








diffraction patterns of unexposed and exposed speci-
mens of the samples. Electron diffraction is especial-
ly suitable for the study of the structure of thin
surface layers and films. The electrons are diffracted
much the same way X-rays are by crystalline ma-
terials [24]. The thickness of films that can beused
with this technique is limited because electrons are
scattered a million times more effectively than
X-rays. The average thickness of the nylon films
used was 0.4 +£0.1 x as determined by an interferome-
ter. The films were made and mounted on screens
according to the procedure described in section II.
The electron diffraction patterns of samples 4407
and 4409 showed several diffuse rings. The inter-
planar spacings in angstrom units that were de-
termined by comparison of the negative with a
secondary standard are presented in table 13.

TaBrLE 13. Electron diffraction spacings of polyamides *
o - e - . .-
Dif- i
Sample ft'fff.[ Interplanar spacings, in angstrom units
ring |
e e
A B ¢ | p | Ba
1 25.15 | 23.89 | 1195 | 11.95 | 25.15
. o 2 3,08 3.95 3.59 116 -93
4407 (untreated)- |\ 3 2,09 2.13 2.06 .97 | 2,02
¢ | | 118 Lo
1’ B c D | P
1 9.75 | 12.91 9.19 | 1138 | 10.86 |
R 2 4.08 3,89 3.85 392 402
4407 (treated).._i - 3 1.95 199 203 2. 06 1. 97
1 1.07 L6 | L9 | 1.16
A B c D Da
1 13.65 | 11.95 | 10.86 9.18 | 10.84
o 2 1.02 3.92 4.97 412 416
4409 (untreated)- 3 3 2.07 1.97 1.88 216 211
1 1.08 1,096 | 1.11 1. 99 1.15
A B c 0% D'
1 9.75 | 10.39 9.75 | 10.17 8. 69
B 3 3.95 3.82 3.79 3.73 412
4400 (treated).-3 3 1.89 1. 96 1.99 1. 87 2,04
1 112 1.10 1.12 1.13 112

aThe patterns with a subscript @ were made with an exposure of 7 sec; all
other exposures were 15 sec.

XIII. X-Ray Diffraction

With H. E. Swanson

The X-ray diffraction patterns of samples 4407
and 4409 were obtained before and after specimens
were exposed to outdoor and accelerated weathering
treatments to determine whether or not these treat-
ments cause any changes in structure that might
be revealed by this techinque.

The X-ray patterns were obtained with a Philips
X-ray spectrometer with various modifidations.
CukK,, radiation at 40 kv and 15 ma was used. The
spacings listed in table 14 were obtained by diffrac-
tion of the X-ray beam from the surface of the films.
Penetration X-ray patterns were taken on photo-
graphic film 2 em from the pinhole used to collimate
the beam. The polyamide specimen was placed over
the pinhole, which was 0.025 in. in diameter.

TasLe 14.  Spacings from X-ray reflection measurements with

polyamides

Film
thick-
ness

Nylon

Observed spacings in X-ray
sample

Treatment
eat measurements

in. A A A | A
None. ___________ ~--10.0016 3.8 1.3 6.8 |=11.0
Exposed outdoors _| 0016 3.8 4.4 6.9
4407 Exposed to 120-hr ul
! violet fog eyclic b_ L0016 | 3.9 | 4.4 | 7.2 |a1L0
Exposed to 217-hr ul
violet-fog cyelic b_ .00081 | 3.8 - . B
None .. ____ - L0023 3.9 4.3 7.5 a11.0
Exposed outdoors._ . - L0023 3.9 4.4 7.0 -
4409 Exposed to 120-hr ultr:
violet-fog eyelic b_______| .0023 3.9 4.4 7.1 |s11.0
Exposed to 217-hr ultra- | .00092 | 3.8 |d4.4 _ S
violet-fog cyelie b_______

a Very diffuse, low peak.

b Method No. 6021 of Federal Specification L-P-46a.
¢ Very weak, poor pattern.

d Poor pattern.

The X-ray patterns of samples 4407 and 4409
showed that there is a very slicht molecular orienta-
tion in sample 4407 and none in sample 4409.
Sample 4407 appeared to be more crystalline than
sample 4409. No differences in degree of molecular
orientation were observed in the unexposed and ex-
posed specimens of either sample.

Four X-ray spacings were observed with the
Geiger-counter spectrometer at approximately 3.8,
4.3, 7, and 11 A. A high concentration of polar
bridges along the polyamide chains has been associ-
ated with extended chain configurations having the
calculated length per repeating unit and side spacings
of 3.7 and 4.4 A, respectively [25]. Even though
the X-ray patterns showed no molecular orientation
for sample 4409, the presence of the spacings at 3.8
and 4.3 A indicates that there is some degree of
crystallinity [20].

The results of the tests indicate that the 4.3-A
spacings are stronger when the nylon sample is
penetrated at right angles by the X-rays. This
indicates a perpendicular position to the plane of the
film. The 3.8-A spacing appears to be more in the
plane of the film.

If nylon sample 4409 were completely amorphous,
a 4.18-A spacing observed by Baker and Fuller [25]
in quenched polyamides would be expected It
appears that there is some ecrystallinity in both
samples 4407 and 4409 and that sample 4407 is more
crystalline than sample 4409.

XIV. Electrical Properties
With A. H. Scott

The dielectric constant and dissipation factor of
nylon samples 4406 and 4407 were measured before
and after exposure to ultraviolet radiant energy to
determine whether or not these properties changed
sufficiently to indicate the degradation of the ma-
terials.

The dielectric constant and dissipation factor of
dry 610 nylon polymer have been reported as 3.5
and 0.02; respectively, at room temperature; at
temperatures above 100° C, the values are much
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greater and are similar to values of polar, hydrogen-
bonded liquids such as alcohols [20]. Errera and
Sack [26] have reported the following dielectric
constant values for nylon, presumably the 66 type:
4.2 at 10 ke/s, 3.26 at 500 ke/s, 3.15 at 4 me/s, and
3.15 at 10 mc/s.

The dielectric constant and dissipation factor
measurements were made with a conjugate Schering
bridge in accordance with ASTM Method of Test
D 150-47T [27]. Tinfoil electrodes were applied to
the film, using Vaseline as an adhesive. Measure-
ments were made at 1,000 and 100,000 ¢/s. The
measurements were made at 25° C and 50-percent
relative humidity after the test specimens had been
at these conditions for 24 hr. The ultraviolet treat-
ment was made by exposing specimens of the films
to radiant energy from an RS sunlamp for 20 hr in
nitrogen at 100° C.

The tests were designed to determine the electrical
uniformity of the nylon samples. Electrodes were
placed on the specimens at three different positions,
namely, in the center and at two positions off center.
The latter two are designated as the second and
third positions. The results are presented in table 15.

The films were found to be electrically nonuniform.
The difference in the dielectric constant of different
parts of the same specimen is as great as 50 percent.
These large differences would tend to obscure changes
resulting from exposure of specimens to heat, ultra-
violet radiant energy, or other degrading forces.
However, the results indicate that the dielectric con-
stant of sample 4406 is not affected by the exposure
to ultraviolet radiant energy and that the dielectric
constant of sample 4407 is decreased markedly by
the exposure to ultraviolet radiant energy. No par-
ticular trends are noted in the dissipation factor
values.

The dielectric constant of both samples increased
as the period of contact with Vaseline increased.

The dissipation factor of sample 4406 increased, and
that of sample 4407 decreased at the longer periods
of contact with the Vaseline. The reason for these
changes was not apparent since any swelling result-
ing from absorption of Vaseline by the polyamide
would cause the dielectric constant to decrease.

XV. Effects of Water and Alcohols
With M. J. Reiney

The effects of water, methanol, and ethanol on the
polyamide samples were investigated by immersing
the films in these liquids before and after exposure
to heat, ultraviolet radiant energy, and outdoor
weathering. The effects of these particular liquids
were investigated because in any actual use the
polyamide films come into contact with water and
in casting the films alcohols are probably used as the
solvents.

The results of the tests made with original un-
treated specimens of the polyamide film samples are
presented in table 16. Continuous immersion in 95-
percent ethanol and methanol caused the polyamide
films of the 66/6 and 66/610/6 types to split or dis-
integrate. Continuous immersion in water caused
the 66/6 type films to disintegrate but caused only
clouding of the water for the 66/610/6 type. Tm-
mersion in absolute ethanol had no effect on the 66/6
polymers and disintegrated the 66/610/6 polymers.

The effects of alcohol immersion on specimens of
the polyamide samples that had been exposed to
heat, ultraviolet radiant energy, and outdoor weather-
ing are shown in table 17. Exposure to ultraviolet
radiant energy causes an increase in the degree of
attack by 95-percent ethanol and methanol. Im-
mersion in 95-percent ethanol for 1 hr had no effect on
any of the specimens that had been heated to 87° C
for 68 hr. Exposure outdoors for 2 months had no

Electrical uniformity of polyamides

Position of electrodes

Dielectric constant at— | Dissipation factor at—

103 ¢/s 105 ¢/s 103 ¢/s 105 ¢/s

TaBLE 15.
Exposed to | Time after
S(zlaér;igl-e Specimen | ultraviolet| electrodes
nation | number radiant were
energy applied
hr.
0
1
96
F NS N 144
312
0
4406 ___ 0
0
0.
2. Yes...___ 264
0
24
0
0
1
2
(AP INQETSATa 120
0
0
4407____ 24
0
0
336
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2
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TaBLeE 16. Effects of water and qlcohol immersion on un- | TABLE 17. Effects of alcohol immersion on polyamides exposed
treated polyamides » to heat and wultraviolet radiant energy
Immersion Poly- Degree of attack b after immersion for— ol Degree of attack® after
ok :imulo]‘ — Immersion argigg Exposure prior to immersion for—
Sample| 1¢ days | 31 days | 7 months 18 months medium sample Immersion » S
o 5min | 30 min | 60 min
] 405 | P2 U2 U2 U2M; 85 V5 —
4407 P2 U2 U2 2,00 S5 V5 4406 Vi1 5 5
Water, distilled_|{ 4408 129 U2 U2 U2M; S4- V5 4407 Vi x’: 3»—1
4409 P2 U2 Q? U2M; s2: V2 4408 Ultraviolet; 168 hr___ Vi V4 V4
4410 P2 U2 U2M U2M; S2M; V2M 4409 Vi1 V5 V5
4406 U4 U4 U4 U}: S4; V4 Ethanol, 95%, __|) 4410 Vé V6 V6
4407 P4 U4 U4 U4; 8S4; V4 4406 V1 V1 Vi
Ethanol, 95%. |1 4408 P4 U4 U4 U4; S4; V4 4407 l V1 V1 Vi1
4409 P4 U4 U4 Us; 85, V5 4408 87° C; 68 hro________ Vi \2! Vi1
4410 B3 U3 U3 U3, 83 V3 4409 1 Vi1 Vi Vi
4410 Vi Vi Vi1
1 hour |2¢hours|20days| 4 months |15 months
| : 10
5 min
| 4405 V1 Vi1 V1 Ul; V1 Vi1 months
. % o 4406 Vi1 ‘\;1 V1 Ul; V1 Vi
thanol, abso- || 4407 V1 1 V1 Ul; V1 V1 4406 J2; V5 V5
lute. - 408 | V1 Vi Vi | UL'VI Vi 1407 %3’; Vs V5
4409 V1 Vi Vi U3; V3 V4 4408 | Ultraviolet; 168 hr___ Ul; V4 V5
4410 Vi V3 V3 U3; V3 V4 4409 U3; V5 V5
Methanol, ab- |} 4410 U6; V6 V6
solute. 4406 U2; V4 V4
g q . 6 16 4407 Ul; V4 V4
5min |30 min|3days (lmonth| ool months 4408 |FOutdoors; 2 months_ Ul; V4 V4
4409 U1; V4 V5
4410 Us; V5 Vb
4405 U2 V4 V4 V4 V4 V4
4406 U3 V4 V4 V4 V4 V4
Methanol, ab- || 4407 U2 V3 V3 V3 V4 V4 = The exposure to ultraviolet radiant energy was made with an S-1 sunlamp.
solute._______ 4408 U2 V3 V3 V3 V3 V4 The heating at 87° C was done in a vacuum oven.
4409 U3 V5 V5 V5 V5 V5 b See table 16 for code indicating degree of attack.
4410 (U5; V5| V5 Vs V5 V5 V5

a Pieces of the films approximately 2 in.2 in area were placed in a test tube or
in a wide-mouthed bottle and covered with the test liquids. The containers
were stoppered and allowed to stand at 21° to 26° C. The specimens were exam-
ined at various time intervals. The test specimens were all conditioned at 25° C
and 50-percent relative humidity prior to immersion in the liquids. The films
were examined by observing the changes in appearance after standing undis-
turbed, after shaking the container, and after probing the test films with a glass
rod.

b Code for indicating degree of attack on film: U=undisturbed; P=probed
gently with a glassrod; S=after gentle shaking; V=after vigorous shaking; 1=un-
affected; 2=sediment or cloud in liquid, film intact; 3=cracks through film; 4=
broken into large pieces; 5=broken into small pieces; 6=soluble; M =developed
a green-mold growth.

effect on the degree of attack by methanol. KEx-
posure to ultraviolet radiant energy increased the
degree of attack by methanol.

The behavior of sample 4410, a 66/610/6 polymer,
is different from that of the other polymers. Before
exposure the specimens are more resistant to water
and 95-percent ethanol, less resistant to ab-
solute ethanol and methanol, and after exposure to
ultraviolet radiant energy are affected more by
absolute ethanol and methanol.

XVI. Discussion of Results

1. Changes in Molecular Constitution

(a) Mass Spectrometry

The presence of the products detected by mass
spectrometry, namely, water, carbon dioxide, ethanol,
carbon monoxide, and hydrocarbons, may be ex-
plained as follows:

Most of the water was absorbed on the polymer
molecules. A small part of the water may have
resulted from a reaction of the type:

_Nz(lj_
(0]
—(CH,);—N—C—(CH;),— H
|| , —N——0C—
H O tautomeric H —H,0 /
(A] —— — 0
O H shift | Vi
| —C=N— —C=—=N—

—(C H2)x*‘C_1!\I—(CH2):*
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Such a reaction would result in cross linking of the
polyamide chains. However, if cross linking did
occur as a result of the treatments it was not suf-
fictent to affect the solubility of the polymers in
ethanol.

H O O H
L | | uv
B] —N— —N—
I T

C__(CHZ)J:—'C
The arrows indicate the points of cleavage in the
polymer chain. The carbonyl group of the peptide
linkage absorbs energy at 280 mgy, and this energy
apparently results in the scission of the bond between
the imine group and the carbonyl group.

Presumably most of the carbon dioxide shown by
the analysis was originally sorbed by the polymer.
In the experiments made at the higher temperatures
and/or with ultraviolet radiant energy, a small
amount may be formed by the decarboxylation of
the chain ends. Decarboxylation at temperatures
of 100° C appears to be reasonable.

The cthanol evolved from these films is probably
residual solvent. The specimens used in most of the
experiments were studied in the condition in which
they were received. The literature [28] indicates
that sample 4406 is similar to the German Igamid
5A, which was made by casting the film from solution
of the polyamide in ethanol. Residual ethanol could
be attached at the peptide linkage during manufac-
ture and act as a dipole associated plasticizer. The
ethanol found in the products obtained at the milder
conditions was evolved from the polyamide film when
the apparatus was evacuated (see section I1T).

(b) Pyrolysis

Water was one of the gaseous degradation products
resulting from pyrolysis of these polyamides. The
conditioning period m which the films were heated
for 2 hr at 150° C in vacuum should have removed
sorbed water and gases. Water may be formed by
reaction [A]. 'The probability of reaction [A] occur-
ring in sample 4407, where there is the possibility of
more peptide linkages in proximity to each other, is
greater than in nylon sample 4409 where the formula-
tion suggests a more dispersed dipole population.
It is interesting to note that the water produced on
pyrolysis of 4409 is almost insignificant. This water
represents about 0.6 percent of the total oxygen of
the polymer. With nylon 4407, 9.7 percent of the
total oxygen of the polymer was evolved as water.
The mechanism proposed above would lead to cross
linking of the pclymer. A relatively small percent-
age of cross linking leads to insolubility. The
residues of these pyrolyses showed only partial
solubility in ethanol; but no quantitative study of the
relative solubility of samples 4407 and 4409 was
made

0
[
N— — —C—(CH,),—C— — Hydiocarbons+ C O

Carbon monoxide was evolved in all the experi-
ments in which the specimens were exposed at
temperatures of 90° to 100° C. Hydrocarbons were
found in all experiments in which carbon monoxide
was detected. A possible source of these two
compounds is as follows:

(0]

The cyclopentanone formed in the pyrolysis ex-

periments may be accounted for in two ways. The
polymer molecule may break as follows:
[C]
i N i
| |
—N—(CH,)i—N—C—C—C—C—C—C—N—(CH,)—N—

HOH N w

Scission at these places is logical since the C-N
bond is weaker than the C-C bond, 66 kcal com-
pared to 82.5 keal [29]. The radical produced may
split off carbon monoxide and form cyclopentanone:

(D]

H H
ommummo  mo—{m
-—-Cc—C—C—C—C—C——H-"C C—H+CO
I N
(H)

If this mechanism is correct and if it represents the
only source of cyclopentanone, cyclopentanone and
carbon monoxide should be produced in the molar
ratio of 1:1, but the observed ratio was 4:1.

Another possible mechanism to explain formation
of the cyclopentanone is as follows. If adipic acid
terminated the polymer chain, a reaction of the
following type may occur:

[E]
i T
— N—(C Hy)y—N—( |

o

C—(CHp)—C—OH——

i
H—?—f—$—H
H—0 C—HCI0; TR
I\
H ﬁ H
0

If a slight excess of adipic acid were used in the
manufacture of the polymer, a large portion of the
chain ends would be carboxyl groups.
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It is possible that cyclopentanone is produced by
both mechanisms described. There 1s sufficient
carbon dioxide and carbon monoxide to account
for these mechanisms. The moles of eyclopentanone,
carbon dioxide, and carbon monoxide produced are
about 0.017, 0.08, and 0.004, respectively, for sample
4407.

A very small amount of cyclopentanone was found
in the products from sample 4409. This polymer
contains some adipic acid salt. The ratio of cyclo-
pentanone to adipic acid component for sample
4407 is about 40 times the same ratio for sample
4409. Evidently the sebacic acid component mark-
edly affects the course of the reaction. If the ten
carbon unit breaks out in a manner similar to the
reaction in equation [C], the production of cyclo-
pentanone would not be expected. If a ten carbon
cyclic ketone formed, its existence would be transi-
tory at the temperatures of the experiment consider-
ing the well-known weakness of ten carbon rings.
It should be noted that no carbon monoxide was
produced by sample 4409.

The carbon dioxide found is in excess of the maxi-
mum possible calculated on the basis of two carboxyl
groups per molecular chain. If a molecular weight
of 16,000 is assumed (table 12), the total possible
mole percent of carbon dioxide that may be gener-
ated is about 0.3 percent; the mole percent of carbon
dioxide found is about 3.5 and 4.6 percent for
samples 4407 and 4409, respectively. This shows
that a large part of the carbon dioxide was sorbed
on the original material or comes from parts of the
chains other than the ends.

The amounts of oxygen in samples 4407 and 4409
are 15.2 and 14.2 percent, respectively. The
amounts of oxygen found in the gaseous fractions are
about 2.9 and 3.3 percent, respectively. Although
the gaseous fractions constituted only 5 percent of
the weight of the polymer, these fractions contained
19 percent of the oxygen in sample 4407 and 23
percent of the oxygen in sample 4409. This can be
explained on the basis that the C—N bonds break as
indicated in equation [C] and that the fragment
broken out decomposes as indicated in equation
[B] or [D].

An obvious postulate to account for the large
amount of carbon dioxide and hydrocarbons formed
on the pyrolysis of these polyamides is that the
C—N bonds break as indicated in equation [C] and
that the fragment, of either six or ten carbon units,
decomposes by some unknown mechanism to give
carbon dioxide and hydrocarbons. 1In the case of the
six carbon unit, part but not all of the fragment gives
cyclopentanone and carbon monoxide as shown in
equation [D].

(c) Ultraviolet Transmission

Nylon is a polypeptide, and absorption character-
istics similar to polypeptides and proteins would be
expected. A region of selective absorption at
approximately 280 mpu has been attributed to the
peptide group [30, 31] and more particularly to the

928109—51

carbonyl unit of this group [32]. Thus it seems
probable that the absorption in the region of 280 mu
found in the polyamides is caused by the peptide
group and more specifically by the carbonyl unit in
this group.

The absorption band between 260 and 330 mp
with the polyamides may also be attributed in part
to an associated structure between the peptide group
and water or ethanol. The loss of the water and/or
ethanol by the polyamides may cause an increase in
the transmission in this region. The results obtained
in this investigation show that exposure to ultra-
violet radiant energy causes the disappearance of
this absorption band; however, soaking the exposed
specimens in water or ethanol does not cause it to
return.

Anslow and Nassar [30] exposed solutions of egg
albumin to ultraviolet radiant energy and found that
the solutions first became rapidly more absorptive
and after several hours of exposure to the radiation
became less absorptive. They attributed this to
breaking of the peptide linkage followed by recom-
binations producing hydrophobic molecules. About
4.4 electron-volts were required to break the peptide
linkage. The effect of solvents such as aqueous
sodium hydroxide and ethanol was to reduce the
energy required to break the peptide linkage in egg
albumin. In fact, exposure to sunlight through
ordinary glass was sufficient to effect dissociation in
such solutions.

Carpenter [33] exposed benzylstearylamine and
B-phenylethylstearylamine to ultraviolet radiant
energy and observed that both were decomposed.
He found that peptide groups adjacent to side chains
such as aromatic groups can be decomposed on
exposure to ultraviolet radiant energy with the
liberation of the absorbing amino acid from the
molecule. Mitchell [34] states that exposure to
ultraviolet radiant energy produces hydrolysis of
peptide groups. The following reaction has been
suggested [35] for the photochemical hydrolysis of
stearic anilide:

hy
[F] <:::>—T—ﬁ—0ﬂhﬁdh0——q
H O
H
| 7
@’I}H CuHluC_
H

Peptones and proteins were found to yield alde-
hydes, ammonia, and carbon dioxide when exposed
to ultraviolet radiant energy in the presence of
oxygen. The decomposition of amino acids by ultra-
violet radiant energy in the presence of oxygen was
found to be as follows [36]:

O

OH

H 0
| 0 4

[G] R—?—C 0 OH——>RfC\ +NH;+C O,
NH, H
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Exposure of a dilute solution of protein to ultra-
violet radiant energy in the presence of oxygen
resulted in the disappearance of the characteristic
transmission minimum at 280 my [37]. The effect
was considerably slower in nitrogen. The products
resulting from the degradation of the protein caused
an over-all decrease in the total transmission of the
solution.

It is known that peptide groups form hydrogen
bridges, possibly of the following nature:

It is probable that denaturation by agents such as
ethanol [38] causes these hydrogen bridges to be
broken. The ethanol used to dissolve the nylon
in making the film may break the hydrogen bridge
and give a structure such as

_ITI_(E_
H O

(1] C;H;—0H HO—C,H;

11
_dN—

or some similar type of structure.

Exposure to heat and to ultraviolet radiant energy
could eliminate the ethanol since the energy in-
volved in a hydrogen bridge is only about 5 kcal
[38]. However, if both these treatments remove
ethanol, the structures left in the polyamide must be
somewhat different; heating does not eliminate the
absorption but does cause an over-all decrease in
transmission, whereas ultraviolet radiant energy
causes an increase in transmission so that the ab-
sorption band is removed. Water may be bound in
a manner similar to that holding the ethanol.

The following hypothesis is suggested to explain
the difference in the behavior of these polyamides on
exposure to heat and to ultraviolet radiant energy.
The heat may cause breakdown of the associated
complex between the carbonyl group and the ethanol
and/or water, resulting in an over-all decrease in
transmission. If the absorption in the region of
280 my is attributed to the carbonyl group, it would
not be appreciably affected by elimination of the
complex. The ultraviolet radiant energy causes
some reaction to take place that eliminates in part
the absorption supposedly characteristic of the car-
bonyl and peptide groups. The greatest change in
transmission in the region of 280 mu, observed with
sample 4407, was about 9 percent, that is, from 48
to 57 percent.

It may be that the characteristic dip can be at-
tributed to structures such as that shown in [I] and
that the structure shown in [H] has a somewhat

greater transmission. The reaction in the presence
of ultraviolet radiant energy could be as follows:

e
[¥] C:H~—O0H HO—C,Hs; h» H O
X G g RS N PR At
15 1]
—C—N— ATl

Another type of cross-linking reaction that elimi-
nates the carbonyl group [39] has been suggested for
proteins as follows:

!
—C=0 H—N— HO—(‘J—ITT——
e et g
H 0 H O

It has been found that the exposure of spread films
of protein (the completely uncoiled form of the
molecules) causes some degree of coiling, evident
through collapse of the film [40]. The coagulation
of proteins with ultraviolet radiant energy has been
reported by many investigators [41]. This suggests
another possible explanation for the splitting and
brittleness of the polyamide films observed after
exposure to sunlight,

The splitting of the C—N bond and removal of
C=0 as a result of ultraviolet exposure are possible
and could be responsible for the changes in the ultra-
violet spectra.

(d) Infrared Transmission

The infrared transmission curves of the polyamides
are interpreted as follows: The absorption of the
imine group (NH), which is ordinarily at 2.83 to
2.93 u, is relatively weak. However, a shift to a
longer wavelength with increased intensity of absorp-
tion occurs with bridging, indicating that the 3-u
band is probably caused by linear NH.O bridging
[42 to 44]. Absorptions at 3.36 and 3.42 y are usually
a result of carbon-hydrogen bond stretching. The
intense absorption at 6.1 u is attributed to the car-
bonyl group, which usually absorbs at 5.76 to 5.84
microns but is displaced to longer wavelength in
nylon 66 and amides in general probably as a result
of interaction between the carbonyl and imine groups
[42]. The intense absorption at 6.46 u may result
from N-H bending and could cause a harmonic effect
at 3.2 u.

The doublet band at 6.8 and 7.05 x has been ob-
served in diallyl adipate [45]. This pair of bands
may be connected with CH, deformations, such as
—CH,— and =CH, [42]. A band at 7.3 u is at-
tributed, in some cases, to —CH; deformation.
Single bond stretching might absorb in this region,
and the band has been observed in diallyl adipate
[45]. Thompson and Torkington [42] claim that in
polyamides “much of the absorption between 8.34
and 5.88 u must be due to vibrations of the
—C—CO—NH—C— part of the structure”.

414



The absorption at about 9.0 p was attributed to
the hydroxyl group in the case of polyvinyl alcohol
by Thompson and Torkington [42]. From 14.3 u
to lower frequencies broad be%OI'ptlon has been ob-

served with oxygenated hydrocarbons and some
oxidized hydrocarbon polymers. Methyl alcohol

has a broad absorption band here according to
Thompson and Torkington.

In the present study no extensive changes were
revealed by the infrared transmission measurements.
In some cases, structural differences of significance
for physical proportws cannot be detected by in-
frared “methods because the relative number of
chemical linkages affected is too small [46]. Ap-
parently the degradation of nylon under the condi-
tions used in this study results in either a change in a
small proportion of the chemical linkages or in altera-
tions in chemical structure that are not accompanied
by a change in infrared absorption, or both.

(e) Viscosity Measurements

It seems probable that some chain scission oc-
curred during the treatments, as shown by the
lowering of 5, In 7,/¢, and ng/c (table 12 and figs. 9
to 12). The data obtained on solutions of specimens
D and E show that the difference in degree of deg-
radation is quite pronounced. No measurement
was made with the 3-percent solution of specimen
C since there was evidence of contamination. Never-
theless, by comparing the results obtained from the
1-percent solution of specimen C with those from the
1-percent solution of specimen B, it is evident that
the degree of degradation exhibited by specimen C
shows the same relationship to that of specimen B
as that observed for spocim(‘ns E and D.

The applicability of Baker’s equation [47]

(1410

to the polyamide solutions was examined. The
value of z=3 was found to fit the data adequately.
The values of intrinsic viscosity, [n], calculated as

[n]=3 (n;

are tabulated in table 12. The agreement between
values of [n] obtained for the same specimen but
with solutions of different concentrations is fair.
Figure 12 is a plot of the values of [4] versus the time
of exposure to the degrading treatment.

Taylor [5] has expressed the relation between the
intrinsic viscosity of nylon fractions in formic acid
and the molecular weight as 3, =13,000 [4] %, where
My is the number-average molecular weight and [z]
is the intrinsic viscosity in formic acid. The meas-
urements of intrinsic viscosity in this laboratory on
sample 4410 were made in m-cresol. In 90-percent
formic acid the intrinsic viscosity values are approxi-
mately 0.9 of those determined in m-cresol [20].
Application of Taylor’s relation to the intrinsic

r—1)e,

viscosities of unfractionated -polymers leads to a
viscosity-average molecular weight (17,).

Calculations from the results presented in table 12
indicate that 0.4 percent of all chain bonds were
broken in the specimen degraded by exposure to
ultraviolet radiant energy for 168 hr, the treatment
that resulted in the greatest decres ase in intrinsic
viscosity. Since the strength of the C—N bond is
rather weak compared to the C—C bond, the chain
break probably occurs at the peptide linkage. If
this is the case, about 3.5 percent of the peptide
linkages were broken in this specimen.

2. Changes in Molecular Orientation

Investigations were made to detect any changes
in molecular orientation or crystallinity of the polya-
mides under study. The terms ‘“molecular orienta-
tion”” and “crystallinity’” are used in this discussion to
describe a condition or state in which sections of the
macromolecules are more or less situated spatially in
some definite pattern or alinement to one another.
The development of crystallinity in films of polya-
mides would be expected to lead to increased brittle-
ness and splitting with a corresponding limitation of
plastic flow. A decrease in the water or alcohol
content below a specific minimum value would also
produce the same changes in physical properties.

There appear to be two types of molecular orien-
tation possible in polyamides. One is hydrogen
bridging through adjacent peptide groups. This is
also referred to as intermolecular bridging and dipole
association. The higher the degree of dipole asso-
ciation, the greater the degree of crystallinity attrib-
utable to hydrogen bridging. The other type is
hydrocar bon pavkmu or alinement of the polymethyl-
enic sections between the peptide groups. It has
been shown that smaller polymer molecules increase
the possibility of more ecrystallinity or local order
[48] and that molecular size has a determining effect
on the uniformity of properties [49].

There are two other factors that may affect the
degree of crystallinity. One is the association of
molecules of water and alcohol by hydrogen bridges at
the peptide groups. The other is the dispersion of
liquids or gases in the form of minute spherical
inclusions in the body of the polymer. The presence
of molecules such as water and alcohol in any way in
the matrix will reduce the potential for molecular
orientation because of spatial factors.

On the basis of chemical constitution, the polya-
mides used in this investigation can be divided
roughly into two classes as regards possibility of
molecular orientation. Samples 4405, 4406, 4407,
and 4408 would be expected to have or develop a
higher degree of dipole association than samples
4409 and 4410 because of the regularity in the spacing
of the peptides. The 10-carbon acid along with the
6-carbon acid in samples 4409 and 4410 creates an
irregularity and causes the displacement of successive
poptldv groups along the chain. The caprolactam
that is present in both classes also tends to create
irregularity. This situation is analogous to the one
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described by Baker and Fuller [18] for a 50:50 com-
position of a 66/610 polymer, which shows the effect
of copolymerization in decreasing the concentration
of polar groups in the average planes. The unequal
polymethylene group spacings cause some of the polar
peptide groups to fall along the polymer chain where
they cannot contribute to dipole interaction.

(a) Miscroscopic Examination

As all of these samples exhibit relatively small
optic axial angles, and since the acute bisectrix is
approximately normal to the film, microscopical
examinations made with crossed nicols, especially
with objectives of small aperture, are extraordinarily
sensitive to slight changes in optical directions. This
is interpreted to be the reason for the large difference
in brightness exhibited in the photomicrographs of
figure 14.

The effect caused by cutting the film with scissors
is noticeably less on the samples that were exposed
to ultraviolet radiant energy. This is probably
because the greater brittleness has limited plastic
flow under the stress of the cutting edge.

Each of the samples exhibits dark spots with low-
power lenses. With higher power lenses it can be
seen that many of the spots are transparent and only
appear dark because of the scattering of licht that
they have caused. The larger spots occur in the
untreated film as nearly spherical liquid, or at least
optically amorphous, inclusions. They have re-
fractive indices noticeably but not greatly less than
the rest of the films. With exposure these spherical
inclusions shrink somewhat, with attendant strain
in the surrounding plastic, and their refractive index
becomes much less than that of the rest of the film.
The most plausible explanation is that a dispersed
liquid has diffused out and been replaced by air or
vapor.

These polyamide films are anisotropic. Sample
4410 is apparently quite heterogeneous as compared
to sample 4408, which appears to be very homo-
geneous. Sample 4410 shows less effects from the
exposures to ultraviolet radiant energy than sample
4408.

The bright lines observed in both untreated and
treated specimens are apparently places where the
orientation of the molecules within the plane of the
film has been disturbed. These lines may have been
caused by slight abrasion (hence, deformation) of
the surface, by strains from shrinkage of the film, or
by mechanical distortion.

(b) Electron Miscroscopic Examination

The electron micrographs of the unshadowed sur-
faces of the untreated specimens and of those exposed
to ultraviolet radiant energy and to heat show no
appreciable differences as a result of the exposures.
The examination of the shadowed surfaces was more
fruitful.

The electron micrographs of the shadowed sur-
faces of the untreated samples and of those exposed
to ultraviolet radiant energy show that the crystal-

linity of sample 4407 appears to be increased and
that of sample 4409 not affected as a result of the
treatment. KExposure to heat appears to have no
effect on the crystallinity of samples 4407 and 4409.
Exposure to ultraviolet radiant energy may permit
rotation of a segment of the polymer chain into a
more highly ordered state. If this is the situation,
then sample 4407 would be affected more than
sample 4409.

Some of the difference in grain structure between
samples 4407 and 4409 may be caused bV differences
in rate of cooling.

(c) Electron Diffraction

Assuming that the spacing in the region of 4.0 A
(see table 13) represents hydrogen-bridged peptide
linkage, the intensity of this ring should be pro-
portional to the degree of order in the molecular
chains. Positive determination of the crystallinity
from such criteria as the intensity and width of the
lines could not be made even with such measuring
devices as the recording densitometer and the com-
parator because of the diffuse background and
halolike character of the patterns. Visual estima-
tion of the intensity and width of the rings was
made by several experienced observers. There
was no correlation between their observations and
the treatments to which the films were subjected.

These electron diffraction studies revealed no
changes in the degree of molecular orientation of the
polyamides as a result of exposure to heat and to
ultraviolet radiant energy.

(d) X-Ray Diffraction

The results obtained with the X-ray penetration
photographs show some correlation with those
expected on the basis of chemical constitution.
Sample 4407 appears to be more crystalline than
sample 4409. The differences are sufficient to
identify the samples.

Like proteins, the sorption of water has a marked
effect on the physical properties of polyamides.
The effect of water and of ethanol on samples 4407
and 4409 was studied with X-ray diffraction tech-
niques. Specimens of each sample were subjected
to the following treatments for 1 month: (1) dried
over magnesium perchlorate, (2) conditioned at
50-percent relative humidity, (3) immersed in dis-
tilled water, and (4) immersed in 95-percent ethanol,
respectively. The spacings and intensities obtained
by measuring the X-ray reflections with a Geiger-
counter spectrometer are so similar that no definite
trends can be recognized. There appears to be a
tendency for the 4.3—-A spacing to decrease in
intensity from the dry to the wet specimens.

It is possible that the 7—A spacing observed may
be an identity period along the polymer chain.
The increase in this spacing on exposure of sample
4407 to ultraviolet radiant energy may be attributed
to the unkinking of the chain when dipole associated
compounds, such as water, ethanol, or caprolactam,
leave the polymer. This would permit bridging
at the peptide groups and tend to extend the chain.
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In the case of sample 4409, the chain may tend to
kink on exposure to ultraviolet radiant energy.
This may be explained by interference between the
polar groups and by a tendency of the longer methyl-
ene chain to twist. As the polar linkages are broken,
the longer hydrocarbon chain section may coil, thus
causing a decrease in the spacing. These phe-
nomena would be related to the action of any dipole
associated plasticizer.

Spacings at 17.4 and 26 A were observed by
Baker and Fuller [25] and were associated with the
identity period spacings. These spacings were
observed to change on retraction of the material.
Sponsler, Bath, and Ellis [50] state that for gelatine
the 11-A side chain spacing may be expected to
disappear when the water content is great enough
to make the side chain spacing so large that the
layers become too distorted to form diffraction
patterns.

There is evidence that the weakening of intermo-
lecular forces may allow rotations to occur that would
result in more complete lattice formations [25, 51].
The theory of rotation and further polymerization
in the solid state may be explained by the “Segment
theory of chain polymers” [51]. The probability of
a given segment rotating is determined by the con-
centration of energy in the segment. This is shown
in the annealing work done on linear polyamides by
Fuller, Baker, and Pope [51]. Both amorphous and
crystalline regions can exist in the film. Crystalline
regions might be formed if sufficient energy is dis-
tributed along the molecular chain.

The splitting observed on exposure to heat and to
ultraviolet radiant energy may be attributed to a
rearrangement to a more crystalline state. In this
case, evidence of increased crystallinity would be
expected in the X-ray patterns; however, no in-
crease in crystallinity was observed.

X-ray studies by Baker [52] and Brill [53] show
that hydrogen bond rupture occurs on heating
polyamides. A study of the rupture of intermolec-
ular forces in molten nylon suggests that some of the
imtermolecular bonds rupture before melting, and
thus permit “rotational movements and realinements
inferred from X-ray diffraction data’ [54].

(e) Electrical Measurements

The polyamides used in this investigation are elec-
trically nonuniform to a high degree. This variation
in electrical properties tends to obscure changes that
might arise from alterations in molecular orientation
due to exposure to heat, ultraviolet radiant energy,
and other degrading forces. However, the results
obtained indicate tentatively that exposure to ultra-
violet radiant energy reduces the dielectric constant
of sample 4406 slightly and that of sample 4407
markedly.

[t seems highly probable that the nonuniform re-
sults reported here may be connected with local
rariations in the degree of dipole association. The
change in dielectric constant with respect to time
when the electrodes are not moved may be attributed
to a change in the degree of dipole association under

the influence of the electrical field. Changes in the
degree of association of water at the free dipoles may
also be a factor. Baker and Yager [55] have dis-
cussed the effect of hydrogen bridging in nylon on
dielectric measurements.

(f) Effect of Water and Alcohols

The apparent relation between the degree of mo-
lecular orientation and degree of attack by liquid
may be explained by the following hypothesis: Since
the degree of intermolecular bridging in samples
4409 and 4410 is less than in the other samples,
more unbridged carbonyl groups are available in
samples 4409 and 4410 to associate with the liquid.
The decreased degree of attack by the water in
samples 4409 and 4410 is explained by the water
molecules being sufficiently small to remain between
the polymer chains without causing linear and lateral
disorder sufficient to weaken the intermolecular
forces holding them together. The alcohol mole-
cules, on the other hand, are sufficiently large to
cause enough disorder to weaken the intermolecular
forces holding the polymer molecules together and
permit further attack by the solvent.

The attack by water on samples 4406, 4407, and
4408 may be directly at peptides that are hydrogen
bridged. Water bemg a very strong polar solvent
may cause dissociation of the existing bridge and be
held between the peptides causing a resultant strain
on the molecular relations.

Ethanol, a larger molecule, apparently cannot
interleave between chains of samples 4406, 4407,
and 4408. Absolute ethanol does not show effects
that indicate that it is breaking intermolecular
bridges between adjacent peptides. In the case of
samples 4409 and 4410, with more free dipoles and
possibly less packing between the polymer chains,
ethanol possibly can be absorbed. The size of the
ethanol molecule, however, strains the chain con-
figurations of these polymers.

The effects observed with 95-percent ethanol seem
to indicate a preferential absorption of the water in
samples 4406, 4407, and 4408. Samples 4409 and
4410 show effects similar to absolute ethanol. In
general, cosolvent effects result.

Methanol represents a molecule of intermediate

size. The data seem to indicate that the main
attack by methanol is at unassociated dipoles. The

association of a polar liquid at a free dipole may
displace polymer chains with resultant strain that
may make intermolecular bridging between the
polymer chains more susceptible to attack by the
polar solvent.

Methanol attack is greater after exposure of the
films to ultraviolet radiant energy. Considering
the immediate attack to be at free dipoles in the
polymer, it seems logical to assume that exposure to
ultraviolet radiant energy releases intermolecularly
bridged peptides, thus causing a decrease in the
degree of ecrystallinity. A decrease in molecular
weight may also result in increased attack by
methanol because of increased association at chain
ends.
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Hill and Walker [56] in their work on polymer
constitution show that the melting point of a
crystalline polymer depends on the arrangement of
the molecules and the relative amount of inter-
molecular forces between the molecules in the
crystal lattice. Polyamides with high melting points
have peptide arrangements that permit a high degree
of bonding between carbonyl and amino groups in
adjacent molecules. The data obtained by Biggs,
Frosch, and Erickson [57] on the effect of varying
the degree of N-alkylation on the melting points of
polyvamides support the view that hydrogen bridging
1s the main cause of the high melting points observed.
Additional information on the effect of hydrogen
bonding on melting points is reported by Baker and
Fuller [20, 25].

The relation between the melting points of the
original polyamide samples used in this investigation
and the final effects of the liquids are shown in table
18, in which the materials are arranged in order of
decreasing melting point. If the melting points of
these polyamides, which are similar in chemical con-
stitution, are an indication of the intermolecular
forces or the degree of crystallinity, the data in the
above table indicate that the more crystalline poly-
mers are more readily attacked by the water and the
less crystalline polymers are more readily attacked
by the absolute ethanol and methanol. The effect of
the 95-percent ethanol is erratic, since the mixture
exhibits cosolvent effects.

The relation between the effects of absolute
methanol and the melting points of the original and
exposed samples is shown in table 19. The effect of
absolute methanol on the original untreated speci-
mens is about the same as that on specimens exposed
outdoors, and the melting points are practically the
same. The melting points of the specimens exposed
to ultraviolet radiant energy are less than those of
unexposed specimens, and the effects of the absolute
methanol are greater. If this is interpreted in terms
of the hypothesis advanced above, it is indicated
that there is little or no change in crystallinity in the
specimens exposed outdoors and a decrease in
crystallinity in the specimens exposed to ultraviolet
radiant energy in the laboratory.

TaBLE 18. Relation between effects of liquids and the melting
points of the polyamides
Degree of attack =
Sample |
| designa- | } 959 Methanol
von | Melting point ‘1‘8?““’ ethanol, | Ethanol, —
| mo 18 mo 15 mo i
i 30 min | 16 mo
- — 2l E R e O R,
1 90
4407 | 188 to 190 5 4 1 3 4
4408 186 to 191 5 4 1 3 4
4405 179500 1R0F 3 i e L S 1 | 4 4
4406 179 to 180 5 4 1 | 4 4
| 4409 165 to 167 2 5 i) e 5
| 4410 | 161to163 2 3 A 5

a See table 16 for code indicating degree of attack.

TaBLE 19. Relation between effects of methanol immersion and
melting points of original and exposed polyamides
! Exposed to ultra- Exposed outdoors
Untreated violet 2 months
| Polya- et
mide |
sample | nrejing | Effect | nrejing | Effect | ppeging | Effect
R of meth- .2 |of meth- : of meth
point anol » point anol & peint anol &
o C o CV o C
4405 179 to 180 2 IR e O DR SR E R RS e ST
4406 179 to 180 4 163 to 170 5 180 to 183 4
4407 188 to 190 4 173 to 178 5 188 to 189 4
4408 186 to 191 4 180 to 182 5 190 to 191 4
4409 165 to 167 5 152 to 160 5 162 to 169 5
4410 161 to 163 5 145 to 151 6 164 to 166 5

= See table 16 for code indicating degree of attack.

3. Relative Effects of Environmental Conditions

The present study indicates that exposure of poly-
amides to ultraviolet radiant energy results in deg-
radation. This is attributed to absorption of the
short wavelengths by the carbonyl groups of the
polymer with a resultant breaking of adjacent C—N
bonds. Strongly bound water or organic liquids
that act as a plasticizer are also removed. The net
result is a decrease in strength and an increase in
brittleness.

The viscosity, mass spectrometric, and ultraviolet
transmission studies show that the polyamides are
affected by exposure to heat. This effect is less
pronounced than that caused by exposure to ultra-
violet radiant energy and may be of a different type
or order.

4. Relation Between Stability and Chemical
Constitution

The 66/610/6 polyamides have compositions that
should be favorable to less intermolecular bridging
than the 66/6 polyamides. However, factors such
as cooling rate from the molten state, which appar-
ently has a considerable effect on the degree of asso-
ciation between chains, must be considered. It has
been suggested [58] that a 66/610 (30:70) polymer
is qualitatively less crystalline and consequently has
a lower melting point than a 66 polymer. One can
expect that the more heterogeneous the chemical
composition of a polyamide is, the more resistance
it will have to degradation. ;

The carbonyl groups in the polymer are a seat of
ultraviolet absorption and consequently are detri-
mental to stability of the molecule. The adjacent,
comparably weak, C—N bond is an arrangement that
is susceptible to chain scission.

A superpolyamide with properties similar to the
66 polymer has been prepared from piperazine and
dicarboxylic acids and is thought to contain no
hydrogen bridges between molecules [59]. The re-
sistance of polyamides to embrittlement on degrada-
tion increases when an amino hydrogen of an aro-
matic amine having at least two cyclic nuclei (e. g.,
B-naphthylamine or phenothiazine) is incorporated
in the polymer molecule [60]. It is also reported
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that the stability of polyamides to heat and light is
increased by adding 0.5 to 4 mole percent of an
amide-forming aromatic compound in the monomer
mixture prior to condensation [61]. Plasticization
of polyamides has also been suggested [62, 63].
Methylation of a fraction of the amide bonds results
in polymer molecules with the same strength as the
original ones but eliminates the possibility of the
formation of hydrogen bridges [25, 64]. N-substi-
tuted polyamides obtained when mixtures of disec-
ondary, secondary-primary, and diprimary amines
are polymerized with dibasic acids have less hydrogen
bridging and molecular interaction because of the
lateral substituents [65]. The amount of N-sub-
stitution determines the properties of the polya-
mides; they can be varied from the hard tough
polymers of the unsubstituted types to the soft
tacky polymers of the 100-percent substituted types.
Higher alkyl-N-substituted 610 polymers are less
crystalline, have less potential crystallinity, and
possess a higher degree of long-range elasticity than
methyl-N-substituted 610 polymers. The basic idea
involved in modifying these chemical structures is
to prevent proximity of dipoles between the mole-
cules.

5. Improvement of Service Life of Polyamides

The service life of polyamides could be extended
by adding materials that will absorb the ultraviolet
radiant energy instead of allowing the short wave-
lengths to be absorbed by the carbonyl group in the
polyamide or by coating or covering with a material
that would keep the ultraviolet radiant energy from
getting to the carbonyl group. It appears unneces-
sary to protect from heat except under extraordinary
circumstances. Maintaining the water content at
a relatively high value would also extend the service
life. Precautions should also be taken to prevent
the loss of organic liquids or if they are lost to make
certain that they are replaced with water or some
other material capable of forming a similar associated
complex. The absorption of excess amounts of
water should be avoided since they cause a change
in the strength properties. Water and organic
liquids held in this manner act as volatile plasti-
cizers. The use of less volatile water-insoluble ma-
terials that would be bound in a manner similar to
the way water and alcohols are held is suggested.

The detrimental effects of changes in crystallinity
or order on degradation may be remedied partially
by changing the chemical constitution as mentioned
in section XVI, 4. The changes in chemical consti-
tution would need to be carefully controlled to
retain the desirable physical characteristics. On
the basis of our present limited knowledge of such
effects, experimentation is the only method of de-
termining how much of the problem can be solved
by this method. It appears that as long as the
peptide group is present, a definite focal point of
attack for degradation exists. The addition of
groups, such as phenyl, may only act as radiant
energy absorbers and may be capable of transferring

this absorbed energy to the weaker C—N bond
ausing it to break. The resulting smaller polymer
molecules would be prevented from crystallizing by
the presence of the large side groups. However, it
is probable that any appreciable increases in stability
by changes in chemical constitution would also
produce soft tacky polymers.

XVII. Summary

The degradation of polyamides may involve the
following: (1) change in chemical structure of the
polymer molecule, (2) change in erystallinity (molec-
ular orientation) including effects produced by
hydrocarbon packing, dipole rearrangement, and
hydrogen bridging, (3) change in the amount of
molecularly associated materials that have a plasti-
cizing effect, such as water and ethanol.

Infrared transmission studies of samples before
and after exposure to heat and ultraviolet radiant
energy show that there are no fundamental changes
in the repeating unit of chemical structure of the
polyamide molecule as a result of such treatment.
Viscosity measurements show that the molecular
weight decreases with the severity of the exposure
conditions and with an increase in the period of
exposure. The decreased resistance to immersion
in water and alcohols as the material is degraded
also indicates a decrease in molecular weight. It is
concluded from these studies that the polymer
molecule breaks into smaller molecules. The results
of the mass spectrometric and pyrolysis studies
show that the polymer molecule breaks at the C—N
bond of the peptide group and that the nitrogen
atom remains attached to the polymer molecule.
From the nature of the products it is evident that
C—N bonds in adjacent peptide groups of a molecule
break, releasing a bicarbonyl polymethylene frag-
ment. This bicarbonyl polymethylene fragment
reacts to form water, carbon monoxide, carbon
dioxide, hydrocarbons, and cyclopentanone, the
particular products depending on the exposure
conditions. The breaking of a very small proportion
of the C—N bonds would result in an appreciable
decrease in molecular weight and an appreciable
change in physical characteristics.

The evidence for a change in crystallinity on
exposure of the polyamides to heat and ultraviolet
radiant energy is not as positive as that for a change
in chemical structure and composition. The results
of the light and electron microscopical studies sug-
gest an increase in crystallinity particularly on
exposure to ultraviolet radiant energy. The electron
diffraction, X-ray diffraction, and electrical studies
fail to reveal any changes in ecrystallinity. The
increased degree of attack by alcohols after exposure
to ultraviolet radiant energy may be attributed
either to the reduction in molecular weight or to
reduced crystallinity.

The loss of water, alcohols, or similarly dipole
associated materials results in appreciable changes in
physical characteristics. These small molecules are
probably bound by hydrogen bridging to the oxygen
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of the peptide group or some other associated molec-
ular complex. They act as plasticizers for the
polyamides. The results of the mass spectrometric,
ultraviolet transmission, microscopic, and mechanical
property studies show that sorbed water and ethanol
are released on exposure to ultraviolet radiant
energy. The loss of associated molecules as well
as a decrease in the size of the polymer molecules
will tend to foster an increase in crystallinity.

The results of the investigation show clearly that
no single method gives a complete picture but that
correlation of the results from several of the methods
gives an insight into the mechanism of degradation
of polyamides.
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