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I. INTRODUCTION

Osaka Laboratory was founded in 1958 as a laboratory of
the Japanese Association for Radiation Research on Polymers
(JARRP), which was organized and sponsored by some fifty
companies interested in radiation chemistry of polymers. The
JARRP was merged with Japan Atomic Energy Research Institute
(JAERI) on June 1, 1967, and the laboratory changed its name
from Osaka Laboratory, JARRP to Osaka Laboratory for Radiation
Chemistry, JAERI. The research activities of Osaka Laboratory
have been oriented towards the fundamental research on radia-
tion chemistry.

The results of the research activities of the Laboratory
were published from 1958 until 1966 in the Annual Reports of
JARRP which consisted essentially of original papers. During
the period between 1967 and 1973, the publication had been
continued as JAERI Report which also consisted mainly of
original papers. From 1974, the Annual Report has been
published as JAERI-M Report which contains no original papers,
but presents outlines of the current research activities in
some detail. Readers who wish to have more information are
advised to contact with individuals whose names appear under
subijects.

The present annual report covers the research activities
of the Laboratory between April 1, 1977 and March 31, 1978.

Most of the studies carried out in the Laboratory are
continuation from the previous year, emphasis being laid on
two fields; one is "Effect of radiation on the reaction of
carbon monoxide and hydrogen" and the other, "Radiation-
induced polymerization by high dose rate electron beams".

Our new high dose rate electron accelerator (HDRA) has
been operated since May 31, 1975, and many results have been
obtained using the HDRA,

More gquantitative data have been accumulated using the
irradiation apparatus for gases under forced circulation on

the mixtures of carbon monoxide and hydrogen; G values of the
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products were obtained for wide ranges of reaction conditions
such as molar ratio of carbon monoxide to hydrogen in the
reactant gas, presence or absence of cold traps to remove
condensable products to prevent them from further irradiation,
and pressure of the reactant around atmospheric pressure. The
study on the effect of reactant pressure on G (product) 1is
extended over 7000 Torr using a small reaction vessel of batch
type and obtained preliminary results that the G values of the
most products did not decrease with increasing pressure, which
encourages us to design an irradiation apparatus for circulat-
ed gas under moderate pressures.

Since the presence of catalyst in the reactant mixture
was found to affect the distribution of the products signifi-
cantly, we studied the reaction of irradiated gaseous mixture
over the Fischer-Tropsch catalyst at various temperatures to
examine the contribution of radiation chemical reaction and
catalytic reaction separately to overall reaction.

Quantitative comparison of the composition of the gas
mixture before and after the passage of the catalyst shows
that formaldehyde was reduced to methanol at lower temperatures.
between 80 — 200°C and oxygen containing products were reduced
to hydrocarbons or decomposed at higher temperatures. No
evidence that radiation chemically produced intermediates are
involved in the reaction was obtained under the reaction
conditions employed this year. However, we confirmed the
presence of the radiation chemically produced intermediates by
spin trapping ESR technique.

The data required for operation of the fluidized bed
catalytic reactor were experimentally obtained for various
combinations of solids and gases, so that we can carry out the
radiation chemical reaction of gaseous mixture of carbon
monoxide and hydrogen in the presence of fluidized bed
catalyst in which the temperature during irradiation will be
more uniform than that in the fixed bed catalyst. Preliminary
results seem to confirm the previous experimental results
using fixed bed catalytic reactor.

In view of the fact that methane will be an important
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resource for obtaining future chemical raw materials and is
closely correlated with hydrogen, carbon monoxide, water, or
carbon dioxide in that these compounds are convertible from
one another by the reaction involving these species, we initi-
ated preliminary stﬁdy on radiation chemical reaction of
methane under broad ranges of reaction conditions including
the presence of solid catalyst.

A brief survey was carried out on optical density change
to absorbed dose for cellulose triacetate (CTA) film contain-
ing various amounts of triphenyl phosphate (TPP) at wavelength
between 240 nm and 280 nm in order to find out the optimum
condition for dosimetry.

Most favorable result was obtained by use of CTA film
containing 5% TPP and by taking optical density reading at 243
nm. The mechanism of the coloraticon is also studied.

Studies on the radiation-induced polymerization of styrene
in bulk have been extended to two directions. One is the
polymerization of styrene up to higher conversion and the
other is solution polymerization of styrene.

Studies of the initial stage of bulk polymerization of
styrene have been useful to know the mechanism of the poly-
merization by irradiation at high dose rates. For the
practical point of view, experiments were carried out with
moderately dried styrene up to higher conversion such as 90%.
Dose rate was so chosen that the main product was ionic
polymers. Both the rate and degree of polymerization decreased
with increasing conversion. The decrease of the rate of
polymerization could be accounted for quantitatively by the
drop of the monomer concentration in the course of the
polymerization.

Radiation-induced solution pelymerization of styrene was
taken up using carbontetrachloride and ethylene dichloride as
solvent. The most important effect of the presence of such
halogenated hydrocarbons is that they produce much more
initiating radicals than styrene. By the irradiation of a
unit dose, carbontetrachloride produces radicals 50 times that

of styrene, but on the contrary it seems that carbontetra-
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chloride produces only the same number of initiating ions as
styrene or less.

- 8tudies on kinetics and structure of the products were
initiated this year on the bulk polymerization of dienes. 1In
the case of isoprene, oligomers of average degree of polymeri-
zation of ca. 13 were obtained by both cationic and radical

l3C NMR spectrum

polymerization at high dose rate. The
indicates that the oligomers consist of 80% trans, 10% cis,

and 10% vinyl types and possibly have vinyl groups on both

ends of molecules. Since polymerization rate by radical
mechanism for chloroprene is 40 times higher than that observed
for isoprene, the cationic polymerization was found to contri-
bute above'lO4 rad/sec, but the rate of polymerization

at higher dose rate was one of the highest among those of
cationically polymerizing monomers ever studied. The products
thus obtained are viscous ligquid containing oligomers of DP=20
and mostly of trans type (6 - 8% vinyl and ca. 2% cis type) .

Heat shrinkage of polyvinyl chloride (PVC) was improved
by grafting to a low degree such as 12% when PVC fibers were
grafted with acrylic acid and subsequently treated with
aluminum salts. Direct grafting of aluminum acrylate was also
effective for the improvement of heat shrinkage, dyeability, and
hygroscopicity.

Graft copolymerization of acrylic acid has been carried
out onto PVC having average molecular weight from 30000 to
60000 which was suspended in a mixture containing water,
ethylene dichloride and acrylic acid in order to obtain polymer
having hydrophobic part and hydrophilic part as well.

The adhesive strength of the grafted polymer obtained in
solutions of different composition against copper or iron |
plate showed maximum value at 5 - 10% of graft; grafted polymer
obtained in the monomer solution containing larger amount of
water showed higher adhesive strength, e.g., high values as
16 kg/cm2 were obtained for copper plate, which suggests a
practical use as structural adhesives.

It was found that one cupric ion was adsorbed by every

two carboxylic groups contained in the graft polymer when the
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graft polymer was immersed in aqueous solution containing
excess amounts of cupric ions, This ratio of adsorbed cupric
ion to carboxylic groups was independent of the molecular
weight of PVC. Ninety-nine percent of cupric ions was removed
from aqueous solution containing 100 ppm cupric ion by im-
mersing the grafted polymer (graft percent of 15 - 18%) in the
solution,

Studies have continued in order to prepare electret
polymer film by irradiation. In order to get insight into the
mechanism for the electret formation, the surface charge
density in polypropylene film and the electrostatic fiéld
generated by electric charge trapped in polymethyl methacrylate
substrate were measured as a function of time after irradi-
ation. The results indicate that the amount of charge accumu-
lated on the polypropylehe film depends significantly on the
electric charge trapped on the substrate.

To obtain further information of the mechanism for degra-
dation by the irradiation, studies have been made on radicals
formed by mechanical loading of the fibers of nylon 6, poly-
m-phenylene iso-phthalamide (PIA) and poly-p-phenylene tere-
phthalamide (PTA) by ESR technique. ESR signals are observed
for PIA on stretching either in N, or in air, at room tempera-
ture or at low temperature, and the signals observed at low
temperature were assigned to radical formed by scission of
C-C (0) bond which links phenyl ring and amide group.

August 31, 1978

Tomomichi Kasamatsu, Head
Osaka Laboratory for Radiation Chemistry

Japan Atomic Energy. Research Institute
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II. RECENT RESEARCH ACTIVITIES

[11 Radiation Effects on the Reaction of Mixtures of

Carbon Monoxide and Hydrogen

1. Irradiation of Gaseous Mixtures under Forced Circulation

Preliminary results using the apparatus designed for
irradiation of recycled gas were described in the last annual
reportl). In this year, the data on the product yields are
obtained for various reaction conditions such as reactant
composition (8 ~ 77 CO% by volume), pressure (450 ~ 1500 Torr)
and presence or absence of cold traps (-72°C) which remove
condensable products from the reaction mixture. The irradia-
tions are carried out using electron beams from the HDRA (0.4
MeV, 0.5 mA, 400 sec) and dose rate determined by N0 is 5.22

x 10-4 eV-molec-l-sec_l.

Table 1 Material balance

Run No. c-17 cC-15 C-18

Total pressure (torr) 454 706 1998
Absorbed energy ( x 1021 ev) 3.98 6.16 8.73
Ho 4.3 5.2 5.9

Reactant consumed (mgr) CO 23.8 29,3 33.3
Total 28.1 34.5 39.2

Products collected (mgr) 27.62 28.97 28.02

Material balance

Products collected 98 % 84 % 71 %
x 100

Reactants consumed

CO consumed (mole) 1/2.5 1/2.5 1/2.5

Hy consumed (mole)
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Since the apparatus combined with a direct sampling
system to a gaschromatograph can determine the yields of all
products containing non-condensable products such as methane,
ethane, and propane, which were not determined in the study
where a batch type irradiation vessel was used, we examined
the material balance of the reaction, the results of which are
summarized in Table 1. Excellent material balance is estab-
lished for run C-17 at 454 Torr, but the balance becomes
poorer as the pressure of the reactant increases, probably
because of the formation of high molecular weight compounds
which are difficult to be recovered. The ratio of consumed

hydrogen to carbon monoxide is 2.5 and almost independent of

the pressure.

0.07
CH4( x1/10)
0.061
/0 C2H6
.05
0 0.04fF
3
el
Q
M
2 0.03F
()
0.02F
Cc,H
38 C,H, + C,H,
0.01
A C3H6
1 A.——r—4“—T_f;—ﬁ-‘h~_i i >
Q 10 20 30 40 50 60 70

Q.

CO contents ( mole % )

Fig. 1. G (product) vs., CO content in the reactant.
Irradiation conditions, 0.4 MeV, 0.5 mA, 0.12 +0.18
Mrad/sec; Irradiation time, 400 sec; Flow rate of

gas circulation, 45 2/min.
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The relationships between G value of the products and CO
content in the reactant at 1000 Torr reactant pressure are
given in Fig. 1, 2 and 3 for hydrocarbons, aldehydes and
cycloethers, and other oxygenates, respectively. Methane,

(GM2X yalues) at 25%,

ethane, and TEOX have maximum G values
and GM@X yazlues of HCHO, TOX, HCOOCH3 appear at 15%, and GMaX
value of CpH4 appears at 45% CO content. The G values of COp,
C30, and CH3CHO increase with increasing CO content up to 77%
and the GM3¥* (CH30H) comes below 5% CO content.

Most of the G (products) slightly decrease with increasing
reactant pressure, but G (CH3CHO), G (TOX), G (CpHgq + CpH3},
and G (C3Hg) remain constant. The G (TEOX) and G {(-reactants)

increase with increasing pressure. These facts may suggest

0.3F
Total HCHO ( x1/10)
{
h
4_,0.2'— i
U " ’
= HCHO ( x1/10
ie,
o]
4 |
A TOX
[ &)
0.1
— CHBCHO ( x1/10)
/ TEOX
/ M
/ .
1 | | |

0 10 20 30 40 50 60
CO contents ( mole % )

Fig. 2. G (product) vs. CO content in the reactant.
Irradiation conditions and reaction conditions

are described in the caption of Fig. 1.
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"G { product )
(o]

0 10 20 30 40 50 60
CO content ( mole % )

Fig. 3. G (product) vs. CO content in the reactant.
Irradiation conditions and reaction conditions

are described in the caption of Fig. 1.

that the conversion to unidentified products (possibly of high
molecular weight) decreases the G values of the most products
described above.

In Fig. 4, the yield of the products are given for the
cases: (a) no gas circulation, (b) gas circulation without
traps, and (c) gas circulation with two traps cooled at -72°C
in series. The yield of formaldehyde decreases by the gas
circulation, but significantly increases when the traps are
used. The yields of methane and methyl formate also
increase slightly while those of water, carbon dioxide and
methancl decrease with the presence of the cold traps. There-
fore, the use of cold traps in the circulating system to trap

the condensable products to prevent them from recirculation



JAERI-M 7949

200

180

160

{ 4 mole )

1404

120+

100

80

60

40t

HCOOCH
HCOOH
20\

Quantities of Products

Flow 0
Rate (l/min) 0 45 45

Fig. 4. Effect of cold traps on the yields of the products.
Irradiation conditions, 0.4 MeV, 0.5 mAj

Irradiation time, 400 sec; CO content, 25 volZ.

proves to be effective in obtaining high yields of condensable
products and depressing the production of unwanted by-products
like water or carbon dioxide. (5. Sugimoto, M. Nishii,

T. Sugiura)

1) S. Sugimoto, M. Nishii, and T. Sugiura,
JAERI-M 7355, 4 (1977).
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2. Irradiation at Elevated Pressures at Static Condition

In the former annual report, it was described that the G
values of the main products are independent of the reactant
pressure up to 1000 Torr, indicating that the space time yields
of most products can be increased linearly by increasing the
reactant gas pressure. This finding has been further supported
by the experimental results described in the foregoing section
where an irradiation apparatus for circulating gas is used.
Besides these results, G (TOX) was found to increase with
increasing reactant pressure in the pressure range studied.
Therefore, it is interesting to investigate the dependence of
G {products) on the reactant pressure above 1000 Torr. For
this purpose, we made an irradiation vessel of 2.66 & with a
titanium window (5.0 cm diameter, 50u thick) on top and a
Baratron sensor (type 130M-315BH-1000). The vessel can hold
compressed gas up to 7000 Torr.

Irradiations are performed by electron beams from the
HDRA (0.4 MeV, 0.1 mA) for 1000 seconds on the gaseous mixtures
containing hydrogen and carbon monoxide of various compositions
at -30°C. Dose rate absorbed by the N70 gas in the vessel is
estimated to be 7.50 x 107 ° eV.molecule Y sec™ .

After irradiation, the reactants and products in the
reaction vessel were pumped off through cold traps in which
condensable products were collected. The products recovered
from the cold traps were subjected to gaschromatography and
mass spectrometry. The products which are not condensed in
the traps were not analyzed.

In Fig. 1 and 2, the G values of the products from the
reactant containing 15% CO are plotted against pressure of the
reactant. It is clear from the figures that the G values of
the products except TEOX do not change up to 6300 Torr.

This means that the space time yields of the products increase
linearly with increasing pressure. The scattering points of G
(HCHO) make difficult to obtain definite conclusion, but it
seems that G (HCHO) decreases at higher pressures above 5000

Torr. The G value of T0OX formation, which shows positive
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Fig. 1, G values of the products vs. reactant pressure.
CO content, 15%; Irradiation conditions, 0.4 MeV,
0.1 mA, 1.36 x 10_5 eV-molec_l-seC_l; Irradiation
time, 103 sec
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Fig. 2, G values of the products vs. reactant pressure,
Irradiation conditions are given in the caption

of Fig. 1.
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pressure dependence in the previous report, is constant in
the pressure range studied here; on the other hand the G wvalue
of TEOX formation increases with increasing reactant pressure,
suggesting the presence of a precursor like CO+(CO)n (Hz)m

and m being shifted toward higher value at higher reactant
pressures. The G values of the products averaged over whole

pressure range studied are listed in Table 1.

Table 1  Averaged G (product) under the pressure range
600 - 6300 torr

Product yields

Product Averaged G (product) (2/Nm3 reactant-108 rad)
HCHO 1.2 0.88
TOX 0.33 0.73
TEOX 0.56% 1.6%
CH3CHO 0.55 0.59
CH40H 0.21 0.16
HCOOCH3 + CH3COOH 0.055 0.081
HCOOH 0.022 0.025
(CHO)» 0.022 0.031
CO4 0.067 0.072
Hy0 0.39 0.17

* maximum value

14.3 C0% at -28°C, wvolume 2.66 liters

At 5000 Torr and CO content of 15% the G values of HCHO,
CH30H, COp and CH3CHO increase with increasing temperature,
while those of TOX and TEOX decrease at higher'temperature in
the range from -64 to +77°C. The G value of HCOOCH3 remains
almost constant throughout the temperature range studied., It
is noted that a product giving peak at m/e = 117 in the mass
spectrum increases sharply with decreasing temperature, but

the product is still unidentified. The temperature dependence
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of ¢ values found at 5000 Torr is somewhat different from
those found in the experiments carried out at 600 Torr for
some products; CH3CHO, CH30H, but quite similar for other
compounds; COp, HCHO, TOX, HCOOCH3 and (CHO) 2.

G values of the products are found to depend on the com-
position of the reactant gas at 5000 Torr as were found in the
experiment at an ordinary pressure (600 Torr). The G values
of HCHO, CH3CHO, CH30H, HCOOCH3 + CH3COOH, and (CHO}» give
maxima at 20, 30, 10, 10 and 12% CO contents, respectively.
The G value of CO7 becomes larger while that of TEOX + TOX
becomes lower as the CO content becomes higher. This behavior
is similar to that reported at lower pressures, although the
co content'giving the maximum G value for some products
shifted. (S. Sugimoto, M. Nishii, T. Sugiura)

3. Reaction of the Irradiated Gaseous Mixture on Ficher-

Tropsch Catalyst

It was reported previouslyl)'that by passing an irradiated
gaseous mixture of CO and H, over an Fe-Cu-KG catalyst kept at
relatively low temperatures, the yields of methanol and ethanol
are greatly increased as compared with those produced by simple
irradiation of the CO-H; mixture. 'Such enhancement in the
yields of alcohols was suggested to be due to catalytic hydro-
genation of formaldehyde and acetaldehyde contained abundantly
in the irradiated gas. The analysis system employed in that
study, however, did not permit detection of formaldehyde so
that we could not discuss the reaction quantitatively.

The principal purpose of the present study is to get data
detailed enough to sﬁpport the previous suggestion by studying
the reaction again with adding an analysis system for
formaldehyde. It was also of interest to see if evidence could
be obtained for surface reaction of active species such as
radicals and ions formed by irradiation of CO-Hj.

A1l : 6 mixture of CO and Hy was irradiated in the
irradiation vessel FIXCAT-II by electron beams of 600 KeV and

5 mA. The irradiated gas was led into a Pyrex reactor
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containing 2.8 g of Fe-Cu-KG (4 : 1 : 5 by wt.) catalyst
attached 14 m downstream from FIXCAT-II through stainless
steel tubing (Method 1). Delay time defined as time for the
irradiated gas to reach the catalyst is estimated to be 60 sec
for 140 ml/min of the flow rate of the feed gas. To see what
happens at much shorter delay time as 0.4 sec, the second
series of experiment was carried out with Method 2 where the
reactor was attached 20 cm downstream from FIXCAT-II. In both
Method 1 and 2, by adjusting a magnetic valve attached 5 cm
upstream from the reactor, product yields were determined
before and after the reaction of the irradiated gas. Analysis
of formaldehyde was made by TCD of a gaschromatograph, Shimadzu
GC-7A equipped with Porapak N columns.

Table 1 summarizes the typical data for the product yields
together with the experimental conditions. Results obtained
with Method 1 indicate that the catalyst kept at 129°C does
not affect the yields of hydrocarbons, COp and Hp0. The yields
of methanol and ethanol, on the other hand, increase to about
ten times of the corresponding yields produced by simple
irradiation of CO-Hp, while formaldehyde and acetaldehyde were
not detected in the gaschromatogram. The increments for the
yields of both alcchols are nearly the same as the amounts of
formaldehyde and acetaldehyde, respectively, lost by reaction
with the catalyst. When the temperature of the catalyst was

increased to 250°C, the catalytic reactions of CO-H, to produce

-hydrocarbons become predominant and no oxygenates are

detectable.

Experiments with Method 2 gave results similar to those
with Method 1, except that hydrogenation of acetaldehyde does
not occur when the flow rate of the irradiated gas is as high
as 350 ml/min. Accordingly, evidence was not obtained in the
experimental conditions with Method 2 for surface reaction
involving active species in the irradiated gas. The occurrence
of catalytic hydrogenation found in the present study, however,
seems a quite important information for analysis of radiation
effects of CO-H, mixtures in the presence of Fe~-Cu-KG catalyst
where the surface reaction of the irradiated gas certainly
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occurs more or less. (S. Nagai, H. Arai, K. Matsuda,
M. Hatada)

1) S. Nagai, K. Matsuda and M. Hatada, JAERI-M 7355,
16 {(1977).

4, Reaction in the Presence of Fluidized Bed Catalyst

In the studies on radiation chemical reactions in the
presence of fixed bed catalyst , one of the most serious
problems encountered was inhomogeneous temperature rise of the
catalyst caused by electron beam irradiation. This is expect-
ed to be solved by use of a fluidized bed catalytic reactor, in
which the distribution of temperature of the bed is more
uniform. _

In order to operate the fluidized bed catalytic reactor,
gas velocity required for minimum fluidization, upf, and heat
transfer coefficient between solid and wall, hyg, should be
known for various combinations of solid and gas expected in
the experiments. Since many equations have been proposed to
describe the relations-between the properties of gas and
solids and upf and hwsl), we tested these relationships with
experiment carried out either on the fluidized bed reactor or
on an equivalent substitute made of plastic (fluidized tester)
to see which equation fits best to our apparatus.

The ups for small particles having small density, pg, and

small diameter, dp, is calculated by the following equation:

_ (s dp)® ps - 0g ., _cmE’
Umf 150 m I " T -€nf (1)

where ¢g is a spheric factor for solid particle, epf is a void
fraction at minimum fluidization, and u and pg are viscosity
and density of the gas, respectively.

Pressure drop across the bed and distributor is plotted
against flow rate in Fig. 1 along with pressure drop across
the distributor alone as an example; the experimental condi-

tions are given in the caption to the figure. The difference
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Fig. 1, Pressure drop vs. gas flow rate; curve A was
obtained for air using a fluidization tester;
curves B and C were obtained using the fluidizing
catalytic bed reactor for air and nitrogen,
respectively, with (B) or without (C) Alp03

particles.

of the two curves gives net pressure drop across the bed, and

the uye is calculated from the flow rate at which a knick

point appears. The experimental results obtained under various

conditions are compared with the calculated values in Table 1,

in which qualitative agreements between the two are shown.
Absorbed electron energy in the fluidized bed is estimated

from dose rate distribution in the reaction vessel measured by

means of CTA film dosimeter. The dose rate distributions on
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Fig. 2. Dose rate distribution under the irradiation window.
Bed height, a) 23 cm and b) 3 cm; dotted lines, with
wall; continuous lines, without wall; accelerating

voltage, 600 KeV; beam current, 0.5 mA; scanning

width, 15 cm.

the bed surface thus measured are shown in Fig. 2a and b for
23 cm and 3 cm bed heights, respectively. The heat input; Qi
estimated from the output energy from the accelerator (5 mA,
600 KeV), transmission efficiency along the beam path, direc-
tional scattering efficiency at the window and dose rate
distribution is listed in Table 2.

The temperature of the catalyst bed, Tpeg, can be calcu-

lated from the equations:

Qgs = (Tbed - Tgas) T ug ¢ Og . Cpg (2)
Ows = (Tpeda = Twall) * hys - B (3)
Qi = Qgs + Qws (4)

where’"Tgas and T,51] are temperatures of gas and wall of the
vessel, respectively, Qgs and Qug are heat transferred between
gas and solid, and that between wall and solid, respectively,

hys is a heat transfer coefficient between wall and solid, A
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is area of wall in contact with the solid, ug is a superfi-
cial velocity of the gas, °g and Cpg are density and heat
capacity of the gas, respectively. Approximate calculation
demonstrates that the Qug i1s about eight times larger than Qgg:
and therefore, we neglect Qgg in the calculation of Tygog-
Several authors claim the eguations to predict hyg values from

various parameters depending on properties of solid and gases

b=
o
&

Total

Yields of the products ( gr/Nm3reactant, 1Mrad/sec )

300 1000

Irradiation time ( sec )

Fig. 3. Yields of the products vs. irradiation time.
Catalyst, Fe/Cu/KG = 4/1/5 by wt., 630 g;

Beam current, 7.5 mA,
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involved. The comparison of experimental values with those
calculated using hyg (Table 2) indicates that Levenspiel-
Walton's equationl) fits well to our data obtained with the
fluidized bed catalytic reactor.

The analyses of the products are carried out using three
gaschfomatographs, gas samplers of which are connected in
series to permit simultaneous analysis of broad spectrum of
the products. A preliminary result obtained by 7.5 mA irradi-
ation is given in Fig. 3 in which the ameounts of the products
produced in the system during irradiation are plotted against
irradiation time. The other reaction conditions are given in
the caption to the figure. Methanol was produced with sacri-
fice of fofmaldehyde as expected from the experimental results
previously obtained using the fixed bed catalytic reactor, but
considerable amount of water which was adsorbed on the
catalyst makes the analysis of experimental results difficult.

(K. Matsuda, S. Nagai, H. Arai, M. Hatada)

1) D. Kunii and O. Levenspiel, Fluidization Engineering,

J. Wiley and Sons, 1969.

5. Radiation Effects on CO-H»-N20 Mixtures in the Presence of

Magnesium Oxide

It has been reported recentlyl) that the dehydrogenation
of some simple alkanes proceeds efficiently through the
reaction with O ions adsorbed on magnesium oxide (MgO}.

Since alkanes are selectively produced by irradiation of CO-Hj
mixtures in the presence of an Fischer-Tropsch catalyst as
reported previouslyz), it was of interest to examine if the
dehydrogenation of alkanes produced from CO-Hp mixtures occurs
to enhance the yields of olefins in the presence of MgOQ.

MgO was evacuated at 500°C for 8 hrs. A 1 : 6 mixture of
CO in H, with or without 8.6% NoO was irradiated with electron
beams in the presence of 7 gr of the MgO. Product analysis
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3)

was made in the same manner as reported previously For
comparison purpose, effect of N,0 was studied on the radiolysis
of the CO-Hjy mixture in the absence of MgO.

Table 1 compares the yields of the products in the pre-
sence of Mg0O with those in the absence of MgO. The products
detected in the presence of Mg0 were low-molecular hydrocarbons,
CO, and Hp0, but no oxygenates. The yield of H30 in the pre-
sence of MgO was not determined.

As seen in Table 1, the addition of N30 greatly enhances
the yield of COs while it depresses the yields of alkanes. In
addition, the yields of ethyiene and propylene are increased
to appfeciable amounts. It may also be seen that thermal
reaction of the CO-Hy mixture over MgO almost exclusively
produces COj.

It is known that O ions react with CO and Hy according

to reactions (1) and (2),

k1

0" + CO ~» Co, + e kl = 7.0 x 10—10 cc/mol- sec (1)
K2 ~10

O + Hp > Hy0 + e ko = 3.6 x 10 cc/mol- sec (2}

4)

where the rate constants are those reported in gas phase ’.

If we assume that all the O ions formed from N,0O disappear
through the reactions (1) and (2), the increment for the COj
yield by the N0 addition is estimated to be 0.37 moles/m3-
reactant in close agreement with 0.35 moles/m3—reactant
observed. Aika et a1l have shown that C,- and C3-alkanes and
alkenes adsorbed on MgO desorb completely at 150°C while
adsorbed methanol and ethanol decompose to hydrocarbons and CO.
Accordingly, our failure to detect oxygenates is ascribed to
their adsorption and decomposition on MgO.

The yields of ethylene and propylene are increased as
expected, but their increment is fairly low compared with the
decrement in the corresponding alkanes. This is probably
because of the preferential reaction of the 0 ions with CO
and Hy as described above and hydrogenation of olefins, if

formed by irradiation as observed in the reactions over the

_23....
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Fe-Cu-KG catalystz). Therefore, it seems not possible to
selectively get olefins in the method employed in the present
study.

Table 2 summarizes the effects of NZO on the radiolysis
of the CO-H; mixture in the absence of solid catalyst. The
most prominent effect observed is the increase in the yields
of CO, and Hy0. With increasing N30 content, the yields of
alkanes decrease while those of ethylene and propylene increase.
The oxygenates decrease in their yields as increasing N0
content. Included in Table 2 is the conversion of N0 obtained
by GC analysis. The conversion due to direct radiolysis of N30
estimated by the stopping power ratios of CO, Hj and N3O,
adsorbed dose rate, and G (-N,0) is at most 3.8% for 9.3% mix-
ture of N0 in the CO-H3, so that the decomposition of N0 in
the radiolysis of CO-H»-N0O mixtures may occur predominantly
through dissociative attachment of electrons produced from the
CO-H, to produce 0  ions.

The increase of the yields of CO; and Hp0 is similarly
explainable as that over MgO. The yields of alkanes decrease
in the order of CHy<CpHg<C3Hg with the N20 addition. This
trend agrees well with the relative reactivity of alkanes
toward 0~ °). The increment of ethylene and propylene is,
however, too low to explain the decrease in the yields of
alkanes, and the decrease in the yields of alkanes would result
not from the reaction with O  but from some inhibition effect
of N0 on the formation of alkanes.

The decrement in the yield of methanol is low as compared
to that of formaldehyde, which may suggest'that methanol is
not necessarily produced from formaldehyde. (S. Nagai,

H. Arai, K. Matsuda, M. Hatada)

1) K. Aika and J.H. Lunsford, J. Phys. Chem., 81, (1977).

2) M. Hatada and K. Matsuda, JAERI-M 6702, 11 (1976) .

3) K. Matsuda, S. Nagai, H. Arai and M. Hatada, JAERI-M
7355,11(1977).

4) T.0. Tiernan, "Interaction between Ions and Molecules,”
Ed. by P. Ausloos, P353, Plenum Press, New York and
London (1975}).
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5) D.K. Bohme and F.C. Fehsenfeld, Can. J. Chem., 47, 2717
(1969) .

6. Radiation Chemical Reaction of Methane in a Flow System

Among the various products from gaseous mixtures of
carbon monoxide and hydrogen, we focused our attention to
hydrocarbons, especially to lower olefins, because these
compounds which are obtained in large guantity from petroleum
resource are difficult to be synthésized from simple gases
considered as a resource of raw materials for future chemical
industry. Hydrocarbons can be synthesized from carbon monoxide
and hydrogen by catalytic reactions, but methane is more pre-
ferable than this to produce because the reaction of methane
is far simpler than that of carbon monoxide and hydrogen.

As an extention of the program of radiation chemical
reaction of carbon monoxide and hydrogen, we initiated the
present study to accumulate fundamental data on the radiation
chemical reactions of methane under various reaction conditions,
so that the experimental data will help us to know whether the
radiation chemical reaction of methane is promising for the
purpose.

Takachiho "Research" grade CHg (99.95 mole % minimum) was
used without further purification. Irradiation of CHy was
carried out using electron beams from the HDRA (0.6 MeV, 0,01~
10 mA) with the flow reactor, FXCAT—IIl)

for irradiation of CO/H, mixtures. The irradiated gas from

which has been used

the reactor was analyzed by two gaschromatograph (Yanagimoto
G 80 equipped with 3 m Porapak Q columns and Shimadzu GC 7A
with 5 m VZ-7 columns). Absorbed electron energy in the
reactant gas flow was determined as described previously]J.

Fig. 1 shows the dependences of yields of the products
on the residence time at the beam current of 0.5 mA. The
vields of H, and saturated hydrocarbons increase linearly with
increasing residence time. Similar results were obtained at
10 mA. On the other hand, the yields of unsaturated hydro-

carbon level off for prolonged irradiation.
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Fig. 1 Yields of the produéts vs. residence time.

Beam current, 0.5 mA; Dose rate, 0.77 x

107 rad/sec.

Fig. 2 shows the beam current effect on G values of the
products at the flow rate of 100 ml/min. The G values of Hp,
CoHg, and CgHyp are little affected, while those of C3Hg,
n-CyqHip: and unsaturated hydrocarbons decrease with increasing
peam current beyond 1 mA. The G value of iso-Cy4Hjg increases
with increasing beam current. The temperature of the reactor
was about 57°C at the beam current of 1 ma, 210°C at 5 mA, and

350°C at 10 mA, respectively; it was almost room temperature
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Fig. 2 G values of the products vs., beam current.

Flow rate, 100 ml/min.

below 0.5 mA. Therefore, the effect of the beam current on
the G values found in the experiment may be understocd as
somwhat combined effect of the beam current and temperature.

To examine the effect of the reactor wall temperature,
irradiation was carried out using the reactor kept at different
temperatures by electric heater at the beam current of 0.5 mA.
The results are shown in Figs. 3 and 4. The G values of Hjyp,

C, and C3 saturated hydrocarbons scarcely vary with the temper-
ature while those of higher paraffins except for iso-CyHjg

decrease at higher temperature. The G value of iso-CyHqg,
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Fig. 3 G values of the products vs. 1/T.
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Fig. 4 G values of the products vs, 1/T.
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increases largely with increasing temperature. This fact may
indicate that some of iso-CyHjg observed at 10 mA in Fig. 2
are from thermochemical reactions. On the other hand, the G
values of olefins increase with increasing temperature. The
details of this result are examined at present. (H. Arai,

S. Nagai, K. Matsuda, M. Hatada)

1) K. Matsuda, S. Nagai, H. Arai, and M. Hatada, JAERI-M
7355, 11 (1977).

7. Spin Trapping of Radicals Produced by Irradiation of

Gaseous Mixtures of CO and H)

In the last annual reportl), it was reported that H atoms
and methyl radicals (CH3) produced by irradiation of a CO-Hj
mixture were successfully detected by the spin trapping
technique. A similar experiment was carried out with a mixture
of CO and D3, in which D atoms and CD3 radicals were detected,
thus confirming the previous finding.z)These results were

already described in detail elsewhere (s. Nagai,

K. Matsuda, M. Hatada)

1) S. Nagai, K. Matsuda and M. Hatada, JAERI-M 7355, 21
(1977) .
2) S. Nagai, K. Matsuda and M. Hatada, J. Phys. Chem., 82,

322 (1978}.
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[2] Polymerization of Vinyl Monomers by High Dose Rate

Electron Beams

1. Polymerization of Styrene up to Higher Conversion by High

Dose Rate Electron Beams

Polymerization of moderately dried styrene (water content
3.2 x 10—3 mole/1) is carried out up to higher conversion such
as 90%. The dose rate of the electron beams is between 6 x 10
and 6 X lO6 rad/sec, so that more than 90% of the product is

consisted, at least at the initial stage of the polymerization,

5

of ionic polymers.l) Not only the determination of the rate
of polymerization but also that of molecular weight distribu-

tion by GPC is carried out.
Table 1 shows three typical results of the experiments.

Table 1 Polymerization of Moderately Dried Styrene

up to Higher Conversion

Dose rate, 6.0 x 105 rad/sec

Time, sec 20 100 200
Conv., % 12.5 64.6 90.7
Rp x 102 mole/l/sec 5.45 5.64 3.96
M x 1074 4.7 3.0 3.0

Dose rate, 1.2 x lO6 rad/sec

Time, secC 20 60
Conv., % 43.1 90.2
Rp x 10, mole/l/sec 1.87 1.31
M x 107* 3.9 2.9

Dose rate, 6.0 x 106 rad/sec

Time, sec 5 12 20

Conv.,, % 27.4 38.8 51.3
Rp x 10, mole/1l/sec 4.77 2.81 2.23
M x 1074 2.9 2.4 2.3
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It is clearly seen from the table that both the rate of poly-
merization and mclecular weight decrease with increasing

conversion.
The time-conversion curves are shown in Fig. 1. They may

o -
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o
] I L 1 1 i 1 L

0 40 80 120 160 200 0 4 8 12 16 20
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Conversion a (fraction)
[

Fig. 1 Time conversion curves for the polymerization of styrene,

Dose rate: a, 6.0 x 10° rad/sec; b, 6.0 x 10° rad/sec.

L |

102 103 10° 10
Molecular weight

Fig, 2 Molecular weight distribution curves of polystyrene
cbtained by pelymerization of styrene at a dose rate

of 6.0 x 10° rad/sec.

Irradiation time Conversion
—_— 20 sec 12.5%
——— 200 sec 90.7%
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be regarded to be smooth though the number of the experimental
points are rather too small. Molecular weight distribution
curves by GPC are shown in Fig. 2 and Fig. 3. The curves of
each series have similar shapes. They have one prominent peak
of cationic polymers and small peaks of oligomers. Detailed
observation of the curves indicates that the curves become
broader in the direction of the lower molecular weight with
increasing conversion, whereas the shapes at the higher

molecular side remain almost unchanged.

1 1 AL 1 J

102 103 10% 10° 108 107

Molecular weight

Fig. 3 GPC curves of polystyrene from moderately dried

styrene at a dose rate of 6 x_lO6 rad/sec.

Dose (Mrad) Conversion (%)
a 30 27.4
b 72 38.8
c 120 51.3
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The experimental results will be discussed briefly. The
following two equations were theoretically deduced for the rate
of cationic polymerization R; of. styrene and average degree of

polymerization of cationic polymers DPj,

ki lOGid® [M]

_ _Fpi

R: = 1 1

L7 R N THg0l )
1 k Key [Ho0]

= - tm tx 2 (2)
DP kpi kpi [M)

where, kpj, ktm and kty are rate constants of propagation,
monomer transfer and termination with water molecule respective-
ly. Gi, d, ¢ and N are G value for the initiating ion forma-
tion, density of styrene, numerical factor for normalizing
radiation energy, and Avogadro's number. Further, [M] and

[Ho0] are concentrations of monomer and water respectively and

I is dose rate.

Applicability of the equations was shown for the initial
stage of bulk polymerization of styrene in a wide range of dose
rate and water content. For the purpose of employing these
equations to the polymerization up to higher conversion it is
assumed that all constants in the equation remain almost

constant independent of the conversion. Then it is necessary

to take into account the change of I, [M] and [H20]. The
values of I and [M] are known. The question is the change of
[HzO] .

There is no question that the growing cationic chains
terminate by interaction with water molecules; the mechanism
of the termination reaction, however, has not yet been eluci-
dated. The simplest assumption is that water molecule is
consumed by the reaction. There is also possibility that the
terminating activity is not lost by the termination reaction.

Equations (1) and (2) predict that Rj and 551 decrease
with increasing conversion because [M] decreases. The experi-
mental results are in good agreement with the prediction. On
the other hand, if water is consumed by the termination
reaction, equation (2) predicts that smaller water content

results in higher DPj. According to a trial calculation,
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number of polymer molecules which are formed at 100% conversion
by the termination reaction with water is, in the order of
magnitude, the same as the water contained in the system; if

it is assumed, therefore, that one water molecule is lost by
one termination reaction, some indication of the effect to
increase molecular weight with conversion is expected.

To detect the effect, log(l-a) vs. time curves are drawn,
where a is the fraction of the polymer. The curves shown in
Fig. 4 are straight lines, which means that the polymerization
proceeds according to the monomolecular equation. This is in
agreement with eguation (l),'when [Ho0] does not change with
conversion.

A simple explanation is that water is reproduced after

the termination reaction. Another possibility is that OH

Time ( sec )

0 5 10 15 20
0 T T T T
o 6.0x10%raa/sec
O
- \
~ 1.5}
1]
I
—
o
o
—
5
_ 6.0x10 " rad/sec
1.0}
| ]

0 100 200

Time { sec )

Fig. 4 Change of log(l-a) with time
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group of H,0 is bound by the termination to the growing

cationic chain end to form alcohol. That low molecular alcohol

exhibits almost the same chain terminating effect as water is

shown in Table 2.

Table 2 Comparison of Water and Methanol

as Terminating Agents

s % conc. conv. polmztn rate
Additive mole/1 : 3 R x 103 mole/l/sec
None —_— — 13
Water** 3.5 x 1072 5.15 1.5
Methanol 3.7 x 10° 3.25 0.95

* Additive to m.d. styrene [H0] = 3.2 x lO_3 mole/1

** Water saturated styrene

Experiments are being continued to elucidate the
mechanism to account for the reaction that water is not
apparently consumed by the termination. (I. sakurada,
J. Takezaki, T. Okada)

1) I. Sakurada, T. Okada, Ka. Hayashi, J. Takezaki,
JAERI-M 7355, 28 (1977); J. Takezaki, T. Okada,
1. Sakurada, J. Appl. Polym. Sci., 21, 2683 (1977).

2. Radiation Polymerization of Styrene/Carbontetrachloride

Mixture in a Wide Range of Dose Rate

The main subject of the experiment on the radiation poly-
merization of styrene/carbontetrachloride mixture is to see
the effect of carbontetrachloride on the radical and cationic
polymerization of styrene.

In the case of the radiation induced reaction of a binary
mixture, there is some experimental difficulty to carry out a

series of experiments of different styrene-carbontetrachloride



JAERI-M 7949

ratio at the same dose of the absorption energy of radiation.
Therefore, for convenience sake, irradiation of a series of
mixtures is carried out by a constant incident dose, and the
absorbed dose for pure styrene in rad is used without correc-
tion also for the mixtures. This is more straight forward to
the purpose, because general feature of the solution polymeri-
zation in halogenated hydrocarbons is a matter of interest in
the present preliminary report.

In the case of radical polymerization, which is dominant
in the region of low dose rate polymerization, it is expected
that telomerization takes place. In the case of styrene/CCly,

the typical reactions may be shown as follows:
M smywwA—— M e Mp
Mpe + CClg —a Mp-Cl + -CClj
Mp+ + *CCly —= MLCClj
CCly MM——e= Cl- + -CClj
Cl- + M ——b-élM' —» C1Mp,-

ClMp- + -CCly —= CLMuCCls

G value for the radical formation of carbontetrachloride
is reported to be one or two orders of magnitude greater than
that for styrene; therefore, it is possible that the most part
of radical polymers originates from solvent molecules in
solvent rich systems. It is further probable that more or less
similar reactions take place in the cationic polymerization
also, and fragment of the solvent molecules are incorporated‘
in the polymer.

Experiments in the present preliminary report were carried
out with styrene/carbontetrachloride mixtures, whose styrene
content was varied from 100 to 20 vol%; the range of dose rate
was between 2.5 and 6.0 x 106 rad/sec. The irradiation was
performed at room temperature, and the other details of the

experiments are essentially the same as to the radiation
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induced polymerization of bulk styrene in the previous
reportsl). Both styrene and carbontetrachloride were dried
with calcium hydride, distilled .and used for the experiments.
Styrene dried in this manner contains about 2 x lO_2 mole/1
H,0.

The weight of polymers was determined not by the precipi-
tation but by evaporation as previously. The conversion was
calculated in weight percent of the polymer to the total

initial weight of the reaction mixture as shown below.

wt. of polymer obtained
wt. of initial reaction mixture oo (1)

Conversion % =

It is unusual that carbontetrachloride, which does not
polymerize in an usual sense, is treated as if it were monomer;
this method of calculation is, however, natural and simple.

If we calculate conversion based on the weight of styrene, we
often find values, much larger than 100 as conversion percent.
It seems, therefore, that more carbontetrachloride is incorpo-
rated in the polymer than expected under an assumption that
carbontetrachloride plays only a role as a telogen in the
polymerization of the present system. Due to the same reason,
the rate of conversion or polymerization was expressed not in
mole/l/sec but in g/l/sec.

Figure 1 shows time conversion curves for styrene/carbon-
tetrachloride mixture of 20 vol% styrene content at three
different dose rates. Curves appear to tend to level off at
certain percents of conversion. The highest experimental con-
version calculated by equation (1) are 17.9, 21.4 and 22.5%
for the dose rates of 1.2 x 10°, 4.8 x 10° and 6.0 x 10° rad/
sec, respectively. If only styrene is polymerized in the 20
vol% styrene solution, 100% styrene conversion is expected to
give 12.5% conversion by equation (1). All experimental
values of conversion are much higher than 12.5%, hence there
is no doubt that an appreciable amount of carbontetrachloride
is incorporated in the polymer.

The dose rate dependence of conversion rates of pure

styrene and styrene/carbontetrachloride mixtures of 80 and 20
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Fig. 1. Time conversion curve of styrene/carbontetrachloride

of 20 volZ% styrene content at various dose rates.

vol% styrene content are shown in Fig. 2. At a glance it is
clear that the three curves for the widely different styrene
concentrations have similar shapes and are located ncot so far
from one another. Though the curves are drawn by a logarithmic
scale and are insensible to small difference it is noteworthy
that the curve for 80 vol% styrene is located in the low dose
rate region about an order of magnitude higher than the pure
styrene. It is further noteworthy that the difference of con-
version rates between pure styrene and solution of 20 vol$
styrene is very small.

Figure 3 shows mixture composition dependence of conver-
sion rates at a dose rate of 6.0 x lO5 fa) and 2.2 x lO2 rad/
sec (b). In this case also the rate of conversion is expressed
in a logarithmic scale. It may be seen that both the curves

are rather flat with nonprominent maxima. In curve b it is
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noteworthy that the conversion rate becomes several times
greater, when the styrene content of the mixture drops from
100 to 80 vol%. This corresponds to the observation of Fig. 2
that the 80 vol% styrene shows much higher conversion rate
than pure styrene in the low dose rate region, and may be due
to the much larger G-value of radical formation of carbon-
tetrachloride than that of styrene. And further, it is well
known, in the case of bulk polymerization of styrene, that the
amount of radical polymers is dominant in the low dose rate
region.

To obtain more details of the polymerization mechanism,

Rate of conversion { g/l/sec)

=
o

10-5 ] 1 ] L | |

10 10t 102 103 10*  10°  10° 107

Dose rate ( rad/sec )

Fig. 2. Dose rate dependences of rate of total conversion
in the polymerization of pure styrene (o) and
styrene-carbontetrachloride mixtures (e, 80 and

A, 20 vol% styrene).
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Fig. 3. Rate of total conversion of various styrene-
carbontetrachloride mixtures at two different

dose rates (a, 6.0 x 105; b, 2.2 x 102 rad/sec).

GPC analysis of the polymerization products was also carried
out, and the typical curves are shown in Fig. 4 and 5 for the
cases of radiation dose of 2.2 x 102 and 6.0 x 105 rad/sec.

It may be not reasonable to use for such a product the same
relation between molecular weight and elution volume as for
pure polystyrene, but the same relation was employed for the
calculation of the molecular weight of the products tentative-
ly without correction.

As has already been shown in the previous report a GPC
curve of polymerization product from the moderately dried
styrene consists of three parts designated as fraction I, II.
and III. These fractions are oligomer, radical polymer and
cationic polymer, respectively. As may be seen in Fig. 4 and
5 the GPC curves of the polymerization products of the mixtures
may also be divided into the three fractions. Weight percent

of the fractions at various styrene contents are shown in

- 43 -
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conv.

styrene 100%
2.88%

]
styrene 80%
conv. 15.9%
d
styrene 60%
conv. 15.7%
5
styrene 40%
conv., 15.8%
1
styrene 20%
conv. 16.2%
1
102 103 10t 10° 10° 107

Molecular weight

Fig. 4.

Molecular weight distribution curves of polymerization

product by GPC for styrene/carbontetrachloride mixtures
. 2

of various styrene contents at a dose rate 2.2 x 10

rad/sec.
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styrene 100%

styrene B80%

1 -t
: styrene 60%

i 1 |
styrene 40%

| H
styrene 20%

{ 1 J

102 103 10* 10° 10° 107

Molecular weight

Fig. 5, Molecular weight distribution curves of polymerization
product by GPC for styrene/carbontetrachloride mixtures
of various styrene contents at a dose rate 6.0 x 105

rad/sec.
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Takle 1,

Table 1 Weight percent of fractions I, II and III of
polymerization product from styrene/
carbontetrachloride mixtures of different

styrene content,

Dose rate, 2.2 x 102 rad/sec

Styrene cont. vol% 100 80 60 40 20
Fraction I . 1.0 2.3 2.6 3.6 5.1
" II 82.9 75.6 65.4 69.8 66.9
"o I1I 16.1 22.1 32.0 26.6 28.0

Dose rate, 6.0 x lO5 rad/sec
Fraction I - 9.2  37.2 36.0 57.9 73.8
" II 11.3 30.8 27.4 26.2 16.2

" : ITT 79.5 32.0 36.6 . 15.9 10.0

Though in the case of bulk polymerization there is no
doubt that fractions II and III are radical and ionic polymers,
because the results of GPC analysis agree with theoretical
calculation, in thé cése of the polymerization of styrene/
carbontetrachloride, however, it is more complicated especially
when the styrene content is low or dose rate is high. Rates
of conversion for the fractiocons I, II and III at two different
dose rates of the mixtures of different styrene contents are
shown in Fig. 6. All curves seem to be essentially flat,
because in this case also a logarithmic scale was used; it may
be seen, however, that the conversion rate increases enormbusly,
except the case of fraction III at higher dose rate, with the
drop c¢f the styrene content from 100 to B0 vol%. The increase
may be ascribed to the larger number of G-value of initiating
radical formation of carbontetrachloride than styrene.

It is important from practical point of view that, with
the Sémé excéption as above mentioned, the donversion rate of

styrene/carbontetrachioride is greater than that of styrene
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in bulk.

The dose rate dependence of the formation of various
fractions is of interest. Figure 7 illustrates the relation
for the 80 : 20 (vol) mixture. Only one common straight line
is drawn for fractions I and III, because it may be regarded
that points are scattered accidentally around a straight line.
The exponent of the dose rate dependence is calculated to be
0.85. In the case of bulk polymerization of styrene, the
exponent of the dependence was 1 both for fractions I and III.
The exponent for fraction II is 0.55, which is in good agree-

ment with 0.50 of fraction II in bulk polymerization. It is,

( g/1/sec)

Rate of conversion

-5 | ] i

100 80 60 40 20

Styrené ( volg )

Fig., 6., Rate of conversions for fractions I (o), IT (e) and
ITII (A) in mixtures of styrene-carbontetrachloride
at two different dose rates (a, 6.0 x 105; b, 2.2
x 10° rad/sec).

- 47 -
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Fig. 7. Dose rate dependences of conversion rate for
fractions I (o), II (e) and IIT (A) in 80 : 20 (vol.)

mixture of styrene and carbontetrachloride.

therefore, likely that the essential feature of polymerization
is retained at least in styrene/carbontetrachloride of 80 vol%

styrene.

Dose rate dependence of the formation of various fractions

in the case of much lower styrene content (20 vol%) is shown in

8. Three straight lines are drawn for fractions I, II and

III, and the exponents calculated from the slopes are 0.92, 0.55
and 0.84, respectively. It may be concluded that the essential
feature of the polymerization is kept unchanged even when the

styrene content is lowered to 20 vol%.

Determination of the composition of the fractions has not

yet been carried out; the molecular weight was estimated from

the peaks of each fraction and given in Table 2 and 3 which
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Fig. 8. Dose rate dependences of conversion rate for
fractions I (o), II (e} and III (&) in 20 : 80 (vol.)

mixture of styrene and carbontetrachloride.

contain also numerical values of the rates of conversion for

the three fractions.

By use of the molecular weight and the conversion rate,

the rate of polymer molecule formation in mole/l/sec and

number of polymer molecules in mole/l/rad can be calculated.

Molecular weight of fraction I 1s almost independent of

the styrene content and dose rate, and it seems to be apparént-
ly simple to discuss the results; however, that is not the case,
because the mechanism of the formation of this fraction is not

clear even in the case of bulk polymerization.

That the fraction II is formed by a radical mechanism has

been shown in the bulk polymerization of styrene; in the case
of the mixtures also it is probable that the radical mechanism

accounts for the formation of fraction II, because the exponent
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of the dose rate dependence of the rate of formation of this
fraction is 1/2 (see Fig. 7 and 8), which is typical for the

mutual termination of growing radicals in the polymerization.

Table 2 Molecular Weight and Conversion Rate for Fractioms T,

IT and III of Polymerization Products from Styrene/

Carbontetrachloride Mixtures {Dose Rate: 2.2 x 102

rad/sec)
Styrene cont. vol% 100 80 60 40 20
Molecular weight, M
I Mx 102 2.7 2.7 2.7 2.7 2.7
IT M x 1073 32 8.6 5.2 2.2 1.3
ITT M x 1072 6.4 6.6

Conversion rate, (g/l/sec)
I (g/l/sec) x 10°% 0.244 2.55  2.00  1.93  1.40

IT (g/l/sec) x 107> 2.02  8.39  5.02  3.74  1.84
III (g/1l/sec) x 10—3 0.393 2.45 2.46 1.43 0.77
Table 3 Molecular Weight and Conversion Rate for Fractions I,

II and III of Polymerization Products from Styrene/
Carbontetrachloride Mixtures (Dose Rate: 6.0 x 105

rad/sec)

Styrene cont. vol? 100 80 60 40 20

Molecular weight, M
2

I Mx 10 —_ 4.3 4.7 4.0 4.0
IT M x 10°° 1.2 2.1 2.6 1.9 2.1
ITT M x 10°° 2.8 1.9 1.7 1.2 0.85

Conversion rate, (g/l/sec) x 10

1 0.82 4.72 6.77 10.8 12.1
II 1.01 3.91 5.51 4.90 2.66
III 7.12  4.06 6.88 2.97 1.64
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If we concentrate our attention to the change of the feature
of the polymerization owing to the drop of styrene content
from 100 to 80 wvol%, we can see in Table 2 that the molecular
weight drops to about 1/4, whereas the conversion rate and the
number of polymer molecules (the latter is not shown in the
table) become about 4 and 15 times greater, respectively. The
most important effect of carbontetrachloride is that it parti-
cipates in the initiating radical formation. The rate of
formation of the initiating radicals may be written as

2)

follows:
The rate of initiating radical formation in moie/l/sec
= (og M) + o 8] I (2)

where ¢, and ¢y are factors of initiating radical formation
for styrene and carbontetrachloride, respectively, and [M] and
[S] are concentrations {(mole/l} of styrene and carbontetra-
chloride,'respectively. Under assumption of the termination
by mutual reaction of the growing radicals and steady state
for the concentration of radicals, tq/ %y was calculated by use
of the rates of conversion af 100 and 80 vol% styrene, and a
value of about 50 was found for the ratio. The ratio of 50
can also explain gquantitatively the drop of the molecular
weight. At first chain transfer to carbontetrachloride was
taken into account, but the calculation showed that the rate
of chain transfer is so small compared to that of the termina-
tion, that it can be neglected.

In the case of the bulk polymerization of styrene it was
reported that the G-value of the'initiating radical formation
of styrene is 0.66 independent of the dose rate and water con-
tent of styrene. G-value for the initiating radical formation
of carbontetrachloride is therefore ca. 33, a value which is
in fair agreement with values reported by other researchers.

In the case of fraction III, which is attributed to
polymers by ionic mechanism in bulk polymerization and plays a
dominant role at higher dose rate, the change of the molecular

weight and conversion rate by an addition of carbontetra-

- 51 -
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chloride is very small as Table 3 shows. The number of
polymers per unit dose in mole/l/rad at 6.0 x 105 rad/sec is

as follows;

Styrene vol% 100 80 60 40 20

(mole/l/rad) x lOll 4.2 3.6 6.8 4.1 3.2

The number of polymer molecules does not show remarkable
change between 100 and 20 vol% styrene. The simplest explana-
tion is that carbontetrachloride has similar G-value of
initiating ion formation as styrene, though other explanation
may also be possible.

Preliminary experiments on the effect of DPPH and n-
butylamine on the polymerization of styrene/éarbontetrachloride

were also carried out. = (I. Sakurada, J. Takezaki, T. Okada)

1) I. Sakurada, T. Okada, K. Hayashi and J. Takezaki,
JAERI-M 7355, 28 (1977); J. Takezaki, T. Okada and
I. Sakurada, J. Appl. Polymer Sci., 21, 2683 (1977).

2) A. Chapiro, Radiation Chemistry of Polymeric Systems,
Interscience, New York, 1962, p 251-255.

3. Radiation Polymerization of Styrene/Ethylene Chloride

Mixture in a Wide Range of Dose Rate

1)

Instead of carbontetrachloride in the foregoing report
ethylene chloride was used as a solvent for styrene and radia-
tion polymerization was carried out in a wide range of dose
rate, that is between 2.5 and 6.0 x 106 rad/sec. All experi-
mental procedures and evaluations of the results are the same
as the foregoing report, unless otherwise noted.

Figure 1 shows the rate of conversion of styrene/ethylene
chloride mixtures at different dose rates. The dependence of
the conversion rate on the styrene content is appérently more
complicated than in the case of carbontetrachloride.

Fractionation by GPC was also carried out for the polymer-

ization products, and it was found that they were mostly
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Fig. 1. Rate of total conversion of various styrene/ethylene
chloride mixtures at different dose rates:
(a) 6.0 x 10°, (b) 1.2 x 10°, (c) 1.1 x 10°,

(d) 4.3 x 10 , (e) 2.5 rad/sec.

consisted of three fractions i.e. fraction I, II and III;
sometimes fraction IV with the molecular weight about lO6 was
found by the polymerization at very high dose rates.

Figure 2 shows a typical change of GPC curves with the
styrene content of the system.

Percentage of the fractions of the products obtained at
various dose rates from the mixtures of varying styrene contents
is shown in Table 1. It is seen from the table that fraction
II and III are dominants at the lower and higher dose rates,
respectively. It is noteworthy that the highest content of
fraction I is in the present case about 20%, whereas it often

exceeded 70% in the case of styrene/carbontetrachloride.
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102 10° 10% 100 10° 10’

Molecular weight

Fig. 2. Molecular weight distribution curves of polymerization
product for styrene/ethylene chloride mixtures of

. various styrene contents at a dose rate of 1.2 x 105

rad/sec. Styrene content in vol%: (a) 100, (b) 80,

{c) 60, (d) 50.
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Table 1 Percentage of Fractions I, II, III and IV in the
Polymerization Products of Styrene/Ethylene
Chloride of Various Styrene Contents at Different

Dose Rates

Styrene cont. vol$ 100 80 20

Dose rate 2.5 rad/sec
Fr. I 13.0 6.9 8.8
Fr. II 87.0 93.1 91.2

Dose rate 4.3 x 10 rad/sec

Fr. I 4.5 2.9 5.0
Fr. II 95.5 85.6 40.3
Fr. III 0 11.5 54.7

Dose rate 1.1 x 103 rad/sec

Fr. I : l6.4 18.5 6.3
Fr. II 58.5 73.0 74.8
Fr. III 25.1 8.4 18.9

Dose rate 1.2 x 105 rad/sec

Fr. I 5.8 22.2 5.4
Fr. IT 8.2 44.9 8.1
Fr. III 86.0 32.9 86.5
Dose rate 6.0 x 106 rad/sec

Fr. I 13.1 16.2 9.5
Fr. II 6.9 17.5
Fr. III 89.3 71.1 73.0
Fr. IV 0 5.8 0
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Figure 3 shows the dose rate dependence of the rate of
conversion for fraction II at three different styrene contents
(100, 80 and 20 vol%). The plots are straight lines and the
exponents of the dose rate dependence are practically 0.50;
one plot is for 100 and the other is for 80 vol% styrene. No
curve was drawn for 20 vol% styrene, because the points are
located near the drawn lines with somewhat larger scattering.
It is important that the line for 80 vol% styrene is located
above that for 100 vol% styrene. We will come back to this
points later.

The dose rate dependehce of the conversion rate for
fraction III is shown in Fig. 4 for the three mixtures as in
Fig. 3. The exponent of the dependence is practically one in
this case, and it means clearly that the chemical mechanisms
of the formation of fraction II and III are quite different
each other.

As in the case of carbontetrachloride, the contribution

of the solvent for the initiating radical formation will be
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2}

discussed with the following equation:
The rate of the initiating radical formation
= o, [M] + 2 [S] (1)

In this equation ¢, and ¢, are rate constants of initiat-
ing radical formation of the monomer M and the solvent S
respectively.

If the rates of conversion of pure styrene and mixture
are represented with Ry and R, and the monomer concentrations
with [M]g and [M], respectively, the ratio of ¢g/¢y, is calcu-
lated from experimental value of R/RO with the following

egquation.
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R 2 Mlg .3 _ *s . _Is]
(—R"O") . (—[—ﬂ“— = ) (2)

The calculation was carried out for 80 vol% styrene
solution. As R/Rg an average value of 1.4 for the polymeriza-
tion at lower dose rates was employed to find ¢ value of 8 as
¢s/%n- In the foregoing report a value of 50 was found for
carbontetrachloride; it may be concluded that ethylene chloride
produces far smaller number of initiating radicals. The G-
value is calculated to be 5.3. Large differences in the poly-
merization products from the two binary mixtures, as for
example, production of a large amount of fraction I in styrene/
carbontetrachloride is probably closely connected to the large
G-value of radical formation in carbontetrachloride.

In the case of molecular weight, it is necessary that
chain transfer is considered; by the polymerization of styrene,
however, it is well known that monomer transfer is negligible.
It was shown in the system of styrene/carbontetrachloride that
solvent transfer can also be neglected. In the present case
also, it will be assumed that it is negligible and tried to
see whether the change of the molecular weight can be explained
solely by the mutual termination of the growing chains. Then
we can use the following equation for the calculation of the
ratio of the degree of polymerization of the product from pure

styrene Pp to that from mixture P.

2o _ M] )1/2 . s5(s] 1/2

P [M] T o, M) )

As may be seen from the equation Pp/P is independent of
the dose rate. Putting 8 for ¢g/¢y, in the equation, we find
PO/P = 1,90, Experimental values for the dose rates of 2.5,
4.3 x 10 and 1.1 x 103 rad/sec, were 2.56, 1.59 and 1.62
respectively. The agreement between the calculated and experi-
mental values is fair, and there is no positive indication that
chain transfer has to be taken into account.

As has already been mentioned fraction III is produced by

ionic mechanism in pure styrene, and the exponent of the
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dependence of the conversion rate on the dose rate is one.
Styrene/ethylene chloride mixtures show the same dose rate
dependence. It is seen from Fig. 4 that the straight line for
80 vol% styrene is located under that for pure styrene; the
rate of conversion of pure styrene is about 4 times that of 80
vol% styrene. Probably this is due to termination of ionic
chains by ethylene chloride. Further discussion will be given
elsewhere. {I. Sakurada, J. Takezaki, T. Okada)

l) The present Annual Report. JAERI-M, 1978
2) A. Chapiro, Radiation Chemistry of Polymeric Systems,
Interscience, New York, 1962, p 253-265.
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i3] Radiation-Induced Polymerization of Dienes

1. Polymerization of Isoprene

For these years we have studied bulk polymerization of
several vinyl compounds at high dose rate. It is found that
in many monomers radical and cationic polymerizations take
place at the same time. However, in methyl methacrylate and
some alkyl acrylates only radical polymerization is found. In
general the molecular weight (MW) of the polymer formed with
radical mechanism is low at high dose rate while that of the
polymer with cationic mechanism is independent of the dose
rate. Therefore, to obtain polymer of medium chain length, it
is advantageous to promote the cationic polymerization.

Among commerical oligomers, those from diene compounds
are important in their use in adhesives, paints and liquid
rubbers. Especially their large possibilities of modification
seem to allow us much more extensive use in the future.

As a first step of diene studies, polymerization of iso-
prene is carried out. Details of the experimental procedure

1)

were described elsewhere Isoprene 1is used without further
purification or drying.

Results of the polymerization at 25°C in a wide dose rate
range are shown in Fig. 1. With y-ray polymerization at a low
dose rate, 7.0 - 234 rad/sec, Rp increases proportionately to the
square root of the dose rate bhut 5§h of the product decreases
from 56 at 7.0 rad/sec to 22 at 234 rad/sec. These results
indicate radical mechanism. Rp in a high dose rate region,

9 x 103 - 2 x 105 rad/sec by electron beamg from a Van de
Graaff accelerator is substantially higher than the extra-
polation of Rp at low dose rate. An addition of 1.8 mole/1
triethylamine (TEA) reduces the rate down to the expected level
of the radical polymerization as shown in the figure. DP, of
the product at high dose rate is approximately 13 independent
cof the dose rate.

A typical MW distribution of the product at high dose
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‘Rp ({ mole/l/sec )

10—7 I [ : } 1 I
1 10 10° 103 10% 10° 10

Dose rate ( rad/sec )

Fig. 1. Dose rate dependence of Rp of isoprene at 25°C.

30 25 20
Elution count

Fig. 2. MW distributions of the product irradiated at the
dose rate of 2.2 x 104 rad/sec for 2,000 sec.
(a) bulk, (b) in the presence of 1.8 mole/l

triethylamine, (c¢) result of subtraction,
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rate is shown with curve (a) in Fig. 2. The distribution is
always very broad. Curve (b) is a distribution of the product
in the presence of TEA, presumably a distribution of radical
product. A graphical subtraction of curve (b) from curve (a)
gives a two-peaked distribution as shown with curve (c). The
main fraction of high MW is obviously a pfoduct of cationic
polymerization. The small peak of low MW is considered to be
due to a product which is capable of cationic propagation as
was supposed for the similar product in isobutyl vinyl ether.
Structure of the products is studied by 13C—NMR as shown
in Fig. 3. It is composed méinly of trans-1,4 unit (T) includ-
ing head-to-head and tail-to-tail abnormalities with small
fractions of cis-1,4 (C) and vinyl (V) units. Assignment for
each peak is also described in the figure. Small letters, ¢,
c and v .mean trans, cis and vinyl units adjacent to the observ-
ing unit in a diad structure, respectively. The nomenclature
of carbon atoms is, éH2=%(éH3)—8H=éH2 . Relatively small peaks
at 22.2 -~ 22.7, 25.8, 45.6 and 51.7 ppm are unassigned and
probably intrinsic to these oligomeric polyisoprenes. Frac-
tions of trans, cis and vinyl units evaluated from their
relative intensities of absorptions of C5 atoms are given in
Table 1. The fraction of vinyl unit is also estimated from

Table 1  Microstructure of Polyisoprenes

Sample A67 A70 A60+AT71

Dose rate (rad/sec) 2.2x105 230 7.0

DPy, 13 22 56

Trans (%) [C5; 16.0] 80 76 75

Cis (%) [C5; 23.4] 9 14 18
. 1757'\-‘

vinyl (%) [C5; 18.8] 11 10 7
109 ~

[C1l; 112 ] 10 11 9

- 63 -
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its absorption at 111.1 ppm and the value agrees well with
that evaluated from the absorpticon of C5 atoms. From the
table, structural difference between the high and the low dose
rate products or products with cationic and radical mechanism
is only a little; a slightly greater cis content at low dose
rate but a little change in vinyl fraction in spite of sub-
stantial change in ﬁfh. (K. Hayashi, T. Okada, S. Okamura)

1} JAERI-M 6702, 42 and 87 (1976).

2. Polymerization of Chloroprene

It is well known that chloroprene polymerizes readily
with radical initiators in contrast to its poor reactivity
with cationic catalysts. Bulk polymerization of chloroprene
at high dose rate was carried out to study the kinetic behavior
of the polymerization and characteristic of the product.

The rate of polymerization as a function of dose rate is

10-1
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Fig. 1. Dose rate dependence of Rp of chloroprene at 25°C,

-...64 -



JAERI-M 7949

1 1 1

30 25 20
Elution count

Fig, 2, MW distribution of the product at 8.3 x 104 rad/sec.

Fig,

3.

cis

Fraction (%)
3]
T

81 total
vinyl

Fraction (%)

log(dosé rate) (rad/sec)

Fraction of cis-1,4 and vinyl unit in polychloroprene.
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shown in Fig. 1. In y-ray polymerization between 5.9 - 192
rad/sec, Rp increases proportiongtely to the square root of the
dose rate and the molecular weight (MW) of the product decreases
with increasing dose rate as expected in ordinary radical poly-
merization. Rp at high dose rate deviates from the extra-
polation of the radical polymerization probably because of the
contribution of the cationic polymérization._ Rp at 2 x 105
rad/sec is as high as twelve times that of isoprene and almost
the same as that of styrene, for which the highest Rp has been
attained so far except methyl and ethyl acrylates.

MW distribution of the high dose rate product is shown in
Fig. 2. As a common trend of the product at high dose rate,

the MW distribution is broad but it is notable that the

— oM
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O
-
)
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log (dose rate) (rad/sec)
Fig. 4. Fraction of structural abmormalities in trans

sequenée of polychleroprene.
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abundance of oligomers whose MW 1is iess than 1,000 (elution

count higher than 28.5) is relatively small in this product.

Eh value for this product by vapor pressure osmometry is

2,400. Polymerizations at 10 and -10°C give products of a

little higher MW but almost no change in Rp 13
Microstructure of polychloroprene . is studied by C~NMR.

As the case of polyisoprene, the product is composed mainly of

trans-1,4 unit with small fractions of cis-1,4 and vinyl units.

1)

Using Coleman's assignment™ ', changes of c¢is and vinyl frac-
tions with dose rate are shown in Fig. 3. At high dose rate,
cis unit decreases slightly while sum of wvinyl units increases.
Abnormalities of the central unit in all trans triad are also
shown as a function of the dose rate 'in Fig. 4. Fractions of
head-to-head and tail-to-tail linkage increase at high dose
rate. From Fig. 3 and 4, it is found that the microstructure
of low dose rate product is different from that at the dose
rate of ca. lO4 rad/sec or higher., This seems to be related to
the appearance of the cationic pelymerization. (K. Hayashi,

T. Okada, S. Okamura)

1) M, M. Ce¢leman, D. L. Taub, and F. G. Brame, Rubber
Chem. and Tech., 50, 49 (1977).
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4] Modification of Polymers

1. Surface Modification of Poly (Ethylene Terephthalate) Film

by Radiation-Induced Chlorination and Adhesion of

Chlorinated Film

The surface modification of poly (ethylene terephthalate)
(PET) film by radiation-induced chlorination was carried out
to enhance adhesive performance of the film.
! Commercially available PET film ("Lumilar", 0.096 mm
| thick) was employed and irradiated in chlorine gas with y-rays
at room temperature. The Cl-content of the film was calculated

from the weight increase of the film. By y-ray irradiation of
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Fig. 1. Peel strength of a PET film-epoxy type adhesive
bond as a function of the Cl-content of the film,

Adhesive: "Smikadyne A 019-HE".
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Fig. 2. Electron scanning micrographs of ethylene diamine
treated (at 80°C for 1 hr.) PET films. .
Cl-content (%): a, 0; b, 0.29; ¢, 1.3,
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0.5 Mrad at a dose rate of 3.0 x lO4 rad/hr Cl-content attained
to a value of 1% (based on the weight of the original film),
but further irradiation gave.almost no effect to enhance the
Cl-content.

The effect of the Cl-content on the contact-angle of a
water droplet on the film was studied. The curve of contact-
angle vs., Cl-content showed a maximum at a Cl-content of about
0.3%. '

Adhesion tests of the chlorinated film were carried out
using epoxy type and polychloroprene type adhesives and an
acrylic type pressure-sensitive adhesive. 1In the peel test
for the epoxy type adhesive the chlorinated film showed a
sharp maximum strength at a Cl-content of 0.1%, which was ten
times larger than the original film (see Fig. 1). Only a small
increase in peel strength was observed when the tests were
carried out with the other two types of adhesive.

To examine the reason for the enhancement of the peel
strength at a low Cl-content the structure of the film surface
was observed by scanning electron microscopy (SEM). NoO appre-
ciable difference was observed between the chlorinated and
original films.

Since most common epoxy type adhesive contains hardener
having amino groups, the surface structure of the films treated
with ethylene diamine was also examined by SEM.

The chlorinated PET film showed after the ethylene diamine
treatment rough surface structure, and the roughness increases
with increasing Cl-content. On the other hand the unchlorinated
film showed smooth surface without any appreciable change of
the surface structure by the treatment with ethylene diamine
(see Fig. 2). . |

The above SEM observations lead to the following explana-
tion to the sharp maximum of the peel strength; chlorinated.
surface becomes rough, when it is in contact with a hardener
having amino groups, and enhances the peel strength by so-called
anchor effect at a low Cl-content. By further increase of the
Cl-content, however, the peel strength decreases due to the

destruction of the film. (T. Okada, K. Kaji)
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2. Preparation and Properties of Polyvinyl Chloride Fibers

with Graft Branches of Poly (Aluminum Acrylate)

1),2)

We have reported previously on the preparation and
properties of polyvinyl chloride (PVC) fibers with graft
branches of calcium salt of polyacrylic acid (Ca-PAA). In the
present experiments aluminum salt of polyacrylic acid (Al-PAA)
is taken up instead of Ca-PAA. The main object is, in this
case also, to obtain PVC fibers with higher temperature of
heat shrinkage. _

There are two methods to prepare PVC-g=-poly (aluminum
acrylate} (Al-AA). One is two step method, where free acrylic

acid is grafted to PVC, and then PVC-g-PAA is converted to

80 r
60 |
40 L Original X
20 -
0 1 1 | ! J
—~ 60
® 40 F  12.7% AA graft
" 20
g 0 M | 1 J
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-~ 60
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ﬁ 20 -
:(P: 0 [ | 1 |
60 ~
0T 43.7% an graft
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Fig, 1., Heat shrinkage of PVC-g-poly (aluminum acrylate)

fibers prepared by two step methed.

- 71 -
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PVC-g-poly (Al-AA) by treatment with aqueous solution of a
suitable aluminum salt such as aluminum acetate. The second
method is the direct method and aluminum acrylate is directly
grafted onto PVC to obtain PVC-g-poly (Al-AA).

Fig. 1 shows heat shrinkage of PVC graft fiber with poly
(Al-AA) prepared by the two step method. It is seen from the
figure that the degree of grafting as low as 12% is effective
to enhance the heat shrinkage temperature to a remarkable
extent. It seems that the effect of aluminum is somewhat
greater than calcium for the enhancement of the temperature of
heat shrinkage. |

The direct grafting with aluminum acrylate was carried
out as follows; PVC fiber swelled with a mixture of ethylene

dichloride and methanol was dipped in aquecus solution of

‘aluminum acrylate containing a small amount of CuS0O4 to prevent

homopolymerization outside of the fiber and then the mixture

was irradiated with y-rays of Co 60.
Fig. 2 shows the plots of percent graft against irradiation

40

(]
o

Graft ( % )
N
o

10

0 1 2 3 4 5 6 7
Irradiation time ( h )

Fig. 2. Grafting of aluminum acrylate onto polyvinyl chloride
fiber at 22°C. Dose rate: (o) 1.7 x 105 rad/h,

(e) 1.9 x 104 rad/h.
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time at 1.7 x 105 and 1.9 x 104 rad/h. At the dose rate of
1.7 x lO5 rad/h, one hour irradiation is needed to attain 10%
graft. It means that the rate of grafting is nearly the same
as that of calcium acrylate.

Aluminum acrylate graft polyvinyl chloride fibers have
high heat shrinkage temperature, especially when the graft fiber
has been heat-treated. Fig. 3 shows the heat-shrinkage of
aluminum acrylate graft fibers against temperature. The fiber
of 37% graft retains its fiber form even above 300°C, and gives
a maximum shrinkage of 40% which is much lower than that of the
original fiber. When this gfaft fiber is heat-treated at 180°C
for 5 min, the maximum heat shrinkage decreases to 20%.

When properties of PVC fibers with graft branches of
aluminum salt of polyacrylic acid prepared by two step and

80—
60 22.8% graft
40+
20
—~ 0 L 1 ] i J
oo
_ 80
3160_ 36.9% graft
T
A 40
5
y 20
%
l
R 0
3 80
60 36.9% graft
heat-treated
40 180°C,5 min.
L T
0 1 ] | _ .
0 50 100 150 200 250 300
Temperature { °C )

Fig. 3. Heat shrinkage of PVC~g-poly (aluminum acrylate)

fibers prepared by direct method.
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direct methods are compared, the former shows lower heat
shrinkage.

The measurements of the properties other than the heat
shrinkage'were made on the PVC fiber directly grafted with
aluminum acrylate (up to ca. 50%). The tensile strength,
elongation and initial Young's modulus are not affected by the

grafting. = The hygroscopicity increases with the extent of

grafting, and at 45% graft it is almost eqgual to that of cotton.
‘The aluminum acrylate grafted PVC fiber of higher degree of

grafting than 15% can be dyed with cationic dyes, although the
untreated PVC.fiber cannot be dyed. Fire retardance test
reveals that self-extinguishing property is the same as that
of the original fiber. (I. Sakurada, T. Okada, K. Kaji)

1) K. Kaji, T. Okada, and I. Sakurada, Sen-i Gakkai-shi
(J. of the Society of Fiber Science and Technology,
Japan), 33, T-12 (1977).

2) K. Kaji, T. Okada, and I. Sakurada, ibid., 33, T-494,
(1977).

3. Radiation-Induced Graft Polymerization of Acrylic Acid

onto Poly (Vinyl Chloride)

The purposes of the present work are to prepare polymer
having hydrophobic and hydrophilic groups in one moiecule by
radiation-induced grafting technique and to study the relation-
ship between properties and structure of the polymer. The
study is initiated with the grafting of acrylic acid to poly-
vinyl chloride. Graft polymerization was carried out on poly-
vinyl chleride powder suspended in aqueous solution of acrylic
acid containing ethylenedichloride as swelling agent with the
irradiation of Co-60 y-rays. Products are extracted with hot
water to remove homopolymer for 24 hrs, and dried under reduced
pressure. Percent grafting is calculated from weight increase
of the polymer.

Fig. 1 shows the rate of graft polymerization obtained

under various ethylénedichloride concentrations at constant

_74_
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Fig. 1. Rate of graft polymerization under various
ethylenedichloride concentrations.
(a) AA/HO/EDC: 40/54/6, (e) 50/40/10
(¢) 50/34/15, (s) 50/25/25, (f) 50/20/30,
(d) 50/15/35.

Dose rate: 6,2 x 104 R/h, at room temp.

monomer concentration. Grafting rate increases with the
increasing amount of ethylenedichloride in the system indicat-
ing that the swelling of the polyvinyl chloride with ethylene-
dichloride promotes monomer diffusion in the polymer.
Adsorption of cupric ion to the graft copolymer was tested
by the following method. The graft copolymer was added to 20
ml aqueous solution of cupric sulphate containing 100 ppm
cupric ion; the polymer was added to the solution so that the
guantity of carboxylic group in the polymer was sixteen times
that of cupric ion present in the solution in mole. Then the
pH of the solution was adjusted to 11.5 with agueous ammonia
solution, and the solution was stirred for 3 minutes. The

graft copolymer in the solution was separated and absorbance
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of the supernatant at 610 nm was measured to determine the
concentration of residual cupric ion.

Fig. 2 shows adsorption of .cupric ion by the polymer
obtained from systems a, e, s, and d in Fig. 1. The graft
percents of the polymers are given in the caption of the figure.
The polymers obtained from system a and e, in which the ethylene
dichloride content is comparatively low show good
adsorbability that 97% of the cupric ion is adsorbed by the
polymers after 10 minutes standing. The adsorbability, however,
decreases with increasing ethylene dichloride content in the
systems s and d. This result may be explained by the uniformity
of the distribution of carboxyl groups in the polymer particles;
carboxyl groups which have affinity to metal ions are mainly
distributed on the surface of the polymer particles in the
cases a and e where the degree of swelling is low, resulting
high rate of adsorption; on the other hand, in the polymer
particles obtained from highly swelled system s and d, the
carboxyl groups are uniformly distributed so that the cupric

100
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40
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Fig, 2. Adsorption of the cupric ion by the graft polymer.
= o0- a: Grafting %7 = 15.3, -e~- e: 15.4%,
-o~- s: 17.8%, -~-A- d: 18.4%Z.
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ions have to diffuse into the'polymer particles to be adsorbed.
In order to obtain further information about the distribu-
tion of the carboxylic groups in the polymer, electric

conductivity was measured on the grafted film which was obtained

10
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Fig. 3. Electric conductivity of the grafted films.
- o0- a: 26.0%, -A- e:r 30.0%,
- o= c¢: 30.3%, -o- s: 29.0%,
-w- f: 31.2%, -o- d: 29,0%,
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by grafting of polyvinyl chloride film in a similar way as

that applied for the powder grafting. Two cells divided with
grafted film, each mounted with silver electrode, were filled
with 40% XOH solution. Conductivity was measured by connecting
this cell to an a - ¢ bridge. Original PVC films have low
electric conductivity, but as shown in Fig. 3, the polymers
obtained from systems a and f show comparatively high electric
conductivity while the polymers by other systems, especially
the polymer obtained from the system s of the highest degree

of swelling, show low electric conductivity.

Since the carboxyl group plays an important role in carry-
ing ion or charge, the highest electric conductivity would be
expected for the polymers containing uniformly distributed
carboxyl groups, which are obtained from the system of the
highest degree of swelling, e.g., system s. The fact that the

polymer obtained in system s gave rather low conductivity

Strenght ( kg/cm2 )

[\

0 10 20 30 40 50 60
Graft ( % )

Fig. 4. Peeling strength of copper test pieces joined
with the graft polymers.
-A- a, -0o- e, -e- C,

- A- s, -~-m- I, -n0- d.
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Fig. 5. Peeling strength of iron test pieces joined
with the graft polymers.,

Symbols are the same as in Fig. 4.

against the above expectation suggests that the mechanism of
the conductivity is not simple and remains as the problem for
the further studies.

Adhesion ability to copper or iron was measured in order
to consider the structure of the graft copolymer through the
affinity of carboxylic group to metal surface. Graft polymer
(powder) was molded into 80 - 100 p thickness with hot press
at 190°c, 50 kg/cm?, the hot plates being covered with Mylar
film to avoid adhesion of polymer to the hot plates. The
polymer sheet is sandwiched with a pair of metal test pieces,
and hot-pressed under the same conditions as the molding.
Peeling strength was measured by an Instron tester at the
drawing rate of 20 mm/min.

The results are given in Fig. 4 and 5 for copper plates
and iron plates, respectively. The system from which the

graft copolymers were obtained and graft percents of the graft



JAERT=M 7949

polymer are given in the caption of Fig. 4. It is noted that
the polymer effective to iron does not always show good adhesiv-

ity * to copper, e.g., the polymer obtained by system a shows

- poor adhesion to copper but shows good adhesion to iron. The

inhomogeneous distribution of carboxyl group may not contribute
to adhesivity, because grafted chain can easily change its
conformation to give uniform distribution of carboxyl groups

in molten state during hot melt process of the adhesion test.
Therefore, the marked difference observed between the adhesion
to copper and iron might not be attributable to the distribu-
tion of carboxyl groups, but may result from higher order
structure of the polymer such as steric configuration.

(Y. Kusama, T. Yagi, T. Okada)

4, Wettability of Hydrated Cellulose and Poly (Vinyl Alcohol)

Films

1)

As described in the previous report™ ™', a variety of
hydrogels, mostly prepared by radiation-crosslinking of water-
soluble polymers, do not exhibit complete wettability against
water in spite of their high water content, in other words, a
water droplet does not spread out completely on the hydrogels.
Polysaccharides such as cellulose and dextran have the lowest
contact angle to water among the hydrogels studied. It seems
that the hydroxyl groups of these polymers may be responsible
for the high water wettability. More detailed studies are,
however, needed to reach a decisive conclusion on the wett-
ability of hydrogels. The aim of the present work is to
determine the water contact angles of hydrated cellulose and
poly (vinyl alcohol) (PVA) more precisely than in the case of
the previous study and to present a model on the surface
structure of hydrogels. Previously we measured the contact
angle with the usual sessile droplet method allowing the water
droplet neither to advance nor to recede. For the contact
angle determination of hydrophilic polymers swollen with water,
this sessile drop method has some disadvantages such as drying

of specimens and a long time to reach an eguilibrium.
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Fig. 1. Apparatus for measuring the contact angle by the

inverted bubble method.

Therefore, we adopted the inverted bubble method to study
the contact angle of cellulose and PVA films. Figure 1 illus-
trates schematically the outline of the method. The drawbacks
mentioned above with respect to the sessile drop method dis-
appear in this inverted bubble method. As is given in Table 1,
the measurement with this method also confirms. that cellulose
has a much lower contact angle than PVA. It is interesting to
note that the contact angles are almost independent of the
equilibrated water content of polymeré. The difference in
wetting between cellulbsé and PVA may be explained in terms of
the molecular structure. PVA has a hydrophilic group >CH-OH
and a hydrophobic group >CH; in the repeating unit, whereas
the repeating unit of cellulose should be rather regarded as
hydrophilic group as a whole. Accordingly, as demonstrated in
Fig. 2, it will be difficult for the cellulose molecule to
make its own surface more hydrophobic even when the surface
comes in contact with a hydrophobic environment. This is in

contrast with PVA, in which both hydrophilic and hydrophobic
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groups are able to change their direction to some extent

according to the outer phase in contact.

Table 1 Contact angles of several cellulose and

PVA films swollen with water

Contact angle/deg.

. Water
Film fraction
advancing receding average
Cellulose
Cuprophane 0.51 12.5 11.9 12.2
Visking 0.51 11.8 11.3 11.6
Cast 0.27 12.0 11.8 11.9
PVA
Commercial 0.37 50.0 20.6 37.9
Cast 0.73 50.3 20.6 38.1
air

----cn,-g --L--CH;~CH- -
H

hydrogel (C)

hydrogel (D)

Fig. 2. Schematic representation of orientation of hydrophilic

and hydrophobic groups at intersurfaces air/gel and

water/gel.

Hydrogel ¢ has a lower surface energy than hydrogel D.

g2 -
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The low contact angle on cellulose may be attributed to
the high concentration of OH groups at the surface, compared
with other water-soluble polymers. To confirm this expectation
determination of the OH concentration at the surface is current-
ly in progress with a fluorescence assay technique. (Y. Ikada,

T. Matsunaga)

1) JAERI-M 7355, 60 (1977).

5. Formation of Electret in Polymers by High Energy Electron

Irradiation

1)

In the last annual report™ ', it is described that electrets
are formed in polymers by electron beam irradiation, and the
amounts of charge accumulated in the polymers are independent
of the accelerating voltage and dose rate, but depend on dose.
Studies are carried out on the relationship between the amount
of charge formed in the polypropylene film and electrostatic
field which is formed on poly (methyl methacrylate) substrate
by irradiation. '

Surface charge density, o, on the polymer film is found
to increase with time after irradiation, t, according to

equation (1}:
g =k .2n t (1)

where k is a constant which depends on dose received by poly-
mer film (Fig. 1). Voltage generated on the substrate after
irradiation is measured as a function of time and logarithm of
the rate of the voltage increase is plotted in Fig. 2 as a
function of time for substrate irradiated with different
dose rates and doses. The plots lie on parallel straight
lines, the intercepts of which depend only on dose received by
the substrate; in other words, the plots lie on a straight

line if the readings of these points on the ordinate are multi-
plied by factors depending on the dose. In Fig. 3, the

multiplication factor, defined as shift factor, is plotted
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against dose ratio D3/D; where D7 and Dy are the doses at
which the two rate curves were obtained. The plots lie on a
straight line passing through the original point and having
the slope of unity. This fact indicates that the rate of
voltage increase can be related with t by the following

equation:

dv D 1
dt Do t (2)

where D is the dose at which the rate curve was taken and Dj

is the dose which gives curve: av/dt = 1/t. Eguation .(1) can
be rewritten as do/dt = k/t; combining with equation (2), one
can demonstrate that the surface charge density is proportional
to voltage induced in the PMMA substrate. The fact that the
voltage induced in the PMMA substrate is independent of elec-

tron accelerating voltage and dose rate as evident from Eg. (2)

]
o
!

ol
o
1

Surface charge density (10 2¢C/cm?)

Fig. 1. Surface charge density vs. time after irradiation.
o, 0.05 Mrad; & , 0.12 Mrad; o , 0.18 Mrad;

Dose rate, 1.8 x 10% rad/sec.
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agrees with the previous finding that the surface charge
density is independent of the electron accelerating voltage
and dose rate, and depends on dose alone.

The surface charge density decreases linearly with the

reciprocal of the distance between the film and the substrates

100 =

dv/dt (V/min)

I I
5 10

Time after irradiation (min)

Fig. 2. . Plots of dv/dt as a function of time after

irradiation; electron accelerating voltage:

1.5 MeV.
v : 0.2 x 10* rad/sec, 0.26 Mrad
o : 0.29 x 10% rad/sec, 0.17 Mrad
At 1.44 x 10% rad/sec, 0.11 Mrad
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during irradiation. The voltage of the PMMA substrate at the
end of the irradiation is constant for the experiments and the
voltage of the film surface against the irradiation window is
considered to be zero because of ionization of air on the
surface. Therefore, the strength of the electric field across
the film is inversely proportional to the distance between the
film and PMMA substrate. This again indicates that the surface
charge density is proportional to the electric field strength.

The irradiations are carried out on the polymer film
sandwiched between PMMA plates, the depth against radiation,
dose, and dose rate being varied.

The dependence of the surface charge density on depth
(Fig. 4) is similar to the electric field strength as a func-
tion of depth obtained by Arakiz) for polyethylene film taking
into consideration the correction for PMMA.

The above results lead to the conclusion that the surface

charge of the polymer electret is formed in proportion to

)Dl

av
(af) Dz
dv
dt

(

w 1.00}-

Shift factor F
O

1
0 1.00
Dose ratio ( D2/D1 )

Fig. 3 Shift factor vs. dose ratio.
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(=

Surface charge density ( x10"2¢c/cn? )
!
w

-10

Fig. 4. Effect of depth in PMMA on surface charge density

of PP-film; Accelerating voltage: 1.5 MeV.

Current density (uA/cmz) Injected charge density

0.203 x 10°° ¢/ cm?

o 0.043

A 0.043 0.104
Y 0.043 0.052
A 0.017 0.033
\J 0.017 0.042

electric field strength across the polymer film induced by
electric potential of PMMA substrate which is in contact with

or close to the polymer film. However, we do not obtain a
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model which explains the surface charge formation for different .

types of polymer films. (M. Kajimaki, T. Okada)

1) M. Kajimaki and T. Okada, JAERI-M 7355, 52 (1977).
2) K. Araki, et al., IEEE Trans, Nucl. Sci., NS5-23
(No. 5), 1447 (1976).
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[5] Studies of Chain Rupture in Polvamides by Radiation and

Mechanical Stretching

1. Chain Rupture in Nylon 6 Fibers

Previous studies of radiation effects on aliphatic and
aromatic polyamidesl)'z) indicate that degradation predominates
over crosslinking when polyamides are irradiated in air.
Degradation or chain rupture has also been observed to take
place in mechanically deformed polymers including aliphatic
polyamides. Therefore, studies of radicals resulted from chain
rupture by mechanical deformation of polyamides would provide
valuable information concerning the mechanism in the radiation-
induced degradation.

For studying radicals produced during mechanical loading,
we have constructed an apparatus for stretching fibers, as
shown schematically in Fig. 1. Fibers supported by brass rods
are stretched in the ESR cavity downward by a servo-motor.
Stretching can be made to a desired strain or load at a constant
strain rate of five different speeds from 5 to 100% elongation/

min.

LoD CELL x 4

| s | [mse-up | [ Loas
LD CELL = " [ peTECTOR [T PRESET

ESR
MASNET SAMPLE ELONG.
- DISPLAY
r L 4
STRETCHING| (ELONBATION| |ELONGAT MODE
UNIT GALEE PRESET SELECTOR
i
[
STRETCHING
UNIT (e
CONTROLLER

Fig. 1. Stretching apparatus.
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We have used the apparatus to study radical formation of
regular and high tenacity (HT) nylon 6 fibers both supplied by
Unitika Co. Radicals are found to be produced by stretching
nylon 6 fibers in a N, stream. The ESR spectrum observed
agrees well to the one reported previously and ascribed to the

secondary radicals produced subsequently to the chain rupture3).

100 40
BOF =
- 30
o
~
n
e
—~ 60} 'a
o 0
M 420 w
p H
=
g 401
e}
=
410 &
201 =
. l I 1 | 0
0 10 20 30 40 50

Elongation ( %)

Fig. 2. Load and number of radicals vs. elongation for
regular nylon 6 by the tensile force.

(2d x 8270 £)

Fig. 2 shows the concentration of radicals produced

against percent elongation when the load is stepwise applied

to regular nylon 6 fibers. Radicals become observable at ca.

15% of elongation and increase in concentration with the
elongation. The concentration at break is 2 x 10 spins/g
which is well within the range of the various values reported

previously.
Stretching of the HT-nylon 6 in N; gives rise to the ESR
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spectrum identical with that for regular nylon 6 described
above. The spectrum for the HT-nylon 6 fibers, however,
becomes observable at elongation lower than that for regular

nylon 6 fibers.

50

1olGSpiﬁS/g )
(8] -9
fam ) o

[ye]
(]

(

[R-]

i | l 1

0 10 20 30 40 50
Number of scis. 1017bond5/g )

Fig. 3. Scission and radical formation of regular nylon 6

by the tensile force.

Dilute-solution viscosities of the unstretched and
stretched nylon 6 fibers were measured with Ubbelohde capillary
viscometers and changes in the viscosity-average molecular
weight (M) were estimated. Fig. 3 shows the number of chain
rupture calculated from the changes in ﬁ& against the
concentration of radicals determined by ESR. The linearity
strongly indicates that the radicals observed by ESR are
produced by chain rupture of regular nylon 6. (K. Kaji,

S. Nagai, T. Takagaki, T. Okada, I. Sakurada)

1) XK. Kaji, T. Okada, and I. Sakurada, JAERI 5027, 26
(1971).
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2) K. Kaji, T. Okada, and I. Sakurada, JAERI-M 7355, 48

(1977) . .
3) H.H. Kausch-Blecken von Schmeling, J. Macromol. Sci.-

Revs., Macromol. Chem., C4, 243 (1970).

2. Radical Formation in Wholly Aromatic Polyamides

Preliminary‘results were reported last yearl) on ESR
studies of radicals produced by y-irradiation of two types of
wholly aromatic polyamides, m-phenylene isophthalamide (m-PIA)

1 and p-phenylene terephthalamide (p-PTA). As described in the

1 preceding report, we have constructed a loading apparatus

: which permits ESR studies of radicals formed during stretching
of fibers. With the apparatus studies were carried out on

m-PIA and p-PTA fibers.

AH 8 G
1
ms \

Fig. 1. ESR spectra observed during stretching of m-PIA
fibers. (a) in Np, elongation 15.2%; (b) in Ny,

elongation 40,5%; (c) in air, elongation 40.5%.
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The wholly aromatic polyamides used in this study are
drawn and undrawn conex of Teijin Co. as m-PIA and Kevlar of
Du Pont Co. as p-PTA. The fibers of 7900 filaments were
stretched in an ESR cavity using the loading apparatus.

Radical formation was successfully observed for m-FIA by
stretching both in air and in a Np stream while no radicals
were detected in the case of p-PTA. The results for m-PIA are
described below.

Stretching of m-PIA in air produces a singlet ESR spectrum
with AHpg=8G as shown in Fig. 1 a, which is identical with
that observed previously in the fibers after y~irradiation.

The spéctrum grows in intensity with elongation of the fibers.
Fig. 2 shows the load applied to the fibers and radical concen-

tration produced against percent elongation of the fibers.

60
sol. 410
49 ~
Loy}
401 18 &
—~ 5
o 17 &
~ [R-] max "
30} ) = 6.1x107®spins/g 1 & &
i 415~
0 p g
-
20 14 -
x
4 3 =
10 12
41
43———"“ﬁ}—ﬂﬂ1===r—7ﬂ—4}-

0 10 20 30 40 50 60
Elongation ( % )

Fig. 2. Load & radical concentration vs. elongation of
drawvn (A) and undrawn (o) m-PIA fibers (7900

filaments). Stretching was carried out in air.

_93-
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The concentration of radicals increases linearly with the
elongation, which strongly indicates that the radicals are
formed by molecular chain rupture of the fibers. It may also
be seen from Fig. 2 that the radical concentration in the
undrawn fibers is lower than that in the drawn fibers by an
order of magnitude.

Stretching of m-PIA in a N, stream, on the other hand,
gives a complex spectrum shown in Fig. 1 b. The spectrum is
fairly stable in N while it changes irreversibly to the
singlet, same as observed from m—-PIA stretched in air, when
the Ny, flow is stopped. The concentration of radicals produced
by stretching in N, is shown in Fig. 3 against elongation of
the fibers. This behavior is quite similar to that by stretch-
ing in air except that more radicals are produced in Nz. The
concentration of radicals in the undrawn fibers is again lower
than that in the drawn fibers. A similar phenomenon was
already found in the case of regular nylon 6 fibersz).

In an attempt to examine if the spectrum observed in Ny
fiow are due to primary or secondary radicals produced after
the chain scission, ESR studies were made for the fibers
stretched at low temperatures. It is found that stretching at
-100°C produces a triplet spectrum with 23G splitting which is
guite different from the spectrum in Fig. 1 b. The spectrum
is ascribed to the acyl radical C(=0)}NH¢ formed by scission
of C(=0)-¢ bond. On wérming the fibers, the spectrum gradually
decreases in intensity and changes at room temperature to a
complex one consisting“of a singlet with 8 G of width and an
asymmetric spectrum possibly due to peroxy radicals. The
spectral change observed may result from the reaction of the
acyl radical with oxygen contained in liquid Nz;“ahd our
attempt was unsuccessful to correlate the acyl radical with
the radical fesponsible for the complex spectrum observed in
N, at room temperature. The structure of the latter radical
is not understood at present.

It is of interest to compare the present results with
those for nylon 6. Radicals are detectable in m-PIA by stretch-

ing in air or in N, as described above. In contrast, stretching
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Fig. 3 Load & radical concentration vs. elongation of
drawn (A) and undrawn (o) m—PIA fibers (7900
filaments). Stretching was carried out in a Ny

flow.

of nylon 6 in air permits no detection of radicals, which is‘
due to the instability of produced radicals in air at room
temperature. The concentration of radicals formed in m-PIA is
lower than that in nylon 6. In addition, radical formation
becomes observable in m-PIA at elongations greater than 5% in
contrast to 15% in regular nylon 6, which may reflect the
difference in orientation of molecular chains in both fibers.

(. Nagai, K. Kaji, I. Sakurada)
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S. Nagal, K. Kaji, T. Takagaki, T. Okada and
I. Sakurada, JAERI-M 7355, (1977}.

T.C. Chiang and J.P. Sibilia, J.

Phys., Ed., 10, 2249 (1972).

- 96 -
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[6] Studies on Radiation Dosimetry

1. Survey of Wavelength Suitable for Optical Density

Measurement Used for CTA Film Dosimeter

Cellulose triacetate (CTA) film dosimeter which contains
triphenyl phosphate (TPP) in 15 % by weight is reported to have
excellent sensitivity and linearity between dose and optical

| density change when the optical density measurements are made

? at 280 nml). '

| This wavelength is recommended by Numelec Co. in France
because background optical density of unirradiated film is low

so that dosimetry is possible over a wide range of dose.

3.0 0.001
EEE E
, SEE £
72y thickness e X
N
\ i I

\ TPP

1 g -

2.0} . R d 208 0.01
>y ¥ e ~ @
o i/\ 1 15% 9
0 d A \ a d
5 /A : ™ 5
3 :q“ ] 10% -
. \ ‘ :
3 AN . @
£ 1.0} A ‘ 55 H0.1 &

; .
1 \. \ 3%
| \ 21
r \ \
! N / (\
>3
___,-/ TPP 0% S 1%
~. “‘-.___._
0 I ! o — e S s Rl l
150 200 250 300

Wavelength ( nm )

Fig. 1. Spectra of CTA films containing different amounts of TPP.
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However, no definite basis for selection of this wavelength
seems to be given and small deviation of the wavelength setting
may cause a substantial error because of steep change in
optical density (0.D.) around 280 nm in the UV spectrum of the
dosimeter after irradiation. Therefore, a survey has been
made to find the possibility whether better dosimetry can be
made at other wavelength for the CTA film containing different
amounts of TPP.

The CTA films containing no additives were supplied by
Fuji Photo Film Co. Triphenyl phosphate (TPP) by Nakarai
Chemicals Co. was recrystallized using zone melting method.
The CTA films containing 1 - 20% by weight TPP were prepared
by casting'solutions of CTA and TPP in methylene dichloride
and methanol (85 : 15 by vol). The thickness of the films
thus prepared was 40 - 120 um. Irradiations were carried out
with electron beams of 1.5 MeV and 50 pA from a VdG accelerator.
The samples to be irradiated are placed on a PMMA plate cooled
by running water to avoid temperature rise due to the irradia-
tions. The dose rate was estimated to be 7.5 x 104 rad/sec by

the CTA dosimeter of Numelec Co. The UV spectra before and

( hr )

- TPP 5% '
| 16Mrad /x‘

(%)

Relative change in 0.D.

3 10 30 100 300 1000

Time after irradiation ( min )

Fig. 2. Relative change in OD with time after dirradiation.
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after irradiation were recorded on a Shimadzu UV-210A
spectrophotometer.

The UV spectra of unirradiated CTA films containing
different amounts of TPP are shown in Fig. 1. The absorption
band centered arcund 260 nm arises from transition of =«
electrons of benzene rings in TPP. It is seen that the 0.D.
at 280 nm recommended for use in dosimetry is fairly low and
little dependent on TPP content while the wavelength of 280 nm
corresponds to no definite peaks. The wavelengths of 255, 261
and 267 nm at peaks cannot be adopted because of the high
0.D.'s. On the other hand, the wavelengths at bottoms lying

B TPP
5%
4%
1.0~
gﬁ : 2%
! | 1%
Ko
3} — x
> -
4
-
7] -
o
Q
o]
b "
m
6}
-
33
jo}) )
| \
} 1
200 250 300

Wavelength ( nm )

Fig. 3. Optical density change of CTA films containing different
amounts of TPP as a function of wavelength by 16 Mrad
irradiation. The optical density is normalized to that

of 125 p thickness.
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in 240 - 250 nm, and at 257, and 265 nm seem worth examining
further if their choice is appropriate for dosimetry, since
the 0.D.'s are rather low so long as TPP content in the film
does not exceed 10%.

Fig. 2 shows the change in optical density (40DgR) at 243
nm, the wavelength at one of the bottoms, relative to the value
immediately after irradiation, with time after irradiation of
CTA films containing 5% TPP to a dose of 16 Mrad.

The AOD decreases with time until 30 min after irradia-
tion, and thereafter increases gradually, in agreement with
the behavior found for the CTA dosimeter of Numelec Co. Since
the increase in the AODR at time longer than 24 hr is quite
slow, the value of AOD 24 hr after irradiation will be discuss-

ed below. When the irradiation dose increased from zero to 20

-
o

Optical density change
o
o

0 )i ] | | | |
0 1 2 3 4 5 10 15

[=)

Concentration of TPP { % )

Fig. 4. Optical density change at different wavelengths
by 16 Mrad irradiation as a fumction of TPP
concentration. The optical density is normalized

to that of 125 u thickness.

- 100 -
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Mrad, no shift from 243 nm was observed for the wavelength at
the bottom.

in Fig. 3, the change in optical density (A0D) are plotted
against wavelength for the CTA films containing different
amounts of TPP. The irradiation dose was kept constant at 16
Mrad and film thicknesses are normalized to 125 um thickness
since the film thickness deviates a little from batch to batch.
It is evident from the figure that AOD becomes larger as the
OD readings are taken at shorter wavelength and the content of
TPP increases.

In Fig. 4 the data are replotted from Fig. 3 to give the
AQD chénge as a function of TPP content at 243 nm, 257, 265
and 280 nm. The sensitivity of CTA film containing 5% TPP at
243 nm is three times higher than that at 280 nm, and even
high by 1.3 when compared with that for CTA film containing
15% TPP at 280 nm.

o - : 243nm
g 257nm

1.0—
S g 265nm
>1 -
+ -
-
- B
= L
Q
e
b i
« Sy -—-- TPP 15%
Ao 1 280 nm
5k (Numelec Co.)
Q —

| A1 1 | 1

1 2 4 8 16
Absorbed dose { Mrad )

Fig. 5. Optical density change vs. absorbed dose for CTA film
containing 5% TPP at 243, 257 and 265 nm; the AOD is
normalized to that of 125 p thickness. Data for CTA

obtained from Numelec Co. is also shown for comparison.

- 101 -
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The linearity test for dose-aA0D relationship also gives
satisfactory results at 243 nm without sacrifice of the
sensitivity as shown in Fig. 5.

In conclusion, dosimetry can be performed more accurately
by the measurement of optical density change at 243 nm for the
CTA films containing TPP. (K. Matsuda, T. Takagaki,

T. Kasamatsu)

l) Y. Nakai, K. Matsuda, and T. Takagaki, JAERI 5029,
2153 (1973).

2. Coloration Mechanism of the CTA Dosimeter

The dosimetry using the CTA film consists of measurement
of optical density change in the UV region before and after
irradiationl). The origin of such coloration, however, seems
not to be known. The present study was carried out in an
attempt to get insights into the mechanism for the coloration.

The CTA film dosimeter containing 15 weight % triphenyl
phosphate (TPP) employed in this study was obtained from
Numelec Co., France. Radiation effects on the dosimeter were
studied spectroscopically using UV, IR, and ESR spectrometers.
For comparison, similar studies were made on CTA films contain-
ing no additives supplied from Fuji Photo Film Co., and TPP
powder from Nakarai Chemicals Co. Irradiations were performed
with electron beams from a VdG accelerator.

Fig. 1 shows the relative change of the optical density
(AODR) at 280 nm with time after irradiation of the film
dosimeter irradiated in air and in vacuo. The AQOD for the
dosimeter irradiated in air decreases gradually with time
until 30 min after irradiation and thereafter increases with
storage time. Thus, the coloration of the dosimeter consists
of two different phenomena, one occurring during irradiation
and the other proceeding after irradiation. These are, for
convenience, referred to hereafter as in situ-ceoloration, and
post-coloration, respectively. In situ-coloration was also
found to occur in the dosimeter irradiated in vacuo and the

CTA film containing no additives. On the other hand, no or

- 102 -
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little post-coloration occurs in the dosimeter irradiated in
vacuo with or without subsequent exposition to air as may be
seen from Fig. 1. This is also the case for the pure CTA film
irradiated in air. Accordingly, the post-coloration would be
attributed to some radiation effect on TPP in the presence of

air.

{%)

Relative change in 0.D.

| 1 l : 1 |
3 J0 30 100 300 1000

Time after irradiation { min )}

Fig. 1. Relative change of optical density at 280 nm with time
after irradiation of the CTA film dosimeter in air (x),
in vacuo (o). The data (e) are for the dosimeter

irradiated in vacuo, followed by exposition to air.

The in situ-coloration may arise from non-radical species
produced in CTA films by irradiation in view of the following
findings obtained from ESR studies. The ESR spectrum of the
dosimeter after irradiation in vacuo or in air consists of a
triplet with the approximate separation of 12 G. A nearly

identical spectrum was observed from the irradiated CTA film

- 103 -
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containing no additives, so that the triplet spectrum is
ascribed to CTA radicals. Irradiation of TPP powder produces
an ESR spectrum showing the presence of two distinct radicals.
The predominant component is ascribed to the phenoxy radicals
and the minor one to cyclohexadienyl-type radicals produced by
H atom addition to the benzene ring in TPP. Fig. 2 shows the
decay curves of the radicals produced in the CTA films and
powder, and in TPP powder. It can be seen from the figure
that the CTA radicals in the dosimeter disappear nearly com-
pletely in air within 100 min while they are fairly stable in
vacuo. The behavior is quite different from that for the AODg
described above so that the CTA radicals may not be responsible
for the in situ-coloration.

2) that scme types of sub-

It is known in ligquid phase
stituted phenoxy radicals react with O; to produce peroxides
and quinones which give rise to strong absorptions in UV and
visible region. By analogy, it is likely that the phenoxy

radicals trapped in the dosimeter react with 0p to produce

{(arb.unit)
H
I

o
o

-~
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© 0.5
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o 1\ mme--- In vacuo

~ In air
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- 3 10 30 100 300 1000 3000
E Time after irradiation { min )

Fig. 2. Decay curves of radicals produced by irradiation of
CTA film containing 15% TPP (e}, pure CTA film (a),
pure CTA powder (A), and TPP powder (x) at room

temperature. Dose, 20 Mrad.
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some color centers for the post-coloration. This hypothesis
was, however, ruled out by the finding that the dosimeter
irradiated in O5; exhibits no post-coloration. In addition, it
was found in a preliminary experiment that the dosimeter
exposed to 7 torr NO,; shows an increase in OD at 280 nm with
time. This fact suggests that the post-ccloration proceeds
through reactions of NOj, produced by irradiation and confined
in the dosimeter, with TPP. Further study is in progress to

support this hypothesis. (K. Matsuda, S. Nagai)

1) Y. Nakai, K. Matsuda,.and T. Takagaki, JAERI 5029, 153
(1973) . |

2) A.R. Forrester, J.M. Hay, and R.H. Thomson, "Organic
Chemistry of Stable Free Radicals", Chap. 7, Acad.
Press, London and New York (1968).
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