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It hes been found that the —CH,— groups in these crosalinks can bo hydrolyzed to
rield ane equivalent of formaldehyde for each equivalent of hydrolyzeble methylene group.
hia permits the application of the chromotropie geid method for detaremdnd furma.]dg:f ga

to the estimetion
previously

the number of crosslinks in the Gber, whon uaod in oo

noghion with a
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A genersl method has been worked put, with speecial aftention to sulfur-contsining degradation
products {of the crosslinks) thet may interfere with the aoalyajs,

1. Intreduction

Recent publications [1 to 4] * from this [aboratory
describe s0me unusual propertics, such a8 cnmping
and helical ¢oiling of polyeaprolactam (nylen-6)
fibers, induced by heterogeneous, chemical cross-
linking in the swollen state. Also under study 5]
are other fundamental properties of crosslinked
polymer systems for which it is importent to estimate
the number of crosslinke. In another paper [6], a
conductﬂfr:il;ﬂ;ﬂ me}.hud is disuusla;d furl e dBtIEiI;l:i-
nation o ryl groups in polyeaprolactam fibers
having disulfide and agﬂlquene Euﬁide crosalinka,
A]thuugh it was shown in previous sommunications
L‘ij’ikﬁ] that, for a well-defined, fairly uniformly cross-
inked fiber, the number of equivalents of crosslinks
may he calculated from swelling measurcments, such
an ppproach can not be entirely relied upon when the
crosahinking denstty across the cross section of the
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fiber is nonuniform, as in the present cagze. Thus, a
chemical approach that can specifically identify the
hydrolyzable mathyleno (—C } gomponsents of &
crosalink eould serve ue a basie for the estimation of
the mumber of croselinks in conjunction with sulf-
hydryl group determination.

The following crosslinks are primarily involved:
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For the sake of comparizon, another type of cross-
link [9] was also studied, having the following stre-
ture:
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It has heen found that the methylene (—CH—
groups between the nitregen and sulfur atoms, an
the methylene groups between two salfur atoms, as
well as the methylene groups between two nitrogen
atoms can be hydrolyzed under acidic conditions at
room temperature to yield formaldehyde. Accord-
ingly, per cquivalent of crosslink, structure I will
yield two equivalents of formaldehyde strueture 1T
three equivalents, structure ITT two equivalents, and
steueture TV one equivalent.

A sensitive method for the determination of form-
aldehyde is based on its condensation with chromo-
tropic acid (4,5-dihydroxy-2,7-naphthalenedisulionic
acid). Ecgriwe [10] was the first to propose the uze
of chromotropic acid as a zpot test for formaldehyde.
Later, the reaction was investizated by several work-
ers, including Bricker and Juﬁnaon [11], Boyd and
Logan [12], snd MacFadyen [13]. Mac’FndFen ap-
plied the chromotropic aeid method to the determina-
tion of formaldehyde in biological mixtures and found
that the reaction product exhibits three absorption
bands at 380, 480, and 670 mp, the lagt band bein
the most mtensa. The chromotropic acid methoﬁ
for determining formaldehyde gives sssantially equiv-
alent results to the well-lmown sedium sulfite mathod
(14], but the former has the advantage of being very
gensitive and requiring only small samples. A tech-
nigue for the determination of formaldehyde yiald of
chemically treated ccllulose fibers using chromeo-
tropic acid was described by Roff [15].

In the present work, epecial attention was focused
on applying the chromotropic acid method te the
analytical characterization of crosalinked polyiner
systems that, due to certain degradative reactions,
may have interfering snbstances present. Conse-
quently, the following parsineters were studied: {1)
hydrolytic conditions for the liberation of formal-
dehyde, (2) conditions for optimum color develop-
ment, (3} the effect of chromotropic acid concentra-
tion on tho absorption maxitnwn at 570 my, and (4)
the eifect of acidity on color development,

2. Experimental Procedure
2.1, Hydroly=iz to Formaldehyde

To inzure & correct analysis of the erosslinked sys-
temas, al! hydrolyzable methylene groups in the cross-
links muet. be transformed into formaldehyde. The
eonditions that affect complete h{drﬂl ia of these
qupﬂ are not only o function of the relative hydro-
yiic stakility of the bonds hut sl=20 of the accesgibilicy

of the bLydrolyzing agent. In highly crosshinked

systema, especiaily if additional radiation—indueced
crosslinks are present in the system, the hydrolysis
of the chemically introduced cresslinks may be re-
tarded duc to the tight network atructure of the
polymer. It is therefors necessary to develop condi-
tionz that will facilitate complete hydrolyais of the
crogelinks. Table 1 summarizes the data for sueh a
svstem that has heen aubjected to two kinds of hydro-
Iytic conditions.

Tasce 1. The effect of kpdroiptic condifions on the liberafion
of formaidehyde from polycagroleciam fibers nith wgrious
grnounts of crozplinks
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2.2, Conditions for Optimum Color Development

The general applicability of the chromotropic
acid method to 1&19 analytical characterization of
these crosslinked systems is illustrated by figure 1,
Ahsorption curve 4 is thai of tha resction product
of pure formaldebyde stock eolution with chromo-
tropic weid reagent, Curve B (displzced upward by
approximately 7% to avoid overlap with eurve 4)
represents a typical absorption curve of the reaction
product of formaldehyde liberated by hydrolysis
of sulfur-containing crosslinks in polycoprolactam
{described above).

Baoth MuaeFadyen [13] and Bricker and Johneon
[11] recommended hesfing at 100 “C for 30 min
to develop the optimum color intensity. However,
it has been established in the present study that
allowing the solution to stand at Toem temperature
for 3 to 4 hr after the additien of chromotropic aeid
is equivalent to such a hesting period. Treatment
beyond 3 to 4 hr iz nnneceszary, as shown in table 2.

Taeve . The effect of Reat on coler davelopment
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2.3, FHact of Conceniration of Chromotropic Acid
Beagent

Bricker and Johnzon [11] showed that for the
analysis of pure formalde{ll]y;idc, s minimum weight
ratio of resgent to formuldchyde of 500 to 1 ig
necezzary, In the prasent study it was found that
interfering subatances, a8 a result of certain degrada-
tive reaction [5], markedly suppress the absorption

ealt at 570 mp. Thig effect can be overcoma,
owever, by the uze of & very large excess of reagent,
ps spmmarized in table 2. The evact nature of
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these interfering subaiances has not been determined,
but they are likely to be oxidation products of the
sulfur-containing crosslinks and possibly other al-
dehydes resulting from the oxidation.

2.4, Eftect of Acidity on Color Development

The weidity of the solution after the chromotropic
acid t has been added iz an important factor
in the development of meximum color intensity.
Table 4 summarizes the results with disulfide-cross-
linked polycaprolactam fibers that had been sub-
jected to adative treatment [5]. The data in-
dicate that the absorbancy at 570 my is suppressed
by the addition of water to the sample containing the
chrometropic acid-sulfurie geid mixture. Further-
more, after heating the acidified sample at 100 *C
for 50 min, the ﬂ.lid%tiﬂﬂ of water suppresses tha color
intensity even more than when the mitial color
formation i3 carried out at room temperature, On
tho other hand, the intensity of the color formation
for those erosslinked samples that do not coniain
sulfur in the erosslink is practically unaffacted by the

resence of watar, as indicated by the data in table 5.

t is therefore probable that this suppression of color
intensity is due to oxidation products of the sulfur-
mnt‘“i“"lﬁ crosslinks, It should be also noted that,
whereas the visual magenta color of the chromotropic
acid-formaldebyde  reaction product appears to
berome vellowigh on prolonged standing, the absorp-
tion peak at 570 mp remsins unchanged.

TaprLe 4, The effect of coldily on abserboncy al S70 mp for
methylone disulfide eroyelinked polyeaprolosiom fbers
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Under condition 4, samples with various degrees
of crosslinking were trented with 30 1ol of cone, {(96%)
sulfuric acid and 15 ml of distilled water, and allowed
to stand at room temperature for approximately 15
min. In procedure B, the samples were treated
firat with 15 ml conc. (86%) sulfurie acid, allowed to
stand for approximesely 15 min, sid then 15 ml of
distilled water was added and the solution wes al-
lowed to stand for 45 to 60 min. The resvlts in
table 1 indigate that condition A was insufficient to
bring about complete hydrolysis of the crosslinks, as
shown by the low values in the percent of form-
sldehvde. On the other hand, condiion B re-
sulted in an inerease in the liberated formaldehyde.
Since no further increase in the ameunt of formalde-
hyde was noted by longer standing or by heating the
polymer in the acid solution at 60 0& it appeara
that condition A& is suffieiont to bring about complate
hydrolysis of the crossliuks.

Later it was found advantageous to let the cross-
linked polymer soak in cone. {96%) sulfuric acid for
two hrs, and then to add enovgh water to make the
solution 48 to 5C percent with respect to the sulfuric
acid and to allow the solution to stand overnight at
room temperature in a stoppered flash,

3. Recommended Praocedure

" A 15 to 25 mg dried fibar sample (expected formal-
dehyde concentration, on hydrolysis, of up to 659%)
is placed in & 250 m] volumetric g:;k, 15 ml of cone.
(969 sulfuric acid is added, the flaak is stoppered
and the polymer is allowed to soalk in the acid
zolution for approzimataly 2 hr at room temperaturse.
At the end of this griu 16 m} of distitled waier in
carefvlly added with mizing, the fask is stolipered,
and the solution i allowed o stand for at least 6
hr &t room temperature. Then, enongh distilled
water iz added to bring the volume to 250 ml, and
the golution is allowad to come to room femperature,
The volume is again adjusted to 250 ml, if necessary,
and mixed. In the cass of fiber samples that contain
Ti0; as delustrant, 15 ml of the above solution is
centrifugad for approximately 45 min at approxi-
mately 4,500 rpm using a conical shaped centrifupe
tuba. If no ’E'D, is present, the solution is centri-
fuged for only 15 min to remove any undissolved
matter. Then, 5 inl of the centrifuged solution is
pipeted into s 50 ml volumetric flask, 1.0 mi of &
10 percent (by weight), filtered solution of chromo-

tropic acid (in water) is added, followed by 30 ml of
cone. {96%,) sulfurie acid with mixing, The eolution
davelops a magenia color within a few seconds; the
flask = etoppered and allowed to stand ab Toom
temperature for at least 3 hr. At the end of this
poricd, the contents of the flask are diluted to 50 ml
with conc. (9695} sulfuric acid and mixed. The
solution is allowed to stand for 0.5 hr, the volume is
adjusted with conc. sulfurie acid, as needed, and the
abzorbaney (log Jo/ ) is read off at 570 m,, using a
spectrophotometer and s r t blank. The con-
centration of formaldehyde {mg/ml} is determined
from a calibration gurve and the percent formalde-
hyde is calculatad from the foliowing equation:

mg HCHO/m] 2500 100

% Formaldehyde== mg of sample

Part of this work was carried out with tha technical
pesistance of Lawrence 5. Phillips, s student at
Swarthmore &H%e, du.rijg hiv tenure as a stodent
traines in the Textiles Section of the National
Bureau of Standards during the summer of 1961,
The author alse thanks Donald H. Becker for his
sssistance in this work,
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