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Investigations of the photodegradation of poly-
mers of a fundamental nature are as yet not very
numerous. In particular, a fundamental and sys-
tematic investigation of the photodegradation of
polyacrylonitrile has not yet been carried out.
There are a number of papers dealing with the
thermal degradation of polyacrylonitrile and poly-
methacrylonitrile which are of interest. Some ob-
servations on the thermal stability of polyacryloni-
trile were made by Grassie and Melville,! and
pyrolysis of the polymer was investigated by Bur-
lant and Parsons® and by Skoda, Schurz, and
Bayszer.? The thermal degradation of polymetha-
crylonitrile was studied by Grassie and McNeill*
and the alkaline degradation by McCartney.® It
is noteworthy that 859, of polymethacrylonitrile is
transformed to monomer on pyrolysis,* whereas
negligible amounts of monomer are formed when
polyacrylonitrile is thermally degraded?; also, for a
small degree of destruction of polyacrylonitrile
there is a marked decrease in solubility although the
nitrogen content remains the same.

Some work has also been done on the effect of
high energy radiation on polyacrylonitrile and poly-
methacrylonitrile.® Films of the two polymers
were irradiated with 1-m.e.v. electrons. In the
case of polyacrylonitrile in a nitrogen atmosphere,
majinly crosslinking and some chain scission took
place. In the presence of oxygen, however, chain
scission was predominant, but some crosslinking
also occurred. In contrast, polymethacrylonitrile
suffers only chain scission in the presence and ab-
sence of oxygen.

The present experiments on the photodegradation
of polyacrylonitrile were carried out with solutions.
This has the advantage that polymer concentra-
tions can be chosen in such a way that either cross-

* Presented at the 9th Canadian High Polymer Forum,
Toronto, October 26-28, 1959.
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linking or ehain scission becomes the predominant
reaction. This simplifies the elucidation of the
reaction mechanism. The experiments reported
here were performed with fairly dilute polymer
solutions.

ULTRAVIOLET ABSORPTION SPECTRUM OF
POLYACRYLONITRILE

Figure 1 shows the ultraviolet absorption spec-
trum of polyaerylonitrile in ethylene carbonate.
The absorption maximum at about 265 mg for the
polymer is quite abnormal with respect to what is
known about nitrile groups. Trieber, Barndt, and
Toplak” suspected that this maximum might be
due to alien groups incorporated into the polymer
or to impurities; however reprecipitation and pro-
longed extraction with solvents did not alter the
spectrum. Further work was done by Bayszer and
Stubchen.! These authors found that acrylonitrile
polymerized without catalyst still showed the ab-
sorption maximum. Thus the conclusion is reached
that this absorption maximum is characteristic of
the polymer and might be due to a small amount of
crosslinking (Schurz?):

H
NCHZ——é—CHy\'
—=NH
NCH2—(_]7—CH2~
=N
It is also possible that a structure postulated by

Burlant and Parsons? for the first stages of the ther-
mal degradation is responsible for the absorption:

NCH—CH2—CH—CH2—?H~
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Fig. 1. Ultraviolet absorption spectrum of 19 (w/v) solution of polyacrylonitrile in ethylene
carbonate.

EXPERIMENTAL
(a) Apparatus

The apparatus consisted essentially of a con-
stant temperature bath provided with a cireular
quartz window. The thermostat was rigidly lo-
cated on a steel base which carried also an optical
bench. The light source, diaphragms, filters, and
a biconvex quartz lens (diameter 7.6 cm., focal
length 10 em.) were located on this bench. Reac-
tion vessels and any other necessary equipment
could be mounted along the entire length of the
bath on a rail. Reaction vessels were made of
Ultrasil quartz and were provided with ground
glass joints. The light transmission of this ma-
terial for a thickness of 1 cm. is nearly 1009, in the
wavelength region from 3000 to 2500 A. and de-
creases to 959, at 2250 A.

A low-pressure mercury vapor lamp was made
for this work by the Hanovia Lamp Division. It
consists of a 3-mm. i.d. quartz tube wound in a
flat spiral of an overall diameter of 5 cm. The
lamp operates at not more than 600 R.M.S. volts
and carries 30 ma. The total light output was es-
timated by the manufacturers to be about 3 X 108
to 5 X 10 quanta/sec. Not less than 95% of this
light output takes place at a wavelength of 2537 A.
In order to stabilize the lamp current and voltage,
the input to the high-voltage transformer of the
lamp was taken from a constant 115-v. transformer.
The lamp intensity could be kept constant within

+5%,; the variation of the intensity is believed
due mainly to fluctuations in the room temperature.
All ultraviolet absorption spectra were measured
on a Beckman spectrophotometer (Model DU).
Intrinsic viscosities of the polymer samples were
determined in Ostwald-Fenske viscometers. The
measurements were performed at 25 + 0.1°C. All
intrinsic viscosities are expressed as (g./100 ml.) !

(b) Materials

Polyacrylonitrile was supplied by the Chem-
strand Corporation and was obtained by thermal
polymerization without catalyst.

Preliminary experiments were carried out in
ethylene carbonate as solvent which had to be
especially purified. However, for later experiments
a mixture consisting of 809, ethylene carbonate
and 209, propylene carbonate by weight was used.
This mixture could be kept liquid near 20°C.,
whereas ethylene carbonate melts at about 35°C.
The use of ethylene carbonate as solvent would
have necessitated that all work be carried out at
40°C., this would have introduced complications
due to thermal degradation.

The purification procedure for the solvent was as
follows. Ethylene carbonate was melted and then
dissolved in 959, ethanol. The solution was cooled
to about 10°C., and the crystals which formed were
separated by filtration. These crystals were then
melted and the process repeated. Finally, the
crystals were melted and the remaining ethanol dis-
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tilled off under vacuum. Propylene carbonate was
purified by repeated passing through charcoal.

(¢) Preliminary Experiments

Preliminary experiments with 19, (w/v) solu-
tions of polyacrylonitrile in ethylene carbonate were
carried out in the presenee of air and also in a
nitrogen atmosphere (99.9969, N;). The solutions
were exposed to radiation of 2537 A. for 4 hr. at
40°C. For these preliminary experiments flow
times of the solutions in Ostwald-Fenske viscometers
were taken as an indication of the extent of degrada-
tion. Some of the results are given in Table 1.

TABLE 1
Irradiation of 1%, (w/v) Solutions of Polyacrylonitrile in
Ethylene Carbonate at 40°C. for 4 Hr.
(Hanovia Lamp, 2537 A.)

Flow time after

Flow time a

Sample before exposure, 4-hr._exposure, sec.
number sec. In air In N,
Solvent 91.7 91.7
Solvent 91.7 91.4

1 356.8 236.1

2 356.8 338.7

3 - 357.9 — 340.8

4 357.9 — 352.8

a All flow times were measured within 1 hr. after comple-
tion of exposure.

It is seen that degradation is more pronounced in
the presence of oxygen. It was also ascertained
that there is an after effect (dark reaction) persist-
ing for quite considerable periods of time after
cessation of exposure, the solution being kept at
40°C. For example, the flow time of sample 2 in
Table I decreased after two days from 338.7 to
335.8 sec.; after a furthec ten days, the flow time
had decreased to 330.3 sec. In the case of irradia-
tion in a nitrogen atmosphere, the flow time for
sample 4 changed from 352.8 to 355.0 sec. after 24
hr.; seven days later the flow time had increased
to 364.2 sec. In the case of unexposed solutions, a
slight thermal degradation seems to proceed at
40°C.; thus, after standing for nine days in the
presence of air, the flow time decreased from 341.7
to 340.4 sec. Some thermal degradation may also
have taken place on dissolution of the polymer in
ethylene carbonate at 40°C.

These preliminary experiments indicate that in
the presence of oxygen, chain scission seems to be
predominant, whereas in the absence of oxygen
chain scission and some crosslinking, or at least
some recombination of fragments, occurs.

(d) Experiments in Vacuo

All further experiments were carried out with
0.2009%, (w/v) solutions of polyacrylonitrile in a
mixture of 809, ethylene carbonate and 209, pro-
pylene carbonate by weight at 25 + 0.1°C. These
solutions were freed from oxygen in a high vacuum
system (10~° mm. Hg) by repeated freezing, melt-
ing, and evacuating. The solutions were sealed off
the high vacuum system and exposed to ultraviolet
light of wavelength 2537 A. for definite periods of
time. After exposure, the reaction vessels were
opened, and a few crystals of benzoquinone were
added; this completely eliminated any dark reac-
tion. Subsequently the intrinsic viscosities of the
exposed solutions were measured.

The intrinsic viscosities were converted into
number-average chainlengths as follows. Accord-
ing to Onyon! the relationship between the in-
trinsic viscosity and the number-average molecular
weight M, of polyacrylonitrile in N,N-dimethyl-
formamide solution is given by

7] = 1.97 X 1030 0% (N

It is to be expected that the relationship for poly-
acrylonitrile dissolved in the ethylene carbonate-
propylene carbonate mixture is of a similar form,
[7] = KM,* where K and « are empirical con-
stants. For two polymer samples with different
number-average molecular weights, one obtains, for
solutions in the carbonate mixture E

ag = log ([1]z/ [1]z) /log (Mn/Ma)  (2)

The number-average molecular weights can be ob-
tained from eq. (1) and hence ax can be calculated
once intrinsic viscosities have been determined;
the value for Kz can then be obtained easily.

Experimental results for three samples of poly-
acrylonitrile of different molecular weights are
given in Table II. Number-average molecular
weights were calulated from eq. (1).

TABLE 11
Number-Average Molecular Weights for Polyacrylonitrile
and Intrinsic Viscosities in Dimethylformamide (D) and
Ethylene Carbonate—Propylene Carbonate (E) (80/20 by
weight) Solutions at 25°C.

M. Inlp [nle
76,000 2.19 1.65
36,000 1.40 1.21
16,000 0.81 0.78

The following values for az were derived: from the
first two samples, az = 0.428; from the first and
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third samples, az = 0.470; and from the second
and third samples, ar = 0.498; this gives an
average value of ap = 0.47.

The values of K for the three samples are 8.9 X
10-3, 9.0 X 10-3, and 8.8 X 1073 respectively,
which yield an average value for Kz = 8.9 X 1073,
Hence the following relationship is obtained for the
ethylene carbonate—propylene carbonate solvent
mixture:

[n]e = 8.9 X 107*17,0-# 3)

Equation (3) has been used for the conversion of all
intrinsic viscosities to number-average molecular
weights or chainlengths. This procedure neglects
change in size distributions but will give quite good
an approximation.

Next, the degradation was studied as a function
of the light intensity. The intensity was varied by
inserting a cylindrical quartz cell, 5 em. in length,
containing aqueous solutions of nickel sulfate in
front of the reaction cell. The light transmissions
for a wavelength of 2537 A. for the solutions used
are given in Table IIL.

TABLE I11

9% Transmission

NiSOs6H,0 conen., g./1. (5 cm.)
120 79
350 63
500 56

This filter was described by Kasha!! and proved
extremely light stable; thus no change in trans-
mission was observed after 140 hr. exposure. Deg-
radation experiments were carried out using these
solutions so that in addition to the original light
intensity I,, experiments were carried out at in-
tensities 0.79I,, 0.63I,, and 0.56%,. All solutions
were kept at 25 = 0.1°C. during exposure, and the
concentration of polymer was in all cases 0.200%,
(w/v). The intrinsic viscosities plotted as a func-
tion of time of exposure are shown in Figure 2.

The quantum yield was determined with a chemi-
cal actinometer as described by Leighton and
Forbes!? and Forbes and Heidt.!3 The method de-
pends on the photochemical decomposition of oxalic
acid in the presence of uranyl ions as sensitizing
agents. A quartz vessel 5 cm. in length was used,
containing a solution 0.005]{ in oxalic acid and
0.001M in uranyl oxalate. The concentration of
the polymer solutions was in this case 0.300%, (w/v).
It was found that in 120 min. 4.3 X 10! quanta
passed through the solvent mixture into the
actinometer solution, and that for the same period
of time 8.8 X 10! quanta were absorbed by the
polymer solution (23 ml. of the 0.300% (w/v)
polymer solution were exposed). During the same
time interval, the intrinsic viscosity decréased from
1.65to 1.63. The quantum yield was then obtained
as follows. The average number of bonds broken
s for each original chain is given by!*

= (Py/P) — 1 4

1.80
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Fig. 2. Intrinsic viscosity of polyacrylonitrile solutions in ethylene carbonate-propylene car-
bonate solution (80/20 by weight) vs. length of exposure at different light intensities.
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where P, is the original number-average chain-
length, and P, is the number-average chainlength
at time £. This value is obtained experimentally.
The total number of original polymer chains in the
system (all chains assumed to be of length Py) is
also known, and thus the total number of broken
bonds for a given time of irradiation can be calcu-
lated. The number of quanta absorbed for the same
time of exposure is known from experiment. It was
found that 7.7 X 10—* bonds are broken for each
light quantum absorbed for a wavelength of 2537 A.
A high accuracy is not claimed for the actual value
of the quantum yield; however it is certain that the
quantum yield is very small.

Infrared spectra of irradiated samples were also
investigated. No difference in the infrared spectra
of exposed and unexposed polymer could be de-
tected. The polymer was precipitated from solu-
tion by water, was dried and then suspended in
mineral oil; the suspension was placed between
sodium chloride plates.

A change took place in the ultraviolet spectra on
exposure; the maximum absorption increased with
length of exposure. This will be further investi-
gated.

DISCUSSION

The present results will be discussed in the light
of the random theory of breaking links. This is
quite a reasonable assumption for the present case.
The rate of breaking bonds may simply be as-
sumed to be proportional to the number of carbon-

carbon bonds in the main polymer chains in the
system

dn/dt = k'In )]

where 7 is the total number of C—C bonds in the
polymer chains at time ¢, k' is a rate constant, and 7
the ultraviolet light intensity. From eq. (5) a rela-
tionship ecan be derived in terms of the initial num-
ber-average chainlength P, and the number-average
chainlength P, at time ¢ (see Jellinek!?)

—In[1 — (/P)] = kIt — [l — (1/P)] (6)

P, and P, are large numbers as the degradation is
not very extensive. Hence eq. (6) reduces to

(1/P) — (1/Po) = kIt ™

Figure 3 shows the plot of (1/P,} — (1/P,) against
time for the different light intensities. The experi-
mental points show considerable scatter, but can
best be represented by straight lines, which were
obtained by the method of least squares. The rate
constants k = kI (hours—?) derived from the slopes
of the straight lines are plotted against the light
intensities in Figure 4. A straight-line relationship
is obtained. The theory of random breaking de-
seribes, on the whole, the experimental results quite
satisfactorily, though further investigation is de-
sirable in order to ascertain whether some cross-
linking takes place under these conditions. The
quantum yield of 7.7 X 10—* bonds broken for each
quantum absorbed agrees with a random degrada-
tion process. The energy supplied by the light

(o} 6 12 8 24

30 36 42 48 54 60

LENGTH OF EXPOSURE — HOURS

Fig. 3. Plot of (1/Pn) — (1/Pyw) vs. length of exposure at different light intensities,
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quanta is only very rarely redistributed in the chain
molecules in such a way that C—C bonds are
broken. Preliminary results indicate that amounts
of monomer or very small chain fragments produced
during degradation are negligible. Some tentative
suggestions as to possible reactions leading to chain
scission are given below.

D CION 0 1

RN QU

This reaction can lead to chain scission

=N

HHHH H H H
Ll Lk |
R S
H H C=N H C=N

The C=N radical could react with a hydrogen
atoms leading to further chain scission:

HH H H
bbbt o

L Aok b

H H H H
—> HC=N + N(ll—(ll———Cl—-(le
Il—I (gEN I'lI (')EN
and
H H H H H H
bbb b b g ~bmon
PII éENI‘II éEN }|I (llEN I|I CE’

If, in addition to a first-order termination process,
recombination of radicals also takes place, then the
rate of breaking bonds becomes

—dn/dt = (ks/2)n* = kidn — (ks/2)n** (8)

where n* is the number of radical chain ends in the
system.
Further,

+dn*/dt = 2k In — kn*? — kan* 9)
For the stationary state one has
kdn — (ko/2)n*? = (ks/2)n*
or
n* = ky + [k + 4k Inks1"*/2ks
Finally,

—dn/dt = ke = [ke? + 4kdnks]?/4  (10)

Thus, the simple relationship given by eq. (5)
would no longer hold.
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Synopsis

The ultraviolet photodegradation of polyacrylonitrile
was studied at 25°C. with irradiation with light of wave-
length 2537 A. Polymer dissolved in a 80%,/209%, mixture
by weight of ethylene carbonate and propylene carbonate
was irradiated. Preliminary experiments indicated that in
the presence of oxygen predominantly chain scission takes
place, whereas in its absence chain scission and recombina-
tion of radicals seem to occur. There is also a dark reaction
which proceeds for appreciable periods of time after exposure.
Quantitative studies were performed in vacuo at 25°C. in
the ethylene carbonate-propylene carbonate mixture as
solvent. Degradation was followed by determining intrinsic
viscosities as a function of time at various light intensities.
The quantum yield was found to be 7.7 X 10~ chain scis-
sions for each quantum absorbed under the given experi-
mental conditions. Infrared spectra of original and irra-
diated polymer samples indicate that there is no change in
the overall structure of the polymer chains. The experi-
mental results can be satisfactorily represented by the theory
of random breaking of bonds assuming that the rate of
breaking bonds is proportional to the number of bands pres-
ent at any time ¢ and to the light intensity. The experi-
mental rate constants derived on the basis of the random
theory were actually found to be linearly dependent on the
light intensity.

Résumé

On a étudié¢ la photodégradation par la lumigre ultra
violette du polyacrylonitrile 4 25°C en utilisant la‘longueur
d’onde 2537 A. On a irradié le polymere dissous dans un
mélange 80%,/20% en poids de carbonate d’éthylene et de
propyléne carbonate. Des expériences préliminaires mon-
trent qu’en présence d’oxygéne c’est surtout une scission de

chaine qui a lieu tandis qu’en absence d’oxygéne il semble y
avoir scission de chaine et recombinaison des radicaux. Ily
& aussi un post-effet pour des périodes appréciables de temps
aprés exposition. Des études quantitatives ont été effec-
tuées sous vide & 25°C en utilisant le mélange carbonate
d’éthyléne-carbonate de propyléne comme solvant. La
dégradation a été suivie par la détermination des viscosités
intrinseques en fonction du temps & différentes intensités
lumineuses. Le rendement quantique a été trouyé égal &
7.7 X 10~ scissions de chaine par quantum absoerbé dans les
conditions expérimentales données. Les spectres infra-
rouges du polymére avant et aprds irradiation montrent
qu'il 0’y a pas de changement dans la structure des chaines
polymériques. Les résultats expérimentaux peuvent étre
représentés d’une facon satisfaisante par la théarie de la
rupture statistique des liaisons en admettant que la vitesse
de rupture des liaisons est proportionnelle au nombre de
liaisons présentes au temps ¢ et & 'intensité de la lumiere.
Actuellement on a trouvé que les constantes de vitesse ex-
périmentales obtenues & partir de la théorie statistique
dépendent d’une fagon linéaire de l'intensité lumineuse.

Zusammenfassung

Der Abbau von Polyacrylnitril im ultravioletten Licht
wurde bei 25°C mit Licht von der Wellenlinge 2537 A
untersucht. Das Polymere wurde in einer Athylenkarbonat-
Propylenkarbonatlésung mit einem Mischungsverhiltnis
80:20 Gewichtsprozent bestrahlt. Vorversuche zeigten,
dass in Gegenwart von Sauerstoff iiberwiegend Kettenspal-
tg;lng stattfindet, wihrend in Sauerstoffabwesenheit Ketten~
spaltung und Radikalrekombination einzutreten scheint.
Auch eine Dunkelreaktion ist vorhanden, die noch wihrend
betriichtlicher Zeitriume nach der Belichtung vor sich geht.
Quantitative Untersuchungen wurden im Vakuum bei 25°C
unter Beniitzung der Athylenkarbonat-Propylenkarbonat-
mischung als Lésungsmittel ausgefithrt. Der Abbau wurde
durch Bestimmung der Viskositéitszahl in Abhingigkeit von
der Versuchsdauer bei verschiedenen Lichtintensititen
verfolgt. Under den gewihlten Versuchsbedingungen wurde
die Quantenausbeute zu 7,7 X 10~* Kettenspaltungen pro
absorbiertes Quant bestimmt. Die Infrarotspektren des
urspriinglichen und des bestrahlten Polymeren zeigen, dass
keine Anderung der Gesamtstruktur der Polymerketten
anftritt. Die Versuchsergebnisse lassen sich durch die
Theorie der statistischen Spaltung von Bindungen befriedi-
gend unter der Annahme wiedergeben, dass die Geschwindig-
keit der Bindungsspaltung der Anzahl der zu einer beliebigen
Zeit ¢ vorhandenen Bindungen und der Lichtintensitét
proportional ist. Die experimentellen Geschwindigkeitskon-
stanten, die auf Grundlage der statistischen Theorie abgelei-
tet wurden, ergaben tatsichlich eine lineare Abhingigkeit
von der Lichtintensitit.
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