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Irradiation of Polyethylene. Kinetics of Unsaturation Effects

By studying three different types of polyethylene, it can be shown that the original unsaturation in the material whether
vinyl or vinylidene disappears initially according to a first-order law and that the rate tlien becomes less than first order
as the frans-vinylene concentration builds up. A protective action of vinyl groups by vinylene groups is postulated to
explain the pronounced departure froin first-order kinetics. Formation of vinylene unsaturation is accurately described by
the equation ¢ — ¢; = (co — ¢o)(1 — e7*2) which is based on a linear increase of concentration witli dose followed by a first-
order elimination, both effects being independent of vinyl unsaturation. The limiting concentration attained is greater,
the greater the crystallinity of the polyethylene. At liquid nitrogen temperatures vinyl destruction is virtually suppressed,
but vinylene formation is scarcely affected. Approximately half of hydrogen elimination results in viuylene formation,
probably by molecular detachment because of its zero temperature coefficient. A post-irradiation heating of the poly-
ethylene to room temperature causes 2 significant amount of vinyl or vinylidene destruction, thus proving the existence of
free radical reactions in the solid state. Evidence from infrared data for cyclization or ring link formation is given. Pro-
duction of ring links is linear with time, and the greater the crystallinity of the polyethylene. The yield of ring links is less
at liquid nitrogen temperature than at room temperature, The first-order kinetics observed for vinyl, vinylidene and vinyleue
elimination together with the higl initial value of Gy for vinyl decay, 9.6, can ouly be explained on the basis of activation of
the double bond by energy of excitation released in localized regions corresponding to the spurs of fast electron tracks. Thus
this paper describes the kinetics of decay in the solid phase of a specific group whose chemical structure and concentration

are both known.

Introduction

As a result of the practical importance of the
cross linking of polyethylene by high energy radia-
tions, the statement often has been and is still
being made® that hydrogen evolution aud cross
linking are the major processes taking place in the
irradiation of polyethylene by ionizing radiations.
This is despite the fact that the production of un-
saturation was shown many years ago to be a sig-
nificant factor.*=% Although Charlesby” later esti-
mated from indirect evidence that the production
of unsaturation was negligible, the early observa-
tion*® of this Laboratory on the formation of
vinylene unsaturation during the irradiation has
since been abundantly confirmed.®8:°~!2 How-
ever, there still exists disagreement®® concerning
the magnitude of the production of unsaturation
relative to that of cross linkages.

For the purpose of understanding the kinetic
effects of irradiation it is important to have quanti-
tative information on the efficiency of vinylene
group production by the ionizing radiations.
Thus, Pearson!? has proposed kinetic mechanisms
based on the reduction of the rate of formation of
double bonds with time, as have also Siniha and
Wall.'* Pearson’s mechanism has been criticized
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by Collyns, Fowler and Weiss.'® Another theo-
retical paper is that of Okamoto and Isihara.®

In addition to the formation of vinylene-type
double bonds, the initial irradiation causes the
disappearance of vinylidene®!%7 and vinyl un-
saturation!? but, hitherto, the kinetics of such
effects has not been thoroughly studied. These
phenomena are important from the standpoint of
illuminating the mechanism of energy transfer and
of reactions in the solid state.

Finally, it is necessary to obtain accurate G
values (olefinic groups per 100 e.v.) for vinyl and
vinylidene disappearance as well as for vinylene
production in order to approach the goal of achiev-
ing material balance in the irradiation of poly-
ethylene.'

Apparatus and Methods

A. Radiation Source.—In May of 1956, 234 curies of
cobalt-60 were obtained from the Oak Ridge National
Laboratory in the form of nickel-plated walfers, one cni. in
diameter. These were sealed into compartnients on the
front faces of two stainless steel blocks as illustrated in Fig.
1 and then placed into a recessed well into the bottom of
which the mechanism holding the cobalt-60 was fastened as
shown in Fig. 1. The well was surrounded on tlie sides and
bottom by nine inclies of lead. A worm gear and pinion
arrangement enabled the stainless steel blocks to be moved
a short distance back and forth in the horizontal direction
by means of removable rods which passed tlirough the upper
protective housing.

The upper lead chamber,!® whicl rolled on wleels in a
track, also contained a recessed well opening downwards.
The equipment to be irradiated could be lifted up and
fastened into the upper well on a long rod after thie upper
tank had been moved forward.

B. Radiation Cells and Holder.—A brass holder was
constructed with a rectangular tongue that fitted into the
space between the cobalt-60 blocks. Into the holder could
be placed a special Dewar vessel containing the irradiation
cell. Althiough tlie Dewar vessel was necessary only at
liquid nitrogen temperatures, it was used in all experiments
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in the design of the steel framework and tanks which held the lead.
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Fig. 1.—Schematic diagram of holder for the radioactive
cobalt.

(filled with water at room temperature) in order that the
radiation intensity might be maintained as constant as
possible. The vy-ray intensity was reduced about 25% by
the use of the Dewar flask. This reduction was mainly due
to the fact that the irradiation cell within the Dewar was
necessarily raised up about 1 to 1.5 cm. into a radiation
region of smaller intensity.

The glass irradiation cells were of various types. Figure
2 illustrates a cell designed for two special purposes: (1) to
measure by means of the Pirani gauge the rate of gas evolu-
tion at low pressures of hydrogen and (2) to enable the poly-
ethylene film to be irradiated at lignid nitrogen temperature
and then to be transferred to an infrared cell without warm-
ing to room temperature. Usually, a mercury manometer
took the place of the Pirani gauge, and a cylindrical tube of
glass of volume about 100 cc. took the place of the glass
bubble. One type of glass cell had a detachable top which
made possible the intermittent irradiation of the same film.
This cell was used in the studies of the growth of the vinylene
unsaturation and of the decrease in the vinyl group concen-
tration.

Figure 3 illustrates a square aluminum frame for holding
the polyethylene film which was used in connection with the
special cell of Fig. 2. With the lower part of the glass cell
immersed in liquid nitrogen, the glass bubble could be broken
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T
GLASS BUBBLE
—

Fig. 2.—Cell for irradiation of polyethylene film at liquid
nitrogen temperature,
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and pierced by the plunger and the end of the plunger
gripped by the spring clips as illustrated in Fig, 3. In this
way the irradiated film could be removed from the irradia-
tion cell and transferred to the infrared beam within the
infrared cell illustrated in Fig. 4 without warming the film
to room temperature.

PLUNGER

SPRING CLIP

COPPER
SHIELDS

Fig. 3.—Details of film holder for use at liquid nitrogen
temperature.

C. Dosimetry.—The determination of the absorption
of the energy of the cobalt-60 y-rays within the polyethylene
in the cells was carried out using the FeSO, dosimeter taking
G(Fe***) to be 15.6 ferric ions produced per 100 electron
volts of energy absorbed. This value is intermediate be-
tween that found by Lazo, Dewhurst and Burton,® 15.8,
and by Schuler and Allen,?! 15.45.

Ferric ion concentrations were determined with a Beck-
man spectrophotometer taking 2,160 as the decadic molar
extinction coefficient® for light of 304 mu wave length and
at 22.5°, A temperature correction?? of 0.729, per degree
(positive) was applied to the spectrophotometric measure-
ments not at 22.5°. The half-life of cobalt-680 was taken to
be 5.3 years in estimating the change of the intensity with
time,

D. Infrared Cells and Equipment.—The polyethylene
film was always attached to its support so that the bottom
edge (bottom with respect to the cobalt-60 radiation cell)
lined up with the bottom of the opening in the Masonite
support.

The inner rock salt windows of tlie special iufrared cell
illustrated in Fig. 4 were attached to a glass ring according
to the method of Frank and Stow.2* The glass rings holding
the windows were then sealed to tlie cell by means of the
Shell Chemical Company’s epoxide resin No. 828 using
their curing agent U. The outer rock salt windows were
sealed to a brass ring with Apiezon grease Type N, the force
of the atmospheric pressure being sufficient to hold them in
place. The vacuum jacket could be attached to a vacuum
line for evacuation. When small leaks developed, they
were eliminated by painting the rock salt to glass seals with
a rubber solution. In Fig. 4, the horizontal arrow indicates
tlie path of the infrared beam. In actual operation it was
found that the temperature of the polyethylene film after
removal from the liquid nitrogen bath and insertion into the
infrared beam was about —125°,

Analytical Methods for Determination of Unsatura-
tion.—Most of the measurements of the concentration of
vinyl, vinylene and vinylidene unsaturation in the poly-
ethylene were carried out by the infrared technique. The
accuracy of this method depends on a knowledge of the

(20) R. M. Lazo, H, A, Dewhurst and M. Burton, J. Chem. Phys.,
22, 1370 (1954).

(21) R, H. Schuler and A. O. Allen, ibid., 24, 56 (1956),

(22) W, Wild, Disc. Faraday Soc., 12, 113 (1952).

(23) R. Frank and R. L. Stow, Rev. Sci. Instru., 26, 514 (1954).
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Fig. 4.—Infrared cell and irradiation Dewar used at liquid
nitrogen temperature.

thickness of the film and of the molar extinction coeflicient.
The film thicknesses were determined easily by weighing a
known area of the film of known density. The vinyl group
molar extinction coefficient ¢ was calculated from the
equation

_ log1o(To/T)vmex
T T 1

where ¢ is concentration in moles/liter, / the film thickness in
cm. and logyy 7o/ T the apparent optical density at the maxi-
mum of the absorption band. If the true integrated ab-
sorption intensity 4 in the equation

= . Te 9
A= 5] In (T>Vmawa/, @)

is known?* as well as 7,/ T and Awi/f,, which is the width of
the band at half intensity, the concentration ¢ can be calcu-
lated. Richardson and Sacher® made a careful study of the
integrated absorption intensity of a number of 1-olefins and
concluded that 4 was equal to 4580 . cm.~2 mole™! at the
frequency 909 cm. ™! (10.98 p). By determining the optical
density at the peak of the 10.98 u band and by measuring
its half width, 8.25 cm. !, for the high density polyethylene
Marlex-50, we calculated that ¢ for the vinyl group was
0.99 X 107* mole/g. or 0.095 mole/liter. Smith?® found
1.00 X 10~* mole/g. for the vinyl group concentration in
Marlex-50. Tlie molar extinction coeflicient of the vinyl
group calculated from eq. 1 using our ¢ value was 153
l.cm. 'mole~!. Richardson and Sacher® recommend 149

(24) D. A. Ramsay, Turs JoUrNAL, 74, 72 (1952).
(25) W. 8. Richardson and A. Sacher, J. Polymer Sci., 10, 353 (1953).
(26) D. C. Smith, Ind. Eng. Chem., 48, 1161 (1958).
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for polymers, Hampton? found 155 and Reynolds,? 150.
We have adopted our estimate 153 for the calculations of
this paper. For the other olefinic groups, the trans-vinylene
and the vinylidene, we liave used the extinction coefficients
of 139 given by Hampton?” and of 159 given by Richardson
and Sacher,® respectivelv. All of these extinction coeffi-
cients as well as similar ones by Reynolds and by Shreve®
are considerably greater than those based on the calculations
of Cross, Richards and Willis® used in the first paper of this
series.® This means that the unsaturation values of this
paper are 409% lower in the case of the frans-vinylene group
and 35% lower in the case of the vinylidene group than the
values of our first paper. Our first research was not con-
cerned with vinyl unsaturation.

In order to clieck the infrared results, an independent
chemical niethod similar to that described by Mayo?3! was
used to measure unsaturation both in unirradiated and ir-
radiated samples. In the case of Marlex-50 the unirradi-
ated film did not dissolve in CCly solvent so that thie vinyl
concentration could be determined by the infrared method
both before and after bromination. The average of two
experiments gave a decrease in vinyl group concentration of
0.48 == 0.05 X 107*mole/g. by the bromination method and
0.48 &= 0.08 X 107* by the infrared method. Such good
agreement is fortuitous. In thie case of a low density poly-
ethylene, the entire film dissolved at the CCl, boiling point,
and it was assumed that bromination completely saturated
the olefinic groups. Total unsaturation measured by this
method was 0.60 X 107¢ mole/g. while the infrared gave
0.414, 0.061 and 0.087 X 10~¢ mole/g. for thie vinylidene,
trans-vinylene and vinyl groups, respectively. Adding,
tlie total unsaturation as determined by the infrared method
becomes 0.56 X 1074 mole/g., in good agreement with the
chemical metliod.

In the case of the irradiated films, the cheniical results
were niuch less reliable for a number of reasons. The films
failed to dissolve completely in the carbon tetrachloride
solvent; the correction for bromine substitution became
very large and depended upon the length of time the KBrO;
solution stood in contact with the film after titration with
standard thiosulfate solution to the first end-point, or even
to the second end-point; after bromination infrared studies
demonstrated that this technique failed to brominate com-
pletely the olefinic groups. For these reasons the chemical
method was not used to measure unsaturation in the irradi-
ated films.

F. Materials.—The studies of unsaturation described
in this paper were carried out on three types of polyethiylene;
(1) a low density, high pressure polvethivlene (du Pont Code
No. B-3123) containing initially vinylidene unsaturation;
(2) high density Marlex-30 containing a relatively ligh con-
ceutration of vinyl groups; and (3) a Ziegler type poly-
ethylene (Dow Code No. Q911) containing vinyl, vinylene
and vinylidene unsaturation. Table I summarizes the
properties of these sarnples.

TABLE I
PROPERTIES OF POLYETHYLENE SAMPLES

Narme B-3125 Marlex-50 Q-911
Conen., moles/g. X 10+
Vinyl 0.087 0.99 0.207
trans-Vinylene 061 058 064
Vinylidene 414 06
Density L9N9 056 054
Asli content, ¢, .18 L1l S19
M 266,000 74,900
M 17,500 12,300 53,000
Long chain branching in-
dex 12.0

The concentrations of tlie olefinic groups and the densities
given in Table I were determined in this Laboratory. The

(27) R. R. Hampton, Anal. Chem., 21, 923 (1949).

(28) J. G. Reynolds, Disc, Faraday Soc., 9, 323 (1950).

(29) O. D. Shreve, M. R. Heether, H. B, Knight and D, Swern,
Anal. Chem., 22, 1261 (1950).

(30) L. H. Cross, R, B. Richards and H. A. Willis, Discs. Faraday
Soc., 9, 235 (1950).

(31) F. R. Mayo, THIS JourNaL, T8, 6133 (1953).
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molecular weights and long chain branching index were de-
termined by the suppliers while the molecular weights of
Marlex-50 were taken from the paper by Tung.’? In the
determination of the vinylidene concentration the absorb-
ance due to the ethyl group was corrected for by brominating
the unirradiated film with bromine vapor to eliminate the
vinylidene group so that the ethyl group absorbance could
be directly measured. 759, of this absorbance was assumed
to be present, following Bryant and Voter,3® at a wave
length of 11.25 u, the wave length of the vinylidene group
absorbance peak. The Dow Ziegler polyethylene, Q911,
may have contained 0.19% catalyst impurities, mainly
aluminum and titanium compounds. The molecular struc-
ture of Marlex-30 has been described by Smith.26

All of the materials were used as received except that for
most of the infrared studies a slab of polyethylene 0.02 to
0.05 cm. thick was prepared in order to increase the sensi-
tivity of the infrared measurements. This slab was made
by heating and fusing together 4 to 10 thicknesses of 2 mil
film under the pressure of an electric heater. This tech-
nique gave a clear thick film of good uniformity. All films
were evacuated for 48 hr. before being irradiated in order to
remove dissolved oxygen.

Results and Interpretation

A. Reduction in Vinyl, Vinylene and Vinylidene
Unsaturation.—Figure 5 illustrates the decrease of
the vinyl concentration of Marlex-50 with radiation
dose during irradiation 4% vacuo and at room tem-
perature. Most of the points on the graph were
obtained in an experiment using a radiation cell
with a removable top so that the thick film of
Marlex-50 could bew removed periodically for an
infrared examination. Inasmuch as the film thus
became exposed intermittently to oxygen of the
air, some integral experiments were performed with
no exposure to oxygen until the film was removed
at the end of the experiment. The resulting vinyl
concentration observed in these latter experiments
agreed well with those obtained in the intermittent
one. Similar curves were obtained for the disap-
pearance of vinylidene unsaturation in B-3125
as shown in Fig. 5 and of vinyl unsaturation in the
Ziegler polyethylene, Q-911.

The data for the decrease in concentration of
the vinyl groups follow a first-order relationship up
to about 3509, reduction in concentration and to
higher doses in the case of the vinylidene group.
Uncertainty in the correction due to the ethyl
group absorbance prevents us from concluding to
what dose the first-order law is obeyed in the latter
case.

Table II gives the constants of the equation

Vil _ .
In Vi~ kD (3)
TABLE 11

Decay CONSTANTS AND G-VALUES FOR INITIAL VINYL AND
VINYLIDENE GROUP DISAPPEARANCE
Vinyl

— Go(initial),
Polyethylene Co, k1, molecules/
type moles/g. X 104 g./ev. X 102t 100 e.v.
Marlex-50 0.99 1.61 9.6
Q-911 .21 1.43 1.8
Vinylidene
B-3125 .414 1.49 3.7

where [Vi] represents the vinyl group concentra-
tion in units of moles/g. after the accumulated
(32) L. H. Tung, J. Polymer Sci., 24, 333 (1957).

(33) W. M. D. Bryant and R. C. Voter, THIS JoURNAL, 76, 6113
(1953).
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Fig. 5.—Changes in unsaturation as a fuuction of dose.
Open circles represent intermittent irradiation; closed
circles, continuous irradiation to the dose indicated and
squares, continuous irradiation in presence of 0.9 atm. pres-
sure of hydrogen gas. The vinyl and vinylene curves are for
Marlex-50 and the vinylidene curve for B-3125 polyethylene.

dose D, [Vi], the vinyl concentration at zero time
and k; the first-order law decay constant.

Inasmuch as G(-vinyl) is given by the expression

G(—[Vi]) = —100Nd [Vi]/dD 4)
where G is in units of molecules per 100 e.v. and
N is Avogadro’s number, G, (—[Vi]), the initial
rate of vinyl group elimination, can be calculated
from the equation

Go(—[Vi]) = 100k [ViloN
Thus, the initial G, is proportional to the initial
vinyl group concentration, at least over the 5-
fold concentration range studied.

In the kinetic papers previously mentioned,13-16
there has been no discussion of the mechanism of
vinyl group disappearance, although Pearson!®
adopted an earlier suggestion® of one of us that the
vinylidene group reacts with a free radical center
on a neighboring chain to form a cross link. Other
possible mechanisms for the disappearance of
vinyl or vinylidene groups include (1) isomeriza-
tion in the case of vinyl to form a vinylene group,
(2) reduction with atomic hydrogen to form a free
radical, activation with subsequent reaction by (3)
“‘sub-excitation” electrons,3* (4) excitation energy
or (5) positive charges. Because of the low concen-
tration of the vinyl or vinylidene groups, about 0.1
mole/liter, a significant number of these groups can-
not become activated by direct ionizatior in the
primary event.

Although an extensive study has not been carried
out by us at liquid nitrogen temperature, it is clear
from the first results obtained that there is a defi-

(34) R. L. Platzman, Radialion Research, 2, 1 (1955); see also J.
Weiss, Nature, 174, 78 (1954).
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nite reduction in the rate of vinyl and vinylidene
group disappearanicce at this low temperature.
Charlesby and Davison® have noted a ‘slight”
temperature depeudeuce for vinylidene elimination.
Table III contains infrared absorbance data taken
with a Perkin-Elmer spectrophotometer on thin
films, all measurements at about —130°. From the
curve of Fig. 3, the vinyl concentration after an
irradiation of 30 X 10% e.v.g.~! at room tempera-
ture would have been 0.1 of 1ts initial value; how-
ever, in the low temperature irradiation the value
fell only to 0.91 of its initial value. A postirradia-
tion heating to room temperature followed by
cooling to —130° for the infrared ineasurement
showed a further decrease in the vinyl concentra-
tion to 0.71 of its initial value. This experiment
indicates that frce radicals are mobile enough in
the solid polyethylene at room temperature to
produce chemical changes.

TaBLE III
OpricAL DENSITIES OF POLYETHYLENES IRRADIATED AT
L1Quip NITROGEN TEMPERATURE
All Infrared Measurements at about —130°

log Is/1
Marlex-50
Wave length, u 10.05 10.35 11.00 11.25
Group Vinyl  Vinylene Vinyl Vinylidene
Unirradiated 0.047 0.013 0.146 O
Irradiated to 32
X 10 ev./g. .039 .1051 133 0
Warmed to r.t.
and recooled .024 .1051 104 0
B-3125
Unirradiated 0.016 0.02 0.129
Irradiated to 30 X
1020 e.v./g. L100 045 .098
Warmed tor.t. and
recooled 115 .032 .080

Similar to the decay of viuyl groups with irra-
diation is the decay of vinylene unsaturation pro-
duced by the irradiation. For this process the
over-all equations are proposed

~CH,CHy- w—3 ~CH=CH- + H, )

~CH=CH~ ww—> X (6)
where (5) represents a zero-order process of vinylene
growth and (6) a first-order elimination or decay
of the vinylene group leading to the formation of

an activated state x which reacts further. Equa-
tions 5 and 6 lead to the kinetic equation

any .

B = ke| V1] )

where [V1] represents cotcentration of the vinylene
group, and ¢’, the observed quantum yicld of reac-

tion 5 when [V1] equals [V1],. Integrating
(VI] = £ (1 = ¢™P) 4 [Vijge™P ®)
At infinite dose
Vlie = o'/k 9
hence (8) can be written
_[El.] —_[V”_?. = 1| — g kb (10)

Ve — VI, —
Equation 10 is similar to one deduced by Pcarson'?
and Simha and Wall. !4
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Pearson’s postulated mechanism has to be re-
jected for the following reasons: the rate of hydro-
gen production at zero time should equal that of
vinylene formation. This prediction is not veri-
fied as Go(H,), the initial yield, equals ca. 4.0 (a
paper on hydrogen production will be submitted
for publication later) and G, (frans-CH==CH-) is
only half as great. From the infrared data there is
no detectable evidence of cis-vinylene formation.
Pearson assumes that vinylene formation arises
from the reaction

2 ~-CH.CHCHy~ —> ~-CH.CH==CH- 4 -CH,CH,CH,-

This cannot be the case; otherwise the vinylene
production would be frozen out at liquid nitrogen
temperatures because of the high viscosity of the
solid, whereas its rate of formation is scarcely
affected by temperature (ref. 9 and Table III).

Pearson’s mechanism predicts that cross linking
for the same total dose will be a function of the in-
tensity for the ionizing radiations, contrary to obser-
vation.®

Simha and Wall'* based their mechanism in
part on a reaction of a free radical with atomic
hydrogen to form the vinylene group, followed by a
further reaction with atomic hydrogen to eliminate
it. If by atomic hydrogen they refer to ‘“ther-
malized”’ hydrogen atoms, th&ir mechanism has to
be rejected because of inability to conform with
the observed temperature effects. The second
meclianism for vinylene formation proposed by
Simha and Wall is the same as Pearson’s which has
already been discussed. Both Pearson and Simha
and Wall ignore ion-molecule type reactions or re-
actions involving molecular detachment of hydro-
gen like eq. 5. A further general criticisin of their
mechanism is that tliey treat the problem through-
out from the standpoint of homogeneous solution
kinetics without consideration of the existence of
crystalline and amorphous regions within the poly-
ethylene and without consideration of the high vis-
cosity of the solid.

Equation 10 was tested by making a provisional
estimate of &, from a plot of the change in rate of
vinylene production versus [V1] and then plotting
[V1] — [V1) as a function of (1 — e~*2). All of
the vinylene growth data over the wlhole dose
range and for all three types of polyethylenc agreed
within the experimental limits of error with this
relationship, thus proving the validity of eq. 10.
From the slopes of the straight lines [V1]. was
calculated. The decay constants %, and the limit-
ing vinylene concentrations at infinite dose are
given in Table IV. The k; constants are nearly
equal for all these polyethylenes, but the [V1]a’s
are not. This fact suggests that the reaction of
eq. 5 is more efficient the more crystalline the poly-
ethylene.

The first-order kinetics observed for both the
vinylene and vinyl group decay requires that the
excitation energy be localized; that is, all the ex-
citation energy cannot be imagined to seek out the
vinyl and vinylene groups until degraded, other-
wise the decay would be zero order. We imagine
the vinyl and vinylene groups to becomme activated

(35) A. Chapiro, J. chim. phys., 82, 2468 (1955).
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TaBLE IV

Decay CONSTANTS, G-VALUES FOR FORMATION AND LiMIT-
ING CONCENTRATIONS OF {rans-VINYLENE GROUPS

ka, Vl], Go,®
Polyethylene g./ev. moles/g. G, no inijtial
type X 102t X 104 obsd. vinylene
Marlex-50 0.52 0.707 2.2 2.4
Ziegler, Q-911 .52 .57 1.8 2.0
B-3125 .58 .42 1.5 1.7

% These Gy values were obtained by adding to Gy (obsd.)
100k:[V1]y N to allow for the small rate of destruction of
vinylene groups at zero time.

in regions of localized excitation produced by the
high energy recoil electrons as they traverse the
polymer.%657 The probability of vinyl group ac-
tivation thus becomes proportional to their con-
centration. Let E represent the number of excita-
tion spheres or regions produced per 100 e.v. of
energy absorbed, each of which may bring about
the activation of a single vinyl group. Let #
equal the number of chain segments, CH, units,
any one or more of which will be excited, within the
excitation sphere or spur; and let Ny be the total
number of CH, units per gram of polymer. We
equate the fraction of vinyl groups reacting in dose
dD, d[Vi]/[Vi], to the ratio of CH, groups within
all the spurs to Ny If « is the probability of an
activated vinyl group reacting, then
dlVi] _aE _ n
Vi 100 X o dD (11)
The number 7 is the number of CH, groups in
close enough proximity to a vinyl group so that the
excitation energy absorbed by any one or more of
the CH, groups can travel to the vinyl group.
Hence

_aE =n
~ 100 N,
The minimum value of a& for G(-vinyl) value of
9.6 is 9.6, and the minimum possible value of E
must also be 9.6 (minimum value on the basis
of one vinyl group reacting per excitation sphere).
For this value of aE, #n becomes equal to 720 seg-
ments. The diameter of a sphere containing 720
segments is 32 A. or the length of one side of a cube
of 720 segmentsis 26.0 A. On theaverage, a sphere
of this diameter in Marlex-50 initially will contain
one vinyl group since we have used a value of a&
corresponding to the initial G-value for vinyl de-
cay.

The maximum possible value of E is set by ener-
getics. Thus, in 100 e.v. absorbed, probably three
or four ion pairs are produced, requiring about 30
to 40 e.v. inasmuch as the ionization potential of
straight chain paraffinic hydrocarbons approaches
10 e.v. as the chain increases in length.s It is
estimated that approximately 60 to 70 e.v. are
then available for excitation. The thermal acti-
vation energy® of the vinyl group is about 2.16
e.v.; hence the maximum possible number of ex-

ks (12)

(36) This point of view bears certain analogies to the target theory
which has been extensively developed by D. E. Lea “Actlons of Radia-
tlons on Living Cells,” 2and Ed., Cambridge Unlv, Press, 1955, Chap,
III, but for lonizations, not for excitations,

(37) J. Lennard-Jones and G. G. Hall, Dis¢, Faraday Soc., 10, 18
(1951).

(38) P. J. Flory, “Principles of Polymer Chemistry,” Cornell Univ.
Press, Ithaca, N, Y., 1953, p. 130,
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citation spheres is 70/2.16 or 32. This yields a
value of # equal to 174 and an effective excitation
sphere diameter of 20 A. However, if electronic
excitation energy be considered, about 6.5 e.v. for
olefinic type groups,® then the maximum possible
number of excitation spheres per 100 e.v. is 70/6.5
or about 11. This is not much greater than the ob-
served value of 9.6, a fact which suggests that
G(-vinyl) cannot become greater than 11 even at
much higher vinyl group concentrations.

In this treatment we have considered each ex-
citation sphere as leading to the possible activation
of one vinyl group. It has been estimated by
Lea® and Pollard® that only one spur is produced
per 100 e.v., so it is necessary to postulate that a
multiple number of vinyl groups may disappear in
each sphere up to a maximum value of E as con-
sidered above. The volume of such a spur is,
therefore, equal to the volume which initially con-
tains 9.6 vinyl groups in Marlex 50, or a volume
containing 6.9 X 10° segments.

There is a possibility that the deviation of vinyl
decay from the first-order law might be due to a
slow production of vinyl groups from chain scission
followed by disproportionation. If the latter can
be expressed by a zero-order growth law, then eq.
10 should be applicable to the vinyl decay data.
However, it was impossible to obtain agreement
between data and theory, so this postulate for
vinyl decay must be rejected. Instead, we postu-
late a deactivating process whereby vinylene groups
can deactivate the activated vinyl groups before the
latter can react. Let g be the number of chain
segments associated with each activated vinyl
group that can bring about the transfer of energy
from vinyl to vinylene, then the fraction of vinyl
groups which are deactivated by this process is pro-
portional to ¢[V1]/Ny, and the equation for the dis-
appearance of vinyl unsaturation may be written

—d[Vi] _ o«E _n_( - L\GJ)
miT - 100 S M\ T¥ Ty, ) 19
where 8 is a proportionality constant. The data
suggest that at infinite time d[Vi]/dD but not
[Vi] is zero; hence ¢B8[Vl]«/N, must equal unity
and

(V1] vi]

I i (7
Substituting for [V1]/[V]] from eq. 10 and inte-
grating
Vilo _ & [Vi]e —ksD
e =5 (1= ) G- et a0

Equation 14 can be shown to describe the data
within the experimental uncertainties for vinyl de-
cay in both Marlex-50 and Ziegler Q-911 poly-
ethylene. The requirement of eq. 14 that the
vinyl concentration approach a non-zero value at
infinite time cannot be rigorously tested because of
the possible independent production of vinyl
groups by the y-radiation and because it is difficult
to measure low vinyl group concentrations by the
infrared technique. Nevertheless calculated pre-
dictions appear reasonable.

(39) E. P. Carr and H. Stiicklen, J. Chem. Phys., 4, 760 (1936);

TuIS JOURNAL, 89, 2138 (1937).
(40) E. Pollard, Advances in Biol. and Med. Phys., 89, 53 (1953).
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An equation based on homogeneous kinetics for
the competitive reactions of vinyl deactivation and
vinyl decay failed to agree with the data.

In their ultraviolet absorption studies Carr and
Stiicklen® found four absorption bands for ¢rans-
butene-2 between 48,500 and 51,500 c¢m.~! which
are all below the first absorption band for butene-1
at 53,000 cm.~!. Overlapping bands also exist in
this range. If the vinyl and vinylene groups in
solid polyethylene have similar electronic energy
states, then it is clear that the higher excitation en-
ergy of the vinyl group can be transferred to the
lower or equally energetic electronic states of the
vinylene group. The lower decay constant of
vinylene groups and their low initial concentration
coupled with the rapid disappearance of vinyl
groups may explain in part why the rate law for
vinylene growth appears to be independent of the
vinyl concentration.

Charlesby* defined end-linking in terms of a
scission of the carbon to carbon bonds along the
main chain, followed by a reaction of these end
groups with other chains to form C-C links and to
eliminate atomic hydrogen. Such a reaction
would have a large activation energy and appears,
therefore, unlikely. Our definition of the term
end-linking refers to activation of the vinyl group,
followed by reaction with a saturated hydrocarbon
chain

~CH=CH, ww—> ~CH-CH, (15)

|
“CH“CHz + ([:I{z —
CH;

f | ]
“CHz“CHz“(!:H or —CH—([:H (16)
Reaction 16 is exothermic with a low activation
energy (~ 8 kcal./mole) in comparison to the
highly endothermic reaction of Charlesby.

R- + CH; —> R-CH + H
| I

Referring to Tables II and IV it will be noted
that the % for vinyl disappearance is nearly 3 tinies
that for vinylene elimination. This is in line with
the results of Charleshy*? who obtained greater G-
values for the cross-linking of 1-olefins than for
other types. Because of tlie validity of eq. 10
over the whole irradiation period, there is no cvi-
dence for isomerization of vinyl to viuylene un-
saturation. Furtherimore, vinyl groups cautiot be
reacting with atomic hydrogen to any significant
extent inasmuch as the hydrogen yield does not in-
crease as the vinyl groups disappear. The initial
G-value for vinyl disappearance, approximately
2G(H,) seems to be too high to be explicable on the
basis of elimination of vinyl unsaturation by re-
action with free radicals. Thus, at least half of the
hydrogen evolution occurs probably by molecular
detachiment, because of the zero temperature co-
efficient of vinylene formation. If the remaining
hydrogen evolution resulted in free radicals, G(R")

(41) A. Charlesby, Proc. Roy. Soc. (London), A231, 521 (19535).

(42) A. Charlesby, Radiation Res., 2, 96 (1955), as calculated by
B. M. Talbert and R. M. Lemmon, ¢bid., 3, 52 (1953).
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would then equal four. But two free radicals would
be required to combine with one vinyl group, so
that a G(R-) equal to 19.2 would be necessary to
account for the high value of Gy(-vinyl). These
calculations are correct only if a chain reaction does
not ensue. There is no evidence for chain reac-
tions in solid polyethylene.

The high Go(-vinyl) also would be difficult to ex-
plain on any mechanism involving sub-excitation
electrons. Platzman® has estimated that 209, of
the energy absorbed can be attributed to sub-
excitation electrons. As the energy® required to
excite the vinyl group is about 6.5 e.v., the energy
content of the sub-excitation electrons is insuffi-
cient to give a Go(-vinyl) of 9.6.

We also have considered the influence of a hetero-
geneous molecular weight distribution on the vinyl
group decay law. If the assumption is made that
excitation energy cannot pass branch points but
can be localized anywhere along the whole length
of a linear molecule, it is possible to explain the
data on the basis of Tung’s molecular weight dis-
tribution.’? However, the assumption of the
branch point barrier is inconsistent with the data
for vinylidene decay in B-3125 which has many
branch points.

In each unit of 100 e.v. of energy absorbed by
the polyethylene there are possibly three ion pairs
produced. The ionization potential is only of the
order of 10-11 e.v., hence two-thirds of the ab-
sorbed energy is available for molecular excitation.
This is more than enough energy to activate both
the vinyl and vinylene groups. The sequence of
reactions for the elimination of uusaturation may
be postulated, therefore, as

a. Activation
~-CH=CH; ww—> -CH-CH;-

~-CH=CH- ww—> ~-CH-CH-~
b. Reaction

| |
~-CH-CH:- + (I:Hz —_— -CHz—CHz-—(!:H (end-linking)

~-CH-CH- + (I:Hg —_— —CHZ—(]:H—(::H (cross-linking)
[
The difference in the rates of vinyl and vinylenc
disappearance probably is to be found in the differ-
ence in the steric effects or frequency factors of the
last two reactions.

Transfer of excitation energy is well known to
occur,?® but the interesting problein arises as to
whether the transfer is along or across the poly-
ethylene chains, 7.e., intra- or intermolecular. A
recent paper by Avivi and Weinreb** gives strong
evidence in favor of intermolecular transfer which
is also supported by the facts of this paper that the
vinyl decay is not zero order.

B. Growth of Vinylene Unsaturation.——Inas-
much as the formation of vinylene unsaturation,
apart from its elimination, is linear with radiation
dose as clearly demonstrated by the data and prac-
tically independent of temperature, it is reasonable

(43) For a review and discussion of this subject see J. Franck and
R. Livingston, Rev. Modern Phys., 21, 505 (1949).
(44) P. Avivi and A, Welnreb, J. Chem, Phys., 27, 716 (1957),



April 5, 1958

to conclude that the vinylene group is formed in the
primary act. By primary act we mean the first
chemical process occurring on neutralization of the
jons produced by the ionizing radiation. Such an
equation could be
~-CH,CHy + ¢ —> H, + -CH=CH- (18)
or
—CHzéHz— + ¢ —> ~CHCH:~ + H
H 4+ -CHCH;~ —> H; + ~CH=CH-~

(19)
(20)

As long as the hydrogen atom produced in reaction
19 reacts immediately to abstract an H-atom from
the same hydrocarbon chain according to reaction
20, it is meaningless to try to distinguish between
the above two mechanisms. There is good evi-
dence that the hydrogen atoms, if produced by re-
action 19, do not exist as such long enough to be-
come thermalized. Thus, one of us in collabora-
tion with Livingston and Taylor attempted to de-
tect atomic hydrogen at liquid nitrogen temperature
by means of the paramagnetic resonance absorp-
tion method% after a heavy irradiation of low-
density polyethylene at —196°, but without suc-
cess.

Evidence that vinylene production occurs in
the primary act is seen in the data obtained at
—196° given in Table III. Charlesby and Davi-
son® observed only a slight decrease of G(V1) with
reduction of temperature to —196°, If the elim-
ination of vinylene umsaturation has a tempera-
ture coefficient, as is reasonable to suppose because
vinyl elimination clearly does, then the net pro-
duction of vinylene unsaturation at liquid nitrogen
temperature would be expected to be greater than
at room temperature. Actually, G(V]) does fall
slightly at —196° according to infrared measure-
ments made at room temperature subsequent to
the irradiation. The data of Table III demonstrate
that warming to room temperature does not signifi-
cantly alter the frans-vinylene concentration.

The decrease in trams-vinylene production at
—196° is paralleled by a decrease in G(Hs), but the
latter decrease is slightly greater, as would be ex-
pected on the basis of the reduction in vinylene
elimination at —196°. Table V gives the ratio
of G at 25° at —196° for net hydrogen and vinylene
production as measured in both cases after warm-
ing to room temperature. Although sufficient data
do not exist to calculate the ¢’ and &, constants of
eq. 8 for —196°, the relatively high G(V1) values
indicate that production of G(V1) is probably
linear with dose.

C. Cyclization.—Although the formation of
ring links® (cyclization) does not increase the un-

TABLE V

INFLUENCE OF TEMPERATURE ON INTEGRAL G-VALUES FOR
NET HYDROGEN AND VINYLENE PRODUCTION

Material Marlex-50 B-3125
Dose, e.v./g X 1072 10 12.5 10 12.5
G(Hz)gs0/G(Hy)~198° 1.47 1.21
G(VD 250 /G(V1) - 1960 1.21 1.14

(45) R, Livingston, H. Zeldes and E. H, Taylor, Phys. Rev., 94, 725
(1954).
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saturation, nevertheless the two effects are related
in the sense that whereas vinylene formation re-
quires the splitting out of adjacent hydrogen
atoms on the same chain, ring-link formation re-
quires the splitting out of hydrogen atoms from the
same chain but from positions separated by one or
more CH, groups; hence cyclization will be dis-
cussed in this paper.

A preliminary announcement already has been
made.8 Figure 6 illustrates the growth in the in-
frared absorbance at 10.1 u, which we have attrib-
uted to trams-1,2-disubstituted cyclopentanes or
cyclohexanes. Concomitantly the vinyl peaks at
10.01 and 10.98 ux decline with the irradiation.
Correcting for the overlap of the absorption band

1100 1000

900 CM."

—_—

% TRANSMITTANGE,

9 10 N 12

WAVE LENGTH IN MICRONS,

Fig. 86.—Infrared curves showing growth in peaks at 10.1
and 10.34 g and decrease in peaks at 10.0 and 10.98 p as a
function of irradiation dose. Curves 1, 2, 3 were obtained
after doses of zero, 14.4 X 10% and 26.6 X 10% e.v.g7!, re-
spectively,

due to the 10.01 p vinyl absorbance, which can
be done readily by making use of the fact that the
optical density at 10.01 u decreases with irradiation
in the same proportion as does the 10.98 x vinyl
band, it is possible to calculate the increase in op-
tical density at 10.1 u with the irradiation dose.
The results of this estimate show that except for
the very early points, which are difficult to deter-
mine accurately, the optical density at 10.1 u in-
creases linearly with irradiation dose.

This absorption band cannot be due to post-ir-
radiation oxidation,' because it does not increase
or change in magnitude on standing in air after the
irradiation in contrast to the carbonyl absorbance
at 5.8 u which grows slowly with time. The data
for two integral experiments agreed fairly well with
those of the intermittent experiment.

If the assumption is made that the absorbance
at 10.1 p is due to a 1,2-disubstituted cyclohexane
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ring and if the extinction coefficient can be as-
sumed to be equal to that of trans-1,2-dimethyl-
cyclohexane, namely, 25 1. cm.~! mole~! as cal-
culated*® from infrared spectra, then G (ring-link)
can be estimated from the slope of the curve of op-
tical density versus radiation dose for Marlex-50 to
be 1.5. This is a surprisingly high value as it is
the same order of magnitude as G(V1), but it may
be without quantitative significance because of the
uncertainty concerning the nature of the absorb-
ing group. For example, the absorbing group
might possibly be a disubstituted cyclopropane.

It is difficult to measure the temperature coeffi-
cient of the optical density at 10.1 p inasmuch as
the much larger and overlapping absorbance due
to the vinyl group does not disappear with irradia-
tion at liquid nitrogen temperature. Some of this
absorbance does disappear on warming to room
temperature; hence a rough estimate can be made
of the growth of the optical density at 10.1 ». Two
estimates for liquid nitrogen temperature irradia-
tions of Marlex-50 (infrared spectra studied at
room temperature) agreed fairly well with each
other and demonstrate a temperature effect about
equal to that for cross-linking (cross-linking will be
discussed in a later paper). Thus, from this stand-
point ring-link formation is more akin to cross-
linking than to vinylene formation.

The slope of the curve for Marlex-50 is 1.35
times as great as that for the Ziegler polyethylene
Q-911. As the increase in absorbance at 10.1 g
cannot be measured in the case of B-3123, if in-
deed, it exists at all, one thus sees a good correla-
tion between the crystallinity of the polycthylene
and rate of formation of ring-links. This trend is
opposite to that of cross-linking inasmuch as Miller
and Lawton¥ have noted a lower cross-linking effi-

(46) ’*Catalog of Infrared Spectral Data’ of the Amer, Petroleum
Institute Research Project, Carnegie Institute of Technology, Pitts.
burgh, Pennsylvania,

(47) A. A. Miller and E. J. Lawton, Preprints of Papers, Dlvision
of Paint, Plastics and Printing Ink Chemistry, A. C. S., Vol. XVII,
No. 2, Sept. 1957,
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ciency (as determined from solubility measure-
ments) for highly crystalline Marlex-50 than for a
low density polyethylene.

D. Comparison with Results of Others.—
In this paper we shall not attempt a material
balance calculation; instead a comparison with
results of others will be given. Miller and Law-
ton% adopt Miller, Lawton and Balwit’s!? value
of G(trans-CH==CH-) equal to 2.2 and state that
it is independent of temperature and crystallinity.
They assume that the rate of frams-vinylene pro-
duction is linear up to 50 megaroentgen/g. (29.0 X
10%e.v./g.). From the data of Fig. 5 and Table IV
it is clear that the linear rate of vinylene production
occurs only to about 8 megaroentgen/g. and that
the efficiency of vinylene formation increases with
the crystallinity. Charlesby and Davison® found
1.3 for G(trans-CH==CH-), an integral value for 20
megaroentgern,

The values of G(trans-V1) given in Table IV are
intermediate between the values of Charlesby and
Davison, and Miller, et al. However, it should be
noted that Miller and Lawton® take 5.7 for G(H,)
while Charlesby and Davison® found 3.1 and we,
4,0 (details to be published later). Miller and
Lawton neglect the destruction of the initial un-
saturation in computing a material balance.
Charlesby and Davison give 0.74 for G(-vinyli-
dene) while our result from Table II is 3.7 for the
initial value. Charlesby and Davison’s result rep-
resents an average value over 20 megaroentgen.
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A Magnetic Study on the Photodecomposition of
p-(N,N-dimethylamino)-benzenediazonium Chloride
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A study of the mechanism of photodecomposition for the inorganic stabilized diazounium salt, p-(N,N--diluethyla_.mino).-
benzenediazonium chloride~zinc chloride dihydrate, in both buffered and non-buffered aqiteous solutions has been investi-

gated by magnetic susceptibility measurements.
irradiation with ultraviolet light.
products.

These measurements were conducted on the samples during the time of
The results indicate the presence of free radicals as intermediates in the formation of the
The molar concentrations of free radicals calculated from the data are approximately 7.3 X 1074, 1.1 X 1073

and 1.8 X 103 mole per liter, respectively, for two buffered solutions having pH 1.7 and 3.5 and for a non-buffered solution

with pH 3.5.

The mechanism of the decomposition of dia-
zonium salts has remained in a controversial state
for some time.! Waters and his followers? present

(1) X. H. Saunders, “The Aromatic Diazo Compounds,”” Edward
Arnold and Co., London, 1949, p. 105.

(2) W. A. Waters, J. Chem. Soc., 113, 2007, 2014 (1937);
(1938); 864, 1805 (1939).
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very strong evidence for a free radical meclhanism,
but Hodgson and his co-workers®=¢ give evidence
for an ionic mechanism. However, the views of
(3) H. H. Hodgson, S. Birtwell and J. Walker, ibid., 770 (1941).
(4) H. H. Hodgson, fbid., 348 (1948).
(5) H. H. Hodgson, Chem. and Ind., 774 (1947).
(6) H. H. Hodgson, J. Soc. Dyers Colourists, 64, 99 (1947).



