 20.90 . 146 2.6 2.3 
.) A 8 22.90 . 148 2.4 2.5 
6 A 12 20.45 . 125 2.3 2. 1 
7 A 16.3 25. 95 . 118 1.6 2. 0 
8 A 20 19. 87 . 098 1. 8 1.9 
9 A 30 25.10 . 105 1. 5 1. 7 

1 B 0 16.60 . 251 5.6±0.1 
2 B 2 16. 92 . 210 4.6 
3 B 4 17.29 . 179 3.8 
4 B 6 16.06 . 143 3.3 
.) B 8.5 16.85 . 160 3.5 
6 B 15 16.23 . 113 2 . .) 
7 B 20 15.85 . 103 2.3 
8 B 30 16.59 . 089 2. 0 
9 B 40 15. 53 . 082 1.9 

1 C 0 24.25 . 161 2.4±0.1 
2 C 2.5 17.24 . 097 2.0 
3 C 4 16.83 . 092 2.0 
4 C 6.1 23.73 . 132 2.0 
5 C 8 23.32 . 109 1.7 
6 C 12 22.06 . 091 1.5 
7 C 16 17.44 . 069 1.4 
8 C 20 19.03 . 068 1.3 
9 C 30 16.72 .051 1.0 

1 D 0 20.94 . 150 2.6± 0.1 
2 D 2 18.52 . 114 2.3 
3 D 4 23.39 .130 2.0 
4 D 6 31.14 . 148 1.8 
.) D 8 20. 64 . 106 1.9 
6 D 12 20. 76 . 097 1.7 
7 D 16 30.03 . 101 1.2 
8 D 20 23.34 . 078 1.2 
9 D 30 22.95 . 088 1.3 

1 
a A. N- CH 2-0 - C IT3 

I 1 
B. N-CH ,-N 

I - 1 1 
C. N- C1I2-S-S- C H ,-N 

I . 1 .1 
D. N- CH2- S- CH,-S- CH,-N 

1 1 
b Modified Clark apparatus used . Procedure: A. Steyermark, Quantitative 

Organic Microanalysis, p . 431 (Academic Press Inc., New York, 1961). 

An uncrosslinked but irradiated control sample of 
polycaprolactam gave no positive test for formalde­
hyde but showed an increase in inherent viscosity, as 
seen in table 2. Small gel particles were observed in 
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TABLE 2. I nheTenl viscosity of uncrossl-inked (conlrol) samples 
of polycapTolaclam /ibeTs 

Inhercnt viscosity 
Time of irradiation (25 °C± 0.1) 

90% formi c acid 

hr 
o 1.005 
2 1. 145 

l2 1. 230 
20 • 1. 400 

• Filtered to remove gel particles. 

the uncrosslinked control samples that had been 
irradiated for 20 hI' , indicating the presence of radi­
ation-induced crosslinks. This type of crosslinks 
differs from the chemically implanted ones as the 
former type represents actual "point-contacts" 
between two polymcr chains as t he result of recom­
bination of free radicals, whereas the chemically 
implanted crossEnks h avc predetermined chemical 
composition and length. 

The fact that chemically implanted erosslinks are 
broken by ultraviol et irradiation is also seen fr~ml 
equilibrium swelling m casure!nents tb~t were cm:ned 
out by a pho tomlcrographlc t echmque descnbed 
elsewh ere [7, 8]. 

Fie-Ul'e 2 is a plot of the equilibrium volume swell­
ing r a lio , qm (sw('lling agent: m-cresol) versus ir­
radiation time for caprolactam fib ers h aving- methyl­
ene (- CH2- ) cros8links. The symbol qm= VIVo, 
where V= th e volume of the crosslinked network at 
equilibrium swelling , and Vo = t he volum e of the 
network before swelling. As fi gure 2 shows, t he 

6,-----,-----,-----,-----, 

3 

o 10 20 
IRRADIATION TI ME , hI' 

30 40 

FIGURE 2. Varia;tion of equilibrium vohtrne swelling ratio (qm) 
with i1'1'adiation lime f or methylene-crosslinked polycapro­
lactam fib ers. 

ultraviolet irradiation resul ts in an increase in the 
qm values, indicating a decrease in the crosslinking 
density. Th e sharp leveling off at approximately 
20 hr of irrad iation is mosL likely due to the appear­
ance of radiaLion-induced crosslinking, the existence 
of which h as already been hOWll by intrinsic vis­
cosity measuremenls . In view of Lhe ['act that both 
the radia tion-induced cl'osslinks and Lhe chemically 
in troduced crosslinks contribuLe to Lhe swelling 
process, and becttuse it is not possible Lo separate 
each of these variables, the eqJilibriulll swelling 
measurements were not Llsed in the calculation of the 
crosslinking density. Instead, the num bel' of equiv­
alents of chemically introduced crosslinks broken 
during the irradiation process was obtained from 
chemical analyses, as will be discussed below. 

3. Kinetic Analysis of the Data 

For the kinetic analysis of the data the logari thm of 
Lhe percen t formaldehyde was plo LLed against ir­
radiation time. Figure 3 illustrates the da ta for the 
degradation of the methylmethoxyl groups in ch emi­
cally modified polycaprolactam fibers wh en subj ec ted 
to ultraviolet irradiation at 2537 A. If th e m eLhyl­
methoxylation process were free of sid e reactions, only 
one methylmethoxyl group would be attached to the 
amide nitrogen atom, which should y ield one mole 
of formaldehyde (from the - CH 2- gro up) and one 
mole of me thoxyl (- O- CH 3 group ). However , th e 
reaction condi t ions for tbe methylm ethoxylation 
process [2 , 10] do no t entirely eliminate the formation 
of small amounLs of pol:Yllletil ylol groups. Th e 
degradation of such groups will r es ult in the evolu­
tion of formald ehy de but no methoxyl groups. 
Thus, the photolysis of th e polym ethylol and 
rnethylmethoxyl groups could be ass umed to proceed 
according to two independ en t reactions as follows: 

I u.v. 
N- (Cll, O) n-On degradation products 
I "1 o=c 
I 

where n = 1 to 25 

I U.V. 
N-CH,-0-CH3~degradation products 
I k, 

O=C 
I 

From Figure 3 it is noLed th at the unirradiated 
samples yielded approximately 4 percen t (by weigh t) 
formaldehyde and 3 pereen t (by weigh t) methoxyl 
groups. However , after an irradiaLion period of 
approximt\tely 5 hI', tIl e sampl es continued to yield 
practically identical quantities of formaldehyde and 
methoxyl grou ps by weigh t. (I t should be no ted 
that the weight p ercent of both formaldehyde 
(M.W. = 30) and methoxyl groups (M.W.= 3l) have 
very nearly the same relation to the mole percent of 
these materials.) An analysis of th e data indicates 
the existence of two, sim ultaneous, but independent 
fust order reactions (I and II, above), the effect of 
which may be m ath ematically expressed as follows 
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FIGURE 3. Logarithmic p lot of the 1lltraviolet degradation of 
m ethoxymethylated polycapl'olactam fibers. 

provided the absorption is a small fraction of the 
incident light: 

I. 

II . 

and, 

I. 

II. 

- dCu __ k C 
ell - z u 

CI = A exp (- k It) 

Cu= B exp (- kzt) 

where, 

CI= concentration of formaldehyde evolved by acid 
I hydrolysis of the nonphotolysed polymethylol 
~ groups remaining in the fiber after irradiation . 
Cu= concentration of formaldehyde evolved by acid 

hydrolysis of the nonphotolysed methylmeth­
oxyl groups r emaining in the fiber after irradia­
tion. 

kl and k2 = respective rate constants (hr- 1) 

A and B = constants 
t= time of irradiation (hr) . 

Thus : 

where 

C = total concentration of evolved formaldehyde. 

From the above expression, kl = 0.18 hr- 1, and 
k2 = 0.01 hr- t, indicating that reaction I is much faster 
than reaction II. 

A similar approach can be extended to the poly­
caprolactam system having methylene (--CH2--) 
crosslinks. Although this type of crosslink is predom­
inant in the fiber, the nature of the chemicall'eaction 

w· 
..J 

3 
<Il 

<.? 
o 
,,"3 \ 

;/! .----\.... • -----+ ' HEATED 170 oe, 8 min 

~ \--
is \ 

\ 

I ~------~------~------~------~------~ o 10 20 30 4 0 50 
IRRADIATION TIME ,h r 

FIGURE 4. Logarithmic plot of the 1lltraviolet degradation of 
methylene-crosslinked polycapl'olactam fib ers . 

process [ll] also gives rise to long polyformaldehy de 
crosslinks. E ven relatively few of these crosslinks 
will r esul t in the liberation of large quantities of 
formaldehyde upon irradiation. Furthermore, the 
polyformaldehyde type crosslinks are known to be 
h eat-sensitive and can be converted to short methyl­
ene crosslinks upon heating. Advantage ,vas taken 
of this property by heating the original, unil'l'adiated, 
crosslinked sample at 170 °C for 8 min. in a vapor 
bath, whereupon i ts original formaldehyde content 
of 5.6 percent dr opped to 2.8 percent. From 
figure 4 it is seen that this latter value forms a 
str aight line with the rest of the points. Thus the 
existence of two independent first order reactions 
is indicated , as follows: 

I. I I u.v. 
N-(C H z-- 0 ) .-CIIz--N ----+degradalioll prod uels 
I I b 

O= C 0 = 0 
I I 

where n= 1 to 25 

II. I I 
N- CII,- N 
I I o=c c=o 
I I 

U.V. 
------tdegrada tion prod ucts 

{" 

Application of the mathematical expression described 
above and a least square analysis of the data yields 
kl = 0.22 hr- 1 and k2 = 0.01 hr-l. Here again, reac­
tion I is much faster than r eaction II. 

The data on polycaprolactam fibers having disul­
fide type crosslinks are summarized by figure 5 in 
which the logarithm of percent formaldehyde is 
plotted against irradiation t ime. In contrast to 
the degradation of the methylene-crosslinked fiber 
and the methylmethoxylated sample, all the points 
fall on a straight line, indicating only one first order 
reaction without any apparent other reactions. 
The rate constant for this reaction is k = 0 .025 hr- l. 
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FIGURE 5. Logw'ithmic plot of the ultraviolet degradation of 
disulfide-crosslinked polycaprolactam fib ers. 

Additional evidence for the absence of other in­
dependent reactions was obtained from chemical 
analyses of residual sulfhydryl [12] and methoxyl 
groups remaining in the sample before and after 
irradiation. These groups are precmsors in the 
formation of the disulfide erosslinks and could con­
ceivably be present after the formation of these 
crosslinks. Appreciable amounts of such groups 
would be expected to follow a degradation pattern 
distinct from the crosslink; but similar to the 
degradation of the methylmethoxylated polycapro­
lactall1. samples shown earlier. Chemical analysis 
of the disulfide crosslinked samples (before and after 
irradiation) however, showed less than 0.3 weight 
percent methoxyl groups and less than 35 equivalents 
of free sulfhydryl groups per 106 g of polymer. These 
quantities are negligible and are expected to contri­
bute little to the overall degradation of the disulfide 
crosslinks. 
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FIGU RE 6. Logarithmic plot of the ultraviolet degradation of 
alkylene sulfide-crosslinked polycaprolactam fib ers. 

The ultl:aviolet degradation of polycaprolactam 
~bers havmg alkylene sulfide type crosslinks is 
Illustrated by figme 6. The data are somewhat 
scattered and could not be analyzed on the basis of 
two independent first order reactions. Thus the 
ultraviolet degradation of this sample either does not 
follow first order ~unetics or there are many other 
mdependent reactlOns that obscure interpretation. 
:r'his latter possibilit.y might indeed be oper ative 
masmuch as the partlcular chemical reaction series 
leading to the introduction of the alkylene sulfide 
crosslinks also forms appreciable amounts of disulfide 
crosslinks and stabilized sulfhydryl groups [1] . The 
alkyl~ne sulfide crosslink~d fiber thus is expected to 
contam at least the followmg groups all of which will 
yield various quantities of formaldehyde upon ir­
radiation and subsequent hydrolysis: 

I I u.v. 1. N - CII,- s-crr,-S-CII,-N ---->degradatiol1 products 
I I k,' 

0=0 0=0 
I I 

lJ.v. II. I I 
N-CII,-s- s-cn ,-N 

0=6 6=0 
degradation producls 

kz' 

I I 

I U.V. III. )f-C l Iz-S-C II,-I---->dcgradaLion prodUClS 

0=6 /;1 

I 

Considering q1e a?ove factors, oLher techniques, 
for example rachoactlve tracer meLhods would have 
t? be applied in an aLtempt to separate 'tue contribu­
tIOns of the above sLrucLu l'es to the overall ulLra­
yiolet degradation process. However, it is interest­
mg t l~at, ass~llning the applicabiliLy of two first order 
r~actIOns as m. the other cases, a least square analysis 
of the data YIelds a rate constant of kl = 0.l S- 0.21 
Ju· - 1 that c~~ld probably represent the degradation 
of, tue stabilIze.d s0fhydryl groups (reacti~n III). 

rhe overall kmctlc results are summanzed m table 
3. The data indicat~ that the values for lei (indica­
tIve of the degradatIon of secondary products) arc 
bctw'een 0.18 and 0.22 lu·- 1 in all cases. The value 
for le 2 is 0.01 hr- 1 for the degradation of both the 
methylmethoxylated and the methylene-crosslinked 
samples, indicating that in both cases the rate de­
termining step is the scission of the N- C bond in the 
crosslinked part of the network. 

TABLE 3. Rate constants for the ultraviolet degradation of 
chemically modified polycaprolactam fibers 

Sample 

I 
N-CII,-O- CII, 
I 

I I 
N - Cll,- N 
I I 

I I 
N - Clh-S- S- CH,-K 
I I 

I . I 
N - CI-I.-S-CH,-S-CH ,-N 
I I 

"I (1u- l ) k2(hr- l ) k',(hr- I ) 

0. 18 0. 01 ------------

.22 .01 ------------

. 025 

• lB-{). 21 ___________ . Q-{).005 
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In the case of the disulfide crosslinked fibers, 
there is only one rate constant, with a value of 0.025 
hr- \ and there are no apparent side reactions. 

Finally, in the case of the alkylene sulfide samples, 
the k~ value (indicating the combined degradation 
of the alkylene sulfide and disulfide crosslinks) could 
not reliably be determined du e to the heterogeneous 
nature of the fiber. However, assuming the exist­
ence of first order reactions, the k~ value would be 
0- 0.005 hr- 1. 

From chemical analysis of formaldehyde the num­
ber of equivalents of crosslinks present before and 
after irradiation can also be estimated by converting 
the crosslinks remaining after irradiation to formalde­
hyde. The results are summarized in table 4. The 
data indicate that after 30 hr of irradiation the cross­
linking density in the fibers decreased for the rneth­
ylene-crosslinked sample by 32 percen t; alkylene 
sulfide crosslinked sample (containing appreciable 
amounts of disulfide crosslinks) by 55 percent; and 
disulfide crosslinked sample by 58 percent. From 

TABLE 4. R elative sens'itivity of crosslinked polycapl'olactam 
fibers towards ultraviolet i rradiation 

Sample Irradia- Formal- Cross-
tion debyde links 

I I hr % equiv./ IO' y 
N-CH,-N • 0 3, 0 1. 000 
I 

" 
I 

30 2, 1 682 
I I 
N-CH ,-S-S-CH ,-N 0 2. 4 392 
I 

" 
I 

30 1.0 167 
I I 

N-CH,-S-CH ,-S-C I-I,-N 0 2. 6 288 
I 

" 
I 

30 1.2 128 

• H eated at liO °c fot' 8 min. 

A 

these results and from the calculated rate constants 
it is apparent that stability of the disulfide crosslinks 
is less (k2= 0.025 hr- 1) than either the methylmeth­
oxylated (k 2= 0.01 hr- 1), methylene crosslinked (k 2 = 
0.01 hr- 1), or alkylene sulfide crosslinked (k~ prob­
ably less than 0.01 hr- 1) fibers. This behavior of the 
disulfide crosslinks is not surprising in view of the 
well-known sensitivity of these groups to radiatiol' 
damage. 

A final observation of considerable interest is the 
decrease in the internal orientation of the crosslinked 
systems that apparently accompanies the ultraviolet 
degradation process. This is indicated by X-ray 
diffraction photographs as shown in figure 7. 

Figure 7 A represents the diffraction pattern of an 
alkylene sulfide crosslinked fiber before irradiation, 
whereas figure 7B shows the diffraction pattern of 
the same sample after 30 hr of irradiation . A similar 
relationship was observed for disulfide crosslinked 
and methylene crosslinked fibers, respectively. In 
all cases the broadening of the diffraction arcs after 
irradiation indicates a decrease in orientation. This 
phenomenon is attributed to a decrease in the internal 
stress in the network as a result of the scission of the 
crosslinks upon irradiation. Further work will have 
to be carried out to quantitatively measure this 
phenomenon . 

The author thanh::s Mrs. Sally S. Flores, Donald A. 
Becker, and Sylvia 11. Bailey for technical assistance 
in various phases of this work. Thanks are also due 
to H. Steffen Peiser for discussions on the X-ray 
diffraction patterns, Boris Paretzkin for the X-ray 
exposures , and to Frank L. McCrackin for the 
computer programing of the kinetic data . 

B 

FIGURE 7. X -ray diffraction photographs of alkylene sulfide-crosslinked polycaprolactamfibers before (A ) and after (B ) irradiation. 
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