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Recent publications from this laboratory describe some unusual properties, such as
crimping and helical coiling, induced by heterogeneous, chemical crosslinking of polyca-
prolactam fibers. The following crosslinks are involved:
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It has been found that the —CH2— groups in these crosslinks can be hydrolyzed to
yield one equivalent of formaldehyde for each equivalent of hydrolyzable methylene group.
This permits the application of the chromotropic acid method for determining formaldehyde
to the estimation of the number of crosslinks in the fiber, when used in conjunction with a
previously reported conductometric method for the determination of sulfhydryl groups.
A general method has been worked out, with special attention to sulfur-containing degradation
products (of the crosslinks) that may interfere with the analysis.

1. Introduction

Recent publications [1 to 4] 1 from this laboratory
describe some unusual properties, such as crimping
and helical coiling of polycaprolactam (nylon-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 important to estimate
the number of crosslinks. In another paper [6], a
conductometric method is discussed for the determi-
nation of sulfhydryl groups in polycaprolactam fibers
having disulfide and alkylene sulfide crosslinks.
Although it was shown in previous communications
[7, 8] that, for a well-defined, fairly uniformly cross-
linked fiber, the number of equivalents of crosslinks
may be calculated from swelling measurements, such
an approach can not be entirely relied upon when the
crosslinking density across the cross section of the
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1 Figures in brackets indicate the literature references at the end of this paper.

fiber is nonuniform, as in the present case. Thus, a
chemical approach that can specifically identify the
hydrolyzable methylene (—CH2—) components of a
crosslink could serve as a basis for the estimation of
the number of crosslinks in conjunction with sulf-
hydryl group determination.

The following crosslinks are primarily involved:

I. N— CH2— S — S — j r
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II. N—CH2— S—CH2—S—CHr- N
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For the sake of comparison, another type of cross-
link [9] was also studied, having the following struc-
ture:

IV. N—CH2—N
I I

o=c c-o

It has been found that the methylene (—CH2—)
groups between the nitrogen and sulfur atoms, and
the methylene groups between two sulfur 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 equivalent of crosslink, structure I will
yield two equivalents of formaldehyde structure II
three equivalents, structure III two equivalents, and
structure IV 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-naphthalenedisulfonic
acid). Eegriwe [10] was the first to propose the use
of chromotropic acid as a spot test for formaldehyde.
Later, the reaction was investigated by several work-
ers, including Bricker and Johnson [11], Boyd and
Logan [12], and MacFadyen [13]. MacFadyen ap-
plied the chromotropic acid method to the determina-
tion of formaldehyde in biological mixtures and found
that the reaction product exhibits three absorption
bands at 380, 480, and 570 m^, the last band being
the most intense. The chromotropic acid method
for determining formaldehyde gives essentially equiv-
alent results to the well-known sodium sulfite method
[14], but the former has the advantage of being very
sensitive and requiring only small samples. A tech-
nique for the determination of formaldehyde yield of
chemically treated cellulose fibers using chromo-
tropic acid was described by Roff [15].

In the present work, special attention was focused
on applying the chromotropic acid method to the
analytical characterization of crosslinked polymer
systems that, due to certain degradative reactions,
may have interfering substances present. Conse-
quently, the following parameters 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 the absorption maximum at 570 m^, and (4)
the effect of acidity on color development.

2. Experimental Procedure

2.1. Hydrolysis to Formaldehyde

To insure a correct analysis of the crosslinked sys-
tems, all hydrolyzable methylene groups in the cross-
links must be transformed into formaldehyde. The
conditions that affect complete hydrolysis of these
groups are not only a function of the relative hydro-
lytic stability of the bonds but also of the accessibility
of the hydrolyzing agent. In highly crosslinked

systems, especially if additional radiation—induced
crosslinks are present in the system, the hydrolysis
of the chemically introduced crosslinks may be re-
tarded due to the tight network structure of the
polymer. It is therefore necessary to develop condi-
tions that will facilitate complete hydrolysis of the
crosslinks. Table 1 summarizes the data for such a
system that has been subjected to two kinds of hydro-
lytic conditions.

TABLE 1. The effect of hydrolytic conditions on the liberation
of formaldehyde from polycaprolactam fibers with various
amounts of crosslinks

Sample a

No.

1 .
2
3 _ __
4
5
6

Hydrolytic condition

Polymer
weight

mg
17.68
17.18
17.27
17.90
17.05
17.74

Absorbancy
(Log loll)
at 570 m/i

0.052
.155
.116
.090
.061
.078

Ab

HCHO

Percent
1.1
3.4
2.5
1.9
1.3
1.6

Hydrolytic condition

Polymer
weight

mg
15.53
16 92
17.29
16 06
16.85
16.23

Absorbancy
(Log Jo//)'
at 570 m/*

0.082
.210
.179
.143
.160
.113

Be

HCHO

Percent
1.9
4.6
3.8
3.3
3.5
2.5

a Sample No. indicates fibers with various degrees of crosslinking.
b A = addition of 30 ml cone. (96%) sulfuric acid and 15 ml water, followed by

standing at room temperature for 10 to 15 mins.
c B = addition of 15 ml cone. (96%) sulfuric acid, allowed to stand at room

temperature for 10 to 15 min, followed by addition of 15 ml water and standing
for 45 to 60 min at room temperature.

No further increase in percent formaldehyde was observed upon either further
standing at room temperature or heating at 60 °C for 30 min.

100
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FIGURE 1. Transmission curves.
Curve A represents the reaction product of pure formaldehyde stock solution

with chromotropic acid. Curve B represents the reaction product of formalde-
hyde liberated by hydrolysis from disulflde and alkylene sulfide crosslinks.
(Curve B is displaced upward by approximately 7 percent to avoid overlap.)
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2.2. Conditions for Optimum Color Development

The general applicability of the chromo tropic
acid method to the analytical characterization of
these crosslinked systems is illustrated by figure 1.
Absorption curve A is that of the reaction product
of pure formaldehyde stock solution with chromo-
tropic acid reagent. Curve B (displaced upward by
approximately 7% to avoid overlap with curve A)
represents a typical absorption curve of the reaction
product of formaldehyde liberated by hydrolysis
of sulfur-containing crosslinks in polycaprolactam
(described above).

Both MacFadyen [13] and Bricker and Johnson
[11] recommended heating 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 room temperature
for 3 to 4 hr after the addition of chromotropic acid
is equivalent to such a heating period. Treatment
beyond 3 to 4 hr is unnecessary, as shown in table 2.

TABLE 2. The effect of heat on color development

Sample
No. »

1
2
3
4
5

Polymer
weight

mg
16.92
17.29
16.06
15.85
15.53

Absorbancy (log Jo/7) at 570 m/i

Heat 100 °C
30 min

0.212
.180
.152
.106
.081

Room tem-
perature
3 to 4 hr

0.212
.179
.143
.103
.081

Room tem-
perature

24 to 48 hr

0.212
.178
.143
.102
.082

a Sample No. indicates polycaprolactam fibers with various
degrees of crosslinking.

2.3. Effect of Concentration of Chromotropic Acid
Reagent

Bricker and Johnson [11] showed that for the
analysis of pure formaldehyde, a minimum weight
ratio of reagent to formaldehyde of 500 to 1 is
necessary. In the present study it was found that
interfering substances, as a result of certain degrada-
tive reaction [5], markedly suppress the absorption
peak at 570 niju. This effect can be overcome,
however, by the use of a very large excess of reagent,
as summarized in table 3. The exact nature of

TABLE 3. The effect of chromotropic acid concentration on
absorbancy at 570 mp in the presence of interfering substances

Sample a

No.

1
2
3
4
5
6

Polymer
weight

mg
16.60
17.29
16.85
16.23
15. 53
15.85

Absorbancy Gog Jo/7) at 570 m/*

0.5 ml of 4%
chromo-

tropic acid

0.246
.167
.139
.088
.070
.071

0.5 ml of 10%
chromo-

tropic acid

0.250
.178
.162
.112
.080
.088

1.0 ml of 10%
chromo-

tropic acid

0.251
.179
.160
.113
.081
.089

a Sample No. indicates polycaprolactam fibers with various degrees of cross-
linking.

these interfering substances 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. Effect of Acidity on Color Development

The acidity of the solution after the chromotropic
acid reagent has been added is an important factor
in the development of maximum color intensity.
Table 4 summarizes the results with disulfide-cross-
linked polycaprolactam fibers that had been sub-
jected to degradative treatment [5]. The data in-
dicate that the absorbancy at 570 m/x is suppressed
by the addition of water to the sample containing the
chromotropic acid-sulfuric acid mixture. Further-
more, after heating the acidified sample at 100 °C
for 30 min, the addition of water suppresses the color
intensity even more than when the initial color
formation is carried out at room temperature. On
the other hand, the intensity of the color formation
for those crosslinked samples that do not contain
sulfur in the crosslink is practically unaffected by the
presence of water, as indicated by the data in table 5.
It is therefore probable that this suppression of color
intensity is due to oxidation products of the sulfur-
containing crosslinks. It should be also noted that,
whereas the visual magenta color of the chromotropic
acid-formaldehyde reaction product appears to
become yellowish on prolonged standing, the absorp-
tion peak at 570 m/x remains unchanged.

TABLE 4. The effect of acidity on absorbancy at 570 m^ for
methylene disulfide crosslinked polycaprolactam fibers

Sample
No. *

1
2

Polymer
weight

mg
24.24
23.32

Absorbancy (log 70/I) at 570 nij*

Heat, 100 °C, 30 min

Cone.
H2SO4-H2O b

0.139
.091

Cone.
H2SO4 c

0.160
.109

Room temperature 3-4 hr

Cone.
H2SO4-H2O b

0.150
.099

Cone.
H2SO4 c

0.161
.109

a Sample No. indicates fibers with various degrees of crosslinking.
b 5 ml aliquot of sample plus 30 ml cone. (96%) H2SO4 and 1.0 ml of 10 percent

chromotropic acid. After 3 to 4 hr dilute to 50 ml with dist. H2O.
c 5 ml aliquot of sample plus 30 ml cone. (96%) H2SO4 and 1.0 ml of 10 percent

chromotropic acid. After 3 to 4 hr dilute to 50 ml with cone. (96%) H2SO4.

TABLE 5. The effect of acidity on absorbancy at 570 mix for
methylene-crosslinked polycaprolactam fiber

Sample a

No.

1
2
3
4
5

Polymer
weight

mg
17.05
17.13
17.74
19.09
17.68

Absorbancy (Log Io/I) at
570 m/x

Cone. H2SO4-
H2O b room
temperature

0.055
.040
.073
.055
.035

Cone. H2SO4C

room tem-
perature

0.060
.038
.076
.060
.035

a Sample No. indicates fibers with various degrees of crosslinking.
° 5 ml aliquot of sample plus 30 ml cone. (96%) H2SO4 and 1.0 ml of 10% chro-

motropic acid. After 3 to 4 hrs dilute to 50 ml with distilled water.
c 5 ml aliquot of sample plus 30 ml cone. (96%) H2SO4 and 1.0 ml of 10 percent

chromotropic acid. After 3 to 4 hrs, dilute to 50 ml with cone. (96%)JEl2SO4.
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Under condition A, samples with various degrees
of crosslinking were treated with 30 ml 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
first with 15 ml cone. (96%) sulfuric acid, allowed to
stand for approximately 15 min, and then 15 ml of
distilled water was added and the solution was al-
lowed to stand for 45 to 60 min. The results in
table 1 indicate that condition A was insufficient to
bring about complete hydrolysis of the crosslinks, as
shown by the low values in the percent of form-
aldehyde. On the other hand, condition B re-
sulted in an increase in the liberated formaldehyde.
Since no further increase in the amount of formalde-
hyde was noted by longer standing or by heating the
polymer in the acid solution at 60 °C, it appears
that condition B is sufficient to bring about complete
hydrolysis of the crosslinks.

Later it was found advantageous to let the cross-
linked polymer soak in cone. (96%) sulfuric acid for
two hrs, and then to add enough water to make the
solution 48 to 50 percent with respect to the sulfuric
acid and to allow the solution to stand overnight at
room temperature in a stoppered flask.

3. Recommended Procedure

A 15 to 25 mg dried fiber sample (expected formal-
dehyde concentration, on hydrolysis, of up to 6%)
is placed in a 250 ml volumetric flask, 15 ml of cone.
(96%) sulfuric acid is added, the flask is stoppered
and the polymer is allowed to soak in the acid
solution for approximately 2 hr at room temperature.
At the end of this period 15 ml of distilled water is
carefully added with mixing, the flask is stoppered,
and the solution is allowed to stand for at least 6
hr at room temperature. Then, enough distilled
water is added to bring the volume to 250 ml, and
the solution is allowed to come to room temperature.
The volume is again adjusted to 250 ml, if necessary,
and mixed. In the case of fiber samples that contain
TiO2 as delustrant, 15 ml of the above solution is
centrifuged for approximately 45 min at approxi-
mately 4,500 rpm using a conical shaped centrifuge
tube. If no TiO2 is present, the solution is centri-
fuged for only 15 min to remove any undissolved
matter. Then, 5 ml of the centrifuged solution is
pipeted into a 50 ml volumetric flask, 1.0 ml of a
10 percent (by weight), filtered solution of chromo-

tropic acid (in water) is added, followed by 30 ml of
cone. (96%) sulfuric acid with mixing. The solution
develops a magenta color within a few seconds; the
flask is stoppered and allowed to stand at room
temperature for at least 3 hr. At the end of this
period, the contents of the flask are diluted to 50 ml
with cone. (96%) sulfuric acid and mixed. The
solution is allowed to stand for 0.5 hr, the volume is
adjusted with cone, sulfuric acid, as needed, and the
absorbancy (log Io/I) is read off at 570 in/*, using a
spectrophotometer and a reagent blank. The con-
centration of formaldehyde (mg/ml) is determined
from a calibration curve and the percent formalde-
hyde is calculated from the following equation:

% F o r m a l d e h y d e ^ HCHO/mlX 2500X100
J mg of sample

Part of this work was carried out with the technical
assistance of Lawrence S. Phillips, a student at
Swarthmore College, during his tenure as a student
trainee in the Textiles Section of the National
Bureau of Standards during the summer of 1961.
The author also thanks Donald H. Becker for his
assistance in this work.
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