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FOREWORD

The technigue of graft copolymerizing functional groups to impart new
and useful characteristics to established fibers presents one of the most
promising routes to the development of new textlile materials.

The graft copolymer studied in the present work offers s high degree
of thermal protection in military uniforms. The work reported here covers
the first phase of a study of the fundamental chemical characteristics of
this fiber, essential to an understanding of the reactions of this repre-
sentative copolymer, and to the effective utilization of its unique pro-
perties.

The work described was carried out in the Textile Dyeing Branch of the
Clothing and Perscnal Life Support Equipment Iaboratory, under the In-House
Iaboratory Initiated Research Program (ILO 1300A1A39). Moat of the
research vas completad in the period from January 1965 to July 1968.

This program wae carried out under the direction of Frank J. Rizzo,
Chief of the Textile Research and Engineering Division.
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ABSTRACT

The radiation.grafted copolymer of acrylic acid on nylon 6,0-a fiber
with flash-resistant properties, was studied as representative of a new
and useful class of textile fibers. The present report covers the first
phase of rescarch on the fundamental chemical properties of this fiber.
Equilibrium characteristics are discussed and results of work on kinetics
will follow.

Equilibrium studies were made of rapidly-stirred suspensions of finely
cut polymer fiber at several temperatures (30°-60°C). The base-reactive
capacity (potassium hydroxide) was 2.0 milliequivalents per gram at 30°C
(about twenty times that of the base polymer), with no significant change
in capacity at higher temperature.

The acid strength of the copolymer was unexpectedly low (apparent pKa=9),
an effect attributed to a heightened polyelectrolyte effect caused by
restricted mobility of the carboxyl groups.

Evidence for a conformetional transition of the polymer chain at about
55% ionization was shown by s disconmtimxity in the Henderson-liasselbach
plot of the titration curve. This was attributed to a reversible shifting
of the polymer chains.

Neutral electrolyte caused a distinct increase in the apparent acid
strength (pKa = 5.8), and a delay in the transition tc a point later in
the titration (95% neutralized).

Ro effect of temperature on the equilibrium characteristics of the
copolymer was observed.




EQUILIBRIUM CHEMICAL CHARACTERISTICS OF
NYLON=ACRYLIC ACID GRAFT‘'COPOLYMER

1. INTRODUCTION 1)
1
The graft copolymer of acrylic acid on a nylon 6,6 backbone has been shown
to provide significant resistance to thermsl radiation when used in suitable
textile fabrics. Work on the preparation and characteristi?g)of the calcium
derivative of this polymer fiber has been reported earlier.‘<’/ The general
procedure for preparing thz pﬁlgmgg fiber used in the work reported has been
reported in the literature 3%, and 1s outlined below. From the date
given in these publications, it is found that a typical product of the radiation
grafting of acrylic acid on polyamide fiber would contain half of the original
nylon molecules (about 120 units long), carrying side chains of homopolymerized
acrylic acid (about 175 units long). The balance of the nylon would appear
to be unchanged. Data 1n the cited literature indicate that such a graft
copolymer contains approximately 15-20 percent graft copolymerime% po%xacrylic
acid or about 2.0 milliequivalents of carboxylic groups per gram. 3

The physical characteristics of this type of copolymer include increased
moisture pickup (compared to nylon itself) and produced a higher melting point.
The metallic s?%s derivatives in particular show a substantial increase in
melting point. The preparation and characteristics of these salts, des-
cribed britgiy in the references cited, are discussed in greater detail
elsevhere.

The work reportea covers a stndy of the equilibrium characteristics of
this greft copolymer, par 'cularly in reactions with alkall metal bases.
Rate studies are being carried out and will be reported later.

2. OBJECTIVE

The objective of the present study was {o determine the chemical reactivity
of acrylic acid-modified nylon 6,6 toward acids and bases, and to compare its
characteristics with those of related materials such as nylon 6,6 and poly-
acrylic acid.

3. SCOPE OF WORK AND RESULTS

a. Description of Samples and Procedure

The samples of copolymer studied were prepared by impregnating nylon 6,6
fiber with acrylic acid, exposing it to ionizing ra%%ation, and subsequently
removing the ungrafted acid by water extraction.(3’
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To facilitate spinning and weaving, the graft copolymer fibig had first
been reacted with calcium acetate to form the salt of the acid. ) After the
fabric had been woven, it was scoured with non-ionic detergent and heat set
(50 sec. at 205°C) to stabilize its structure. The fabric (7.5 oz. poplin)
was then reconverted to the acid form by treatment with diluttasydrochloric
acid and rinsed thoroughly as described in an earlier report. It was
then dried at TO°C for two to three hours and stored at 20°C and 40% relative
humidity. To minimize diffusion problems during titration, the fabric was
cut diagonally into pieces small enough so that the largest segments of yarn
weie approximately 2mm. long. When a suspension of this material was sub-
Jected to high-speed stirring, the pieces of yarn separated almost entirely
1ato short segments nf fiber.

In the procedure usually followed, 0.500 g of fiber were added to a one-
iiter, 3-necked flask containing 500 ml of boiled, distilled water, protected
by a stream of nitrogen. A magnetic bar stirrer was driven at high speed
by a motor beneath the flask which was immersed in a constant temperature
bath maintained at the specified temperature % 0.25°C.

Potentiometric titrations were made with a Beckman or Corning combination

PH electrode in conjunction with a Beckman Research Model pH Meter readable

to 0.005 pH units (reported standard deviation of repeated readings 0.0019 pH).
Readings were carried to the third decimal place. The sy-cem was found to be
extremely sensitive to exterpal electrical influences and to weak convection
currents in the test solution. The first difficulty was minimized by the use

of large grounded aluminum sheets placed vertically between .he operator and

the bath containing the electrode assembly. However, even with all stirring

stopped for periods up to 60 minutes, the equilibrium pH readings remained

unsteady, fluctueating slowly over a narrow range. 'This instablility was

attributed to faint cocavection currents in the test solution, possibly associ-

ated with a localized buildup and dissipation of electrolyte as it leaked at

a very slow rate from th> reference half of the electrode. An inordinately

long period of time was thus required for each reading under static (unstirred)

conditions and eventually this technique was abandoned. The data rzported

| here are based on readings taken with constant high-speed stirring.

In many of the experiments, a strip-chart recorder was used to determine
vhen a stable pH was reached (* .002 pH units change in 2 minutes). Alter-
natively, the reaction was continued until a similar steady state was indicated
by the null-balance indicator of the pH meter.

In the first experiments, a fresh sample of the copolymer fiber was used
for a single equilibrium run. In later experiments, however, successive
increments of titrant were added to the reaction mixture, following the

* A report covering the effect of stirring is now in preparation.
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attainment of equilibrium at each point. Data obtained by this stepwise
procedure fell on the same curves as those from the single-shot procedure;
therefore, most of the data given here were obtalned by successive additions
of base.

b. Theoretical Titration Curve

In cddition to the amine and carboxyllic acid groups found on the
originel aylon fiber, the graft copolymer contains additional such groups,
added during the grafting process. The final product, therefore, falls in
the class of hoteric fibers. By analogy to other fibers in this group,
such as wool(7 , the graft copolymer at its isoelectric point would be
expected to carry equivalent numbers of amine and carboxylic acids in the
form of dipolar ions (zwitterions). At this point in the titration, the
balance of the carboxyl groups would be in the protonated (un-ionized) form.

\

Dete. published foy. the titration of proteins (9,20,10} 001 (8) g
a synthetic polyampholyte were used as the basls for constructing the
theoretical titration curve shown in Figure 1. At the low pH extreme, all
of the carboxylic ac%d oups, all of the amine groups, and probably some
of the amide oxygens'}3) yould ve protonsted. As base vas added, the highly
acidic amide protons would be removed first. During this process, of course,
the pH would change but little. When no more of these acidic amide protens
remained on the fiber, the pH would change rapidly with small additions of
base, and the first plateau shown would result. At this stage in the titra-
tion, the amine groups present would remain protonated, while the carboxylic
acid groups would be in the un-ionized form, as shown.

Additions of base beyond this point would again cause the curve to
drop steeply as protons were removed from the carboxylic acid groups. When
the pH reachea the isoelectric point, equal numbers of carboxyl groups and
emine groups would be present in ionic form. Again the pH would change
rapidly with the addition of more base, and a secoumd plateau would result.
The capacity of an ampholyte to react with acid may be considered equivalent
to the smount of acld added between the two plateaus just described. Although
this capacity is determined by the number of amine groups in the molecule,
the reaction with acid actuaslly consists of the titration of carboxylate
anions which are equivalent in number to the amine groups present in ionic
form.

With further addition of base to the reactlion mixture, protons would
be remuved from the remaining carboxylic acid groups, while the pH remained
nearly unchanged. A third plateau would be expected when this third class
of protons was exhausted, 1.e., when all of tr. carboxylic groups had been
converted to the anionic form.
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In the last phase of the titration, the curve would again drop
oharply as the protons were removed from the protonated amine groups.
Eventually, at a high pH, the titration would be complete, and the final
plateau shown would result. (The values shown in Pigure 1 are those
derived later in the present work.)

c. Titration with Base

(1) Base Capacity

Samples (0.5 gm) of fiter, prepared as described in 3a, were sus=
pended in 250 ml. of boiled distilled water being stirred under nitrogen,
and maintained at the specified temperature {-0.25°C). After a stable
reading was obtained for the fiber alone, KOH solution (0.1 N or 0.01 Ng
wad edded from a microburet. After each addition, the reaction mixture
was allowed to come to equilibrium. At 30°C, this took from 5 to 30 minutes.
The individual points thus obtained were plotted as in Figure 2.

With soluble monomeric acids, the end point of a titration would be
indicated by a leveling, or a plateau, in the curve. Under the conditions
described here, however, an insoluble pol¥g$ric acid or a protein would
show only an inflection at the end-point. Figure 2 shows such an inflec-
tion in the curve for the acrylic acid-nylon copolymer, titrated with KOH
at 30°C. The base capacity indicated (2.0 meq./gm. of fiber) ees wert
with that found under other conditions, as described below (3c(%4) apd 3e 5))

(2) sStrength of the Copolymer Acid

From the dissoclation constant for a weak monomeric acid, the follow~
ing expression may be derived:

PH = pKa + 105(1;§ )

where o 1s the fraction of the carboxyl groups which have been ionized.

Titration curves for a nmumber of polymer acids have been foumd to
follow the Henderson-Hasselbalch equation:

PH = PKypp, + 1 log (}ﬁg)

where n 1is a constant (the slope of the appropriate curve) and K is
the apparent dissociation constant. app

The value of the apparent dissociation constant, then, may be deter-
mined from the value of the pH at the point on the curve where °<= 0.5 In
Figure 2, titration curves for a weak monomeric acid, a soluble polymeric
acid, and the acrylic acid-nylon graft copolymer are given. The corresponding
values for Kgzpp are collected in Table I.




TABLE 1

APPARENT pKa OF ACIDS

Acetic Acid 4.8
Polyacrylic Acid 6.2
Graft Copolymer 9.0

Since th? ?cid portion of the copolymer consists of homopoljymerized
€ :rylic acia 3 , 1t might be expected to resemble polyacrylic acid in its
chemical properties. However, the distinctly different curves for the two
acids (Figure 2) show marked differences.

Consider first the difference in acid strength between a monomeric weak
acid, such as acetic, and a polymeric weak acid, such as polyacrylic (Figure 2).
The di?fﬁrence ?etween them is generally attributed to the polyelectrolyte
effect!1% ; negative charges are introduced in the course of titration
of a polymeric acid, which makes the introduction of successive negative
charges progressively more difficult. Consequently, the work required to
r 'move additional protons increases as the titratlion proceeds, and the
polymer acid appears weaker than the corresponding monomeric acid. (A some-
what similar earlier explanation of the deviation of the observed from the
expected values of acid-base strength of wool is found in the literature'l 18) )

When the polymeric acid is soluble in water, as polyacrylic acid is,
botk the backbone chain and the side chains will have considerable freedom
of movement. Consequently, the mutual repulsion of the negative charges
developing as titration proceeds, will tend to force apart the carboxyl
groups and the portions of the backbone chain carrying thsm, thus minimizing
the extra work required by the polyelectrolyte effect. With insoluble
compounds of the type described in the present work, however, motion of both
the polymer backbone and the side chains is severely restricted, and the
polyelectrolyte effect should be very strong. As shown in Figure 2, this
is indeed the case, and the nylom-acrylic copolymer behaves as a signifi-
cantly weaker acid than would be predicted, having a pKa similar to that
of phenol (pKa G).

(3) Effect of Temperature

When titrations of the acrylic acid-nylon graft copolymer with KOH
were carried out at 30°C and 50°C, (Figure 3), the equilibrium data points
obtained appeared to fall on a single curve. The very small or zero enthalpy
change indicated by the g sults is reasonable for the neutralization of
carboxylic acid groups.( The ammonium ion {protonated amine) component
of the dipolar ion is present in a much smaller amount than the carboxyl acid
groups, and, presumably for this reason, the positive enthalpy change expected
from thelr neutralization was not observed.
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(4) Effect of Neutral Electrolyte

When the copolymer was back-titrated with FC1l (after being titrated
with KOH), the resulting equilibrium curve was shifted toward the ecid end.
Subsequent retitrations of the same mixture gave curves falling progressively
even further toward the low pE end of the scale. That this was caused by
formation of potassium chloride du.ing the titration was shown by titrating
a new sample of copolymer with KOH in the presence of 1M KCl. Under these
conditions, the forward and reverse titration curves were superimposed (Figure h).

The marked effect of potassium chloride in shifting the curves toward
the low pH end ?{hShe scale may be attributed to suppression of the polyelec-
trolyte effect. Shielding of the negatively charged carboxylate groups
formed during titration permits easier removal of successive protons, and
the copolymer thus appears as a much stromger acid. (The apparent pKa is 5.8.)

(5) Titration with Calcium Hydroxide

The titration of a highly constrained polymer acid s?ogld ?e strongly
influenced by the size and charge of the cation of the base. 1%,19 When
the hydroxide of a divalent ion of small ionmic radius (calcium) was used,

a marked difference was indeed noted. The curve (Figure 5) has again been
displaced to the left of the KOH curve showing greater ease of neutralization
with the cal:ium base (pKa = 6.6). However, the effect of the small divalent
ion at every point on the curve is less than that resulting from suppression
of the polyelectrolyte effect with neutral polyelectrolyte described earlier.

(6) Equilibrium Reversibility

At high pH's, after the fiber has been reacted with base, the copolymer
fibers form a swollen, slimy mass. The polymer acid would indeed be expected
to swell as far as possible as the anionic carboxyl groups are formed, but
it was not clear whether the acid form of the copolymer, regenerated by treat-
ing the neutralized form with acid, would show the same equilibrium titration
characteristics as the original copolymer fiber.

Fiber was titrated to pH 12 with KOH at 30°C, then back-titrated o
pd 5 with HCl. The regenerated acid form thus obtained was washed repeatedly
on a suction filter (to remove KCl) until no test for chloride was given by
the filtrate. When the filber was then titrated with KOH agaln, a curve
(Figure 6) was obtained which was superimposable on the original KOH curve.

Reversibility of the titration curve was confirmed by using additional
portions of the fiber itself as the acld in the back titration. Data points
thus obtained fell on the forward titration curve (Figure 7).
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(7) BEvidence of Conformational Transition

Early workers(ls)round that the behavior of weak organic acids could
be described by the following expression:

PH = pKe + log (1-X)
=X

where pKe is a constant for the acid, and o is the fraction dissociated.
An appropriate plot of the data for such acids, therefore, ylelds a straight
line (Figure 8).

With polymeric acids, such as polyacrylic, a similar relationship is
seen to hold:

pH = pKa + n log (1-X)
P=4

where n, the slope, is no longer equal to unity (Figure 8). Tgis relation-
ship derived by Henderscn and Hasselbach, was later applied (1 to certain
other polymeric acids, such as polymethacrylic. As shown in Figure 8, the
curve for such an acid appears in two straight segments. This has been
related to a picture of a gradual uncoiling of the polymer ch?igs i? solu-
tion, due to mutual repulsion of the carboxylate ions formed. 15,17} mhe
discontinulty found with such acids as polymethacrylic is attributed to

an abrupt change in the qonfor?ation of the acid when a certain degree of
dissociation is reached.\11>19) mne sharp change has been related to the
presence of the pendant methyl groups, which presumably interfere with the
free uncoiling (eitner by entangling or by mutual attraction in the polar
medium) up to a point, then yield suddenly.

In either case, it would be predicted that the present copolymer
acid, being much more hindered than polymethacrylic, should also show such
a discontinuity. Titration data (Figure 9), for KOH at 30°C, show a
distinct break. The apparent transition is seen to occur about pH 9, where
(in the absence of added electrolyte) the copolymer acid is about half
neutralized. This is the first reported observation of such a break in
a solid (insoluble) polymer acid.

If the break in the curve is actually due to a rearrangement
following the buildup of the charge on the anions, the presence of
neutral electrolyte should minimize the repulsion between groups, and
thus delfer the transition to a point later in the titration, when a
greater charge has been developed. Indeed, when the solution is 1M in
KC1l, the break does not occur antil the acid is 95% neutralized (Figure 10).
This 1s consistent with the picture of a morphological transition des-
cribed above. (See Table II).

1k
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TABLE II

EFFECT OF TEMPERATURE AND ELECTROLYTE
ON CONFORMATIORAL TRANSITION

Transition
°C KC1 Conc., Koo, oH X
30° -- 9.0 9.2 «55
50 . 9.0 9.2 *25
50 .00k M 1.5 8.k .75
50 1M 5.8 7.8 <95

d. Titration with Strong Acid

Samples of the acrylic-modified nylon graft copolymer were prepared,
as described above, and titrated with O.1 N HCl. Although the inflection
in the curve (Figure 2), as that for nylon 6.5 itself, is not cleerly defined,
the acid capacity (approximately .09 meq/gm) appears to be higher than the
value typically reported for the backbone polymer (.05 meq./gm.)

Since the major modification of the polyamide involved its base-
reactive capecity, work on acld reactivity was not carried further.

4. Summary and Recommendations

a. Summa;x

Significant equilibrium chemical characteristics of the nylon-acrylic
acid graft copolymer may be summarized as follows:

(1) The base-reactive capacity of the graft copolymer (2.0 meq/gm)
is about 20 times that of the base polymer nylomn 6.6.

(2) The fiber has a very low apparent acid strength, probably
related to the reduced mobility of the carboxylate acid groups. The value
of pKa 1s affected by the size of the cation of the base used in the
titration.

18




(3) A conformational transition apparently occurs at a character-
istic pH. This is attributed to a shifting of polymer chains due to ionic
repulsion.

(4) No significant change in equilibrium characteristics with
temperature is observed.

(5) Neutral electrolyte in solution has a marked effect on both
acid strength and transition region.

b. Recommendations

(1) In work where maximum base-reactive capacity toward a wesk
base is required, such as might be involved in work with toxic agent
systems, neutral electrolyte might be utilized to increase effective
acid strength where possible. '

(2) The predictable correlation between the observed conforma-
tional transition and dimensional instability of fabrics made from this
fiber should be established, and a program underteken to incirease dimen-
sional stability by partially cross-linking or otherwise restraining the
carboxyl groups further.

(3) For applications where maximum reactivity of carboxylic acid

functional groups is required, graft copolymers having less closely packed
acid groups should be considered.

19
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