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Fiber Structure—Property Relationships II: Macroscopic
Deformations of Alkylene Sulfide Crosslinked Poly-
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The infroduction of alkylene sulfide erosslioks into oriented nyloo-6 (polyeaprolectam}
homofiber ia deaoribed. The resulting struetural modifioations are found to produce erimping

and ecoiling in the dry Aod wet states of the Hber rﬁambﬁn&ghe situation in wool.
grav‘ious paper & ainilar phenomenon was reported for a dian
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The meeroaoopie deformations exhibited by the alkylene aulfide corosalinked fibers
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An explanation for thiy eclmping and woiling previous]
tional avidencs provided by chemical agalyses, and

awelling datsa.

1. Introduction

In previous cominumcations [I, 2] it was shown
that under suitable conditions, —rimping and
helical coiling can be achieved with round cross-
gaction nylon-6 gﬁl caprolactam} homofiher by the
§nr.mductiun of disulfide crosslinkages. Thea resuli-
mlﬁ chemically modified fibor resembled wool in its
bulking characteristica, The present paper deals
with the introduction of alkylena sulfide i
into oriented nylon-6 homofibers and describes some
of the properties of the resulting structures,

2. Discussion
2.1. Intrvoduction of Alkylene Sulfide Crosslinks

Although wool exhibits excellent bulking and other
desirable properties, the poseibility of im rovinﬁ
some of its negative characteristics has chalilenge
many workers. For example, the disulfida {eystine)
nrosi'\nka in wool are subject to degradation, reduc-
tiot: o the sullhydryl groups {cysteine}, and attack
by microorganisms angrgnayma& Theee problems
prompted several early investigators [3, 4] to study
tha chemical modifications of the cystine i
in wool,

Iz view of this work on wool, it seemed of nterest
to iniroduce longer, more flexible orosslinks of the
wlkyiene sulfide types into nylon-§ fiber and to com-
pare the properties of these structures with the

viously reported disulfide ecrosslinked fibers.
iscussion of the methods used to introduce the
alkylens sulfide crosslinks is facilitated by reference
to the reactions schemes at the top of page 78 (for
details refer to Experimental Section),

1 Fleupes in brasiets Wdieats the Wieraking referencts al the end of this paper,

ta frome the disulfide crosalinkod samiples: (1) the orimp fre-
the crimp amplitude smellsr, (2} in addition to erimping, somea
even when the fiber I8 In the unawollen mtate, and (3} the extent of
coiling iv aot decreased by pradusl alv-oxidation of acma of the resckive grou

aflvaneed ix carroboratad by 1=
~ray difraetion, blrefdogence, and

The infroduction of methoxytnethyl groups (B)
into nylon-6 polymer has alre been described
(1,58, In order to convert (B) into the inter-
mediate (C), the mar.hdv]methnxylated fiber was
reacted with thisacetamide in the presence of mathyl
alcohol am swelling apent, and concentrated hydro-
chloric aeid.  (In previous work, thiourea was used,
but it has been found that thiogestamide givea s
similar product.) To facilitate the synthesis of a
large number of alkylene sulfide crosslinks, it was
necessary to inhibit the tendency of disulfide eross-
links to form (E) by the oxidation of sulfhydryl
groups (D). This was accomplished by reacti
the mtermedinte () with an excess amount o
potassiurn_hydrozide to yield the potassium mer-
captides (F) which are less sensitive to oxidation
than sulfhydryla. The final ateps involved the reac-
tion of the potassium mercaptide gmulfa with either
methvlene dihalide to yield the alkylens sulfida
crosslinked product {G), henceforth referred to as
type A, or alternatively, reacting the potassium
mereaptide groups with ethylane dihalida to give
the type B alkylene sulfida crosslinks (H). These
last reactions are similar to the well-known Williamson
synthesis of ethers from metallic alikoxides and alkyl
halides [7].

Although tha potassium mercaptida groups are
less vulnerabla o oxidation than che sulfﬁydryl

ups, the final preduct undoubtedly contains some
gli?sulgﬂda (:rusaliu]i;s and also some "blocked” (al-
kylated) groups of the type:

I

0=C
I
N—CH,—S5—(CH.)-X,
i
where, n=1 or 2, and X =1 or Br. The presence of

these lattar groups could be expected sinee, because
of sterie factors, not all potassium mercaptide groupns
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Where, X=1 or Br,

can form crosslinks and therefore sre subject only o
the blocking resction. No significant amounis of
free potassium mercaptide or sulfhydryl gmugs WEre
detected in the slkylene sulfide crosslinked fibers b

a sensitive technigue [8], specially devised for this

ratic V/V, of the volumea of the eswollen to the
unswollen structures at equilibrium [11). The mini-
mum ¢ d g= values were between 5.1 and 5.8,
indicating that a high density of alkylene snlfide
croselinks had been introduced into the fher. As.
sutning that there wers no side reactions, the total
sulfur analyses indicates approximataly 400 to 500
squivalents of crosslinks per 10° g of polymer.

though thees crosslinks were probably net uni-
formly distributed in the fiber, CP ed cross sections
indicated ihat, as in the casp of the disulfide cross-

nrpase,
F 'ﬁm pertinent analytical date are summarized in
table 1. The percent sulfur represents the combined
quantities of &Pky‘lane sulfide and disulfide crosslinks
as well as the *blocked” (alkylated} sulfhydry
groups. The total sulfur content of the samples

varied between 2.7 to 3.7 percent depending on the
type of cromalinle and on the experimental con-
ditions. The relative eztent of crasalinking waa
also estimsied by a photomicrographie swelling
technique [9,10]. The =yinkol ¢, represents the

TaBLE 1, Awnclyficol date on crossiinked nylon-8 fibers
Fridotn- | Buwlling Macritoopbe deformiatin
Eaperiment 1 | Tatal B | nant Tatin
oyoanlink n?
kyped Dy of wak w-orpaol
-
) IR 3.% A &0
N ] A 1
1p H 8.2
iv |3 8
FA [i] 58
1 Rater to Exparimmntal Sestion.

FType A= —CH:—E—CH!—E-CH!—+
|
Typs B "'CH:—E—(CH[:I:'-E'—CH!—T
)
T OulN—OH—5—8~0H~N

"umViVy whore Vovolome of petwerk of syulitcug  Swellng
Yomvoluss of network betire awelling, Bwelllug wgent; m-creanl,

links, the alkylene sulfide crosslinks extended
throughout the entire structure and were not con-
fined to the surface [L2].

2.2, Macmscopic Deformations of Alkylens Sulfide
Crosalinked Nylon-6 Fibers and Their Struce-
tural Significance

The alkylene sulfide crosslinked nylon-6 homo-
fibers exhibited self-crimping and heheal coiling of
uneven distribution and tfimensiuna in both dry and
wet states simjlar to those already reported for
disulfide croselinked fibers. However, these macro-
scopic aeformations differed in at least three respacta
from those of the disulfide crosslinked samples: {1}
the erimp frequency was much higher und the erimp-
asmplitude smaller, {2} in addition to crimping, some
helical colling ocewrred even when the fiber was in
the unswollen state, and (3) the extent of crimping
and coiling waa not graduslly decreased by air oxi-
dation of unreacted sulfhydryl groups.

Figure 1 is a ﬁl;:.:-m aph of the unmodified
(seoured) nylon-6 fiber, the type A crosslinked fiber
and the type B crosshinked . _Figure 2 shows
& photomicrograph of o single helical coil in the
ungwollen fiber (‘;ypa A} and s phase-photomiero-
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Crimping of alkylene mulfide erosnlinked  rylon=A
Sl

Fromme 1.

Laxfs wnrmedd e Aliddln: tvype A erosslinks: Hight: type B eronslinks,

graph of a portion of the same coil while swollen
in mi~eresol.  The diameter of the fiber before swell-
ing was between 10 and 18 g and the magnification
in hoth photographs is the same, ‘The small spots
appearing in the swollen fiber are duag 1o particles of
T delustrunt present in the fiber in smull pmounts,
Figure 34 shows similar photographs of a fiber with
type B erosslinks before and while swollen in m-eresal,
The fiber digmeéter before swalling was between 20
unid 28 g, and the magnification in both photographs
15 the same. When either type A or B crosshinked
fibers were swollen with si=eresol, additional helicul
coils were produoced.

In the previous puilmr' [1] a tentative hypothesis
was advanced to explain the erimping and eoiling
tendeney in terms of differential swelling and strue-
tural asymmetry resulting from the crosslinking
Sinee then, sdditional date on the crystal-
ine structure and internal ovientation of crosslinked
nylon-6 homofibers have been obtained, and the
eilect of alkylene sulfide erosslinks on fiber propertics
has been studied. These new date provide an -
crensed understanding of the affectz of erosslinking
on liber properties and will be presented as part o
the following discussion.

From the chomical reaction series discussed above,
it iz noted that |:|l'il|1' to the introduetion of ::||{_1;|1'|||~
sulfide erosslinks, some disulfide erosslinks will havi
been formed due to partial oxidation of the mereap-
tide EroUs These erosslinks exercise o loeal re-
straining effect upon the amorphous structure and
some crimping results during the mild swolling that
ovenrs al this stage.  The next step actually involves
two simultaneons resctions: (1) Forther swolling of
the fiber in o mixtare of bengyl aleohol and ethy]
aleohol, and (2) additional erosslinking by flexible
alkylene sulfide groups. DPuring this swelling pro-
cegs further internal plasticization of the fiber and
partial disruption uf‘_tLa_' crystallites take place, thus

=S

Hleltinnd eoiling of fype A alkylene sulfide erguslinbed
il filwer,

Froum 2:

Ll
hoTenl ol &

Fravar 3, Helical coiling of tipe B allylens sulfide erosslinkod
nilon-f I_Iﬂlr T

Lol A airogdo DinTienl eoll of the neswollmy (dry) Oher; Blehts A partion of (0
tnbien] o] gwallion i wecennnl
Eli'l'llli.||i|il_' the penetration of e J|[|C}.'|l'||r' dibhalide
rogeent,  The cryvstallites present resist the defor-
mution of tho fGber; but as the smaller erystallites
are disrupted, some ol this resstance s removed so
that the erimping becomes oy pronounced aod
goma coiline oceurs, It is likely that the mtroduc-

tion of alkylens sulfide crosalinks when the fiber is
in this deformed state tends 1o reinfores this delor
mytion, snd o gecentunte the extent of erimping
and coiling even in the unawollen state, 1 complata
destruction of the ervstallites is permitted, such as
Iil.l”'iijl; awelling in m-eresol, the Gber will undergo
helical cothing: besause all counterfores o deformae-
tion has now been removed. This latter effect is
simtilar 1o Lhat previously observed in the disulfide
crosslinked system |1, 2],

The above macroseopic deformations are @8-
socinted with changes in the fine stroetore of the
fiber as evidenced by birefringence and X-ray analy-
aed,  Birefringenee measurcments were carried out
on the nnerosslinked and crosshinked nyvlon-6 fibers
L|_-'iiag a slot compensator {sodiuwm 1) ]i;_[hti with
samples approximately 2 in. in length,  Birefren-
ponep= (m—n =R, where n, and ny are roefractive
tndlices along and across the fiber axis, respectively,
[ R is retardalion in millimierons (messurod with the
compensator), and ¢ is thickness of the fiber in milli-
microns (measured with a micromoeter evepiece).
The birefringence values of  the unerosslinked
{seoured) samples varied between 0.055 and
+0.060, Ontheother hand, the alkylene sulfide eross-
linked fibers showed nonuniform birefringence values
that ranged {rom <0.01% to <-0.0048 for five
megsurements along approximastely 2 in, length
samplos,  The irregular decreasp n lrefringence
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Frovie 4,
nilon-8 fiber,

2

raph of diaulfide erosslinked
er.

Fraunn 6, X-ray diffrackion pholog
teylomet _Fl'}a

indicates decregsed and nonuniform orientations of
the polymer chaing in the erosslinked fiber., This
observation is similar to that reported esrlier in the
disulfide crosslinked sumples [1]. The decrease in
birefringence is probably the result of the partial
disroption of the crystallites and the plasticizing
effoct of the swelling agent, and is limited by the
structural strain enused by the erosslinks,
Additional evidenee for important changes in the
internnl strocture: of erosslinked nyvlon-6 fibers s

B0

X-roy diffraction photograph of unmedified (seoured) | Frovae 8, Xoray diffraction pholograph of olbylens aulfide

cragaiinbed (fype A) nylon-6 fibwer,

shown by X-ray snalyses [13, 14, 15). Figures 4 (o
B depict Xaray diffraction photogrphs of the un-
rr'nsﬁlllnkv{l (seoured), disulfide crosslinked, wnd
alkyvlene sulfide crosslinked fibors, respoctively,

The unmodificd nylont (fg, 4) exhibits good
orienfation, whereas the alkvlene sullide crosslinked
sample (fig. 6) shows apprecinble orientation spread
ol tp b around 20° feom the idel unit=cell alinpment
The disulfids crosslinked sample (fig. 53) shows even
lirss preferved orientation.  The innermost of the two
intense pouatorial spots hos been spread into n con-
tinupus Debye-scherrer ving that shows only shehitly
groptor intensity nlong the equatorinl compared to
thnt nlong the meridional radins,

It is not yeb possible to ditferentinte betwesn the
relotive effeets of decreased orientation and decrepsed
crystollite size on the observed macroseopic defor-
mutions exhibited by the disulfide and alkyvlenas
gulfide crosslinked samples.  The partial disruption
of the coystallites may be due fo the combined elfocts
of plustivization by the swelling ngent ond to internal
stenin eaused by the crosslinks, The observed
higher erimp [requeney and partinl helieal eoiling
evarn. in the unswollen (dry) state of the allylene
sulfide crosslinked fibers in comparison to the disal-
fido erosslinked samples may thus indeed be the
result of the removal of some of the counterfores
mnintained by the ervstallites, as alrendy discyssed
ahove., (See note on p. 81.)

In eontrast to the disulfide crosslinked nvlon-6
fibers [1], the alkylene sulfide crosshinked samples
showid no decrease in the extent of erimping and
coiling after prolonged standing in air or when the
fibers wore treated with dilute solutions of an oxi-
dizing ngont, sueh as HeOy,  This is probably due to
the fact thot in the case of the alkylene sulfide
erosslinked fibers there were no significant amounts



of free labile swlfhydryl groups, these having been
“hlocked™ {nlkylat.ed}rg}f either methylene or ethyl-
ene halides from further oxidation. Thus, the
“buili-in” differentinl swelling effect [1] was main-
toined. The “blocking” of the free sulfhydryl

ups can also be achisved by treatment with
EE]NPD:, thus forming the stable silver mercaptides,
but this procedurs causes blackening of the fibers
due to raguction of some of tha silver ions to frea
gilver that cannot be readily removed.

The alkylene sulfide bonde are much less subject
to chemical reductions, than are the disulfide groupa
Lljf]. This property should make the former eross-
inkages mora desirable from the point of view of
sta,hiﬁt.}". It is J)Dmihle that other properties, such
a8 heat and hydrolytic stability, as well as stress-
strainl characteriztics, will also show decisive wd-
vantages for the allylene sulfide type bonds over the
disulfide crosalinkages.

3. Experimental Details

All work waa carried out with 7.5 Tax {60 denier)/
32 filsment round cross-section hylon-§ homofiber.

3.1. N-methoxymethylation (B)

This reaction was carcied out acecording to a pro-
cadure reported earclier [1, 5, 6.

3.2, Praparation of the Marcaptides (F), Expariment
Nc. 1, Table 1

A small skein (0.1-0.2 grams} of the N-meathoxy-
methylated nylon-8 fiber was zoaked for 12 hr at
room temperatore in s eolobion contmining 37.5 g
(0.5 moles) of thioacetamide and 700 ml of methyl
aleohol. Next, 35 ml of cone. HC (0.42 moles) was
added and the fiber aosked for 1 br at room tem-

erature. After this period 60.0 g (1.06 molea) of
%OH was added in 200 ml of methyl slcchol and the
fiber was pormitted 0 soek st rootn temperatuce
for 1 hr. The fiber was then washed thorovghly
© twice with methyl aleohol, twice with distilled
water, and again twice with methyl alcohol.

3.3. Introduction of Type A Alkylone Sulfide Cross-
linkages {((3), Experiment No, 1, Takle 1

{a) The fiber from (2) was sosked for § hr at
room temperature in & solution of 150 ml of ethyl
aleohol, 150 ml of benzyl alcohol, and 29 m! {0.%6
moles) of methylene diiodide. After this period
the sample was thoroughly washed twica with
athyl alechol, twice with distilled water, and twice
with meth¥l aleohol and allowed to dey at poom
temperature. 5=3.7 percent.

(b) The procedure was the same as int (&), except
that soaking time was 24 hr instead of & hr (Exp.
No. 2, table 1). 5=3.6 percent.
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3.4. Introduction of Type B Alkylene Sullide Cross-
linkages (H), Experiment MNos. 3 and 4,
Tabia 1

The fiber from (2) was sonked for 24 hr at room
temperature in a solution of 90 ml of ethy] alechol,
90 ml of benzyl aleohol, and %0 ml (1.04 moles) of
1,2 -dibromoathane. After this period tha sampla
was thoroughly washed twice with athyl aleohol
twice with distilled water, and twice wth mathyi
alechol, and allowed te dry at rooin temperature.
5=2.9 percent,

3.5, Introduction of Disulfide Crosslinks (E), Experi-
ment No. 5, Table 1

This reaction was carried out aecording to a pro-
cedure reported earlier [1]. 3=2.7 percent.

The suthor thanks R. A. Pavlson, Applied Analyti-
cal Research Section, National Bureau of Jtandards
for the sulfur analyzes, and 3ylvia M. Bailey for
techoical assistance in eome phases of this work.
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MNote Abnkp Iy Proor, The importance of the fine crys-
talling structure of nylon-§ jn the crimping prooesa is further
indisated from preliminary results om samples having pre-
dominently afpka orystalline structure. These fiber samples
exhibited & much grester crimplng tendency then those
samples in which hoth aiphis Aod fels cryallinest atruetures
were present i approximately equal amounis.
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