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Studies on Chemical Effects of Radiations
from Nuclear Waste Glasses {(III)*

Hiroshi Yoshida,** Masaaki Ogasawara,**
Tsuneki Ichikawa,** Hitoshi Yamaoka,***
and Tomochika Matsuyama***

Abstract

Highly-raicactive nuclear waste produced from the treatments
of spent nuclear fuel contains many kinds of radiocactive elements,
which make the managements of the waste difficult technicaly and
socially. The present studies aim at utilizing the radioactive
waste glasses as gamma sources for radiation chemical prosesses,
in order to contribute to the completion of the nuclear fuel cycle.

The local distribution of free radicals produced in polyme-
thylmethacrylate irradiated with gamma-rays has been studied by
means of the electron spin echo method: the free radicals are
produced pairwisely with the average separation of 3 nm. This is
the primary step to investigate the peculiarity of the effects of
high LET radiations such as alpha rays in the radioactive waste.
The effect of reactor radiations on the mechanical properties of
several polymeric insulators has been studied. It has been found
that polyphenylene sulphide and polyether etherketone are highly
resistive against the radiations. 1In order to elucidate the
characteristic nature of radiation chekical reactions, rate con-
stants for the electron transfer, substitution, and dimerization
reactions of organic radical ions has been investigated. Based
on the results of our own and previous results of others, diss-
cussion has been made on the future studies of radiation chemis-
try as a whole and on the radiation chemical studies in relation
with the utilization of the radicactive waste.

*Work performed by Faculty of Engineering, Hokkaido University
under contract with Poer Reactor and Nuclear Fuel Development
Corporation.

**Faculty of Engineering, Hokkaildo University.
***Research Reactor Institute, Kyoto University.
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Radiation Effects on Organic Insulator Films at Low Temperature

H. Yamacka and K. Mivata

Research Reactor Institute, Kyoto University

Kumatori, Osaka 590-04, Japan

Abstract--- The radiation effects of some organic insulator films
have been studied at low temperature. The specimens used were
thin films of polyethylene terephthalate (PET), polyphenylene
sulfide (PPS}, polyether etherketone (PEEK), and polypyromelliti-
mide (PPMI, Kapton H). Reactor irradiations were performed at 20
K and tensile properties of the irradiated films were measured at
77 K. In the irradiated PET, the tensile strength remarkably
decreased with an increase in the absorbed dose above 2 MGy and
the ultimate elongation gradually reduced with increasing dose.
On the other hand, no essential changes in mechanical properties
were observed for both PPS and PEEK films after irradiation up to
8 MGy at 20 K. As far as the present experiments are concerned,
the radiation tolerances of PPS and PEEK films have been proved

to be of the same level as that of PPMI film.
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Introduction

Organic insulators for the superconducting magnet used in
fusion reactors must combine a variety of performance requirements,
such as high mechanical 1oads,‘cryogenic temperatures and high
levels of nuclear radiation, over long periods of time.

Although a number of experiments on cryogenic radiation
effects of filamentary-reinforced plastics have recently been
reported[1-8], there have been very few investigations on organic
insulator films irradiated at low temperatures.

The purpose of the present study is to evaluate the relative
stability of some polymer films in radiation environments at low
tempefatures. The changes in mechanical properties of irradiated
polymer films have been observed by means of tensile tests, and
measurements of electrical properties on irradiated films have

also been performed over a wide temperature range.

Experimental
The specimens used here were commercially available polymer
films of polyethylene terephthalate (PET), poclyphenylene sulfide
(PPS), Polyether etherketone (PEEK), and polypvromellitimide

2 in area and 100 m

(PPMI, ZXapton H). The specimens were 5x90 mm
thick for PEEK and 50 m thick for PET, PPS, and PPMIT.
Irradiations of the films were performed in the low-tempera-
ture irradiation facility of the Kyoto University Reactor, the
average temperature of which was about 20 K under reactor opera-
tion at 5 MW. The highest 7-ray dose rate, fast (E »>0.1 MeV) and
thermal neutron £fluence o©f the facility are 1.2x10° Gy/h,

2.5x1015n/m2/s and 2.3x1016n/m2/s, respectively. After irradia-



tion, the specimens were gradually warmed up to room temperature
and stored in a dry atmosphere for a few weeks.

The tensile properties of the films were measured at 77 K
with a Shimazu Autograph test machine, Model AG-500, using 5 mm-
wide strips, 50 mm in gauge length, and 2.5 mm/min crosshead
speed. Average values of the tensile properties for the
irradiated films were based on tests of 5 specimens.

Measurements of dielectric breakdown over the temperature
range 4.2-400 K were made with voltage pulses of 6 s width,
where the occurence of the breakdown was confirmed by observing

spark light and the drop of applied voltage on an oscilloscope.

Results and discussion

The stress-strain curves of unirradiated and irradiated
films measured at 77 K are éhown in fig. 1. Tests on unirradiated
PET revealed a distinct vielding stage at 77 K, whereas those on
irradiated PET resulted in brittle failure with no apparent yield
point. The film of unirradiated PEEK also showed certain plastic
strain regions after a clear yield point, and this feature was
maintained in the irradiated specimens. On the other hand, the
films of PPS and PPMI exhibited gradual increase of strength over
elastic limits in both unirradiated and irradiated specimens.

Radiation effects of PPMI at low temperatures have been
studied by Coltman et al.[1,3] and Takamura et al[2,9].
The results of their experiments indicates that the mechanical
properties of PPMI are not appreciably altered by irradiation of
10 MGy at 5K. Coltman and his coworkers also reported that the

specimens of PPMI showed little change in electrical properties
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after irradiation of 100 MGy at 5 K[1]. Similar trends on
irradiated PPMI films were found in the present study. No essen-
tial changes in both mechanical and electrical properties were
observed for PPMI specimens after irradiations up to a 7-ray dose
of 7.6 MGy and fast nevtron fluence of 4.4x1020 n/mz.

~ The results of tensile tests on irradiated PET and PPS films
are shown in fig. 2, where the absorbed doses were estimated
under the assumption of 1 Gy = 1015 n/m2 (E » 0.1 MeV). In the
irradiated PET films, the tensile strength remarkably decreased
with an increase in the absorbed dose above 2 MGy and the uitimate

elongation gradually reduced with an increase in the dose.
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Fig. 1. Stress-strain curves of unirradiated (——) and irradiated
(———-) films at 77 K. (Reactor irradiation to a r-ray dose of 7.6

2

MGy and fast neutron fluence of 4.4X1020 n/m“ at 20 K.)



Takamura et al.[9] found that Mylar (PET film) was too brittle to
handle after irradiation at 6.2 MGy at 5 K, and Evans et al.[9]
recommended that the use of PET in radiation environments at low
temperatures should be limited to a dose below 10 MGy. The
results obtained in the present study are in good agreement with
previous reports.

In contrast to the moderate tolerance of PET film, the
greater stability to radiation was found in PPS specimens. Both
the tensile strength and the ultimate strength of PPS at 77 K
were substantially independent of irradiation dose up to 8 MGy,
as shown in fig. 2. The tensile modulus of PPS film, calculated
from the initial slope of stress-strain curves, was found to be
about 4.8 GPa and this value was also constant during the irra-

diaion up to 8 MGy.
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Fig. 2. Effects of reactor irradiation at 20 K on mechanical
properties of PET(@ ) and PPS(0O ) films. (Test at 77K after warm

up to room temperature.)



Fig. 3 represents the temperature dependence of the breakdown
strength in unirradiated and irradiated PPS films. Yoshino et
al.[11] reported that the electrical registivity of PPS film was
about 2.1x1018 cm at room temperature and the breakdown
sﬁrength of PP5 showed a relatively small change with the variation
of temperature, suggesting the dominant contribution o©of an
electronic process in the breakdown. A similar temperature depen-
dence was obtained for unirradiated PPS film in the present
study and it appeared that the reactor irradiation at 20 K gave
no significant effect on the breakdown strength of PPS films over

a wide temperature range.

O Unirradiated

6 @ Irradiated
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Fig. 3. Temperature dependence of breakdown strength in
unirradiated and irradiated PPS films. (Reactor irradiation to a
r-ray dose of 6.0 MGy and fast neutron fluence of 2.3x1040 n/m2

at 20 K.)



The use of PPS in neutron fields results in the production
of radiocactive nuclide,35S through the 34S(n,f)35s reaction.
However, the contribution of 35S_thus produced is estimated to be
less significant to the total radiocactivity in the surroundings,
since the 7r-rays from 358 are very weak (E = 0.17 MeV).

The results mentioned above indicate that PPS is one of the
candidate materials as an insulator for superconducting magnets
in fusion reactors.

The mechanical properties o¢f unirradiated and irradiated
PEEK films, measured at 77 K, are summarized in Table 1. No
differences between the control and the irradiated specimens in
tensile tests were found at least up to a dose of 8 MGy. The
reason for the greater radiation tolerance of PEEK as well as PPS
could be attributed to the incorpofation of aromatic groups and
the absence of methylene units in the chemical structure of the

main chains.

Table 1. Effects of reactor irradiation at 20K on the mechanical

properties of PEEK films ({Test at 77 K after warming up to room

temperature; ( ), standard deviation)
Dose Tensile Tensile Ultimate
(MGY) modulus . strength elongation
{GPa) {MPa) ( %)
0 3.64 (0.19) 143 (5) : 7.3 (0.6)
2.9 3.89 (0.13) 150 (4) 7.1 (0.9)
5.5 2.78 (0.16) 145 (4) 7.0 (1.4)

8.0 3.76 (0.14) 145 (4) 7.3 (1.2)




Although PEEK had excellent radiation registance, it comple-
tely lost its flexible nature under cryogenic conditions, as seen
in the stress-strain curve at 77K. Thus, the utility of PEEK
would be limited for low temperature applications.

The importance of the contribution of fast neutrons in the
radiation damage of organic insulators has been recognized in
recent years. We have not discussed this problem here since no
comparable data on damage in the films by pure py-irradiation are
available. Further experiments are required to separate the con-

tribution of fast neutron in the present system.

Conclusion

In the PET films irradiated at 20 ¥, the drastic reduction
in tensile strength was found above the absorbed dose of 2 MGy
and the gradual decrease in ultimate_elongation, with increasing
dose, resulted in brittle fracture of therfilms.'In the case of
PPS films, no significant changeé in both the mechanical and
electrical properties were observed after irradiation up to 8 MGy
at 20 K. The films of PEEK also showed excellent radiation-
registant properties in mechanical tests at low temperature. As
far as the present experiments are concerned, the radiation
tolerances of PPS and PEEK films have been proved to be on the

same level as that of PPMI films in cryogenic conditions.
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Application of Pulse Radiolysis Technique to Several Reactions
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Abstract---The n-sec pulse radiolysis technique has been applied
to study the rate constants for charge transfer and substitution
reactions of radical ions. The electron transfer from biphenyl
anion to styrene derivatives shows the correlation with the redu-
ctibn potential of the acceptors expected by the Marcus theory.
The positive charge transfer from biphenyl cation to the same
acceptors shows the much larger rate constant, suggesting a con-
siderable shift of the free energy relationship to the posi-tive
side of G® The substitution reaction of fluorenone anion with
organic halides shows SNZ charactor, while that of dimethyl fuma-
rate shows electron-transfer nature. The dimerization of radical
anions has been proven.for benzophenone and fluorenone, when their

lifetime of the parent anions are prolonged by countercations.

Introduction
It has been established that organic radical anions and
cations can be selectively generated by irradiating appropriate
solutions with ionizing radiations. Thus, the pulse radioclysis-

optical absorption technique is the most powerful technique to



study the nature and behavior of short-lived radical ions in
solutions.! This paper is aimed at showing the pulse radioclysis
results on several reactions of drganic radical ions obtained so
far by the present authors as examplés'of the general applicabi-
lity of the technique to organic reaction chemistry. A part of

the data presented here have already been reported elsewhere.?

Experimental

Most experiments have been made by using the pulse radiolysis
-optical absorption fac;lities of Hokkaido University. Although
the experimental facilities have already been described elsewhere,2
they have been improved contiﬁuously,and thelr present state is
briefly described below. Electron pulse of 10-100 ns width is de-
livered from a 45 Mev linear accelarator. The radia-tion dose is
abouﬁ 25 krad pér pulse for the 100 ns pulse with a beam cross-
section of 5 mm diameter. The analyzing light from a 150 watt Xe
lamp goes_successively through a shutter, a focus-sing lens, a
sample cell (usually cross-section of 10x10 mm), a collimating
lens, three reflecting mirrors, and a focussing lens, to a mono-
chromator with a wavelength resolution of about 1 nm. The xenon
lamp can, When_necessary, be energized by twenty times with 0.1
ms pulse coinsident with the electron beams. The mono-chromatized
light is detected by a photomultiplier (Hamamatsu, R316 or R446).
Transient signals are sent to a Storagescope (Iwatsu, Model TS-
8123), digitized there, and transfered to a microcomputer for
futher registration and'analysis._ The overall time-resolution of
the detection system is about 10 ns. The spectral range to be

studied is 300-900 nm. The temperature of the sample cell can be



controled by use of a cryostat (Oxford, Model DN-1704) down to 77
K with the uncertainty of *0.1 K.

All solutes used were of the highest purity commercially
available. Except for styrene and its derivatives, the solutes
were generally used without further purification, because the
occasional check of the further purification gave no effect on
the results. Styrene and ¢ -methyl, p-methoxy, p-methyl, p-chloro
and m-chlorostyrenes were washed with aqueous solutions of Na,S,04
and 20% agueous solution of sodium hydroxide, dried over calcium
chloride, refiuxed on CaH, under reduced pressure, and fractionally
distilled immediately before use.

Solvents used were carefully purified. Tetrahydrofuran (THF),
2-methyltetrahydrofuran (MTHF), and 1,2-dichloroethane were ref-
luxed over sodium metal, treated with NaK alloy repeated-ly under
vacuum. 2-Propanol was refluxed with sodium tetra-phenylborate and
a small amount of sodium metal for 24 hours. Hexamethylphosphoric-
triamide (HMPA) was refluxed with Call, and distilled under a redu-
ced pressure. The solvents were vacuum-distilled into quartz sample
cells (10x710x20 mm) with the solutes in them and sealed off.

The reduction potential of the solutes was determined by
cyclic voltammetry in dimethylformamide containing 0.1 mole/dm3
Bu,NCl0, with a platinum disk electrode (1 mm diameter) at a

sweep rate of 0.2 V/s.

Results and Discussion

1. Electron Transfer from Biphenyl Anion to Styrene Derivatives.

The solution of biphenyl in 2-propanol showed a transient
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absorption with a sharp absorption maxima at 406 and a broad one
at 600-630 nm. This absorption spectrum decreased in intensity
following a first-order kinetics. It has already been attributed
to biphenyl radical anions (Ph,7), which disappears by the proton
transfer from protic solvents.>

When styrene or its derivative was added as the second solute,
the absorption spectrum showed no change in shape, but its decay
was enhanced by a concurrent pseudo first-order process whose rate
constant was found to be proportional to the concentration of the
second solute,- These results indicate that radiation-generated
electrons are predominantly captured by biphenyl resul-ting in the
formation of th', from which the electrons transfer to the second
solute, From the concentration-dependent enhance-ment of the first-
order rate constant, the second-order rate constant of the electron
transfer reaction was determined for p-chlorostyrene, m-chloro-
styrene, styrene, p-methylstyrene, and p-methoxystyrene (in the
decreasing order of the rate constant).

The electron-transfer rate constants have a good correlation
with the free energy change of the reaction, AG®, estimated from
the difference of the reduction potential between biphenyl and
the styrenes, as demonstrated in Fig. 1. The apparent linear re-
lationship between logk and the free energy change, AG®, indicates
that

k = Aexp(—AG#/RT) (1)
and
AT = gAGC 4+ - - (2)

where AG* is the free energy of activation.. The slope of the

line in Fig. 1 gives g=0.3. According tc the Marcus theory for



the outer-gsphere electron transfer reactions,4 the free energy
of activation is given as

AGT = AGoT (1 + AGO/4865T)2  (3)
for the case where uncharged entities are involved in.both of
reactants and products. The intrinsic barrier AGy is given by
the consideration of reorganization of solvent, under the conti-

nuum assumption, as
AGeT = 4(Ae)®(1/Dgy-1/Dg) (1/2r141/28,-1/(x14r5))  (4)

where Ae is the change in charge of the electron donor, DOp and

D, are the optical and static dielectric constants of the sol-

vent, rq and r, are the radii of the two reactants. Taking the

p~CH,
O o0ty
9 = 7
p
s
ﬁ u‘"CH3
/
= /
S & -1
_.8_ /
/@ Styrene
/
7

~AG°/ kJ-mol™

Fig. 1. The second-order rate constant (Q) for electron
transfer from biphenyl radical anion to styrene and its deriva-
tives in 2-propanol and (@) for positive charge transfer from
biphenyl radical cation to styrene and its derivatives in 1,2-
dichlorocethane at 292 K as a function of the free energy change
of reaction. The free energy change was estimated from the
difference in reduction potential for the electron transfer reac-
tion and from the difference in ionization potential for the
positive charge transfer between the donor and the acceptor
molecules. '



values rq=0.4 nm for biphenyl and r,=0.3 nm for the styrenes, we
can obtain a reasonabale agreement between Kact and.AGQ as shown
in detail previously.2 k.ot is the electron-transfer rate con-
stant corrected for the effect of diffusion of the reactants in
the solution,

EBarly in f968, Arai and Dorfman have reported the rate con-
stants for similar electron transfer between arenes determined

5 In this case, the range of

by the pulse radiclysis technique.
G° studied is b.e'tween'—1 0 and +10 kJ/mol, shifﬁed to the positive
side, and the slope ¢ is 0.5, somewhat larger compared with the
present study. These data have bgen-successfully_interpreted by
the Marcus theory by using effective radii of the reactants
rq=r,=0.5 nm.

The Ph,” anions in THF solution give the same spectrum but
show the different decay behavior: they decay following a second-
order kinetics due to the charge recombination wifh positively
charged entities (probably protonated THF molecules). In the
presence of NaBPh, as the second solufe, thé anions readily form
the ion pair with Na™ as demonstrated by the shift of the absorp-
tion maximum from 406 to 400 nm énd the retardation of the second-
order decay. The electron transfer to the styrenes from Ph," in
the ion-pair state was found much slower. For example, the rate
constant k at room temperature is_4.32x107 and 1.1x107 mol"1dm3s‘

1 for the free state in 2-propanol and the ion-pair state in THF,

respectively.

2. Positive Charge Transfer from Biphenyl Cation to Styrene

Derivatives




Biphenyl in dichloroethane gives the spectrum with absorp-
tion maxima at 365 and 390 nm ,which has been attributed to bi-
phenyl radical cations, Ph2+.6 They almost disappear within 4s
following a second-order kinetics. In the presence of styrene
or its derivatives as the second solute, the decay is enhanced
by the concurrent pseudo first-order decay whose rate constant
is proportional to the concentration of the second solute. This
enhancement of decay is attributed to the transfer of positive
charge from the Ph2+ cations to the styrenes. Such a positive
charge transfer is supported by the observation, for ¢ -methyl-
styrene, of the concomitant glowth of absorption at 470 nm, which
has been attributed to dimer cations resulted from the reaction
between a radical cation and a neutral molecules of a¢ -methyl-

7

styrene.

By analyzing the complex decay curves by the kinetic equation

1/A(t) =[(']/A(t')+]{2/k1sl)exp{k1(t—tr)}—1'12/k1&‘=‘l]—1 (5)

for the superposition of a first- and a second-order decay, the
rate of the positive charge transfer can be determined. 1In the
above expression, A is the absorbance at time t and tr, ks and k,
are the rate constants for the first- and second-order decays, & is
the extinction coefficient of the positive charge donor, and 1 is
the pass length of the analyzing light. In the presnt study, k,
is proportional to the concentration of the positive charge accep-
tor, and the proportionality constant gives the second-order réte
constant for the positivercharge transfer. Thus determined rate
constant is shown in Fig. 1 for styrene, p-chlorostyrene, g-methyl

styrene, p-methylstyrene, and p-methoxystyrene as a func-tion of



the free energy change of the reaction, AG® (in the order of de-
creasing4G®). In this case, the free energy change was estimated
from the difference of the reported values of the gas-phase ioni-
zation potentials between biphenyl and the styrenes.8

It appears that the log k-AG® relationship has a maximum at
£G®=0.5-1.0 kJ/mol. It seems that the rate at the same free enerqgy
change is much larger for the positive charge transfer than for
the electron transfer. The high exotherm of the posi-tive charge
transfer seems to lie in the so-called inverted region. However,
these are not conclusive, because the ionization potentials, and
therefore the true free energy change of the reaction, in the

solution is not known at the moment.

3. Substitution Reactions Involving Radical Anion of

Fluorenone and Diethylfumarate

The radical anions react with organic halide, RX, as below,
if the reduction potential of the parent molecule of the radical

anions is less negative than that of RX:?

. " (6)
o. = OR
C2Hs0.C H C2HsC2C H
¢ +RX—>  GCR O+ X (7)
H CO.CzHs H CO.CzHs

These reactions are regarded as a substitution of a halide ion,

X7, in RX with a radical énion: one nucleophilic reagent dis-pla-
ces with another from its union with an.electrqphilic reagent (R-
group). These substitution reactions have been postulated as an

elementary step of the electrochamical vicinal addition of alkyl



groups to fluorenone and diethyl fumarate.'® We tried to deter-
mine the rate constant of the abovelsubstitutionlreactions by the
pulse radiolysis technique in order to éxamine the reaction nature.
Kigawa et al. have shown, based on kinetic data of the intramole-
cular reactions of 1-{4-biphenyl)-w-haloalkanes studied by the
pulse radiolysis technique , the possibility that anién radicals
of biphenylic group react as nucleophilic reagents with -CHyX
groups.11 In the present study, the radical anions of fluorenone
and diethyl fumarate weré generated in hexamethylphosphoric-tri-
amide (HMPA) solutions. This solvent was chosen, because the
radical anions are readily generated by the electron attachment
to the solute molecules and that theré was ho poSsibility of the
protonation to the radical anions.

The HMPA solution of fluorenone showed the absorption spec-
trum at 470-600 nm with a maximum at 570 nm immediately after the
electron pulse. This spectrum can be attributed to the radical
anions of fluorenone, F1~, from the similarity with the F1~ spec-
trum observed in dimethylformamide solution.'2 fThe F1- spectrum
was found to decay following a first-order Einetics with a rate

constant of 8x104 5'1

; very probably due to the reaction with sol-
vent molecules. Addition of RX, such as ethylbromide, isopropyl-
bromide, t-butylbromide, allylbromide, or benzylbromide, enhanced
the decay of F1™ due to the pseudo first-order process. This
process is though to be the reaction between F1~ and RX, of which
rate increased proportionally with the increasing RX concentration.
The rate constanst, k, of this proces are shown by closed circles

in Fig. 2 as a function of reduction potential, E of RX. There

red?’

is no correlation between k and E Rather, k is determined by

red"*



the steric and resonance effects of R-groups as commonly seen in
the typical Sy2 reaction: k_is reduced‘by 2 orders of magnitude
by the steric effect when‘R changes from ethyl to bulky iso-propyl
or t-butyl, and k is still large_by_therresonance effect of R even
if R changes from ethyl to bulky allyl or benzyl group.13

The HMPA solution of diethylfumarate showed the absorption
spectrum with a maximum at 340 nm. This absorption spectrum is
attributed to_diethylfumarate radical anions, DEF~, becaﬁse of its

similarity with the spectrum of dimethyl fumarate radical anion

(CH3)_2tHBr CoHsl Or-chBr
;zHSBl"L J, | (C*\*LahCBr \L CH2=CH3’HZBrl
[}
@
@
8r @ .
B 4
3
- 7 | -
6} i
. ! ] . | ! 1
24 20 16

= Eredl Y

Fig. 2. The second-order rate constant for the reac-
tions at room temperature (Q) between diethyl fumarate
radical anion and organic halides and (@) between fluore-
none radical anion and organic halides as a function of the
reduction potential of the organic halides.



generated by y-rays in rigid MTHF matrix at low temperature.14
DEF~ decayed following a second-order kinetics probably due to

the charge recombination. The addition of RX as the second solute
enhanced the decay by the concurrent pseudo first-order reaction
between DEF~ and RX. The analysis of the observed decay curves
based on the expression (5) gave the dependence of k on Ereg as
shown in Fig. 2 {open circles).

The results in Fig. 2 indicate two distinct aspects of the
rate constants of DEF_. Firstly, the rate cosntants of DEF~ are
much less dependent on RX than those of F1~ are. The bulkiness
of R gives almost no effect on the substitution reaction, when R
changes from ethyl to isopropyl. Secondly, they show a good cor-
relation with E.,gq OF RX, very much like for the electron transfer
reaction mentioned before. When R is allyl or benzyl, the nucleo-
philic substitution is expected to be facilitated by the resonance
effect. Whén the leaving group changes from Br~ to less basic I,
the substitution is expected to occur more readily. These expec-
tations can really be seen in the present results for the reaction
between DEF~ and RX, but in much less extent than expected for
ordianry Sy2 reactions. It is strongly suggested that the reac-
tion between DEF~ and RX occurs in S mechanism:1° the electron
transfer occurs prior to the C-C bond formation between DEF~ and
R. The difference between F1~ and DEF™ of the mechanism of sub-
stitution reaction may have been caused by the difference in the
reaction site, 0 or C atom, of the substitution.

The products of the above substitution reactions are the
ketyl-type free radical of fluorenone and the R-adduct radical of

diethylfumarate. The optical absorption attributable to these



products could not be observed in the present pulse radiolysis -
study, probably because the products themselves are also short-
lived, so that their concentrations do not reach at a detectable
leve;. However, the substitution reaction is strongly suggested
by the similality of reaction mode with the elementary step in-

the electrochemical J":ea_ctions.‘IO

4. Dimerization of Radical Anions of Aromatic Ketomnes

Although the association of organic radical anions in free
state are prohibited“by the Coulombic repulsion between them, the
assocliation can occur in the preeence of counfercations to cancel
the repulsion, as demonstrated by ESR studies,!® Recently, Langan
and Salmon et al. reported theif:pulse.radiolysis results that
radical snions of styrenes undergo the ionic assiciation in MTHF
solution in the presence of alkali-salts.'? 1n the present'study,
we have found that the similar'ionic assoCiation occurs for radical
anions of aromatic ketones.

Immediately after the irradiation of MTHF solution of benzo-
phenone with electron pulse at 182 K, a broad absorption spectrum
with a maximum at 800 nm and a sharp absopption spectrum with a
maximum at 550 nmrwere observed. These have been attribﬁted to
radical anions of benzophenone, BPh~, and behzophenone ketyl radi-

cals, respectively.!?

The former diseppered within 25 gs, and
concomittantly the latter increased in.concentration. This is
interpreted'as'that the BPh™ transform to the ketyl radicals by
reacting with the cationic entities origiheting from the solvent

molecules.

In the presence of sodium tetraphenylborate, NaBPh4,'as the



second solute, observed spectra became more complex as shown in
Fig. 3. Immediately after the pulse, the absorption curve showed
three maxima at 800, 680, and 550 nm. The absorption at 800 nm
(due to free radical anions) decayed rapidly, whereas that at 680
nm decayed very slowly with concomitant glowth of the absorption
at about 600 nm. The absorptions at 680 and 600 nm are attributed
to BPh"-Nat ion pairs and their dimers, respectively, from their
behavior similar to that studied by ESR.19 The present pulse rad-
iolysis study gives the spectroscopic evidence of the formation
of the ion pairs and theif dimerization at low temperature. The
addition of crown.ethér as the third solute, the absorption maxi-
ma of the ion pairs and their dimers were red-shifted to 710 and
650 nm, respectively, because of the weakening of the interaction
between the raaical anions and Na* ions.

For the solufions of fluorenone in MTHF, the absorption

spectra due to free radical anions, radical anion-Na?t pairs, and

500 700 300
Alnm

Fig. 3. Opt%cal absorption observed from the §olut-
ion of 0.3 mol/dm” benzophenone and 5. 9x10~2 mol/dm? sodium
tetraphenyl-borate in MTHF observed 0, 5, 15, and 30 uns
after the 100 ns electron pulse at 182 K.
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dimers were observed at 570, 530, and 450-500 nm, respectively,

at 144 XK. Their behaviors are the same as those for benzophenone.
The 450-500 nm absorption is compared with the absorption with a
maximum at 450 nm at room temperature, attributed to the dimef of

fluorenone radical anions.16

5. Concluding Remarks

We have briéfly described three examples of bur own studies
on the secondary feaétions of the radiation—geﬁerated organic
radical ions, électron aﬁd positive charge transfers, nuéledphilic
substitutions, and dimerizations, ali in ligquid solutiqné, studied
by the n-sec pulse radiolysis technique. Generally speaking, the
study of.the formation of radical ions is.of radiation-chemical
interest and it needs the pulse radiolysis technique of a high
time-resolution, i. e., the p-sec pulse radiolysié. The study of
nature and behavior of the radical ions is of wider chamical in-
terest. For this study, the‘conventional pulse radioiysis tech-
nigque with n-sec to #-sec time resolution is still very useful,
because secondary:reactions of the radical ions usually proceed
in such a time scale. This auto.—reV'i__ew is_ sﬁ_imed at showing the
usefulness of the n-sec pulsé raiolysié technique for the appli-
cation of radiation-chemical technique to other‘éeneral chemistry

2

fields. Each of the studies summarized here has been® and will

be reported in detail elsewhere.

Aknowledgement--~The authors like to express their thanks to
Professor Masao Tokuda for his valuable discussion on the substi-
tution reactions. The study has been carried out by the experi-

mental assistance of Dr. Tatsuo Izumida} Mr. Nobutéka~Kajimoto,



Mr. BEiji Honda, Mr. Keiichi Xotani, and Toru Wada

10.

11.

References

See for exsample, M. S. MATHESON and L. M. DORFMAN, J. Chem.
Phys., 32 (1960) 1870; L. M. DORFMAN and M. S. MATHESON, Prog.

React. Kinet. 3 (1965) 237.

‘M. OGASAWARA, N. KAJIMOTO, T. IZUMIDA, K. KOTANI, and H.

YOSHIDA, J. Phys. Chem., 89 (1985) 1403.

SI. ARAI, D. A. GREV, and L. M. DORFMAN, J. Chem. Phys., 46
{(1967) 2572.

R. A. MARCUS, J. Phys. Chem., 67 (1963) 853; Chem. Phys., 43
(1965) 3477.

S. ARAI and L. M. DORFMAN, Adv. Chem. Ser. No. 82 (1968) 375.
W. H. HAMILL "Radical Ions", ed. by BE. T. Kaier and L. Kevan,
Intersci. Publ., New York, 1968, p. 401. |

O. BREDE, J. BOS, W. HELMSTREIT, and R. MEHNERT, Radiat.
Phys. Chem., 19 (1982) 1.

M. HATANO, N. TAMURA, and S. KAMBARA, Kogyo Kagaku Zasshi,

70 (1967) 174; "Chemistry Handbook, Fundamental II", Maruzen,
Tokyo, 1984, p. 576.

S. WAWZONEK and A. GUNDERSEN, J. Electrochem. Soc., 107
(1960) 537.

S. SATOH, T. TAGUCHI, M. ITOH, and M. TOKUDA, Bull. Chem.
Sod.Jpn.,§g_(1979)951; H. LUND and J. SIMONET, Bull. Chem.
Soc. Fran., (1973) 1843.

H. KIGAWA, S. TAKAMUKU, S. TOKI, N. KIMURA, S. TAKEDA, K.

TSUMORI, and H. SAKURAI, J. Amer. Chem. Soc., 103 (1981)



12.

13.

14.

15.

16.

17.

5167.

M. HOSHINO, S. ARAI, and M. IMAMURA, J. Phys. Chen., 78
(1974) 1473,

See for example, E. 8. GOULD, "Mechanism and Structure in
Organic.cheﬁistry," Henry Holt Co; Ltd;, New York, 1959.

T. SHIDA, S. IWATA, and M., IMAMURA, J. Phys. Chérrf., 78 (1974)
741.

N. KORNBLUM, Angew. Chem. internat. Edit., 14 (1975) 734.

N. HIROTA and A. G. WEISSMAN,.J. Phys. Chem., 86 (1964) 2538.
J. LANGAN and A. G. SALMON, J. C. S. Faraday Trans. I, 79

(1983) 589.



"HS3

IXNIL X S F ) 3R S A vy 2 2R
ek BETFTREL X M g o
s FFap i O 3sE

Pulse Radiolysis Study on
Short—-Lived Reaction Intermediates
in Electron—Beam Resists

w H R /hER BN
Hiroshi YOSHIDA and Masaaki OGASAWARA

BFHRLYAMBEUVUTCEER. RUXYIPYLBAFABIUEOY
NELIAFNEBBEONRYFIFARAKRI Y2 PYT7IFBRIZETFE
NUABBELT. £HULEFGORIGHRERODWTHEL 2. B
il 20nsOETFHENANL AMBEIRIC. 48 (<350 nm) & R#ERE|E (>600
nm) WIEBEHORRAZBNEBHEHMEIhE, IERRIT-O72A4YIV R
V. BREFEUBERINETFLHESL 2, BEMBFLRIVI-ORIEVRY T
— 7oA VORBRELHEMRCTHRL. FOHERCDEITVTETFRL YA
FHRDOERY T~ O5BEHRIZOVWTER LR,

Poly(methy! methacrylate) is widely used as a positive resist
in electron beamlithography. This paper concerns with short-1ived
reaction intermediates produced in electron-beam irradiated hexame-
thyiphosphoric triamide solutions containing poly(methyl methacryl-
ate), poly(ethyl methacrylate), poly(n-buty! methacrylate), or
poly(i-butyl methacrylate). Immediately after the irradiation by a
20 ns electron pulse, transient ahsorption spectra which have ab-
sorption bands in the UV region (<350 nm) and in the long-wave-
length region (>600 nm) are observed. The former and the latter
bands are assigned to anion radical of the polymer and solvated
eleciron, respectively. Reactions between the electron and the
polymer and the decay reactions of the polymer anion are investi-
gated. On the basis of the results ohtained, the reaction mechanism



in irradiated resists is discussed.
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Fig. 1 Block diagram of the pulse radiolysis apparatus. Radiation source is Hokkaido
University 45 MeV LINAC (Linear Electron Accelerator). -
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b 100 ms ONIAFIBRUEQ)e TONRNL AN BEFMEROI 4 & O
NLZADPNH-—DHEWRRBZBDT. TONNVAMIELET ZEFWEH VN
NGF—DOE-LKF QYL —BEFE. SONNLAERBIEEFENLAR
HET 3,
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Switch; (C) : Start Pulse; (D) : Beam-cn Relay;

| | P
! |
: ]
I ! |l
) : (B)
! i
ﬂ '
: E e
[ (D)
L
; (R}
S I R
! - (F)
‘ — Fig. 2 Pulse timing of the pulse radiolysis apparatus.
{ E | (& (A) : from pulse Generator; (B) : from Start
I
t

(E) : Electron. Beam; (F) : Shutter Control;
i {G) : Xenon Pulser; (H) : Trigger for Digital
- Storage Oscilloscope; (I) : Display on Digital
(I} Storage Oscilloscope.

EHEDIEF I IROBY TCH B, FITAY—P ALY FRE>T, Fig.2(B)
R & S REFHEIRE >100 is ONXLAREZ, Yy JEBEHVT.
CONNVAEQ)DNIVABERDBEZBETAY ~ P NXNLACIBHFELET 3
KDWRT B, CONNVAREBEEENMT TEYLE/ZOIOLIICE-LTY
QYL —BEHESRTHIE. XY~ b NALADBIEHER 100 ns RIREF
BNANLAEIBHRFEIND, VI TV —NLAGAY - PNNL A bR EBE
TET. EFENSLAPEEENS 5ns FlEY vy ¥ ~BEVT 15 ns #
WWWAUAEKSWRERETS(F)e MFICUTERE/ VN ALY—SBEBFENIL
ADBEREBET 5 &S B(C)e $8 VNI ADFIELREEH L ~300
ks THBW. WERZOBHATITS> &S50 T 3, AL —-YRXA~TD}
DH - BEFENALAD 1 us fIRRETIZIPE. AL -V Ra-—
T ERE. (DOEBORTRUABHOABRTENZ LR S,

2. 2 HEolH

#BlD PMMA 1. Science Polymer Products Spd Bl E#ERI LIFE U
RHoOh, TRIEBMHBEARLI>TCERVELORAVE, Z20RET
MEHERIZEVWELRD 2k, PMMA DX FLIAFLER MO IR LT AT
NETEBUBRY T —-5EE. Science Polimer Products Sp3 #El@iEHk
ABEREULEDDTES, RUT-0OHHE. 3982 F ISy
FGUWREBBU. XY ) —LVTRBEEROBAMU. BESZRU TIT-> 2.



XY TYIBEAFN (MMA) OREHRESIIIRO XD U TITok, HRIL
MBI D MMA Z2EHBREHSTHBHEUTHS. N4y ABORE S AR
TEESAVEAVTHALUTHUE, ThIZaANNL P60 OHYIEEHT
TEREY. A/ -VEMATRY I -RHBEL. 3BUCERLLO
5. WHOFETHERU R, | -

BEDO MPA (ANRHXFILRAKRYY I PYTIPF) k. skt
DHAFBWAKFRIEAALV I L BMAT—HIRELV OB, X3REHL WKL
ﬂk?ﬁAEM%TﬁE%%UT%ﬂbﬁoﬁ@bk%ﬁﬁ&%ﬁ%ﬂ%ﬁﬁ
HUk.

A»Rv)iUJR%%@L&@&H@%EM&@&O?bfﬁoto5
SGPUHAY=F—DA2RUF-—N-EHBUERYI -8 HMPA &
AnyﬁﬁﬁfyéﬁhfﬁﬁbfﬁUkoXﬁﬁﬁ—éﬁﬁﬁihbfﬁ
U —% HMPA FICEBBSR R, 6P UDYY~-N-REELTVEL
RELPCEREBEB L. A R2RAUVRBON-F ~TCHU >,

3. HErER

3. 1 HPAFDRIEFEEDORITNANY b

Fig. 3h.\ PMMA tx'“t_li%CD)!?)LJ:XTJLEE%}ﬁDKﬂQU"’ — @O HMPA
mﬁu\ﬁﬁﬁﬁmnsm%%ﬁhwzﬁ%mbfﬁénthZAabw
ETbtohkﬂwﬂﬁékM‘t@ﬁﬁf%%ﬂ%@3m~WMmt%ﬂ
D >600 nm 2B BB X h 2, JOUZBBED S 200 ns B2
ﬁﬂ%meM%ﬁbL@ %ﬂ%@&ﬂﬁtb6WMUtonm2%ﬁ#
02ubﬁ®2Aﬁ}ﬂkm\%%mﬁﬁhﬁﬁﬁmkmﬁvfﬁ<ﬁﬁt
BAWE . 400 nun H S 600 nm CL?J)GJ"C#:%&;IIIEUJ!"‘WE%WW?&L\bt:J:
wWQ?%@Ebﬂtou®4m~&mmn®xﬁﬂfﬂ®ﬁﬁx7ﬂ¢ﬂl
AT NEOBHEHREKEUR. PMMA OBARIR XV LR - BE SN,
RERMZHEDP > TREGDIZEDL Uk, EZE3BLFLLAFLETER
btﬁU?—(%m)fmxymnmﬁﬁmm9§0btt - BR eI,
/)wa*a‘)lz:nwag“c%}ﬁebr.fl"')*\7— (PNBMAY TU 440 nm $iEi2
mibmaé%mrthﬁ v7?mixrmﬁrﬁﬁbL$U?—
@mm)TM\%MmHﬁﬂbﬁ&ﬁﬁkﬁ@v?%%kﬁ&?%Jﬁﬂ?
“ﬁﬁbhto%W%Mnmk%ﬁ%Zﬁﬁbwgkdﬁﬁfﬁ%ofU?
- DBERD L SW. - EHEHREMND320 nn (HE T WINIEAL W
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HERCSEFRLYBEN R, 2OUB L
DX, OBILHHN S &S EHFABROER
EEFHUTVS, COEIBUBLEYR
HETC. ANT P LELBELTYWHLY
BERELEULDE, COBLAIYE—TER
<y &L 400 nm 538 OB O FE HHE
Mmooz,

PLED AN b LB RO RIS CH
X%, &l PMMA OIRE. BESL
FOAAIMR K >THEUEETIEL. PMMA
ERIGUTRYR-D7 4S5V ANE
E%,

HMPA wHMPA+*+es (1).

en”+HMPA*— HMP A" (2)
en +PMMA — PMMA- (3)
€n- — €s” (4)

(8)

es"+PMMA — PMMA-

ZZT en” X HMPA PR K- THEME
hAOEHMBIZETSET (mobile elec-
tron) BRU. e~ WIBHEMEINhEETF
(solvated electron) #xRd9., NI AE

EHE#KI 600nnk Y REFRACHANENh 3
WAL HMPAFID e~ ERAIEE N 3. [

FORPEBRALEERVEEO IMPATD

BHMXhTBY. T e~ WEBHDE Fied

MEIXhTHWSEI, —F, es” DERICE
DR > THEMT 54 BORILE. 200~

600nm OPINFHLEDH T, RO LS 72EH
PDORYI-D7 oA VIVANERAEE
hd. (1) 2haDRENE es- OEEY
WHEESUTYBENS, T4hbB es” &0
RIECHU B, (2) EFHEAEULTH

Optical Density

00 600 800

Transient absorption spectra cbserved in pule
radiolysis of hexamethylphosphoric triamide
solutions containing (A) poly-(methyl metha-
crylate), (B) poly-(ethyl methaerylate), (C)
poly-(n-butyl methaerylate), and (D)) poly-
(-butyl methacrylate), Polymer concentration
is 0.2mol% (in monomer unit) for all cases.
-&- 60ns, - 200ns, -O- 2 ps after the
irradiation by 20ns pulse. The inserts show
time profiles of the optical density observed
at respective wavelengths.



ZEBHMBNTOAMELFERLRMU RN CEBI ARV, (3)
2XT»?P?&FE??&kPWA&@#UT?TKTﬂD?ﬁ%%U\
FARTCTY~FUREZZABOANY P ABESHIE, ! - MTHF T} Y
7 ARCU. et” PWHEO7 A YIVWABEBIBIEBRIHMONT
W3, Tk e BEARTREET 3L, AHEERBUTTAY SV I
EEBZLDHB>NTVAS 10, (4) IMPA W7 oA VEREZ D> & DB U
RERTHEZEPHINTNS D, BEU. NI AEE 200 ns HORIY
AR PAMERTEYRI=FZIAIREZDESIHE LS KR EMHESS
B, ZOZERDVTHDBRERT 5, KUY -7r 0L, —8
FHALRZLBEEAMUTTE Ry FAREHEEND, RERS.  NTH
FRMIZARIY ) AR MY IABHVEARAER LT ANLRNE
RETEELONFO7AYIVILE. CORBRTEONLTIZAYD
AR PLERLSBRANY PAERTZENDP>TVINETH S, 2
ERARXTERIYOP LAY IVHILE<I00 o & 465 nm 219, PR T
/D7 FYIVRANE<IT0 nm & 440 nm 1218, MMA BB 7=
ﬁJﬁQMnmk&ﬂm%%ﬂw

3. 2 ﬁxﬁwﬁmi

FHAED es- OB — RIS THREL. RISEELRY < - —RELED
REBMUR. COREE e LRV Y -OBE—REIEE AR U TRISEH2
DOEFTRITo e CORUTUREMNHETET (11.2<200 ns) . HETHK
BEBMICRDBZZE W TERP b, PHMA,PEMAS LU PNBNA Ut 109
mol-1dmds ! DA ~¥— GRUT—-EELE/ I-HEERQBEL T) 0)1
ke PIBMA TWZHh LV LRRPIVERBIRE, a

600 nm K VHEHRATCOBRNOERERBERMCHNTEL. 400 n X
VHREOEOVEZBTUNLABHERSVWT EFOBROINE LS
oo MEOBRETURRATOWRIESL V EB2. NILAES» S + B
BROWFEL Vi EBLT.V -Vi 270y FTRI. e~ O—RETE
DEELHETEZIENTEL, FhICEBZE. 320 m RBI3T LYVOE
B, 740 nm WBYZEEOEEDL VS 5~6 EFELWC EBhh ok,
320~600 Nl B S WMKEORMELE. E—RELE UTWH es- O
WeRYI -7 FORINOERY THUCE S, HIEFHENEI LI

‘1 RREOEEB T TRTorikai dI k> THWEXLTVS, ©
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DNT es” ODRPDOFEGHBEPU. RYI—-724 Y ORNOSE BT
%o es- DEBEBRIPIEELIRZIOEB. RUR-72FYORNOY LD
BER>TLLBPETCH S, ~H. RUI—-7242DUEDI es- DFEDL
BEBERS>TVBRERDLT ENE LB, eo- ORNOBERETI 3
KONTEROLEBOMRICEL RS, HlEUAERETIRb -t ARER
M EBYHEYN, o LHEHEMD 320 m THINEORZOEDTSH
B35, es- DBBRENTY LBV FERFELOE. MOBEBER->TH
5RDTHEALD, COPURBELSFUE. BEEL 7240 EVDEX
& es” DEBEOEIXI—-BIILEDLHS,

400 nm & VHEHBEMNTE. RUI =742 e UHOBRINOEFELED
BMETERV, RYT—BEGERW HMPA BALARET S &, 100 nn £V
HREERMTCes K VFRORVBNBEHM XN B LS WREIDETH B, &
2 Fig. 3 OANT P LD 400 nm (HEORPERERBEEEH L. COE
e KOVFEGBRVBRYI—72F250EFGPEOREBEELT
WEZERRUTVS, f_oan&uzz;tinnisn'cz;wmwﬁ HMPA DOhF
FUERIISIVINREBDBOTH S S,

MEHBMERL LN, e~ OBNOBERRKY I -7 o4 Y ORINOT
EoRER. BREABRERShEELZ MR RS, Fig. 1&Fig. 5.
DD UTHEHsNTE 440 nm & 350 nm OREGBNOEBED—k.
ZxRTay b &Tbﬁo 440 nm ’C@ﬁﬁliﬁﬁm_&ﬁrﬁé: bfﬂﬁfé%o

-20(1) T T

' ! 360
A=ha0nm 8

~ 430

Q
H20 2

-10

-35 1
. 0 0 20 30
Time/lps Time/ps
Fig. 4 First- and second-order plots of the decay Fig. 5 First- and second-order plots of the decay
curve observed at 440 am in electron-pulse ~ curve observed at 350 nm in electron-pulse
irradiated hexamethylphosphoric triamide irradiated hexamethylphosphoric triamide
containing 0.13mol% (in monomer unit) containing 0.13mol% (in monomer unit)
poly-(methy! methacrylate). poly-(methyl methacrylate).
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O RYR—-7= %J#I&b?%ﬁ/EFAKMTﬁWDTD%
ZERRULUTOLS, . u

PMMA- +®-9PMMA . , 346y.

b?ﬁb 350 ni *’c‘liﬁﬁ@&ibi-—*mﬁh?ﬁ/itk _{kﬁfﬁﬂ/iﬁk‘bﬁ‘t‘bf\
COERETHERIR=7= ﬁJM?#@ﬁ%@Eb\ﬂ&ﬂbemoTh% &y
D%, -

3. 3 BHPORBIZ2DWTOBE _ o | -
PmA@m@ﬁ»xayﬁuvziﬁfﬁéntéva%i%m# ﬁ,%
FEBHEZ E>TEMULETIL PHMA RIS REULT PMMA 7 A4
ISV HNEEZBZENBZETH S, Shade dDWWFEIL & B & HNPA €
es- W7V bPIkyE (3x1)X10 ot~ 1dmds ! DFECRIET B3, 7
YIS YOBARBENRBRTAEVLS. COFEETHEN IMPA FDes- DHLE
BERIEOBEEER:EZ 605, ARERTUW. PMMA 2BEBE URBERIE
COELYD IHIENESB O E. UPUVLRYI—-BROGAE. EF%
It d 594 P BBBRBRZH-LH/BUTOL S0 TERVWLS, £/ —
BURBELAFETHKIEDRFAEINTOVIEIT THS, LB T,
es” W OPMMA L HEBBFERZEVEI TRIGUTVAREZEZTIUD2HRI R,
BHPEBITS es- & PHHA ORIEOEHEFEIRDODELIRDBOTHS S,
PMMA WEEBIEP TR BRRES T > TV S, BHRPWHERKU 2B EERMD
X EPRICK > TRY T -RZERTT %5, RBRORYY I —-OFRMEIL
PMMA OBEERER K-> TBBELNTBY. e~ BFO—2¢FIGL Ty FNLHY
D7 AIFSVIINEEE B, TOBRE. TAFNLEEEAETTHMICS
B7NENLEE. hARoNLE e ORIGREDISBREELREFETTH
B3P BBRELOINZCEN. PLRLEOTENREZC LTS
LVRZNVEANOBTRNEBITLTONBLEVWIZETHB,. PEFGLAY
TFLIAFNLETEHBURRY T - fu%@¢$mﬁEEM@ enn
BZDkDERLNEH., FORVWIIDEL. U-ZV U EERLES 2D
RUEETBREAPLETH S,
- CORISTERUARY I -72F YR ZRRISTHEKT 5. AT
ShkEd50,. RISOMHFEBREBERRERUEDIFFITHS D, HHPA B
HEBEHUTEUANFAIIBEDQLIOIRDDTHEMLIEISTHLHTH 3 M.



COCEUMROHBRE>TREETUERV. IFFJIVTHhICE &5
WHEHEBUTKY I -7 Y RBIHET 5. RYR—-72A4A Y 3EEDH
FAIEHMETH5ETOMZ. BAHBTHRLUBTAUERY Y ~-DH#tD
MAEBRIBURBRVWEZEZ B N E, RERS. FOLS AR PEEICHELE
3556, RUR -7 VOBTR—ROBH BRI >TL3UTEDS
THB. RUR—-7A4AVEHRPTOHRABIZEZES LHEBIN S,

3. 4 [k PMMA hORIEIZ DOV TODEER

BIPO PMMA DA AV EBOLZEWH S, BB TCOL A Y RIS2HR

TECEHARETH S PIMA ORFRDBOX N X AR DV TR X EX S

RBREBBED. A X VBEREEANZDOEUTHROLSI RDOVBB T H S,
(1) e &RY - ﬂ?%J@Eﬁ%ﬁJﬁFAEETEbtmmﬁﬁﬂ

DOERRTBEVIHD, -

PMMA —vwW—> PMMA* + e- (7)

e~ + PMMA* —— PMMA" (8)

PMMA* —— @YY (9)
(2) RUI-BFFVHEESHMELERBCTEVSHD,

PMMA —w- PMMA~* + e-

|

CHs
| |
~ CHe—C—CHz2-~ 4+ + COOCHSs (10)

(3) RYR-FoAVERYI-IFAIBAFVEHEGREILTE
BUEEREP > RBETZENSHI0,

PMMA -—-w= PMMA* 4+ e~ (11)

e~ + PMMA —— PMMA- : (12)
PMMA* + PMMA- — PMMA-* (13)

PMMA* —= SHEEEY (14)
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B CE 6ntﬁ%mbﬁﬁf%tlwmm@mrﬁe-tﬁ$ﬁ<ﬁm
UTRIR=FoFERBEZD, e ERII-~DORIEREZ T PMMA*
FORBEFREBZTCOVIH (1) W, U >THREHEETARVL. L
PLUZDZEE ecEHFF D geminate IS & > CTEREIABEHIE

BT 3EVSHESELLBETZ3DOTERL, H (2) XO2VWTE. 2O
BEOEHIIZ. e id PMA ERRUVTEREILT B EVSISRIGZD20MENIE
CORBROBREFBEULRV. RPEURYY—-AFAVORRBRRIEWEDVT
o R BHEBDLETHS. R (3) T EDLEHRUVTRY T
—HBFAVERIVI =T FIBRICTZPBUETH S, BLRINVER
BEAUVEBEIGFAT, 7oA UBBHT I EWERLZI L. —F.
PMMA BlIEFR TR A FA YR —NIIBET A& 0hhTWS, Torikai &1B
HE2EU PHMMA T4 WARH I REBBEITZILEEIF A BERT 5 & il
HEUT0aEaN, CHhZHAFFBBHITIRVEMTH S, Kira & Ina-
mira EFENNLASY F) Y A CABOHREBTVR10, UkB->TH

(3) BIELWET R, ﬂ?ﬁj@ﬁﬁfv? ¢E%ﬂbf7 F &
RIET 50355,

ﬁ&u\ﬁﬁPWA@ﬁ&n»xwﬁbfﬁwénnLEmmHXAﬁb
LOBBEODWTERLVEV, HHEAET s L ARD PMMA ONNLAZ Y HF
YU ATV, B+ us OFaE2dS U0 m KE-2B3(2BNE. 714
= (190+30) ns T 720 nmicE— 2 2y 2HINEBEROE L =S, ESR OFER
BREDOMERIRYI~RFF Y. BEUIRII -7 FUERMEINS,
0 nm WE -7 21030 XNTVARRNOANY P LOEE. Hil D
RN OEI1ONNABHEHRK 1 us & 60 us DANRT P LOER EHIE
Hhdg, TOEANZ FLLEA00 nm H» & 300 nn hHhiFTHEHBERMCE < 37
BEB>THEO 440 om OE -V IEBRUEZOPINFOY a Ly —-Zk-
TW3, 7 500 nm 3 700 om WHhTTEVWTEFR2E|IVWTWS, 2 d
OB, AEBRCHNENE PHMA O7 A4 Y3V RO ANYT b L
DiFEEE— T&%obkﬁ?f»QQEWQTU? 7= ﬁJP&%%@
FEIEESNBNRETH B, -

H S H 440 nm QRINE 7 = ﬂ‘JtHﬁbt@éU) 2. 720 nm @
BHEBRORROF 27 A VERELVTCVE R ERD S, LML 7200
KE -~ 2O, HMPA BIETHMTHIF R b U ZhTehEHlShid
ohe COWMPE LW THFHOZ I VEUZBZ IRV, E—2 0
BERANY PLOEPSH T —2DuHEMEE UTHEE PMMA iR S
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hi e THIEEZONB. KU —thiZEBERHIEXN 32 21 ESR
DOMBERETCHOINTVEY, XBENANZ P L BEHAUEHE RV, 20O
BN OV TS ROWEBHBEHh 3,
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