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The relative nltraviclet atabllity of four chemisally modiGed pol{;iapmla.ct.am {Nylon-B)

9 ms is discusged: methylmethoxylated fibers and three olher B

ré hpving methylens,

izulfide, and slkylene sulfide crosslinks, respectively. The uliraviolet degradation of these

s(ymm is studied by means of 5 sensitive gnal
—CH:—) gronps remaining in the chemically modified fibers

ical technigue in which the methylene
ter irrediation are converted

to formaldebyde; the liberated formaldehyde is then reasted with chromotropie acid to
%!'u'a a colored product, the eheorbancy of which can be determioed apectrophotometrioally.

he results indicate thet the data can be expressed by ficst order rete equations from which
the rate constants may be caloulated. The seission of the erossiinks iz aceompanicd by a
decressa in the internel crienfation of the networks as shown by X-ray diffraction

photographs.
1. Introduction

Previous communications from this laboratery [1
to 4]! deseribed macrescopic deformations such aa
helical coiling and self-crimping of polycaprolactam
{Nylon-6) fiberz as a result of heterogeneous cross-
lingimi in the swollen state, Awmong other funda-
mentnl properties of these crosslinked aystems, their
stability under ultraviolet radiation is of considerable
interest, By studying such sclceted model systems,
it might be possible to predict the behavior of others.
It is the object of this paper to evaluate the relative
ultraviclet stability of fibers hawing methylene,
disulilde, and alkylene sulfide crosslinks, respectively,
and also flbers with methylmethoxyl groupa on the
amide nitrogen atoms,

2. Discnssion

The following structures are imvolved in this
study;
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L Figures In bracketz indicate the litevatuye peferancoss ot the sand of Lblg pager,

Structure (I} is n precursor in the preparation
of the sulfur contaming crosslinked structures (111,
IV). The crosslinked unit (II) incorporates only
one methylene group between the adjacent rmide
nitrogen atoms of two polymer chains; aystem (II1}
has & disulfide type crosslink and includes fwo
tmnethylene groaps; finally structure (IV) has three
methylene groups, one of which is interposed bhe-
tween two sulfur atoma. By sureh systematic varia-
tion of the type and length of crosalinks, it should he
poasible to evaluate tﬁair comparative ultravielet
stahility and arrive at knetic deductions.

In order to study the ultraviclet degradation of
these systems, use was maude of 4 sensitive anslytieal
techniguee desrmibad in detail slsawhera [5, 6]. In
this method, the methylene (—CH,—) groups in
structures (1 to IV) are hydrolyzed with auffﬂuric
acid to yield one equivalent of formaldchyde per
equivalent of methylena group, The formaldehyde
20 formed is then reacted with chromotropic acid
(1,8,~dihydroxynaphthalene-3,6,disfonic acd}, and
the absorbaney (log f)/f.) of the resulting reaction
product is subsequently determined at 570 mu with
& spectrophotometer. From the {ormaldehyde
anaylsis it is possible to estimate the number of
equivalents of crosslinks per 10° g of polymer. Al-
thongh it was shown previously [7, 8] that in the
case of & well-defined, fairly uniform crosslinked
fiber the number of equivalenta of crosslinks may be
calculated from equilibrium swelling measurements,
such an approach connot be entirely relied upon
whan the crosslinking density acrose the fiber's cross
section I8 nonuniform, as is the case with the systems
having dignlfide and alkylene sulfide type crosslinks
[1, 2]. Futhermore, the uliraviclet irradiaticn may
cauge Additional crosslinking not originglly present
in the system which, by participation in the swelling
process, wonld obscuro tho caleulstions.

In the present work, two General Electric G25T8

ermicidal, low-pressura mercury lampe were used.

ceording to GLE. data, about 60 percent of the
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were  placed aupproxunalely 2 in. away [rom the
qunrte tube and opposite cach ol
During the uwradintion, the pressure inside the

apparatus was kept ot 107 to 107 mm of Hg by
means of an oil-diffusion and mechanical pumping
The G25TE mercury lnmps permatted the
use of samples large enough for subsequent analv-
ticsl work. The average intensity of the dluming
e el :|||l |!n-r|l='lr-| Wiks ||||~.-|-|||'|1| |r'. -~I|:~|rr'lll||r|!_’ I
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tubre, and was found to be 6,800 ww/om® or 6805 10
that the in-
tensily of the radistion along the axiz of the b
was unilorm within 10 percent.  Furthermore, the
docrease in intensity of the lnmps during the ireadio-
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f1om wis  negrl and the tempersture
within the sample tube did not rise aboye 40 “C

No atiempt made 1o delerming  guandm
thie present work due to the fibrous noature
of the samples which gives rise to considerable scat-
teringe of radiation that 18 diffioult o mensure.  The
liber samples werd irradinted in vacuum for up 1o 50
he, treated for 0.5 hr in distilled wator at 80 %0 to
remnove the degradeation produets, dreied, and then
subjected to formuldehyde [5, 6] and methoxy] anu-
Ivses (0], Thus, the evolved gquantities of {ormalde-
hyde represent the remaining (nonphotolysed) groups
i structures | to IV, The results are summarized
in table | [0 all eases thers 1= 8 deercose in the
ey lene IOl ps hmt sree purt of the erosslinks and
also in the methylene groups that ave part of the
I||l'|||l1-||||~'I|I“1_‘~J:|II'~| fiber, as indicated h_\ Lhe L|::I'1|||
i formaldebyide conepnbration.
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An uneresslinked but rradiated control sample of
polveaprolaciam gave no positive test for formalde-
hyde but showed an inerease in inherent viscosity, as
seent in table 20 Small gel particles were observed in
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Friherend viscosily of uncressiinked {confrol) somples
of polycaproleciam fbers

TasLE 2.

Inherent vizooalty
‘Time ol iradinklat w%* 04,1
tormie ackl

a [l
] 11435
12 LH
= 1. -HW]

= Flitared to remova gel pardeles.

the uncrosslinked control samples that had been
irrgdiatad for 20 br, indicating the presence of radi-
ation-induced crosslinks, Thiz type of crosslinks
differs from the chemically implanted ones as the
former type represents actual “point-contacts”
betwean two polymer chains as the result of recom-
bination of free radicals, whereas the chemicully
implanted crosslinks have predetermmined chemical
composition and lengih.

The fact that chemically implanted erosslinks are
broken by ultraviolet irradiation is aleo seen from
enuilibrium swelling messuremants that wera earried
ount by & photomicrographic technique described
elsewhare [7, 8].

Figure 2 is a plot of the equilibrium vohime awell-
h}ﬁl;:atiu, fm (Bwelling ageni: m-cresol) versnz ir-
radiation time for caprolaciam fibers having methyl-
ene (—CHg—) emejinka. The symbol ¢,=T/Vo,
where V'=the volume of the crosslinked network at
eqailibriom swelling, and Vo=the volume of the
tetwork before sweiling. As figure 2 shows, the

-4 ] 1 ]

@ Q 20 20 40
|IRRGQIETICN TIME  hr

Frcurr 2. Variclion of eguilibrium rolumes swething relio (ga)
with trradialion iime for methplene-cromiinked polyeapro-
Inetam Kbera,

ultraviolet irradiation results in an incresse in the
= values, indisating a decrense in the crosslinking
encity. The zharp leveling off at wpproximately
20 hr of irradiation #s most likely due to the appesr-
ance of radiation-induced crosslinking, the existence
of which has already been shown by intrinsic vis-
cosity measurements. In view of the fact that both
the radiation-induced crosshnka and the chemically
interoduced crosslinks contribute to the swelling
procesd, and because it is not possible te soparate
esch of thesa varinbles, the equilibrivm swelling
measuremen s were not ased in the caleulation of the
eroeslinking density. Instead, the number of equiv-
alents of chemically introduced crosslinks broken
during the irradiation process was obtained from
chemienl analyses, as will be dizeussed below.

3. Kinetic Analysis of the Data

For the kinetic analysis of the data the logarithm of
the percent formaldehyde was plotted against ir-
radiation time. Figure 3 illustrates the duta for the
degradation of the meihyhoethoxyl proups in chemi-
cally modified Polyc&pmﬁetm fibers when subjected
to uliraviolat irradiation at 2537 A. If the methyl-
methoxylation process werefreeof side reactions, coly
one methylmethoxyl grovp would be sttached to the
apide niLroEm atom, which should yield one mole
of formaldehyde ([rom the —CH;— groop} and one
mole of methoxyl (—O—CH; group).  However, the
reaction condiiions for the methylnethoxylation
procees [2, 10] do not entirely eliminate the formation
of small amounts of polymethylol groups. The
degradation of such groups will result In the evelu-
tion of formaldehyde but ne methoxyl groups.
Thus, the photolysis of the polymethylol and
methylmethoxyl groups eould be nssumed to proceed
aceording to two independent reactions as follows:

.V,
IEI-- [CHD) .HOH—;-—;dmadnl:lm produsts
Il

0=
I

where n=1 to 25

jri
Z'II—CEI-G—CHIT-)dumdnHm prodnsts
1
Cren

|
From Fi%um 2 it is notad that the wnirradisted
samples vielded wpproximately 4 percent (by weight)
formaldebyde and 3 percent (by weight) methoxyl
groupz. However, after an irradistion perind of
approximately 5 hr, the samples continued to yield
practically identical guantities of formaldehyde and
methoxyl groups by weight. (It should be noted
that the weight percent of both formaldehyde
{M.W.=30} anid methoxyl groups (M. W.=31) have
very nearly the same relatien to the moele percent of
these materials.} An analysis of the data indicates
the existence of two, simultancous, but independent
first order reactions (I and TT, above), the effect of
which may be mathematically expressed as follows
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provided the absorption is & small fraction of the
meident light:

1 —iﬁ:mi

11, :%Ezﬁc,c,,
and,

I Oi=Aexp (— k)
I1. Cp=F exp {—&)
where,

Cy=cotwcentration of formaldshyde evolved by acid
hydrolysiz of the nonphotolyzed polymethyloi
groups remaining in the fiber after readiation.

Ch=coneentration of formaldehyde evolved by acid
hydrolysis of the nonphotelysed mathylmeth-
oxyl groups remaining in the fiber afier irradia-
tLon,

b, and ky=respective rate constants (hr1}

A and B=constants

t=time of irradiation {hr).

Thus:
C=0,+Cy=Ae™ + Be
whera

C=total concentration of evolved formaldehyde.

From the sbove expression, §=0.1% hr-}, and
&;=0.01 hr-?, indicating that renction Iis much faster
than reaction I1.

A similar approach can be extended to the IEOIF
caprolactam iﬁﬁte.m having methylena {(—CHy—)}
crosglinks. Al this type of crosslink is predom-
inant in the fiber, the nature of the chemical reaction
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Ficuek 4. Logorithmic plot of ihe witramolel degradation of
thethylene-crossitnked polpoeproloctam fibera.

process [11] also gives rise to long polyformaldehyde
crogslinks,  Ewven relatively few of these crosslinks
will resnlt in the liberation of lerge gquentities of
formaidehyde upon irradiation. Furthermore, the

olyformaldehyde type erosslinks are known to be
Ewt—sﬂnsitive and can be converted to short methyl-
ene crosslinks upon heating. Advantage was taken
of thiz proparty Ev heating the original, unirradiated,
crosslinked sample at 170 °C for 8 min, in & vapor
bath, whereupon its original ivrmaldehyde content
of 5.6 percent dropped to 28 percent. From
figure 4 it i3 seen tﬁa,t. this latter walue forma a
straight line with the rest of the points. Thus the
axistence of two independent first order reactions
i indicated, as follows:

Ly

| A
Ir l‘IJ—{GH:—U}I.-uGHruN —t dogradation products

0= =)
| l

where n=1 to 25

1I | i 0.v.
- ]:;I—c Hy—N —uﬂe;zrat datlen proedots
=4 boo ™

Application of the mathematical expression described
above and & least square analysis of the daia yields
k,=0.22 hr' and £,=0.01 hr~'. Heee again, reac-
tion [ is much faster than reaction I1.

The data ¢n polycaprolactam fibere having disul-
fide type crosslinks are summarized by fizure 5in
which the logarithmn of percent formaldehyde is
plotted against irrediation time. In contrast to
the degradetion of the methylens-crosslinked fiber
and the methylmethoxylated sample, all the points
fall on a straight line, indicating cnly one first order
reacticn without any apparent other reactions.
The rate conetant for this reaction is §=0.025 hr.
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Freuoes 5. Logarithmic piaf of the witraviolel degradaiion of
disufﬁde—cmssﬁﬂksd polycaprolactant fhers,

Additional evidenee for the ahzence of other in-
dependent reactions was obtained from chemical
anajyses of residual sulfhydryl [12] and methoxyl
groups remaining in the sample before and after
1T tion. These groups are precursors in the
formation of the disnlfide croselinke and could con-
ceivably be present after the formation of these
crosslinke, Apprecisble amounts of sueh groups
would be expected to follow a degradation pattern
:llistigﬁg iromf t";h]la cmslg]iillwu;uut.lsi:iiﬂar ltn the

tion of the methylmethoxylat olycapro-
laecgtra,m sarmnples shown ga.rlier. %Yhemicsﬂ :ma.ip 15
of the disulfide crosalinked samples (before and after
irradigtion) however, showed less than 0.3 weight
percent methoxyl groups and less than 35 equivelents
of free sulfhydryl groups per 10° g of polymer. These
quantities ave n ig]'b-ﬁ: and are expected to contri-
buge littls to the overa]l degradation of the disulfide
crosalitks,
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Yiouee 6. Logarithmic plod the ultraviolel degrodatfon of
alkylene sulfide-croaalinked polycaprolociam fibers.

Tha ultraviolet degradation of polycaprolactam
fibers having slkylene sulfide type crosslinks is
ilustrated by figure 6. The dath are somewhat
scattered and could not be analyzed on the basiz of
two independent firet order reactions, Thus the
ultraviolet dagradation of thia sample either does not
follow firat order lonetics or there are many other
indapendant regctions that obzeure interpratntion.
This latter possibility might indeed he operative
inasmuch as the particular chemical reaction seriey
leading to the introduction of the alkylene sulfide
erosslinks also forms appreciable amounts of disulfide
erosalinks end stabilizad sulfhydryl groups [1]. The
alkyiens sulfide croselinked ﬁﬂ;sr thus is expected to
contain at least the following groups, all of which will
vield various cquantities nfg gormaldﬂhylie upon ir-
radiation and subsequent hydrolyeis:

I ILT ILT o.Vv.
. —CHy—S5—QHy—8— O H—] ?bd.emdatlﬂn praduets
0= =0
I I
II I!I A L. )
. O H—=F—=5F— 0 Hr— —1W degradakion prodacls
1] =0
| |
iII I 0.y, .
- K=} H:—S—GH-—ITdasmduhun prodaces
0=+

Considering the above {actors, other techaiques,
for example radioactive tracer wethods, would have
to be applied in an attempt to saparate the contribn-
tione of the above siructures to the overall ultra-
victat degradation process, Howewver, it ia interest-
ing that, assuming the applicability of two first order
reactions na in the other cases, a least a%uara analysis
of the data yields a rate constant of 4 =0.150.21
hr=! that e¢ould probably represent the degradation
of the stabilized sulfhydryl proups (reaction ]Ilf.

The overall kinetie resuits are summarized in table
3. Tha data indicate that the values for &, (indica-
tive of the degradation of secendary products) are
between .18 and 0.22 hr~! in gll cases. Tha value
for ks 18 0.01 hr?! for the degradsation of both the
methylmethoxylated and the methylene-crosalinked
samples, indicating that in both cages the rate de-
termining stop is the seizsion of the N—C bond in the
crosslinked part of the network,

TarlE 3. Rals conslants Jor the ulirasielst degradalion of
chemagelly modifed polyenprolostam filiers

Jampk: kbt b= Fyhri
PII—GHFO—CH: i 18 a9
!éll—CEj—Iif 22 P R
| L
Ir—CH:—B—E-—C H:—blq ____________ v R
1
I?—L‘H,—B—CH,—B—C H:—I!II' J180E O 0
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In the of the disalfide crosslinked fibers,
there is only ane rale constant, with a value of 0025

fir

s

Lonml there arve no appoarent side reaclions,
Fioally, in the ense of the alkvlene sulfide samples,
the k3 value I|r|-|ir.~-.l1n;_f_ the combaned degradaton
ol the alkylene sullide and disulfide eroselinks) coull
not relinbly be determined due to the hoterogeneons
nature of the fiber. Heowever, nssuming the exist-
ence of first order reactions, the & valoe would  be
0-0.005 hr .

From e¢homicnl analysis of formaldehyde the mm-
ber of equivalents of crosslinks present before and
after rradintion can also be estimated by convirting
the erosalinks remaining after wradintion Lo formalde-
hyvde. The results are summarized in table 4.  The
data indicate that after 30 hr of ireadiantion the cross-
linking density in the fibers deereased Tor the meth-
viepe-cromslinked sample by 82 percent; alloylone
sulfide erosslinked sample (containing approcisbile
amounta of disulfide erosslinks) by 55 percent; and
disulfide erosslinked sample by 58 percent.  From

Tantx 4 Relative senaitivify of erosslinked polgeaprolactam
fibera Iowards altrmeiolel irradiation
HEr il Lrrmili Fiirtrinl L
dleriy byl Tk
bt T
A v i) L 1Ny
1 a s
N e B B O = | 24 [
is ! i 17
MO e 0 N fot]
1 i 12 N
Il mg 1700 °CT T % i0dn

these results and from the caleulated rate constants
il is apparent that stability of the disolfide erosslinks
= Jesa (a=0.025 hr " than either the methylimeth-
oxvlated (k=001 bir™ '), methylene crosshinked (&,

0,001 he 'y, or alkylene sullide erosslinked (ks prol-
ahly less than 0,01 he=') fibers.  This belinvior of the
diaulfide erosslinks s not surprising in view of e
woll-known sensitivity of these groups to radiation

|i||.|||:1:-_'|"

A hng! ob=ervation of considerable interes) s the
devronse in the internnl ovientation of the erosslinked
systems that apparently sceompanies the ultravioket
derradution This is indicated by X-ray
diffrnction photographs a5 shown an hguare 7.,

Figure 7A represents the diffraction pattern of an
allkvlene sulfide erosslinked fiber before irradintion,
whereas Bgure 7B shows the diffrpetion pattert of
the spme sample after 30 he of wradiation, A similar
relationship was observed for disuliide crosslinked
and methvlene crosslinked fibers, respectively.  In
uwll eases the brosdeninge of the diffraction ares after
irrndiantion indientes a decrease in onentation.  This
phenomenon =attributed to n decrease in the internal
atress in Lhe network as s resull of the seission of the
crogslinks upon ieradintion.  Further work will hinve
to be carvied out to guantitatively measure this
phenomenon

Process.

The suthor thanks Mrs, Sally 5, Flores, Donald A
Beeker, and Svlvin M. Bailey for technieal assistanes
in various phases of this work, Thanks are also due
to H. Steffen Peiser for discussions on the X-ray
diffruction patterns, Boris Paretzkin lor the X-ruy
pxpostres, and Frank 1. MeCraekin for the
caomputer progeaming of the fimetie data

LB

1

ol il e e

Froune 7, X-rdy diffraction sphofogeaph

B

wlfife-crosalinked polypenprofactoem il befeore [A) and afte

M eeradinddon

484



3. References

{11 5. D, Eruck J. Reasarch NES $84 (Phys. and Chem.},
N I{.]'an —Feh. 1868,

[2] 8 D Bruclk J. Research MBS &34 (Phye. aod Chem.),
No. , 439 (Nov.—Dec. 1961),

[3] NBB Tech. News Bul. 45, 152 {1961).

[4] Chemieal and Eogineering MWews, *“Crose-links crimp
and ecll Nylonb Fihar,’:r}:up. A0=51, Octobor 23, 1961,

BS

[6] 8. T*. Bruck, J. Eesesrch 8GA {Phys. and Chem.),
No. 3, 251 {(May—June 1962),

[4] 3. D. Bruck, Paper Mo, 38, Abatract of Papera, Division
of Analyticel Chemistry, 141st Meeting, American
Cheniioal Society, Washington, I).C., March 21-29,

1562,

[7] &

8 D. Bruck, J. Polymer Sci. 5§, 2320
[&)

. Bruck, J. Rescarch NBS 854 |
Mo 6 485 {Mov,~Dwes. 1961).
[ A Stcyerma.rk Cruantitstive Organie Micrcanalysiz,
p. 431 {Acad&mic Press Tne., Now York, 1961).
[10] W. B. Borsnson and T, W, Cam ball, FPreparative
Methods of Polymer Cham‘llatr}r, 04 (Intorgiience
61

19E1).
¥&. and Chem.),

Fubl., Tne., New York

[11] B. Ciraham sod 0. E Eni:mpp, Jr.; .5, Patent 2,540,726
Ezample 1.

[12] &. D Bruck and 3. M. Bailey, J. Research NBS 84
{Phys. and Chem.), No. 2, 185 (March—April 19623,

{(Paper 68A6-184)




