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Opening address

It is a great honor for me to extend the opening address of this Symposium

today. First of all, on behalf of the organizing committee of Japan, I am very

delighted to welcome all of you to the 8th Japan-China Bilateral Symposium on

Radiation Chemistry. We are particularly grateful to Chinese scientists who

have traveled for long distance in order to participate in the Symposium.

Since the first Symposium was held in Shanghai in 1983, the 8th Symposium

has come back again in Kyoto this year. The number of participants of this

Symposium is about 80 which consists of over 50 from Japan including 8

foreigners studying in Japan and 26 participants from China. The papers which

will be reported in the Symposium are 24 from China and 44 from Japan.

The purpose of this Symposium is to deepen our basic understanding on

radiation chemistry and stimulate the exchange of information and ideas in

basic and applied sciences of this field. Although the radiation chemistry in

some fields has been up to now rather successful in practical applications, it is

still ambiguous in several fundamental aspects because of complexity and

diversity of the subject. It is thought to be timely to summarize the recent

progress of this field in both countries, and also discuss future trends and

prospects in radiation chemistry.

We do hope that this Symposium will offer an opportunity for all participants

to form personal relations and above all the fruits of the Symposium will

significantly contribute to the development of radiation chemistry in the intimate

atmosphere.

Finally, I wish to express my sincere appreciation to the many scientists who

organized this Symposium, especially the members of the organizing committee

of both countries for their active cooperation.

Hitoshi Yamaoka

- 3 -
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Ladies and Gentlemen

The 8th Japan-China Bilateral Symposium On Radiation Chemistry is

opening today. This Symposium is fortunately held in this beautiful city KYOTO

of long history within a lovely autumn. We are very glad.

During the preparation the members of the Organizing Committee and the

Program Committee of Japanese side have done lots of work with careful

arrangement, and furthermore give us warm reception. We all feel a special

closeness. For all of this, please allow me, on behalf of the Chinese participants, to

express our sincere gratitude to the chairman, Professor YAMAOKA Hitoshi, the

vice Chairman, Professor HAMA Yoshimasa, Professor TAGAWA Seiichi and all

the members of the Organizing Committee in Japanese Side. I also express our

sincere thanks to the chairman of the program Committee, professor HASE

Hirotomo and all the members.

We had held the symposia for seven times, the degree of success is getting

better and better. So, I deeply believe that we can have a great improvement in the

8 th Symposium.

May the Japan-China Bilateral Symposium be successful !

Thank You

Ma Xueming

Oct.26,1999,KYOTO

- 4 -
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Part A

Radiation Chemistry

Fundamental
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Formation and Decay Processes of Superexcited Hydrocarbons

in the Vacuum Ultraviolet Range

Kosei Kameta, Noriyuki Kouchi, and Yoshihiko Hatano

Department of Chemistry, Tokyo Institute of Technology,

Meguro-ku, Tokyo 152-8551, Japan

Dynamics of superexcited molecules, which have internal energies higher than their

ionization potentials, has been a subject of current interest both in radiation research and in

atomic collision research.I3) Less is known, however, for polyatomic molecules in

comparison with simple diatomic or triatomic molecules. To understand the neutral-

dissociation processes through molecular superexcited states, we have studied the subjects by

two kinds of experiments at the Photon Factory in Tsukuba. One is the measurement of the

fluorescence excitation spectra (FES) due to electronically excited fragments produced by

neutral dissociation, and the other is the measurement of the absolute values of the

photoabsorption (at), photoionization (d), and neutral-dissociation (a<i) cross sections, and

photoionization quantum yields (r| = d I at). The polyatomic molecules which we have

studied so far are,1"3*

• Isomers(C3H6,C4H8,C6H,2,C2H6O,and C3H8O)

• CH3OCH3 and C2H5OCH3

• SiKt and Si2H6 • SiF4,SiCU,and Si(CH3)4

• C2H6 and C3H8 • C2H2 • QH4

• cyclo-C3H6, cyclo-C5Hio, cyclo-C6H12, and n-C4Hi0

This paper reports mainly our recent experiments of ethylene. The fluorescence

excitation spectra of neutral-dissociation fragments in the photoabsorption of ethylene (QH4)

have been measured in the excitation photon energy range between 10 and 30 eV. It is

interesting to compare the FESs with those obtained in our previous investigation for ethane4)

with a C-C single bond and for acetylene5) with a triple bond. The absolute values of a t and T|

of ethylene have been measured using an ionization chamber.6) From a t and T| we have

obtained the a and Od values following a = r\ x at and ad = (1 - T]) X at.

Synchrotron radiation dispersed by a 3m-NIM monochromator at the Photon Factory

- 7 -
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was used as an excitation light source. The FES for vacuum ultraviolet fluorescence, which is

ascribed mainly to the Lyman-a emission, was recorded by a photon counting method using a

microchannel plate behind an MgF2 filter.45) Fluorescences of the total uv-visible (200-650nm

and 500-650nm), CH(A-»X), CH(B->X), and C2 swan band were detected with a

photomultiplier through an appropriate optical filter and a pair of optical lenses.4'5) The

optical system for uv-visible emissions were slightly changed so as to get the photon signals

with better S/N than the previous experiment.7*

The results of these experiments are shown in figure 1. The vibrational structures in

the <jt, Gi, and ad curves in figure l(a) are attributed to the vibrational progression of the

Rydberg states. These structures are also observed in the present total uv-visible FES in figure

l(b) while they did not appear in our previous FES7) because of the insufficient detection

efficiency. On the contrary the broad peaks around 12, 14.4, and 17 eV in the o t curve are

attributed to the valence-excited states. The FES peaks in higher incident photon energies than

21 eV may be attributed to the doubly excited states (see figures l(b) and (c)). It has been

revealed that each superexcited state, i.e., the Rydberg states, the valence-excited states, and

the doubly excited states, decay differently through autoionization and neutral dissociation.

Such a selectivity of decaying processes, depending on the electronic states of superexcited

states, is also observed in other hydrocarbons and some simpler molecules we have already

investigated.16)

Our recent efforts to construct a secondary monochromator system with a liquid

nitrogen cooled CCD detector for fully dispersed FES of the emissions in uv-visible range

will also be presented.

References

1) Y. Hatano, Radiation Research, eds. E. M. Fielden et al., Taylor & Francis, London (1987)

p.35; ibid., eds. U. Hangen et al., Univ. Wurzburg (1995) p.86.

2) Y. Hatano and M. Inokuti, Atomic and Molecular Data for Radiotherapy and Radiation

Research, ed. M. Inokuti, IAEA, Vienna (1995) Chapter 5.

3) Y. Hatano, in The Physics of Electronic and Atomic Collisions, eds. L. J. Dub6 et al. AIP

Press, New York (1995) pp.67-88; Phys. Reports, 313,109 (1999).

4) K. Kameta et al., J. Electron. Spectrosc. Rlat. Phenom., 79, 391 (1996).
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5) M. Ukai et al., J. Chem. Phys., 95,4142 (1991).

6) K. Kameta et al., J. Chem. Phys., 95,1456 (1991).

7) K. Kameta et al., J. Electron. Spectrosc. Rlat. Phenom., 101-103,65 (1999).
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Study of Geminate Ion Recombination Process by means of

Laser-Synchronized Picosecond and Subpicosecond Pulse Radiolysis

Akinori SAEKI, Yoichi YOSHIDA, Takahiro KOZAWA,

Kiminori USH1DA*, Shu SEKI and Seiichi TAGAWA

The Institute of Scientific and Industrial Research, Osaka University

8-1 Mihogaoka, Ibaraki, Osaka 567-0047, Japan

*Institute of Physical and Chemical Research (RIKEN)

2-1 Hirosawa, Wako, Saitama 351-0106, Japan

Abstract

The geminate ion recombination of the electron and the radical cation is one of the most important phenomena

in the primary process of radiation chemistry. The behavior of the electron in the non-polar liquid has been

studied experimentally and theoretically. However, it was difficult to investigate the time-dependent behavior,

because of the so fast recombination process.

A new picosecond and subpicosecond pulse radiolysis system for the absorption spectroscopy to observe the

ultra fast phenomena was developed. The system was composed of a 28 MeV picosecond and subpicosecond

electron L-band linac for the irradiation source and a femtosecond laser system for the analyzing light. The laser

pulse was synchronized with the electron pulse by using the common radio frequency.

The time-dependent behavior obtained in the pulse radiolysis was analyzed by the diffusion theory and

discussed from the view point of the initial spatial distribution of the geminate pair and the reaction mechanism

of the recombination process.

Introduction

The primary process of radiation chemistry is very important to know the whole reaction processes induced

by the high energy radiation. Pulse radiolysis technique is one of the most powerful methods to research the

primary processes, because the very fast reaction can be detected directly.

- 1 0 -
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Fig. 2 shows the typical time dependent behavior of the n-dodecane cation radical obtained by the

picosecond pulse radiolysis system. The dots and the solid line are the experimental data and the theoretical ones,

respectively. The data of Fig. 2(a) and (b) are obtained by using the fundamental light and the white light

continuum, respectively.

•e
CO.

Q

d

0.4

0.3

0.2

O.t

0

-0.1

• Experimental data
— Smoluchowski oq

* Experimental data

— Smoluchowski eq.

1 1.2 1.40 0.2 0 4 0.6 0.8

Time [ns]
(a) Obtained by the fundamental light at 820 nm

too 400200 300

Time [ps]
(b) Obtained by the white light continuum

(monitored at 850 nm)

Fig.2 The time dependent behavior of the n-dodecane cation radical ( dots: the experimental data, solid

line: the theoretical data).

When the electron pulse goes through the liquid, radical cations and electrons are produced by the

ionization. In the nonpolar liquid, the produced electrons are thermalized immediately ( < 1 ps ) and most of

them recombined with the radical cations in the picosecond time scale. That is called the geminate ion

recombination[6] and an important process in the primary process of the radiation chemistry.

(1)
RHt + <

RHt + e > RH*

To observe the formation process and the electron thermalization process is impossible, because these

processes occur within the time-resolution of the system, but the recombination process is clearly observed by

the system. The decay in Fig. 2 indicates the geminate decay of the radical cations.

The theoretical analysis is based on the following Smoluchowski equation[7]

— = DV\ Vw + w—VV
dt kT

(2)

w: probability density

D : sum of diffusion coefficients

V: Coulomb Potential

- 11 -
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The stroboscopic method does not require the very fast light detector. The time resolution is mainly decided

by the pulse width of the radiation source and the analyzing light. The several picosecond pulse radiolysis

systems were developed since the picosecond pulse radiolysis experiment was carried out by Hunt et al.[l] in

1970. Argonne group[2] developed the picosecond pulse radiolysis by using a single electron pulse from a

L-band linac in 1980. Later so called twin-linac system[3-5] were developed at Tokyo Univ. in 1985. In these

systems, the Cherenkov light pulse produced by the high energy electron was used for the analyzing light.

Although the primary processes of radiation chemistry were studied by using these pulse radiolysis systems, they

were not good at the infrared spectroscopy because of the low intensity of the Cherenkov light in the region.

Recently, a new picosecond and subpicosecond pulse radiolysis system has been developed in ISIR, Osaka

University. The femtosecond laser which is synchronized with the picosecond and subpicosecond electron pulse

is used for the analyzing light. The tunable laser pulse could cover the wide wavelength region from ultra violet

to infrared by the non-linear optical effect.

Experiment and Result

Figure 1 shows the transient absorption spectra obtained in nanosecond pulse radiolysis of neat n-dodecane,

and the n-dodecane solution containing 100 mM CCI4, and the n-dodecane solution containing 100 mM

Triethylamine (TEA). The major four absorption bands of 240, 650, 850, and >1000 nm are observed in neat

n-dodecane. The absorption bands at 650 and >1000 nm were decreased and the band of 850 nm was enhanced

by CCI4 which was a strong electron and excited states scavenger. Also the bands of 650 nm and 850ntn was

decreased by TEA which was a cation sacvenger. From the scavenging result, the bands at 650, 850 and >1000

nm are assigned to be excited states, radical cations and electrons, respectively.

200 400 600 800 1000 1200 1400 1800

Wavolefigtfi [nm]

Figl. Transient absorption spectra obtained in nanosecond pulse radiolysis.,
# : 100 mM CCI4 in n-dodecane,B:100 mM TEA in n-dodecane.

1: neat n-dodecane,
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In the analysis, the sum of the diffusion coefficients as 6.4 x 10"4 cm2/s, the initial distribution of electrons as the

exponential function, and the initial distribution distance between cations and electrons as 6.6 nm were used.

These parameters agree with the reported values[8,9], and the experimental data is in good agreement with the

theoretical data. In addition, as the n-dodecane cation radical has the broad absorption spectrum at the center of

850 nm, both of the data in Fig.2 (a) (monitored at 820 nm) and the data in Fig. 1 (b) (monitored at 850 nm) are

attributed to the time profile of the n-dodecane cation radical.
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Division of Quantum Energy Engineering, Graduate School of Engineering,

Hokkaido University, Kita-13, Nishi-8, Kita-Ku, Sapporo 060-8628, Japan

Abstract
The excitation of 9-xanthenyl and 9-thioxanthenyl radicals generated in irradiated

halocarbons results in chlorine atom transfer from the solvents. In the solutions containing

oxygen, recovery of the photobleached 9-xanthenyl radical was observed. The detailed

reaction mechanism was studied based on the kinetic analysis.

Introduction

The excited-state properties of short-lived intermediates in solution, particularly free

radicals, have been drawing considerable attention in recent times (ref.l and references

therein). A two laser experimental method has been applied by many workers. However,

this method sometimes brings complexities due to the excitation of radicals by the first laser

pulse which is used as a synthesis pulse. Recently, it has been demonstrated that combined

pulse radiolysis-laser flash photolysis techniques are powerful tools to investigate the

photochemistry of short-lived transients such as radicals (ref. 2), radical ions (ref. 3-5) and TI-

complexes (ref. 6-8). In the preliminary study on the photochemistry of the 9-xanthenyl

radical (X'), permanent photobleaching due to chlorine atom transfer from solvents to the

excited radicals was observed (ref. 9). In the present study the photochemistry of 9-

xanthenyl and 9-thioxanthenyl radicals produced by pulse radiolysis of xanthene and

thioxanthene in halocarbons was studied by means of successive laser flash photolysis in the

presence and absence of oxygen. The effects of absorbed dose, solute concentration and

temperature were examined. The detailed reaction mechanism containing formation and

decay of X' in halocarbons was discussed based on the kinetic simulations which were carried

out with the aid of a computer to estimate the individual reaction rate constant.

Experimental

Xanthene was purified by recrystallization from ethanol. Thioxanthene was prepared
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according to the reported procedure (ref. 10). 1,2-Dichloroethane (1,2-DCE), carbon

tetrachloride (spectral grade) and other reagents were used as received. Dilute solutions in

rectangular quartz cells were bubbled with argon or oxygen and sealed with a bulb prior to

irradiation.

Successive electron pulse radiolysis and laser flash photolysis were carried out by the

combined pulse radiolysis-laser flash photolysis system with a time resolution of 10 ns

described before (ref. 7). Electron pulses of 45 MeV and 30 ns in duration from an S-band

linear accelerator were used as an irradiation source. For the laser flash photolysis of 9-

xanthenyl radicals and 9-thioxanthenyl radicals, a nitrogen laser (Usho YKN-900, 337.1 nm)

and a Nd:YAG laser (Spectra Physics DCR-10, 355 nm) were used respectively.

Results and Discussion

/. Formation of9-xanthenyl radicals

Upon pulse radiolysis of xanthene and thioxanthene in deaerated 1,2-DCE and CC14

different formation processes of 9-xanthenyl radicals (kmax = 345 nm) and 9-thioxanthenyl

radicals (A,max = 358 nm) were observed. From the fact that the decay rate of the xanthenyl

radical cation correlated with the rate of formation of X in 1,2-DCE solutions, it is concluded

that X' are produced via deprotonation of xanthenyl radical cations. In CC14 solutions, X are

expected to be formed via hydrogen abstraction by chlorine atoms which are the radiolytic

product of CC14. However, the kinetic study of the formation of X indicates a unimolecular

process suggesting xanthene/Cl rc-complexes as the intermediate. Pulse radiolysis of

thioxanthene in CC14 exhibited characteristic UV-Vis spectrum of 7r-complexes.

2. Photochemistry of xanthenyl radicals

Laser flash photolysis of X in deaerated solutions induced rapid (during 6ns laser pulse)

and permanent photobleaching with quantum yields of 0.04 (in 1,2-dichloroethane) and 0.26

(in CC14) for 9-xanthenyl radicals, and 0.1 (in 1,2-dichloroethane) and 0.3 (in CC14) for

thioxanthenyl radicals. The effects of solvent composition on the quantum yields of

photobleaching were investigated in detail and are illustrated in Fig. 1. The quantum yields

of photobleaching increased significantly on addition of small amount (<5 vol%) of CC14 to

1,2-DCE and reached a plateau value at 10 vol% CC14. Since the present results suggest an

important role of CC14 in the photobleaching and the transient absorption of xanthenyl cations

at around 380 nm (ref. 11) was not observed it appears probable that the photobleaching is

due to Cl atom transfer from the solvent to the excited radicals.
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3. Effect of oxygen and temperature

The initial yields of X' decreased and the decay

rate increased as the oxygen concentration

increased. After the fast decay of X', the long-

lived transient absorption which has the similar

spectral shape to that of X' remained. Since the

absorption intensity of the long-lived species

decreased as the oxygen concentration increased

(Fig. 2), this transient can not be ascribed to the

peroxyl radical. These results suggest that the

long-lived transient is X' which is in the equilibrium

with its peroxyl radicals. The recovery of the

photobleached 9-xanthenyl radicals observed for

oxygen containing solution can be accounted for

by dissociation of peroxyl radicals.
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Figure 1. Plots of quantum yields of
photo- bleaching of 9-xanthenyl radicals
( • ) and 9-thioxanthenyI radicals ( • ) in
1,2-DCE/CCU.

Figure 2. Pulse radiolysis-laser flash photolysis
of 1 x 10"3 M xanthene in argon-(a), air-(b), and
oxygen- saturated CC14 at 15°C. XoM= 348nm.

Figure 3. Formation and decay of xanthenyl
radicals at 65(a), 47(b), 36(c), 18(d), and 0°C
(e) in air-saturated CC14. ^obsd= 348nm.

Fig. 3 shows the kinetic traces of X' in air-saturated CC14 at various temperatures (0-65^).

Significant changes of the kinetic traces were observed in the case of oxygen containing

solutions.

4. Kinetic analysis by computer simulation

Based on these experimental results, kinetic analysis to determine the rate constants was

carried out for CC14 solutions by computer simulation. The reactions that were taken into
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consideration are shown in Scheme 1 with the best set of the estimated rate constants at 15°C.

The values of activation energy of 14 and 42 kJ mol"' were obtained for reaction 4 and 6

respectively.

Scheme 1

CCI4

Cl

CCI3 + CCI3

XH + CI

7t-XHCI

hv

x + cci3

X +0 2

ecu + 0,

CCI3+CI

product

• C2CI6

• rc-XHCI

•> X+HCI

O (0.26)

XCCI3

xo2

CCI3O2

-> XCI +CCI3

in electron pulse

k,=6 x 106 s"112)

2/c2=7.5x107 dm3 molds'1

/(3=1.2x1010dm3mo|-1s-1

*4=1.1 x107s-1

in laser pulse

/c5=8.5x109dm3mo|-1s-1

/c6=5.8x108dm3mor1s-1

/c.6=7.2x105s"1

/c7=3.3x109dm3mor1s-113>
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Pulse radiolysis is a very powerful method to detect and observe transient phenomena

in radiation-induced reactions. The first experiment in the picosecond regime was carried

out by the picosecond pulse radiolysis system of Toronto University with a time

resolution of about 30 ps in the late 1960's [1]. Since then, several types of picosecond

pulse radiolysis systems were developed [2-5] and many researches have been reported

on ultrafast phenomena in radiation chemistry, physics, biology and applied fields such as

material science.

Recently, a new picosecond pulse radiolysis system, in which a femtosecond laser was

used as an analyzing light instead of the Cherenkov light, was proposed and developed at

the Institute of Scientific and Industrial Research (ISIR), Osaka University [6], [7]. This

system covered the wide wavelength from ultraviolet to infrared region by using second

harmonic generation, third harmonic generation, optical parametric oscillation techniques

and so on. The time resolution was several tens picoseconds. The primary processes in

radiation chemistry of water, materials for microelectronics and so on have been

investigated using this system. Our pulse radiolysis system by using a femtosecond laser

synchronized to the electron linac has a potential to detect ultrafast phenomena in the

femtosecond region because the pulse width of analyzing light is less than 100 fs. We

attempted to construct a higher resolution system for the investigation of the primary

processes of the radiation chemistry and physics within 30 ps.

Figure 1 shows the outline of the subpicosecond pulse radiolysis system. The system

consists of a subpicosecond electron linac as an irradiation source, a femtosecond laser

as an analyzing light, and a timing detection system. A sample was irradiated by a

subpicosecond electron single pulse [8]. The time-resolved optical absorption was

detected with a femtosecond laser which was synchronized to the electron pulse. The

intensity of the laser pulse was measured by a Si photodiode. The timing between the
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Time

Si Photodiode

Optical
Density

Computer

Fig. 1 Subpicosecond pulse radiolysis method

electron pulse and the laser pulse was controlled by radio frequency (RF) system. The

time profile of the optical absorption could be obtained by changing the phase of the RF

with an electrical phase shifter. All equipment described below was controlled by a

personal computer. The acquisition time was 1 second per one shot.

Using three kinds of the laser-synchronized pulse radiolysis system (a subpicosecond

pulse radiolysis system with a femtosecond fundamental light, a picosecond pulse

radiolysis system with a femtosecond fundamental light and a picosecond pulse radiolysis

system with white light cotinuum), the formation processes of solvated electrons in water

and seven kinds of alcohol have been investigated. Time-dependent behabior and

transient absoption spectra of intermediates indeced in their solutions were observed.

The samples were deaerated in a quartz cell with the optical length of 2.0 or 10.0 mm. It

is known that a broad absorption due to solvated electrons is observed from the visible

region to the infrared region at an irradiation of electron beam. One of results is shown in

Fig. 2, which shows the time-dependent behavior of the hydrated electron obtained in the

subpicoseond pulse radiolysis of water, monitored at the wavelength of 780 nm. The

solid line represents the fitting curve for the experimental data. The 10-90% rise time is

2.0 ps. The time resolution of the stroboscopic pulse radiolysis depends on the width of

electron pulse and that of laser. In this experiment, both widths are much shorter than 2.0

ps. Furthermore, the time resolution is limited by the difference between the velocity of

the light and that of the electron pulse in the sample. The passing time of the electron

pulse through a sample is given by l/(Pc), where 1 is an optical length of a sample, P the

ratio of the velocity of electron to that of light in the vacuum and c the velocity of light in

the vacuum. On the other hand, in the case of light, the passing time is given by ln/c,

where n is a refractive index of a sample. Therefore, the time resolution limited by the

- 1 9 -



JAERI-Conf 2000-001

thickness of the sample is 1.8 ps (10-

90% rise time) at n = 1.33 and 1 = 2

mm. Therefore, the 10-90% rise time

of 2.0 ps is the time resolution of the

system.
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Transient Phenomena of Reactive Intermediates by
Pulse Radiolysis-Laser Flash Photolysis Combined Method
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Reactive intermediates such as radicals, ions, radical ions are chemical species with

lifetimes of a few nano seconds-a few hundreds micro seconds. Therefore, reactive intermediates

can be photoexcited during their lifetimes. We have studied transient phenomena of reactive

intermediates such as radicals, biradicals, ions, and radical ions with transient absorption and

emission measurements by the pulse radiolysis-flash photolysis combined method in which

the first irradiation of a electron pulse (28 MeV and 8 ns) is followed by the second irradiation

of a laser flash (355 or 532 nm, 6 ns, 20 mJ pulse1) with an interval time of approximately 10

ns-100 us (Fig. 1). We have found various type of unimolecular and bimolecular reactions

including cis-trans isomerization, N-H bond dissociation, deprotonation, cycloreversion,

electron transfer quenching, hole transfer quenching, energy transfer quenching, and addition

occur in photochemistry of reactive intermediates. Three resent studies on this subject will be

presented.

LINAC
28 MeV. 8 ns

synchronized/
delay circuit

oscilloscope

mirror t ^

Nd:YAG Laser
355 or 532 nm, 20

mJ , 6 r»s

Fig. 1 Pulse radiolysis-flash photolysis combined method. First irradiation of
electron pulse is followed by the second irradiation of laser pulse after 10 ns-100 us
of the delay time. Time-resolved transient absorption and emission spectral
measurements were carried out during the double-irradiation.
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1) In-cage interaction between two fragments after dissociation:
Pulse radiolysisof a dimethylformamide (DMF) solution containing diarylmethyltriphenyl-

phosphonium chloride (A^CHP^PhjCl) gave the corresponding diarylmethyl radical (Ar2C*H)

having a absorption peak at 350 nm. Formation of the 350-nm band immediately after the

electron pulse indicates that the dissociative electron attachment to A^CHPThjCl occurs

within the electron pulse (8 ns). Excitation of Ar2C*H at 355 nm afforded the excited Ar2C*H

(Ar2C*H*) with an absorption peak at 380 nm and a new transient species showing absorption

at 500 nm through an in-cage interaction between the excited radical and triphenylphosphine.

On the other hand, the 500-nm band was not formed from the 355-nm laser excitation of

Ar2C*H generated from the dissociative electron attachment to Ar2CHOH. It is well known

that Ar2C
+H has a strong absorption peak at 500 nm. Therefore, the 500-nm band was

assigned to a charge-transfer complex [A^CH^/PPh/ j from the results of kinetic studies in

the presence and absence of various additives.

2) Electron transfer quenching of the excited radical cation by CI" in the pair:
Radical ions are usually non-emissive in solution. The D,*—Do absorption of radical ions

is in the near-IR range, particularly 1-2 um, while usual excitation in visible range affords the

D2<—Do absorption. Non-emissive characters of radical cations in the excited states are due to

fast internal conversion from D2 to D, and fast non-radiative decay from D, to Do because of

small energy gaps between D2 and D, and between D, and Do which corelate to the large rate

constant of the non-radiative decay.

However, we have observed fluorescence of 1,3,5-trimethoxybenzene radical cation

(TMB*+) in 1,2-dichloroethane (DCE) during pulse radiolysis-laser flash photolysis combined

method. The fluorescence quantum yield decreased with the occurrence of the formation of

an ion pair [TMB** Cl~] in which the excited TMB*+* shows weaker fluorescence than

freeTMB*** because of the intra cage electron transfer quenching by Cl" generated from the

initial radiolytic reaction of DCE. Initial formation of [TMB*+ Cl~] from reaction of TMB and

Cl atom was also found immediately after the electron pulse particularly in CH2C12, CHC13,

and CC14 in which a certain amount of Cl atom is generated in the initial radiolytic reaction.

3) Isomerization of 1,6-diphenylhexatriene radical cations in the photoexcited state:
Radical cations generated from one-electron oxidation of neutral molecules are reactive

intermediates with ns-us lifetimes at room temperature, while they can be stabilized in

organic rigid glasses at 77 Kn or in zeolites at room temperature.2' It is well known that

aromatic compounds absorb in UV range, while their radical cations have strong absorption

bands in visible range. Therefore, the selective excitation of radical cations can be easily

performed by irradiation with a visible light in the mixture of neutral molecules and their

radical cations. We have already reported photoisomerization of stilbene radical cation from

as-isomer having absorption band at Xtaax= 515 nm to trans-homer radical cation having

absorption band at X,max= 480 nm." Recovery of c/s-isomer is also attained by hole transfer

from trans-'isomer radical cation to neutral cw-isomer.
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We wish to report here photoisomerization among six isomers of diphenylhexatriene

radical cations having independent absorption bands at different wavelengths. Unimolecular

photoisomerizations ofw-,4> tct-, ctt-, cct-, etc-, ccc-l,6-diphenyl-l,3,5-hexatriene radical

cation (DPHT**) (Scheme 1) with the selective excitaion at wavelength tuned to each isomer

radical cations have been studied with the pulse radiolysis-laser flash photolysis combined

method and two-color two-laser flash photolysis involving the resonant photoionization.

ccf+ ctc'+ ccc'

Scheme 1

Transient absorption spectra of ttt-, tct-, ctt-, cct-, etc-, and ccc-DPHT+ with an absorption

peak at 605, 615, 615, 620, 620, and 630 nm, respectively, were observed immediately after

8-ns electron pulse during pulse radiolysis of DPHT in 1,2-dichloroethane at room temperature

(Fig. 2). Since the transient absorption spectra decayed with no formation of any bands, it is

clear that radical cations of six geometric isomers decay via neutralization with Cl" generated

from the dissociative electron attachment to solvent 1,2-dichloroethane, while neither thermal

isomerization nor dimerization occurs.
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§0.4h

— before hv
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Fig. 2 Transient absorption spectra of (a) ttt-, (b) tct-, (c) ccc-DPHT*+ recorded
before hv and t = 0, 200 ns, 800 ns, and 1.6 us after hv during the pulse radiolysis-laser
fladh photolysis of ttt-, tct- andccc-DPHT in 1,2-dichloroethane at room temperature.
The delay time of hv after the electron pulse was approximately 200 ns.

Laser excitation of an isomer of DPHT*+ (one of ttt-, tct-, ctt-, ccf-DPHT*+) at 532 nm

caused a decrease of the DPHT* and formation of a new absorption band at 640 nm within

5-ns laser duration. The starting DPHT*+ isomer was recovered in the time scale of 1 us after
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the laser flash, while the new absorption band disappeared. On the basis of the present and

previous experimental results,3' it is suggested that the starting DPHT*+isomer in the photoexcited

state (DPHT*+*) undergoes unimolecular isomerization within 5 ns to give several cis-rich

isomers of DPHT+ from which the starting DPHT*+ isomer is reproduced via hole transfer to

the neutral DPHT (Scheme 2).

DPHT*+*^ctc,ccc

rotational isomer*

tct, ctt, cct

cis rich-isomer*+

DPHT

cis rich-isomer
Scheme 2

The bimolecular rate constants of the hole transfer processes (k^) were calculated from the

linear plots of the aparent first-order rate constants of the decay of the 635- or 640-nm

absorptions vs the concentration of neutral DPHT according to the pseudo-first-order rate

equation. The values of V = 3.1 x 109, kja = 1.2 x 109, and kb
c" = 7.1 x 108M's' obtained

were similar to or smaller than the solvent diffusion rate constant )fcdiff = 7.8 x 109M~V. The

different rate constants may reflect oxidation potentials of DPHT isomers which are in the

order of ttt- < tct- < ctt-isomers.

On the other hand, different phonomena were observed during laser excitation of etc- and

ccc-DPHT*+. The optical density of the transient absorption spectra increased at all wavelengths

immediately after 5-ns laser flash with no formation of any absorption bands. It is suggested

that the visible laser excitation of etc- and ccc-DPHT*+ causes unimolecular transformations

giving rotational isomers.

DPHT*+ has strong absorption bands in visible range, while neutral DPHT absorbs in UV

range. Therefore, the photoresponse system can be easily performed with selective excitation

of DPHT+ isomers with a visible light even in the mixture of DPHT and DPHT*+. The six

geometrical isomers DPHT+ have independent absorption spectra and photoisomerize to

several isomers of DPHT*+. Therefore, a multi-modal photoresponse system gated by iirradiation

of electron beam or 355-nm intense laser beam may be possible by controling the excitation

wavelength.
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Abstract

In order to clarify correlation between parameters of reaction and structure of the divalent

ions Ln(II), reactions of hydrated electron (ea ) with trivalent lanthanide ions (Ln(III): Sm, Eu,

Tm, Yb) in H2O-D2O mixtures and with Eu(III)-aminopolycarboxylate (L: NTA, EDTA, DTPA,

TTHA) complexes in 0.1 mol-dnr3 NaClO4 were studied by the pulse radiolysis of the aqueous

solutions. The rate constant k. was discussed in terms of the hydration number nH20 determined

by TRLFS, ligand coordination number CNL, stability constant logKML and redox potential.

INTRODUCTION

Coordination and solution chemistry of trivalent actinides An(III) (Am, Cm) and lanthanides

Ln(III) (Nd, Sm, Eu, Tb, Dy, etc.) have been investigated extensively not only in inorganic and

organic solutions but also in solid phase and at solid-aqueous phase interface. The number of

H2O molecules in the first coordination sphere (hydration numbers nH20) for An(III) and Ln(III)

have been determined by the measurement of the fluorescence lifetimes in H2O and D2O using

the time-resolved laser-induced fluorescence spectroscopy (TRLFS) 12. The highly reactive

divalent ions Ln(II) of Sm, Eu, Yb and Tm can be formed in the radiolysis 3 since a hydrated

electron (e ") with the reduction potential E° = -2.87 V (vs. NHE) is capable of reducing the

Ln(III). The formation process and yield of Eu(II) have been especially studied3'5 because of the

lower IE°I, leading to the application to H2 generation, luminescent and dosimeter.

In the present study, divalent lanthanide ions and complexes generated by the pulse radi-

olysis of the aqueous solutions were measured spectrophotometrically to determine the rate

constant, k , for the reactions of e " with the Ln(III). The k was related with the coordination
' e' aq v ' e

parameters of Ln(III) (nH20, isotope effect and stability constants logK^) and with the redox

potentials of Ln(III)/(II) to understand the formation processes of Ln(II).

EXPERIMENTAL

Reagents. Ln2O3 was dissolved in HC1O4 to prepare Ln(III) stock solutions. Sample solutions

of Ln(III) (Sm, Eu, Tm, Yb) in H2O-D2O mixtures were prepared from the stock solution, dou-

bly distilled H2O and 99.9 at.% D2O. The pH of the solution was adjusted to ca. 5.5 with a small

amount of HC1O4 and NaOH solutions. Sample solutions of Eu(III)-aminopolycarboxylate
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complexes in 0.1 mol-dnr3 NaC104 were prepared at concentration ratio [L]/[Eu] = 1. The pH of

the solutions was kept at 5.5(without ligand), 4-5(NTA), 4-5(EDTA), > 4(DTPA) and > 6(TTHA)

to form the 1:1 complexes 2.

Apparatus. Electron pulses with band width of 20 ps and energy of 38 MeV from L-band

LINAC at Radiation Laboratory, ISIR, Osaka University were used to generate transient spe-

cies, which were measured spectrophotometrically in the wavelength range > 300 nm and time

range < 5 |ls. The redox behavior of Ln(III)/(II) was also measured by using cyclic voltammetry

with a hanging mercury drop electrode which has a wide potential window in the reduction

region. All sample solutions were deaerated with Ar or N2 gases and all experiments carried out

at room temperature. The energy deposition was assumed to be proportional to the electron

density of the solutions and corrected accordingly

RESULTS AND DISCUSSION

In the radiolysis of deaerated solutions of pH > 5.0 containing 0.1-50 mmoldm3 Ln(III),

the reduction of Ln(III) by e "is predominant, and the reaction of e " with H+ and the oxidation

of the formed Ln(II) by O2 and H+ almost suppressed. Thus e a ' could be converted to equivalent

Ln(II). Transient absorption of Ln(II) was observed as that of ea" decayed. The absorption

peaks were measured at wavelength (nm) of 310 and 565 for Sm, 260 and 320 for Eu, 355 for

Tm and 350 for Yb, respectively, which agreed well with the reported values3. No difference of

spectra in H2O and D2O was observed while the spectrum of e in D2O slightly blue-shifted.

The decay of e " was measured to obtain the decay constant k expressed as k = k0 + kJL]

+ ke[Ln(III)], in which k0 denotes the rate mainly for the reaction of e " with water and k^ the rate

for the reaction with ligand less than 1.0 x 107 dm3mol's"' as reported. The obtained k is

affected by the ionic strength, fi, of solution and should be corrected at fi = 0. However, it has

been reported 3 that slopes of plots of log k. vs. ^1/2/(l+1.33^1/2) provided 1.02z,z2 of-5.9 de-

spite of-3.06 derived from reactions of ea with trivalent ions. Therefore no ionic strength

correction was taken into account in the present study.

The reactions of Ln(lll) in H2O-D2O mixtures. Total coordination number CNT of Ln(III)

should be constant over the whole bulk mole fraction, %mo, of H2O-D2O mixtures and H2O and

D2O molecules would coordinate to Ln(III) proportional to Xmo- ^ n e solvation of ea" by water

molecules would have no selectivity as well as Ln(III). Figure 1 shows ke ([Ln(III)] = 2.5

mmoldm"3) as a function of %H20. The ke increased linearly with increasing %mo. It would result

mainly from variation of the reactivity with varying the composition of water molecules coordi-

nating to e^" and Ln(III). Consequently the rate constant ratio of ke(H2O)/ke(D2O) for each Ln(III)

i.e., isotope effect, was larger than unity and the order of the ratio was Eu > Yb > Sm. The order

of ke as a forward reaction rate constant was Eu > Yb > Sm > Tm at each %m0- It corresponds to

the order of the reduction potential, E°(III/II) (V vs. NHE), in H2O
 3 as an equilibrium constant,
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i.e., -0.35 (Eu) > -1.15 (Yb) > -1.50 (Sm) > -2.30 (Tm).

The reactions ofEu(lll) complexes in 0.1 mol-dnr3 NaCIO4. The CNT is the sum of nH20 and

ligand coordination number CNL. In the case of 1:1 complexes the CNL is 4 (NTA), 6 (EDTA), 7-

8 (DTPA) and 8-9 (TTHA), respectively 2. Furthermore the linear correlation is found between

the CNL and stability constant, logKML, for the 1:1 complex, where free energy change, AGML/

CNL, per one donor atom (N or O) of ligand for the complexation is calculated as 16.4 kJmol1 .

The reduction and oxidation waves of cyclic voltamogram (potential scan rate v - 20-90 mV-s"

') provide the peak currents (Ip
red, Ip

ra) and potentials (Ep
red, Ep

ox). The relations of Ip
red > Ip

ox and

Ip(hydrated ion) > Ip(complex) was found, indicating the lowering of diffusion rates of the Eu(ffl)

and Eu(II) complexes compared with that of Eu(III) ion in H2O. The Ep
rcd as an indicator of the

reduction of Eu(III) complexes instead of equilibrium potential E decreased linearly with in-

creasing the CNL from -0.67 (without ligand) to -1.5 (TTHA) V (vs. SCE) at v = 20 mVs 1 and

the lowering of reversibility was further observed for the complexes.

Relationship that ke increased linearly with increasing Ep
red and nH20 (without ligand >

NTA > EDTA > DTPA > TTHA) was found for the 1:1 complexes as shown in Figure 2 ([Ln(III)]

= 0.5 mmoldm3). The linear relationship for the Eu complexes was found among the param-

eters of structure (CNL and logKML) and reaction (E^ and k) , e.g., logK^ vs. CNL, E^ vs. CNL

and k vs. Ep
rcd. In general, the formula of AE = (E, -E ) = (RT/F)(lnKMI

 m-lnK_,,") can be de-

rived from the equilibrium potentials, E, of complex (L) and hydrated ion (aq), and lnKML of

trivalent (III) and divalent (II) ions, leading to the linear relationship between the lnKML
m and

unknown lnKML" for the Eu complexes. Consequently it suggests that the ke would reflect the

stability of Eu complexes.

The variation of the reactivity of e with Ln(III) ions and complexes could be accounted
aq

for by the diffusive encounter between e " and Ln(III) and the one-electron reduction from
aq

5 1010 3 1010

: >2.5 101°-

31.5101°

1 10 0.2 0.4 0.6 0.8
Bulk mole fraction of H2O, xH20

Figure 1 Relation between ke and xH20

for the Ln(lll) ions.
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Ln(III) to Ln(II) after the encounter. The mobility of e in solutions is a dominant factor gov-

erning the encounter because the diffsion constant, Dg, of e in H2O is much larger than that of

Ln(III). The De in H2O-D2O mixtures increases with increasing xH20, giving the isotope effect of

ke, whereas the De does not change in 0.1 mol-dnr3 NaClO4. However, the difference in the ratio

of ke(H2O)/ke(D2O) for Eu, Yb and Sm can not be explained by the mobility of e ".

When the one-electron reduction after the encounter is considered to proceed in the fol-

lowing pathway: (a) expansion or dissociation of bonds between Ln(III) and ligand, (b) forma-

tion of activated complex of e -Ln(III) to form Ln(II) and (c) re-orientation of ligand around

Ln(II) to finally form the complex, the processes (a) and (c) could be affected by E and the

process (b) by the free energy change of activation AG*. In this respect, the reaction for each

Ln(III) in H2O-D2O mixtures would be affected by AG* rather than by Ee while that for Eu(III)

complexes in 0.1 mol-dnr3 NaClO4 by E . The transformation in electron configuration be-

tween Ln(III) and Ln(II), leading to variation of CNT between Ln(III) and Ln(II) and the lower-

ing of reversibility of the redox, would be also responsible for the reaction.
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Abstracts — In the present paper the laser flash photolysis study of an unsymmetrical
hindered phenol-substituted calix[4]arene(UPCA[4]OH) at 248 nra was carried out in
cyclohexane at room temperature. The transient absorption spectra of UPCA[4]OH displayed
two main absorption maxima at ca.330 nm and 520 nm with different grow and decay
kinetics,and initial peak at 520 nm was assigned to the triplet state of the solute and the other
peak at 330 nm was due to unsymmetrical phenol-substituted calix[4]aryloxyl radical.
According to the kinetic analysis,the mechanism of the formation of the triplet and the
calix[4]aryloxyl radical has been proposed.

Introduction

As a cyclic-type sterically hindered phenols, calixarenes and their derivatives have displayed
many characteristic features as compared with the classical antioxidant 2,6-di-tert-butyl-4-
methylphenol (BHT)[1]. In recent years high molecular weight phenolic antioxidants with
unsymmetrical structure have been of major industrial interest because of their low mobility in
polymeric materials and high activities'21. Calixarenes, a class of macrocyclic compounds, have
been shown to be heat and light stabilizer for organic materials and efficient inhibitors of
polyolefin auto-oxidation. In the present paper an unsymmetrical hindered phenol-substituted
calix[4]arene(UPCA[4]OH) has been synthesized as antioxidant. Using the time-resolved
technique of laser flash photolysis precursors of antioxidant transformation products or
transient intermediates may be characterized and their chemical reactivity can be examined'31.
This is helpful in understanding the possible action mode of calixarene antioxidant in the
polymer materials. Preliminary work has thus been done by the study of its laser flash photolysis
at 248 nm in cyclohexane at room temperature.

OH

Scheme 1 The structure of unsymmetrical phenol-substituted calix[4]arene

This work is supported by the National Natural Science Foundation Of China(Grant No.29602005)
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Experimental

UPCA[4]OH used was synthesized according to our previous procedure141. Cyclohexane was
chromotographed on silica gel and distilled.
The laser flash photolysis facilities have been described in detail elsewhere.In the experiment

an excimer KrF laser was used as the excitation source, which delivered the 248 nm light pulse
with a duration of 20ns and with the maximum energy deposited in the rectangular quartz cell of
50 mJ per pulse. The monitoring light source was a 500W high pressure xenon lamp for the
detection of transient absorption. The experiments were performed at room temperature and the
solution were deaerated by nitrogen bubbling, except where noted otherwise.

0.40

300 400 500

Wavelength(nm)

600

Fig.l Transient absorption spectra taken after laser photolysis of 1 .Ox 10"5 M solution of
UPCA[4]OH in deaerated cyclohexane and in N2: ( • ) 0.1ns; (D) Ins; ( • ) 10ns; (O) 20ns

Results And Discussion

Photolysis of 1.0xl0'5M solutions of UPCA[4]OH in cyclohexane at 248 nm resulted in
intermediates that exhibited two main absorption maxima at 330 nm,and 520 nm in the
wavelength region of 300 to 700 nm. The two absorption bands reached maximum at 1 us and
0.1ns following the laser pulse respectively,and then gradually decayed, in which the latter
almost disappeared in 20us.In order to examine whether or not there were the radical
cations.addition of ethanol, a cation quencher[5J, did not exert an influence upon the absorption.
Similar experiments employing pure cyclohexane produced no observable absorption over the
above-mentioned wavelength range. The typical transient absorption spectra are shown in

The time-profiles of transient absorption at 330 nm and 520 nm are shown in Fig.2. The rapid
decay of the absorption at 520 nm alomst occurred simultaneously with the speedy growth of
the absorption at 330 nm at 1 us after the laser pulse, and its decay and growth all follows the
first -order kinetics with the rate constant of 6.04x106 s"1 and 4.92x106 s"1 respectively. It
indicated that there was a changed course, which may suggest a very fast formation of phenolic
radicals. The similar observation was reported by O.Brede for the phenol-type antioxidant[6].

For the sharp signal at 300 nm as shown in Fig.l, it was assigned to UPCA[4]O " radical on
account of the following reasoning. (1) First of all, the lifetime of the phenolic radical is much
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1.0-

10.0

Fig.2 Time-profile of transient absorption
at 330 nm and at 520 nm in the presence of N2

longer than that of the triplet state of the phenol compound . In our experiment, a very long-
lived species with lifetime far over 180 us was observed at 330 nm (2) Secondly, it was
documented in flash photolysis of phenol and substituted phenols that the absorption peaks with
a maximum at 300-320 nm were assigned to the phenoxy radicals16'71. (3) Thirdly, in contrast,
the phenolic radicals of both calix[4]arene and p-methyl-calix[4]arene appeared at 300nm[8>9J.
In the case of UPCA[4]OH, a shift of 30 nm to a long wavelength for the transient absorption
at 330nm was observed due to the substitution effect. Besides, because the calix[4]arene
phenolic radical in cyclohexane gave a linear relationship with laser pulse energy, this indicates
that OH bond dissociation is mainly a one-photon process.

300 400 500

Wavelength(nm)
600 700

Fig.3 Oxygen quenching effect on transient absorption of UPCA[4]OH in deaerated cyclohexane
UPCA[4]OH concentration: 1 .Ox 10"5 M; (•) N 2;; (A) air; ( ) O2;

Inset: (a) Time-profile of transient absorption at 520 nm in the presence and absence of O2

When the solution was saturated with oxygen or air, an effective triplet state quencher, the
band at 520nm disappeared as indicated in Fig.3. We found remarkable quenching effect of air
and O2 on the transient absorption of UPCA[4]OH, and the half lifetime at 520 nm became
short sharply. Usually the singlet state of organic molecule was formed via intersysetem
crossing. The lifetime of excited singlet is so short (picosecond) that it is difficult to observe
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directly by nanosecond technique, while the transfromation of triplet to singlet is self-rotation
prohibited and thus the lifetime of triplet is relatively longer enough to be observed within
nanosecond range. Compared to the transient absorption of calix[4]arene and p-methyl-
calix[4]arene following the laser pulse, the triplet state of the former appeared at 500 nm, and
that of the latter at 540 nm. For the above-mentioned reasons and the similar skeleton of
UPCA[4]OH to calix[4]arene and p-methyl-calix[4]arene, the band at 520 nm is assigned to the
triplet state of UPCA[4]OH. Its decay follows the second-order kinetics with the rate constant
(k2/e-l) of 2.82xlO6. Besides,considering the complete quenching upon the triplet state at 520
nm by oxygen and the failure to observe the course of its transformation to the phenolic radical
species at 330 nm, the mechanism of formation of the triplet state and the radical of
UPCA[4]OH is proposed as follows:

UPCA[4]OH+Av -> UPCA[4]OHS1 -> UPCA[4]OHT1 -> UPCA[4]O
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Abstract—A new method using ESR spin trapping was proposed for measuring scavenging activity of

antioxidants to the hydroxyl (OH) radical, (-)-epigallocatechin gallate (EGCg) and 5,5-dimethyl-l- pyrroline

N-oxide (DMPO) were used as an antioxidant and a spin trapping agent, respectively. Conventional method

using a Fenton reaction had some defects on the estimation of the activity, because antioxidant disturbed the

generating system of OH radical besides it scavenged the spin adduct (DMPO-OH). This method used intense

y -irradiation as OH radical generating system, and the intensity decrease of DMPO-OH after the end of the

irradiation was followed to obtain the rate constant of the scavenging of DMPO-OH with EGCg and to estimate

the quantity of DMPO-OH formed during y -irradiation. By using these values, the reaction rate constant

between OH radical and EGCg was calculated as a ratio to that of DMPO. It was shown that this method is

useful to compare precisely the OH radical scavenging activity of various antioxidants.

Introduction

It has been known that reactive oxygen species play an important role in inducing various

lesions in living organisms. It is, therefore, important to search for the substances which scavenge

them, from a viewpoint of preventive medicine. We have been focusing our attention on the green

tea percolate and the constituents,XA) because they are intaked daily and it has been reported that they

show various pharmacological effects such as anti-mutagenic or anti-carcinogenic effects.510) There,

we revealed that the tea percolate and a main constituent (-)-epigallocatechin gallate (EGCg) show a

protecting effect against radiation-induced scission of DNA, and the effect was derived from the

scavenging of the hydroxyl (OH) radical formed by y-and j3-irradiations. As OH radical is the

most reactive species among reactive oxygen species and affects seriously on biomolecules, it is

necessary to examine the OH radical scavenging activity of antioxidants. Spin trapping method is

very useful for this purpose,1114) but the conventional method has a few defects and, as the result, the

scavenging activity calculated were unreliable. We propose a new method which is able to overcome

such defects and are applicable to evaluate unambiguously the OH radical scavenging activity of

various antioxidants.

Experimental

(-)-epigallocatechin gallate (EGCg. supplied from Mitsui Norin Co., Ltd.,) and 5,5-dimethyl-l-

pyrroline N-oxide (DMPO, Labotec Co., Ltd.,) were used as a tea catechin and a spin trapping agent,
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respectively. The phosphate buffer solutions containing 0.05M DMPO and various amount of EGCg

were gamma-irradiated for two min using Co source (dose rate, 186 Gy/min), and were rapidly

frozen just after completing irradiation. Each samples were then melted, put into a flat-cell and the

ESR spectra were measured at room temperature using a JEOL RE.3X spectrometer. The

relationship between the intensity of the spin adduct (DMPO-OH) and time after melting the sample

was examined.

Results and Discussion

As the spin trapping method is relatively simple and is able to obtain directly the information

about the radical, it has been used as one of the methods to examine the scavenging activity of OH and

superoxide anion radicals. An appropriate radical- generating system must be adopted for this

purpose. Fenton reaction (Fe2+ + H2O2) is generally used for generating OH radical, and DMPO and

an antioxidant are mixed with it. A fraction of OH radical generated is trapped with DMPO forming

the adduct DMPO-OH, but some fraction is scavenged by the antioxidant. It is, therefore, possible

by examining the intensity decrease of DMPO-OH to calculate the OH radical scavenging activity of

any antioxidants, compared with the intensity of the sample without the antioxidant. However, this

method has following two problems; 1)OH radical generating system is perturbed by the chelating of

the antioxidant to Fe2+ ion. 2) DMPO-OH is also scavenged by the antioxidant. In some cases,

therefore, results were obtained as if the antioxidant showed the scavenging activity, nevertheless OH

radical was not really scavenged. To solve the problem 1), we thought that 7 -irradiation is usable

in place of the Fenton reaction. As the OH radical is formed from the decomposition of a water

molecule by 7 -irradiation, the quantity of the radical generated might not be affected by the presence

of the solute molecule, namely antioxidant. On the other hand, it seems to be difficult to overcome

the problem 2), because DMPO-OH and the antioxidant molecule coexist in a solution and are

impossible to avoid their collision. Therefore, we considered to estimate the quantity of DMPO-OH

scavenged by the antioxidant.

The samples containing definite amount of DMPO and various amount of EGCg was y

-irradiated for a short period (t0) at a constant dose rate (called as process 1). Then, the ESR

Intensity of DMPO-OH was measured as a function of the time after the end of 7 -irradiation

(process 2). In the process 1, trapping of the OH radical forming DMPO-OH and the scavenging of

DMPO-OH proceed simultaneously. However, only the scavenging of DMPO-OH proceeds in the

process 2. The scavenging of DMPO-OH in the process 1 should be minimized to obtain reliable

data on the scavenging of OH radical with EGCg. For this purpose, stronger and shorter 7

-irradiation was better. We used 60Co source (dose rate, 186 Gy/min) at Kyoto University Research

Reactor Institute and 2-minute irradiation was applied.

The spectra of all the samples showed the typical 4-line absorption characteristic to DMPO-OH.

The intensity of DMPO-OH decreased almost exponentially with time in each case, showing that it
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was scavenged by EGCg and unknown processes as shown in Fig. 1. We tried to analyze kinetically

the change of DMPO-OH assuming that following processes are involved

3

C
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10.0

9.5

9.0

8.5

8.0

[EGCg] ' 0 M
[BGCg]= 0.5 X Iff' M
[EGCg]= 1.0 X Iff' M
[EGCg]= 2.5 X 10"' M
IBGCB]= 5.0 X 10"' M

0 500

1. OH radical is generated at a constant rate of

g molecules /sec during y -irradiation.

2. OH radical is trapped with DMPO forming

DMPO-OH or scavenged with EGCg, and other

processes which might quench OH radical were

neglected. These two processes proceed

competitively and the fractions of OH radicals

trapped and scavenged are proportional to their

second order reaction rate, namely

£DMPO[DMPO][OH] and.*EGcg[EGCg][OH]

3 DMPO-OH disappears through unknown

mechanisms, which proceed nearly like a first- order reaction, as shown in Fig. 1. Therefore, the

reaction formulae of this process is describable as kuNK[DMPO-OH].

4 DMPO-OH is scavenged with EGCg in accordance with the equation, £Sc[DMPO-OH] [EGCg].

Here, [OH], [DMPO], [EGCg] and [DMPO-OH] are the concentrations of OH radical, DMPO, EGCg

and DMPO-OH, respectively. The rate constants, £DMPO, £EGC8, kum. and ksc are understood from

above equations.

The change of DMPO-OH in the process 1 is described as follows;

Fig.l

100 200 300 400

Time / s

Intensity Change After Irradiation

d[DMPO-OH]/dt = g-£DMPo[DMPO||OH] / {W>[DMP0][0H]

- W [ D M P 0 - 0 H ] -*SC [DMPO-OH][EGCg]

£EGCg[EGCg][OH]}

- { *UNK

ArEGCg[EGCg]/£DMPolDMPO]}

+ ksc [ EGCg]} [DMPO-OH] (1)

Initial concentrations of DMPO and EGCg are large enough compared with DMPO formed during y

-irradiation, so it was possible to assume that [DMPO] and [EGCg] remain at the original value and

are constant. Therefore, substituting as.

g / { l + £EGCg[EGCg]/£DMpo[DMPO]} = a

W + *sc [EGCg] = b

(2)

(3)

equation (1) is expressed simply as follows,
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dx/dt' = a - b x (4)

Here [EGCg] = x. Integrating above equation,

x = (a/b){l-exp(-bt)} (5)

Therefore, the quantity of DMPO-OH (x0) just after 2-minute irradiation is

xo = (a /b ){ l -exp( -2b)} (6)

On the other hand, the change of DMPO-OH in the process 2 is simply described as follows,

because a is zero in this case;

Dx/dt = - b x (7)

So,

x = xo'exp(-bt) (8)

Here, zero time was reset at the end of y -irradiation.

We prepared five samples containing various amount of EGCg, and the values of a and b were

obtained in each sample. First, b value is obtained from the slopes in Fig. 1, then x0 is obtained by

extrapolating these lines to time zero. In this case, the unit of a and x were possible to select

arbitrarily, because we needed only the ratio of them as recognized from equation 9. Therefore, we

used ESR intensity directly. By using these b and xo values, a is calculated from equation (6).

The relationship between a and [EGCg] was shown in equation 2, so a following equation is

reduced;

ao/a, = 1 + {£EGcg/£DMPo[DMPO]}[EGCg], (9)

Here, ao and aiare the a values of the samples containing no EGCg and of i-th sample containing a

certain amount of EGCg, respectively. The ratio ao/a, was plotted against [EGCg] as shown in Fig. 2.

As the slope is kEGCs/ £DMpo[DMPO] and [DMPO] is known, it is possible to calculate the ratio of the

reaction constants, feocg/ ̂ DMPO- The ratio kEGcg/ kDMPO was 8.3. indicating that EGCg has 8.3-fold

larger reactivity with OH radical than the typical spin trapping agent DMPO. This suggests that

EGCg really act as a OH radical scavenger. We have already calculated this value at — 70 °Cto be

16, using solid state spin trapping method.3) The result that the difference between them measured at

different temperatures was not so large is explainable as follows. As known by Arrhenius equation, a

rate constant is written by the product of a frequency factor and a term, exp(-E/RT). In the case of

the reaction of OH radical and EGCg or DMPO, the activation energy must be small and exp(-E/RT)
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l.C

0.5
0.0 1.0 2.0 3.0 4.0 5.0

[EGCg]/10 3M

Fig. 2 a, /a, vs. [EGCg]

0.003

0.002

0.001

0.000
0 1 2 3

[EGCg] /10~3 M

Fig. 3 b vs. [EGCg]

is nearly 1. If this is the case, kuocj ^DMPO is determined by the ratio of their frequency factors and,

as the result, does not depend largely on the temperature.

The equation 3 shows that b should be linear to [EGCg]. The plot of b against [EGCg] is shown

in Fig. 3, and a sufficient linearlity was obsereved between them, showing that this analysis is

substantially reasonable.

From these results and discussion, it was revealed that this method is useful to measure precisely

the OH radical scavenging activity of various antioxidants.

References

1) H. Yoshioka, G. Akai, K. Yoshinaga, K. Hasegawa, and H. Yoshioka, Biosci. Biotech. Biochem., 60, 117-119(1996).

2) H. Yoshioka, H. Kurosaki, K. Yoshinaga, K. Saito, and H. Yoshioka, Biosci. Biotech. Biochem., 61, 1560-1563(1997).

3) H. Yoshioka, H. Yoshioka, and K. Hasegawa, Biosci. Biotech. Biochem., 60, 1971-1975(1996).

4) H. Yoshioka, and H. Yoshioka, Recent Res. Devel. in Agricultural & Biological Chem., 2, 419-427(1998).

5) T. Kada, K. Kaneko, T. Matsuzaki, and Y. Hara, Mutation Res., 150, 127-132 (1985).

6) K. Shimoi, Y. Nakamura, I. Tomita, Y. Hara, and T. Kada, Mutation Res., 173, 239-244 (1986).

7) S. Taniguchi, H. Fujiki, H. Kobayashi, H. Go, K. Miyado, H. Sadano, and R. Shimokawa, CancerLett. 65, 51-54 (1992).

8) H. Mukutar, Z. Y. Wang, S. K. Katiyar, and R. Agarwal, Preventive Med., 21, 351-360 (1992).

9) R. S. Bhimam, W. Troll, D. Grunberger, and K. Frenkel, Cancer Res., 53. 4528-4533 (1993).

10) T. Yamanae, T. Takahashi, K. Oya, Y. Kitao, M. Suganuma, and H. Fujiki, Cancer Res., 55, 2081-2084 (1995).

11) K. Mitsuta, Y. Mizuta, M. Kohno, M. Hiramatsu, and A. Mori, Bull. Chem. Soc. Jpn., 63, 187-191 (1990).

12) Y. Mizuta, K. Mitsuta, M. Kohno, and A. Mori, Magn. Reson. Med, 1, 101-106 (1990).

13) M. Yamada, K. Mitsuta, and M. Kohno., Magn. Reson. Med., 2, 185-189 (1991).

14) T. Ogata, T. Koide, H. Noda, M. Aoyama, M. Kohno, H. Ohya, and H. Kamada, Magn. Reson. Med, 7, 146-149 (1966).

- 3 7 -



JP0050395
JAERI-Conf 2000-001

Emission of Radical Cations Generated by Radiolysis

Sachiko Tojo, Nobuyuki Ichinose, and Tetsuro Majima*

The Institute of Scientific and Industrial Research, Osaka University,

Mihogaoka8-1, Ibaraki, Osaka 567-0005, Japan

Radical ions are an important reactive intermediates in chemistry, physics, and biology.

Since radical ions of aromatic compounds have strong absorption bands in the visible range,

selective excitation of radical ions with the visible light gives radical ions in the excited

state. However, the nature of this excited-state electron transfer is not clear because only a

small number of studies on the radical ions in the excited state have been completed. In order

to understand the characteristics of radical ions in the excited state, their photophysics such as

fluorescence and lifetime must be investigated. The excited states of the radical ions are

usually nonluminescent in solution, although weak luminescences have been reported for

thermally stable radical ions such as the anthraquinone radical anion and N-methylphenothiazine

radical cation1"4 or thermally unstable radical ions such as benzoquinone radical anion and

1,3,5-trimethoxybenzene radical cation.56 It is concluded that the internal conversion from

the lowest excited doublet state (D,) to the ground doublet state (Do) proceeds as the primary

deactivation pathway for D, of the radical anions due to the small energy gaps between the D,

and Do states, which corresponds to nonluminescent feature of radical ions.

Although distributions of spin and positive charge are considerably overlapped in radical

cations, distonic radical cations with spatially separated cationic and radical sites are found to

be produced by ionization in the gas phase and are also considered even in the condensed

phase.7"10 Since distonic radical cations have separated cationic and radical sites, it is expected

to observe absorption and emission corresponding to the two sites. We have first observed

such site-selective absorption and emission of 1,4-distonic radical cations formed from the

dimerization of 1,1-dianisylethylene (Ar^C^t^, DAE) radical cation (An2C=CH2*
+, DAE'+)

in 77 K n-butylchloride rigid matrix (Scheme 1).

An

DAE 390, 590 nm ^ ^ 3 5 0 ) 4 9 0 n m

(An = C ^ O H Scheme 1
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The absorpt ion

spectrum of DAE*+ was

observed at peak

wavelengths of A^^ 390

and 590 nm in the n-

butylchloride rigid matrix

at 77 K after the y-

radiolysis of DAE (Fig. 1).

The absorption bands

d isappeared upon

warming from 77 K below

90 K, while two bands

appeared at A,max= 350 and

490 nm with absorbances

0.6
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Fig. 1. Absorption spectra of DAE«+ and DAE2*"1" at 77 K

increased with increasing concentration of DAE. These results show that DAE*+ dimerizes

with the neutral molecule to give a dimer radical cation (DAE2'
+) through formation of a C-C

bond between olefin P-carbons. The dimer radical cation is a 1,4-distonic radical cation and

has spin and positive charge localized on 1- and 4-positions with two absorption bands at

Ataax= 350 and 490 nm assigned to the D2<—Do absorption of dianisylmethyl radical (ArijC'H)

and to the S,<— So absorption of dianisylmethyl cation (An2C
+H) chromophores, respectively.

The emission spectral measurements of DAE*+ and DAE/* were carried out after the

fradiolysis of DAE in the n-butylchloride rigid matrix at 77 K. No emission of DAE and

DAE*+ was observed, while emission spectra of DAE2*
+ was observed depending on the

excitation wavelength. Fluorescence spectrum with a peak at ^em
max= 520 nm was observed to

be assigned to the S,—>S0 fluorescence of Ar^C^H by the selective excitation at Af*= 490 nm

(Fig. 2). On the other hand, the characteristic fluorescence spectrum of Ar^C'H was observed

with several structured peaks at Xem= 530-600 nm assigned to the D, ->D0 fluorescence of

AnjC'H by the selective excitation at A.ex= 350 nm (Fig. 2). The lifetimes of the two different

fluorescence bands were measured by the time-correlated single-photon-counting method.

The former band has a lifetime of 4.3 ns, while the latter has that of 193 ns. The excitation

spectrum for the 533-nm c showed two bands corresponding to the excitation of radical and

cationic sites, since fluorescence of both radical and cationic sites was observed at 533 nm.

On the other hand, the excitation spectrum for 490-nm fluorescence was equivalent with the

absorption band of cationic site.

Phosphorescence with a peak at X.emmax= 630 nm with a lifetime of 2.5 ms was also
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observed by the selective excitation

of cationic site at X,ex= 490 nm. This

indicates that the cationic site in the

singlet excited state (S,) converts, at

least, partly to the triplet excited state

(T^ which is luminescent. Weak

phosphorescence was also observed by

the selective excitation of the radical

site at X.ex= 350 nm.

It is summarized that radical and

cationic sites in DAE/* can be

selectively excited by the excitation

at 7^^= 350 and 490 nm to show

independent emission at A,emmax= 530-

600 and 520 (fluorescence) and 630

nm (phosphorescence), respectively.

Excitation of the radical site gave the

D,—>D0 fluorescence together with a

weak phosphorescence of the cationic

site, while excitation of the cation site

did the S,—>S0 fluorescence and T,—>S0

phosphorescence. On the basis of these

results, it is found that radical and

cationic sites are mostly localized in

DAE/* in the excited state generated

from the selective excitation. The D,

X,em 533 nm

Xex 350nm

300 400 500 600 700 800
Wavelength / nm

Fig. 2. Emission and excitation spectra of
DAE2

# + at 77 K

state of the radical site generated from the D2<—Do excitation converts rapidly to the D, state

which relaxes to Do with the D,—>D0 fluorescence. Energy transfer from the D, state of the

radical site occurs partly to give the T, state of the cationic site. The S, state of the cationic

site generated from the S,<—So excitation relaxes to So with the S, —>S0 fluorescence and

T,-4So phosphorescence (Scheme 2).

Although selective emission was observed with selective excitation of two bands of

radical and cationic sites at 77 K n-butylchloride rigid matrix, but not in 1,2-dichloroethane at

room temperature. This clearly shows that conformation of the 1,4-distonic radical cations

with two chromophores influenced by the environment involving solvent and matrix plays an
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energy transfer

0

Scheme 2

important role for relaxation of the photoexcited states. In other words, two bond-unsaturated

chromophores such as diarylmethyl radical and cation linked with an ethylene chain have

little interaction in the ground and excited states of the 1,4-distonic radical cations.

This is the first example to show the bimodal absorption and emission of a 1,4-distonic

radical cation in which spin and positive charge are separately localized and selective excitation

and emission is performed for the radical and cationic sites. It is well established that two

-chromophores linked with spacers interact electronically in the ground and excited states.

On the other hand, it is found that bond-deficient groups such as radical and cation do not

interact in the ground and excited states. We propose such bimodal absorption and emission

of distonic radical cations can be possibly applied for a new photoresponsible system.
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Static and Dynamic Structures of Halogeneted Dimethyl
Ether Radical Cations: An ESR and MO Study

Peng Wang. Nobuyuki Isamoto, Masaru Shiotani

Department of Applied Chemistry, Faculty of Engineering,
Hiroshima University. Higashi-Hiroshima, 739-8527, Japan

An Electron Spin Resonance (ESR) study was carried out to elucidate static and dynamic
structures of some halogeneted dimethyl ether radical cations (CHsOCHaX* and CH2XOCH2X

+,
X= F or Cl) generated in halocarbon matrices by y-rays irradiation at 77 K. The ESR hf
structures were successfully identified with the help of selectively deuterated compounds.

The ESR spectrum of dimethyl ether radical cation (DME+) shows a septet hyperfine

(hf) splitting of a (Hp)= 4.3 mT in CFC13 at 77 K and has been attributed to the freely rotating

methyl groups [1]. We have recently demonstrated large deuterium isotope effects on the

methyl group conformation and rotation for the selectively deuteriated DME cations such as

CD3OCH2D+ and CD3OCHD2+ [2]. Here we present the static and dynamic structures of

mono-halogeneted dimethyl ether radical cations in CF3CCI3.

The solute molecules used are CH3OCH2F, CD3OCH2F, CH3OCH2C1, and CD3OCH2C1.

The associated radical cations were generated in halocarbon matrices such as CF3CCI3 by

ionizing radiation at 77 K. The ESR spectra were observed on a Bruker ESP-300 spectrometer

from 4 K to 150 K. The geometrical structures of the cations were optimized at ab initio MP2/

6-31G (d,p) or DFT B3LYP/ 6-31G (d,p) level. The hyperfine splittings were calculated at DFT

B3LYP/ 6-31G (d,p) level for the above optimized structures.

Figure 1 shows the ESR spectra of CD3OCH2F
+, CH3OCH2F

+, CD3OCH2C1+, and

CH3OCH2C1+ in CF3CCI3 at 77 K. The analysis of the experimental spectra is given in the

figure. The ESR parameters derived from the analysis are listed in Table 1. The spectrum of

CH3OCH2F
+ consists of a triple triplet [ai=14.0 (2H) and a2=3.5 (2H) mT]. CH3OCH2F

+was

easily photo-bleached by illumination of X> 600 nm light. The smaller triplet (a2) disappeared

in the spectrum of CD3OCH2F
+. Thus, the larger («i) and smaller (a2) isotropic triples were

attributable to two equivalent hydrogens of the CH2F and two hydrogens of the CH3 groups,

respectively. The non-equivalence of the CH3 hydrogens indicates that the methyl group is not

freely rotating at 77 K. Note that no 19F hf splitting was observed for CH3OCH2F
+.

On the other hand, two different triplets were observed for the irradiated CD3OCH2CI /

CCI3CF3: ai=14.0 (2H) and a\ = 9.5 (2H) mT. The larger triplet (ax) shows the same value as
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CD3OCH2F

CD3OCH2F+

CH3OCH2F

the *H hf splitting of CD3OCH2F
+ and was photo-bleached by illumination of X> 600 nm light.

Whereas the smaller triplet (#i') decayed with X> 350 nm light illumination. Thus, we attribute

the former and latter triplets to CD3OCH2F
+ and CD3OCH2C1+, respectively. The formation of

CD3OCH2F
+ in the CD3OCH2C1 / CC13CF3 system suggests that the Cl atom of CH3OCH2C1

can be easily replaced by one F atom

of the matrix CF3CC13 molecule in

the course of the sample preparation

at room temperature. The ESR

spectrum of CH3OCH2C1+ in

CF3CC13 gave an isotropic

triple-quartet with a{= 9.5 (2H) and

aj= 3.4 (3H) mT at 77 K; the

quartet was attributable to the three

equivalent hydrogens of freely

rotating CH3 group. When the

temperature was cooled down to 4.2

K, a triple with 5.1 mT (2H) was

observed instead of the quartet. The

result indicates that the rotational

motion of CH3 group was hindered

to give two magnetically equivalent

hydrogens. The temperature-

dependent ESR spectra of

CH3OCH2F"

CD3OCH2C1

CD3OCH2F+

CH3OCH2C1+ in CF3CC13 matrix

were successfully analyzed in terms

of the methyl group rotation whose

rate increases with temperature.

Note that again no hf splitting due to
35C1 (37C1) was observed for

CH3OCH2C1
nm)

CH3OCH2C1+

310 320 330 340
mT

350

Figure 1
CH3OCH2C1, similarly to the case

ofCH3OCH2F
+.

Ab initio MO calculations resulted in the halogen atom (F or Cl) preferentially located

in the C-O-C plane and perpendicular to the unpaired electron orbital of the central oxygen, but

with a different CH3 hydrogen conformation (see Fig.2). Consistently with the experimental

results, DFT calculations for the geometrical structure gave large 'H hf splittings to the CH2X

protons and small hf splitting less than the line width of ca. 1.0 mT to the halogen atom as

shown in Fig.2 (the experimental *H hf splittings being in parentheses). Based on the ESR
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results compared with the theoretical calculations, the mono-halogeneted dimethyl ether radical

cation was concluded to have a n-type SOMO, similarly to the dimethyl ether radical cation, in

which a larger spin density is transferred to the proton Is orbitals of CH2X group from the 2pz

orbital of central oxygen (O).

A similar ESR study was carried out for the £/s-chlorinated dimethyl ether cation,

(CH2C1)2O+. Our preliminary results show that a bonding orbital is formed between the two Cl

atoms of (CH2C1)2O+ so as to yield a five-membered ring, similarly to 1.3-dichloroapropane

radical cation [3]: the unpaired electron mainly localizes in the 2p orbitals of the two

equivalent Cl atoms. The details will be published elsewhere.

3.5 mT O

Hi 13.8 mT
H l (14.0 ml)

Hi 8.7 mT
H l (9.5 mT)

Figure 2

Table 1 ESR parameters of mono-halogeneted dimethyl ether radical cations.

Radical Cation T (K) Isotopic lH hf(mT) g

CH3OCH3
+ 4.2 K,77 K a1"=4.3(6HoftwoCH3) 2.0085

Ref.

CD3OCH2F+ 4.2 K, 77 K ^=14.0 (2H of CH2F)

CH3OCH2F+ 4 .2K,77K ^=14.0 (2H of CH2F); a2=3.5 (2H of CH3)

CD3OCH2C1+ 4 .2K,77K a,'=9.5 (2Hof CH2C1)
CH3OCH2C1+ 77 K a{=9.5 (2H of CH2C1); a2'=3A (3H of CH3)

4.2 K ai'=10.2, 8.7 (2H of CH2C1); a2"=5.1 (2H of CH3)

2.0115
2.0115
2.0254
2.0254

this work

this work

this work

this work

Ref 1

* CF3CCI3 was used as a matrix in this work.

Ref. 1. J. Tzong and F. Williams, J. Am. Chem. Soc, 103, 6994, 1981.

2. M. Shiotani, N. Isamoto and H. Hayashi, JAERI-Conf.96-015, p.28-31.

3. A. Hasegawa, M. C. R. Symons, and M. Shiotani, J. Chem. Soc, Perkin Trans. 2, 147, 1989.
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Study of inner shell excitation effect on C-H dissociation in aromatic hydrocarbon solids
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B Faculty of Human Development, Kobe University, 3-11 Tsurukabuto, Nada-ku, Kobe 657-8501, Japan
cGraduate School of Chemistry, University of Tokyo, 7-3-1, Hongo, Bunkyo-ku, Tokyo 113, Japan

D Institute for Molecular Science, Myodaiji, Okazaki 444-8585, Japan

Since Carson el al. [1] have reported "Coulomb Explosion" model, inner shell excitation effect

on dissociation is intensively attractive because multiply ionized states induced by Auger decay

enhance dissociation. This effect on chemical reaction has been investigated especially for surface

reaction processes such as desorption induced electron transition (DIET). Recently, some studies on

DIET using monochromatic soft X-rays have reported that desorption yield depends on not only the

repulsion energy but also the character of excited molecular orbital (MO) [2-4]. This means that inner

shell resonant excitations to different MO result in different desorption. This "Inner Shell Resonant

Excitation Effect" is very interesting because it enables us to control photochemical reactions with

synchrotron radiation. Two important problems lie ahead of us for application of this effect. One

problem is secondary effect. When one irradiates soft X-rays to materials, following reaction includes

two kinds of mixed effects; fundamental effect (FE) and secondary effect (SE). FE originates from

interactions between photon and materials, while SE originates from interactions between secondary

electron and materials. Since inner shell resonant excitation effect essentially originates from FE, it is

important to know the ratio of FE to SE in a photochemical reaction in order to estimate true

magnitude of inner shell resonant excitation effect. The other problem is the difference between

surface reaction and bulk reaction. Weather the bulk reaction shows inner shell excitation effect as

well as the surface reaction does? Some studies of inner shell excitation effect on damage in bulk have

been reported. To our knowledge, however, there is no study which reports the difference between

bulk and surface reaction.

In this paper, we present two kinds of works with aromatic hydrocarbon compounds. First, we

present photon stimulated ion desorption (PSID) on condensed benzene to study inner shell excitation

effect on surface. Secondly, we present color center formation in anthracene single crystals to study

that on bulk.

[Photon stimulated ion desorption on condensed benzene]

In this work, we carried out two kinds of experiments in order to elucidate the ratio of FE to SE

on surface with condensed benzene. One is measurement of Auger electron yield (AEY) spectra and
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total ion yield (TIY) spectra, the other is measurement of Auger electron photoion coincidence

(AEPICO) spectra in C AT-edge energy region. All experiments were performed at the beamline BL-

2B1 at the Ultraviolet Synchrotron Orbital Radiation Facility (UVSOR) of the Institute for Molecular

Science, Okazaki, Japan. AEY and TIY spectra were measured with cylindrical mirror analyzer

(CMA) and time-of-fiight mass spectrometer (TOF-MS), respectively. For the AEPICO experiment,

electron signal measured with CMA triggered multichannel sealer (MCS) and ion signal measured by

TOF-MS was counted with MCS. The ions desorbed from the same excited molecule which has

emitted Auger electron give a characteristic peaks at the TOF difference spectrum (coincidence

signals), while the other ions raise background counts (false coincidence signals). The coincidence

signals are formed by ions which are desorbed by FE, while, false coincidence signals are formed by

ions which are desorbed by SE. Consequently, one can observe only the FE by extracting the

coincidence signals from the false coincidence signals. All apparatuses were constructed by Mase et al.

[5]. Figure 1 shows AEY, TIY, TIY/AEY spectra and coincidence yield (O). AEY and TIY spectra

correspond to absorption spectrum and FT desorption yield spectrum, respectively. TIY/AEY

corresponds to desorption yield per inner shell excitation. H" desorption yield obtained from TIY/AEY

spectra correspond to C-H dissociation yield rfj^hv) which reflects both the FE and SE While,

coincidence yield obtained from AEPICO spectra correspond to C-H dissociation yield rjj^h v) which

reflects only FE. We focused two specific resonant excitations. Resonant excitation 7i*(e2u) <- Is (hv =

285 eV) has the most intense peak in AEY and TIY. Resonant excitation XD <— Is (hv = 287 eV)

showed obvious peak in TIY/AEY and might be assigned to a*c.H <- Is [6]. Both the TIY/AEY and

coincidence yield show suppression and activation at the excitation 7t*(e2u) <- Is and XD <- Is,

respectively [7]. However, the intensity ratio is different, i.e., rfJ<2%leV)lrfJi2'&5eV) =s 4,

rM(2?>lQV)lriJy2%56V) « 10. To estimate the ratio of FE to SE, we consider three contributions of SE,

i.e., F-photoelectron, Auger electron, and A'-photoelectron. Among the contributions, we assume that

contribution of F-photoelectron can be neglected because the contribution is minor component above

A'-edge energy region. Contribution of AT-photoelectron emerges above ionization potential (IP). We

also neglected this contribution because the resonant excitations used for this experiment lie below /,,.

Thus, the dominant contribution of SE is that of Auger electron. To say exactly, Auger electron spectra

(AES) of resonant excitation depend on the excitation energy. However, the resolution of our CMA

was not so high that we couldn't found such a dependency in AES. Hence, we regarded the

contribution of Auger electron as constant. Figure 2 shows the fundamental and SE on C-H

dissociation. As shown in Fig. 2, it is thought that FE should be smeared out by the constant SE.

Therefore, we estimated the ratios of FE to SE based on this assumption at FE:SE=1:2 for 7i*(e2u) and

at FE:SE=5:1 for XD resonant excitation.

[Color center formation in anthracene single crystals]

For the study of inner shell excitation effect on bulk reaction, we investigated color center

formation in anthracene single crystals by fluorescence quenching technique (FQT). Experiments were
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performed at the beamline BL-7A at the Photon Factory of the Institute of Materials Structure Science,

Tsukuba, Japan. The experimental details of FQT have been reported previously [8]. Hydrogen

attached color center is the dominant product induced by irradiation in aromatic hydrocarbon solids. In

previous work, we elucidated color center is formed via C-H dissociation by electron transition [9].

Hence, we can study the inner shell excitation effect of C-H dissociation yield by the color center

formation yield. FQT is a method using quenching of S, fluorescence by color centers. When we

irradiate 365 nm light from mercury lamp, S[ exciton is produced though color center is not produced.

S] exciton moves over 3200 lattices in crystal during the radiative lifetime r (* 10 ns). When there is

not color center in the reaction volume, S, exciton emits Si fluorescence. While, when there is color

center in the reaction volume, energy transfer occurs from S[ exciton to color center and S, exciton

relaxes through nonradiative process. Hence, S, fluorescence quenching reflects the concentration of

color center in anthracene single crystals. We irradiated monochromatic soft X-rays to anthracene and

measured the quenching curves of S) fluorescence intensity VA\ irradiation photon numbers, which

gave us information on color center formation yield. In this experiment, we examined FQT experiment

in the energy region below and above C AT-edge. Figure 3 shows some results of quenching curves of

S, fluorescence intensity on excitation energies. We obtained color center formation quantum yield

Tjc(hv) by fitting a model function to experimental results. The solid lines in the figure are the

theoretical curves and show good reproducibility for experimental data. Figure 4 shows obtained

rjc(hv) and near edge X-ray absorption spectrum (NEXAFS) of anthracene single crystals. The sharp

structures of NEXAFS near 285 eV are assigned to resonant excitation n*<— Is, whereas the broad

features above 290 eV are thought to be assigned to excitation a* 4-Is. In Fig. 4, we can find an

increase of 7]c(hv) above the C K-edge. This result would be originates from inner shell excitation

effect on C-H dissociation yield. However, at the resonant excitation n*<— Is, rj^hv) did not show any

suppression in contrast with the clear suppression on surface (Fig. 1). This result means that the inner

shell resonant excitation effect on C-H dissociation is very small. We owe the result into the secondary

effect discussed above. We concluded that the SE would contribute C-H dissociation more than FE in

bulk.
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Abstract We measured ESR spectra of color centers on AgI-AgPO3, AgI-Ag2O-B2O3,

AgI-Ag2MoO4, AgI-Ag2WO4, (CH3)4NI-(C2H5)4NI-AgI (TMAI-TEAI-AgI) and its derivatives

of superionic conducting glasses. In organic-inorganic mixed glasses, organic ion radicals were

observed. They were not affected by ionic conductivity. On the contrary, Ag2+, Ag° and

aggregated Ag° were observed in inorganic glasses. These color centers in inorganic glasses

were affected by ionic conductivity.

Introduction

Coloration on glasses has been well studied for optical use of these glasses. Some impurity

centers and color centers were also used for structural probes of various glasses. We have

studied color centers in superionic conducting glasses to use them as structural probe or probe

of chemical bonding around conducting ions. Especially, we have studied structures of color

centers in inorganic glasses and inorganic-organic mixed glasses to compare effects on color

centers by different glass network structures. In this paper, we report ESR results of Agl-

AgPO3, AgI-Ag2O-B2O3, AgI-Ag2MoO4, AgI-Ag2WO4, (CH3)4NI-(C2H5)4NI-AgI (TMAI-

TEAI-AgI), TMAI-CsI-AgI and TMAI-TEAI-TPAI-AgI (TPAI=(C3H7)4NI) glasses. The

former two of inorganic glasses have framework structure in difference with latter two. The

TMAI-TEAI-AgI glass system is organic-inorganic mixed one. Structure of this glass is a

dispersed type.

Results and discussion

Hyperfine structure with almost equal split and intensity ratio of 1:4:6:4:1 was observed in

an ESR spectrum of (TMAI)0^(TEAI),,.i(AgI)a8 glass 7 -rayed at 77 K. Each line was very
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broad ( F W H M = 1.2 m T ) . This is due to many unresolved lines by a - and /3-hydrogens.

Therefore, this signal is due to a T E A radical. The intensity ratio of the hyperfine lines w a s

1:2:1 in an E S R spect rum of (TMAI) 0 1 (Cs I ) 0 2 (AgI ) 0 7 7 - r a y e d at 77 K. This is a signal of

T M A radical. E S R spect rum of ( T M A I ) 0 0 5 (TEAI) 0 1 (TPAI) 0 1 (AgI) 0 7 5 showed the intensity ratio

of the hyperfine lines of 1:4:6:4:1 as (TMAI) 0 1 (TEAI) 0 1 (AgI ) 0 8 . T h e line width was , however ,

larger than that in (TMAI) 0 1 (TEAI) 0 1 (AgI ) 0 8 . T h e larger width ( F W H M = 1 . 5 mT) of each line

seems to be due to unresolved lines by 7 -hydrogens. Therefore, this is a signal of T P A radical.

Hyperfine coupling constants of these signals decreased in an annealing process . These signals,

however , remained even at r o o m temperature . This seems to be the stability of radicals due to

the glass s tructure, in which each alkylammonium ion is dispersed randomly and the interaction

with surrounding ions is weak .

Fig. 1 shows E S R spectra of A g I - A g P O 3 glasses 7 -rayed at 7 7 K. Peaks at 2 7 2 m T and

3 0 8 m T in A g P O 3 seems to be due to Ag2 + . Small shoulder

peaks at 280mT, which is clear in spectra of A g l

composi t ion of 10 to 30 %, and 3 1 3 m T seems to be due to

another Ag2 + . These results are almost coincident with those

on Li-Al-Ag-metaphosphate glass by Y o k o t a and Imagawa

(ref. 1). However , two sor ts of Ag2 + exist in A g I - A g P O 3 in

our study. These Ag2 + seems to cor respond to those in t w o

sorts of silver sites in these glasses. These signals decreased

as Ag l composi t ion increased. Peaks at 2 9 7 m T and 3 5 2 m T

in A g P O 3 seem to be due to Ag°. This signal disappeared as

Ag l composi t ion increased even slightly.

Fig. 2 shows ESR spectra of AgI-Ag 2 O-B 2 O 3 glasses

7 -rayed at 77 K. Peaks at 2 8 9 m T and 3 1 5 m T seems to be

due to Ag2 + . Small shoulder peak at 2 7 5 m T and the peak at

3 1 2 m T seem to be due to another Ag2 + . These signals

coincide with those repor ted previously on Ag2 + in 60AgI- 1—.-a^—1—.—.-300 350

MAGNETIC FIELD <mT>

30Ag2O-10B2O3 glass by Balaya and Sunandana (ref. 2). p i g L E g R S p e c t r a of Agh

They found that the hole was trapped by two different silver A^F°3 & lasses r - r aye d a t
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ions. They pointed out the possibility that these two sorts of

silver ions correspond to mobile and immobile ions. Although

these signals decreased as Agl composition increased, they

remain even in the spectrum of Agl composition of 60 %.

Fig. 3 shows ESR spectra of AgI-Ag2MoO4 glasses y -

rayed at 77 K. Many sharp lines are due to oxygen atoms,

which remain at the sample preparation. Peaks at 287mT and

shoulder peak at 315mT seem to be due to Ag2+. The peaks at

273mT and 312mT seem to be due to another Ag2+. The peak at

335mT seems to be due to aggregated Ag° as in Li-Al-Ag-

metaphosphate glass (ref. 1). These signals decreased as Agl

composition increased.

In AgI-Ag2WO4 glasses y-rayed at 77 K, peaks observed at

287mT and shoulder peak at 315mT seems to be due to Ag2+.

The peaks at 21 Ami and 315mT seem to be due to another

Ag2+. These signals decreased as Agl composition increased.

g-values of ESR signals in inorganic glasses are summarized

in table 1. It is found from ESR measurement that Ag2+ was

induced in all of these inorganic glasses. Some additional

difference seems to be due to the difference of the framework

structure of these glasses.

Efficiency of creation of Ag2+ and Ag° decreases as Agl

composition increases. This seems to be due to high ionic

conductivity in Agl dense glasses, in which induced Ag2+ and

Ag° immediately disappear by recombination of hole and

electron.

77K
9-0J722CHZ

250 300 350
MAGNETIC FIELD (mT)

Fig. 2. ESR spectra of Agl-
Ag2O-B2O3 glasses 7 -rayed
at 77 K.

250 300 350
MAGNETIC FIELD (mT)

Fig. 3. ESR spectra of
AgI-Ag2MoO4 glasses y -
rayed at 77 K.

Table 1. g values of ESR signals in inorganic glasses.

AgPO3

(AgI)o.23(AgP03)o.77

(AgI)o3o(Ag20)035(B203)03S

(AgI)oJ5(Ag2Mo04)055

(AgI)0.5s(Ag2WO4)0,,5

1.85 1.94

1.93

2.04

2.04

2.04

2.04

2.04

2.09

2.09

2.07

2.07

2.07

2.16

2.12

2.12

—

2.27

2.24

2.26

2.25

2.38

2.38

2.39

2.37

2.37

- 5 1 -



JAERI-Conf 2000-001

Fig. 4 shows thermal stability of the Ag2+

of AgI-AgPO3 in annealing processes.

Thermal stability of Ag2+ decreased when the

ratio of Agl increased. This seems to be due

to the high ionic mobility, which increase

recombination probability of the hole on a

silver ion and an electron anywhere else.
150 200 250

TEMPERATURE (K)

Fig. 4. Thermal stability of the Ag2* of
AgI-AgPO3 in annealing processes.

300

Conclusion

Coloration efficiency and thermal stability

of induced color centers decreased when the ratio of Agl increased in inorganic superionic

glasses. This seems to be due to the high ionic mobility, which increase recombination

probability of the hole on a silver ion and an electron anywhere else.
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Introduction

Ferrocene, a sandwich complex, has been greatly concerned with for its applications

in fields such as metallorganic chemistry, coordination chemistry, photochemistry and

electrichemistry. Since flash photolysis of feerocene in gas phase has been reported by

B.A.Thrush (1) in 1956, people have paid more and more attention to the photochemical

studies of ferrocene and its derivatives(2,3). Some results have been applied in the industrial

production, for example, photo-irradiation of ferrocene-diazol system has been used in

photoimaging and microcopy(4), and photoimaging by photopolymerization of the

unsaturated chains in the branched chain of ferrocene has been applied in the production of

planographic printing and integrated printed circurt(5). Previously, we have reported the

preparation of a new photoimaging system containing freeocenic derivatives, linear phenol

resin and ligand (Hox), which has been used in the off-set printing system(6,7). In this paper,

we report firstly the laser flash photolysis sthdy of ferrocene in CH3CN solvent.

Experimental Section

Ferrocene (FCH) was obtained from Jiaxing fine chemical factory and was used
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experiments were carried out at room temperature.

Laser flash photolysis was carried out using home-made excimer laser facility,

which delivered the 248nm (KrF) light pulse with a duration of 20ns, the maximum laser

energy per pulde was 50 mJ. Detailed description of the laser equipment and experimental

conditions were given elsewhere(8).

Results and Discussion

Acetonitrile (CH3CN) was seclected as solvent because direct laser flash photolysis

of Acetonitrile notransient absorption could be observed throughout the wavelength

region detected (from 260nm to 600nm), on the other hand, ferrocene can not be

dissolved in water.

0.08

0.00
300 500 600400

X I nm

Fig. 1 shows the transient absoption spectrum obtained from laser flash photolysis

of 1 mM FCH CH3CN solution saturated with N2 at 0.1 |is(o); lus (•) and

10u.s (A) after laser pulse.

Fig. 1 shows the transient absoption spectrum obtained from laser flash photolysis

of 1 mM FCH-CH3CN solution saturated with N2 at 0.1 us(o); 1 (is (•) and 1 Ous (A)
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Figure 2 The kinetic formation and decay curves recorded at (o) 3 lOnm and (•)

520nm respectively.

0.04

0.00
0

Figure 3 The kinetic formation and decay curves recorded at (•) 290nm and (o)

380nm respectively.
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after laser pulse, the kinetic formation and decay curves recorded at 310nm, 520nm and

290nm, 380nm were shown in Figure 2 and Figure 3 respectively. From figure 1 and 2

given, the short lifetime species with maximum absorption peaks at 310nm and 520nm

observed at 0.1 us after laser pulse possess the same formation and decay processes,

whose lifetime are about 0.3us. Because these two absorption peaks can be quenched by

O2, , this transient species was assigned to the excited triplet state of ferrocene (3 FCH*).

Then following the fast decay of this two absorpton peaks, other transient species with

two weak absorption peaks at 290nm and 380nm, which also possess the same formation

and decay processes, were slowly built up, and disappeared completely during 40(is. This

species should be attributed to the contribution of an electron donor and acceptor

complex formed by the redistribution of excited energy of the excited triplet state of

ferrocene (3 FCH*). The kinetic analysis shows the almost identical decay rate constants

can be obtained, i.e. &obSid (38onm) / 1.24X 105 s"1 (tm I 5.6u,s) and &Obs,d (290nm) / 1.07X 105 s'1

(ti/2 / 6.4(j.s). The reaction mechanism was sumed up as following:

FCH h v »3FCH*

Scheme 1
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Abstract An alanine-polyethylene (PE) pellet is used as an alanine / electron spin

resonance (ESR) dosimeter in radiation facilities. Using the unique depth profiling capability

of Fourier transform infrared photoacoustic spectroscopy (FT-IR / PAS), the chemical

structure of the alanine-PE pellet and its fading reaction after y-ray irradiation have been

studied. It was found that PE concentration of the alanine-PE pellet in a surface or near

surface is larger that that in a bulk. The products resulting from fading were observed in the

bulk alanine-PE pellet irradiated and stored for 6 months at room temperature.

INTRODUCTION

In 1962, Bradshow et al. reported the possibility of alanine as a dosimeter of ionizing

radiation using electron spin resonance (ESR) spectroscopy1. Recently, in fact, an alanine-

polymer pellet is used as an alanine / ESR dosimeter in radiation facilities2. It is well known

that free radicals formed by irradiation of alanine are long-lived at room temperature and can

be measured quantitatively using ESR spectrometry. The nominal absorbed dose range of the

alanine dosimeter is 1 ~ 105 Gy. However, while the ESR signal increases linearly with dose

up to 104Gy, abovel04Gy the signal-vs-dose function becomes sublinear. The reason may be

radical recombination or transformation into non-paramagnetic products. In order to criticize

and improve the accuracy of the alanine dosimeter, it is important to understand such radical

reactions. In addition, the chemical reactions of free radicals in polymers have become the

subject of considerable research3.

The alanine dosimeter has been thoroughly investigated for ^Co gamma-ray

exposures by the use of ESR and related spectroscopies. However, infrared (IR) analyses of

the alanine dosimeter have not been reported, to our best knowledge. This is partly because

the alanine dosimeter is too shivery to be sliced to get a thin film as IR beam can transmit.

The chemical structure of the alanine dosimeter and non-paramagnetic reaction products

were investigated by a Fourier transform infrared / photoacoustic spectroscopy (FT-IR /

PAS).
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EXPERIMENTAL

The experiment was carried out using 4 kCi ^Co gamma source at Electrotechnical

Laboratory. Alanine dosimeters of rod type (5 mm <t> X 10 mm) manufactured using

polyethylene (PE) as a binder which were developed by Japan Radioisotope Association4,

were used. The alanine dosimeters were made by extrusion of mixture of polycrystalline DL-

a -alanine with 30 wt% of very low-density PE. The irradiated alanine-PE dosimeters were

measured using a computer-aided Bruker EMX ESR spectrometer. Peak-to-peak intensity

(//pP) of the central line of the alanine radical spectrum was recorded at room temperature.

FT-IR / PA spectra were obtained on a Nicolet Magna 860 step-scan FT-IR spectrometer

equipped with an MTEC Model 300 photoacoustic cell. The photoacoustic cell was purged

with dry helium prior to acquiring FT-IR / PA spectra. Depth profiling by FT-IR / PAS was

performed by recording scans at different interferometer mirror speeds.

RESULTS AND DISCUSSION

Figure 1 shows FT-IR / PA depth profile spectra of 8 cm' as compared with an

attenuated total reflection (ATR) spectrum of 2 cm"1 for the alanine-PE dosimeter. At higher

mirror speeds of 1.27 and 0.63 cm/sec, there is little PA saturation. At a slow mirror speed of

0.063 cm / sec, the intense bands are strongly saturated and weaker bands gain intensity

relative to the intense features. A broad absorption feature in 3200 ~ 2000 cm'1 caused by

extensive intermolecular H bonding5, indicates that a zwitterionic form of alanine dominates

in the alanine-PE. PE bands6 are observed at 2920 and 2850 cm1. Each PA spectrum of 1.27,

0.63 and 0.063 cm/sec probes a thermal diffusion length of about 3, 5 and 15 |jm, respectively.

The ATR spectrum probes about 1 Jim. Although considerable PA saturation occurs in the PA

spectrum of the slowest mirror speed, the other spectra show that the contribution of the PE

bands to the overall structure decrease as the sampling depth increases. This suggests that PE

concentration in a surface or near surface is larger that that in a bulk.

A linear relationship between the ESR signal intensity and the absorbed dose of y -

irradiation was not held for 50 kGy, as shown in Fig. 2. After 50 kGy irradiation, the

dosimeters got brownish in color. Figure 3 shows FT-IR / PA depth profile spectra of the

alanine-PE dosimeter non-irradiated and 50 kGy irradiated and stored for 6 months at room

temperature, along with their difference spectrum at a mirror speed of 0.063 cm/sec.

Previously, we reported that an absorption peak appears around 1716 cm"1 after 50 kGy

irradiation7. This peak can be assigned to the stretching vibrational frequency of carbonyl
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group of carboxylic acid, resulting from the radiation degradation of PE3. In Fig. 3, a small

absorption peak was found at 1766 cm"1, whereas it was not observed immediately after the

irradiation7. Therefore, this peak may be due to products resulting from a fading reaction.

Noted that the 1766 cm"1 band was not observed at mirror speeds of 1.27and 0.63 cm/sec. On

the analogy to radiolysis of glycine8, the alanine radicals disproportionate to give an imino

compound which react with water to produce pyruvic acid on dissolution of the crystals. The

possible reaction can be expressed as follows:

CH3 —CH—COOH

NH3

Alanine

. fading
CH3—CH—COOH > CH3—C—COOH

Alanine radical Pyruvic acid

PE

ATR

PE
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Fig. 1. FT-IR / PA depth profile spectra of

the alanine-PE dosimeter along with ATR

spectrum.

Fig. 2. Response curve for alanine-PE

dosimeter as a result of ESR evaluation,

after irradiation by ^Co gamma-radiation.
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The 1766 cm"' band most likely arises

from the stretching vibrational frequency of

carbonyl group of oxalates (-O-CO-CO-O-)9.

Therefor, it is plausible that the 1766 cm"'

band is assigned to pyruvic acid. This result

suggests that the fading reaction can produce

pyruvic acid. The present study demonstrates

that FT-IR / PAS is one of the most powerful

tools to investigate non-paramagnetic

products resulting from radical reactions in

solid form samples.
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MORSE Code Applied in Material Research to Protect Against
Neutron Radiation

Ning Jing, Zheng Jinmei, Wang Bingling, *Li Jingyun

Beijing Radiation Application Research Center
*China Institute of Atomic Energy

The neutron and gamma-ray are used widely in industry, agriculture, medicine and
science etc. Many countries in the world attach importance to research on materials for
protection against neutron and gamma radiation, in order to protect human health.

We began to develop this research work in early the nineties of twentieth century.
Through our efforts for several years, the laboratory for measuring and theory calculating
shelter property of material for protection against neutron and gamma radiation was
established. By comparing the results of measuring and calculating, the shelter property
of material would be made certain.

The object of this work is to calculate the attenuation factor of every prescription
which includes Boron so as to provide a powerful backing for further research.

MORSE (Multigroup Oak Ridge Stochastic Experiment) code is used in calculati-
on. This code was programmed at the Oak Ridge National Laboratory and was designed
as a tool for solving most shielding problems.

Among the characteristics of material for protection neutron radiation, attenuation
factor against neutron radiation is the most important. The higher the attenuation factor,
the better the material for protection against radiation.

An examination has been made to confirm that there is little difference between
calculation and measuring. The calculation is proved to be effective.

A layer of steel and a layer of compound material are chosen. The compound
material is based on high polymer. Different Boron(B) content will result in different
attenuation factor against neutron radiation. The best B content must be decided before
making sample. Calculation is the best way.

1.5cm steel and 4cm compound material are chosen, different percent B is added to
the material. From the results calculated by MORSE code, 10%, 20%, 25% Boron
compound material are better. The three prescription are made into sample. Laboratory
measuring results are listed as follows:

result of measuring - result of calculation | /result of measuring
(%)
0.25
0.48
0.07

Compared with the results of laboratory measuring and Monte Carlo calculation,
the differences between them are little. In this way, the prescription chosen for material
for protection against neutron is reliable.

B content

10
20
25

attenuation factor

4.06
4.13
4.25
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Project Outline of High Quality Electron Beam Generation
at Waseda University

M, Washio, Y. Hama, S. Kashiwagi, R. Kuroda, T. Kobuki, and T. Hirose*
Advanced Research Institute for Science and Engineering, Waseda University,

3-4-1, Okubo, Shinjuku-ku, Tokyo 169-8555, Japan
Department of Physics, Tokyo Metropolitan University,
1-1, Minamiohsawa, Hachioji, Tokyo 192-0397, Japan

Abstract
High quality electron beam generation project has been started at Waseda University under the

grant of Ministry of Education, named High-Tech Research Center Project. In the project, we will
install a laser photo-cathode RF Gun system with 1.6 accelerating structure cells of s-band and a
stabilized RF power source. This RF Gun is expected to produce single electron bunch up to 1 or
2nC with around 1 Ops pulse duration.

1. INTRODUCTION
Ultra-short and low emittance electron beams are

indispensable tool for the physical chemistry
investigation in ionization and excitation processes
of various kind of materials. Further, high quality X-
ray beam with the pulse length of the pico- to
femtosecond rime region can be generated by the
Inverse Compton scattering process between high-
brightness short pulse laser light and the high
quality electron beam.(M)

One of the most suitable way to generate the high
quality electron beam is considered to apply a
photo-cathode RF gun system. Recent rapid
progress of the photo-cathode RF gun system
conducted by the collaboration^ among the BNL
(Brookhaven National Laboratory), KEK (High
Energy Accelerator Organization and SHI
(Sumitomo Heavy Industries, ltd.) promises us to
generate high quality electron beams to demonstrate
the pulse radiolysis experiment at the picosecond
time region. We have started the simulation work
about the characteristics of electron beam obtained
from the RF gun developed by above three
organizations. In this paper we will present the
project outline at Waseda University and some
recent results by the simulation using the MAGIC
code which can calculate the time domain electron
beam trajectory under electromagnetic field.

This work has partially supported by the Grant for
Special Project of Waseda University, No. 99B-029

2. RF GUN
2.1 RF gun system

The system is composed of four major parts
such as stabilized RF power source, klystron,
excitation laser and RF gun cavity. The
electron is emitted from photo-cathode by the
irradiation of UV laser light in the RF gun, so
that the electron beam can be controlled by the
injection timing, spot-size and pulse duration
of laser pulse. In Fig. 1, the side view of the
RF gun is shown.

Solenoid Magnet

Cooli.

RFGun

Ion Pump

Cooling©

IG(B-A)

Turbo Molecular
Pump

0 100 mm
Rotary Pump

Fig. 1 Side view of the Laser Photo-cathode
RF gun system
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2.2 Simulation of RF gun
RF gun using for our simulation is based on BNL

gun IV type, 1.6 cell s-band cavity structure. Fig. 2
shows cross-sectional view of the RF gun with the
7i mode resonance at 2856.25MHz calculated by
the MAGIC code using the cavity parameters
listed in Table 1.

Table 1 RF gun cavity parameters
Full cell
Full cell
Half cell
Half cell

diameter:
length:
diameter:
length:

83
36
82
22

.6 mm<t>

.08mm

.52mm<t>

.01mm

46 .

I
•46

102.21

Longitudinal [mmj
Fig. 2 The cross-sectional view of the RF cavity
Resonated at 2856.25 MHz at TC -mode

For the first step of the electron beam simulation,
we have checked the availability of the code
through the calculation of output bunch lengths of
electron beam by changing the injection phase of
laser light. Fortunately, we have the reference data,
which has been demonstrated at University of
Tokyo [5] obtained for the same type of RF gun.

40

20 40 60 80 100 120
Injection Phase [degree|

140

Fig. 3 Bunch length simulation from the RF gun
( at laser pulse length of 20 ps)

Fig. 3 shows the bunch length dependence of the
output electron beam from the RF gun by changing
the injection phase of laser light with the pulse
length of 20ps.
Fig. 4 is the data obtained by Univ. of Tokyo

group using the 20ps laser light [5]

fa 20 40 60 80 100 120 14
Injection Phase [degree]

Fig. 4 Experimental bunch lengths of electron
obtained from RF gun ( "
( at laser pulse length of 20ps )

. As the result, the MAGIC code is to be
applicable for the simulation of characteristics of
electron beam from the RF gun. In the next step,
we have calculated the output electron beam
characteristics, especially for getting the low
emittance, using the parameters listed in Table 2.

Table 2 RF gun parameters to obtain
low emittance electron beam

Wavelength of Laser light: 266nm
Pulse length of laser light: 1 Ops
Laser spot size: 1.2mm<j>
Maximum acceleration gradient: 100 MV/m
Resonance Frequency: 2856.25MHz
Energy Gain : 5.07MeVat lnC

: 5.09MeVat lOOpC

The emittance is one of the most important
parameters to evaluate the quality of electron beam.
If we get a low emittance beam, it means that the
electron beam can be focused in small area using Q
magnet system. When we use the general thermionic
electron gun which is widely used for linear
accelerators, the emittance of electron beams is
considered to be the order of 100 7imm-mrad. On
the other hand, in the case of the RF gun, we can
expect lower emittance less than 1/10 of that of
thermionic gun. This is due to the high field of RF
cavity and the small diameter of laser light.
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We have calculated and demonstrated the very low
emittance from RF gun in two cases. One is the case
of lOOpC acceleration and the other is the case of
lnC acceleration. Fig. 5 shows the output electron
beam emittance with the chare of lOOpC from the
RF gun under the condition listed in Table 2. In the
case, we obtain the normalized RMS emittance of
0.5 7rmnvmrad. Fig. 6 shows the output electron
beam emittance with the carge of lnC. In the case,
we obtain the normalized RMS emittance of 3
Trmnvmrad.

In the cese of lnC acceleration, emittance is
slightly larger tnan the cese of lOOpC. This is due to
the space charge effect in the electron bunch. Above
two cases are calculation for the single bunch 1 Ops
electron beams.

In the RF gun, we can get shorter electron bunch
length down to lps. However, in the higher charge
case, emittance is coming large.

so r-

60

40

20

-20

-40

-61)

Charge : lOOpC

Energy : 5.0'JMcV

Pulse width : lOps(FWIIM)

Emittancc : 0.5 7t mm mracl

-SO '

-/ -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8

X/mm/

Fig. 5 Emittance of output electron beam from RF
gun with the electron charge of lOOpC

200

150

100 I

SO

2 o

k

-so

-100

-ISO

-200

Charge : lnC

Energy : 5.07MeV

I'ulsc width : lOps (FVVHM)

Emittance: 3 X mm mrad

-2.5 -2 -1.5 -1 -0.5 0 0.5 1 1.5 2 2.5

X/mmJ

Fig. 6 Emittance of output electron beam from RF
gun with the electron charge of lnC

3. LASER SYSTEM

All solid-state picosecond Nd:YLF laser system,
which will be made of SHI, has been selected for
the irradiation of the cathode in the RF gun system.
The laser is synchronized with RF (2,856MHz)
which is applied to RF gun cavity.
This laser system has an active control system for
the compensation against the temperature change.
Therefore, we will achieve the small timing jitter
between the laser light and electron beam down to
500fs, which is sufficiently small timing jitter for
the pulse radiolysis experiment with the picosecond
time region.

The specifications of the laser is listed in Tbale 3

Table 3 Specifications of the Laser System

Laser:
Pulse length:

Energy:

Nd:YLF
12ps(1047nm)
5ps (262 nm)
2mJ(1047nm)
0.2mJ (262 nm)
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4. ROOM LAYOUT OF THE SYSTEM
All the system will be installed in the new building

which is now under construction at Kikui-cyo
campus of Waseda University. The layout of the
system is shown in Fig. 7.

n

Measuring
Room

Control Pane!

n
Laser

Irradiation
Room

l RFGun

Klystron

Pits
RF Power Source

Ji
Fig. 7 Room layout of the RF Gun system

The laser system and RF gun system are located in
irradiation room and the power source such as RF
power source and klystron system are located in the
next room. The power of the klystron is to be
10MW for the pulse output, which is sufficient
power to generate the acceleration gradient in the
RF gun cavity up to lOOMV/m.

gun, laser and accelerator technique. Finally we
would like to express our great acknowledgement to
all the member in Waseda University and the
Ministry of Education who are in charge of the
project.
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5. SUMMARY
We have started the construction of compact

pulsed electron beam facility at Waseda University.
The system may be one of the smallest pulse
radiolysis system with the time resolution around
lOps. In next year we will start the installation of the
system and get first beam. After the characterization
of election beam, we will start the pulse radiolysis
experiment.
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CM Anion Radical Produced in T -Irradiated CM Powder at 77 K
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Kumatori-cho, Sennan-gun, Osaka590-494, Japan

Abstract
The Qo powder was 7 -irradiated at 77 K. The ESR and NIR spectra of the irradiated sample have

revealed for the first time that Cm monoanion radical is produced in the G» powder at 77 K.

The monoanion radicals of Cm have been generated by 7 -radiolysis of organic solid solutions
at 77 K.1 as well as electrochemical, photochemical methods and so on . Of these studies, Hase and
Miyatake4'5 reported the ESR spectrum of the Cm monoanion radical produced radiolytically at 77
K and showed that the g-value of the anion radical was similar to those produced by other methods,
while the linewidth was about 50% of those for the latter.

In this study, Cm powder was 7 -irradiated at 77 K and the ESR measurements were carried out
at 73 K. This is the first report of the radical species produced in 7 -irradiated C60 powder at 77 K
and will lead hereafter to various studies on the radical processes of Cm powder as well as Cm in solid
solutions.

The pristine Cm powder of the purity claimed to be 99.98 % was used. The sample tube
containing the powder of ca. 20 mg was evacuated and filled with helium gas to attain efficient
cooling in both 7 -irradiation at 77 K and ESR measurements at 73 K. The powder dissolved in
toluene was mixed with KBr and then pressed under a high pressure during evaporating toluene to
form a disc sample for the near infrared (NIR) measurement.

The Qo powder samples were 7 -irradiated at 77 K. The dose was 5 kGy. In order to avoid the
color centers in ESR quartz tube caused by irradiation, the measurement part of the tube was
shielded by lead blocks during irradiation. After irradiation the powder sample was transferred from
the irradiation part to the measurement part of the tube in liquid nitrogen.

The ESR measurements were carried out at 73 K by bubbling helium gas into the Dewar. The
NIR spectrum was measured at 77 K.

The ESR spectrum of the pristine Qo powder before 7 -irradiation was observed with the ESR
parameters of g=2.002 and the linewidthA//pp=0.13 mT, and is shown in Figure 1(A).

<b> 0.25 mT

(A) (B)

Fig.l. ESR spectra of pristine Cm powder beforc(A) and after(B) 7 -irradiation at 77 K. The dose
was 5 kGy. ESR measurements were carried out at 73 K. The ESR lines (a) and (b) are, respectively,
attributed to the Gso monoanion radical and the radical species existing in the pristine Cso powder.
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The same spectrum has already been reported and tentatively attributed to the radical species
that is produced by a photochemical reaction with oxygen in the course of Qo powder production8'9.
After 7 -irradiation at 77 K, there appeared a new signal with g=2.000 and A//pp=0.07 mT. This is
shown in Figure 1(B). This signal was not observed for the sample irradiated at room temperature.
The signal that was observed at 77 K disappeared after annealing the irradiated sample at room
temperature for 3 minutes.

The signal has the same g-value as that of the Qo monoanion radical in solid solutions45. This
leads us to infer that the new signal is ascribed to Qo monoanion radical produced in the powder at
77 K. To confirm this, we measured the NIR spectrum of the irradiated disc sample at 77 K. This is
shown in Figure 2. It is seen from Figure 2 that the absorption peak appears at 1080 nra. The
wavelength of this peak is close to that of Q, monoanion radical in solid solutions1'6.

800 900 1000 1100
wavelength/nm

1200 1300

Fig.2. NIR spectrum of Qo powder after 7-irradiation at 77 K. The dose was 55 kGy. The disk
sample of Qo/KBr was used. The NIR measurements were carried out at 77 K.

Based on these results we conclude that the Qo monoanion radical is produced in the Qo
powder by 7 -irradiation at 77 K. The g-value, Ai/pp and the optical absorption maximum (A mM )
of the Qo monoanion radical in the powder are listed in Table 1 together with those reported in solid
solutions for comparison. It is seen from Table 1 that A//pp of the monoanion radical in the powder
is narrower than those in solid solutions4'5. This implies that the Qo monoanion radical in the powder
interacts with environments more weakly than in solid solutions. In the case of the Q, monoanion in
the powder, the intramolecular spin relaxation is dominant.

Table 1. Comparison of the g-value, the linewidth(A//pp) of the ESR spectrum and the optical
absorption maximum (A raax) of the C&0 monoanion radical produced by radiolysis in powder and
2-methltetrahydrofuran(MTHF) and methylcyclohexane(MCH) solid solutions at 77 K.

Powder sample3

MTHF solution

MCH solution

g-value
2.0000

2.0002b

2.0008b

A H n > T
0.07

0.20b

0.20b

A max/nm

1080c

1076c

1076c

aThis study. Reference 5. cRcference 6.
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On the other hand, in the case of Qo monoanion radical in solid solutions the intermolecular
relaxation processes mainly caused by interaction with protons of solvent molecules is involved, in
addition to the intramolecular spin relaxation. Thus the narrowing occurred in the powder is
convincing.

Next we have the question whether the Qo monoanion radical originates from the radical
species which are present before 7 -irradiation. If the Comonoanion radical came from the radical
species, the amount of the Cm monoanion radical produced after irradiation would approximate to
the reduced amount of the radical species. The relative intensity of the ESR signal can be estimated
by the product of the peak-to-peak height and the square of A//Pp. The result shows that the signal
intensity of the radical species does not decrease after irradiation, in spite of the production of the
monoanion radical, of which yield amounts to about 10 % of the radical species. It follows that the
monoanion radical does not originate from the radical species existing in the pristine Qo powder.
However, the percentage of 10 may be same magnitude of the experimental error involved in
ordinary ESR measurements. To clarify the origin of the CM monoanion radical, we are trying to
make further study by using more purified powder sample.

There still remain some questions such as the identification of the radical species existing in the
pristine Cso powder and the formation mechanism of the Cm monoanion in the powder. In addition
to these, the various studies on the radical processes of the CM organoderivatives and host-guest
compounds by radiolysis are in progress.
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MATRIX EFFECT ON HYDROGEN-ATOM TUNNELING
OF ORGANIC MOLECULES IN CRYOGENIC SOLIDS

Tsuneki Ichikawa

Division of Molecular Chemistry, Graduate School of Engineering, Hokkaido University,

Sapporo, 060-8628 Japan

1. INTRODUCTION

Although the tunneling of atoms through potential energy barriers separating the reactant and

reaction systems is not paid much attention in organic reactions, this plays an important role in reactions

including the transfer of light atoms. Atomic tunneling is especially important for chemical reactions at

low temperatures, since the thermal activation of reactant systems is very slow process in comparison

with the tunneling.

One of the typical reactions of atomic tunneling is hydrogen-atom abstraction from alkanes in

cryogenic solids exposed to high-energy radiation. Irradiation of alkane molecules causes the homolytic

cleavage of C-H bonds, which results in the pairwise formation of free hydrogen atoms and organic free

radicals. Since the activation energies for the abstraction of hydrogen atoms from alkane molecules by

free hydrogen atoms are higher than 5 kcal/mol, the lifetime of free hydrogen atoms at 77 K is estimated

from the Arrhenius equation of k=\^xp(-El/RT) to be longer than 10 hrs. However, except for solid

methane, free hydrogen atoms immediately convert to alkyl radicals even at 4.2 K by hydrogen-atom

tunneling from alkane molecules to the free hydrogen atoms .

The rate of hydrogen atom tunneling does not necessary increase with decreasing activation energy

or the peak height of the potential energy barrier preventing the tunneling. Although the activation

energy is the lowest at the tertiary carbon of alkanes, hydrogen atom tunneling from branched alkanes

with tertiary carbon at the antepenultimate position of the carbon skeleton is the fastest at the secondary

penultimate carbon.

Based on our experimental results, we have proposed that the peculiarity of the hydrogen-atom

abstraction in cryogenic solids comes from the steric hindrance by matrix molecules to the deformation

of alkane molecules from the initial sp3 to the final sp2 configurations. The steric hindrance causes the

increase of the height of the potential energy barrier for the tunneling of hydrogen atoms. Since the

tunneling rate depends not on the peak height of the potential barrier but on the area of the barrier, the

restriction of molecular motion by rigid matrices causes the retardation of the hydrogen-atom tunneling.

The steric hindrance increases with increasing number and length of alkyl chains attached to a carbon

atom to be hydrogen-abstracted. The Penultimate secondary carbon therefore shows the highest reaction

rate.
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To study the matrix effect on hydrogen-atom tunneling is interesting not only from the theoretical

point of view but also from the practical point of view, since it suggests a new possibility of controlling

chemical reactions by changing the viscosity of a solvent.

In this article, we have summarized our recent studies on the effect of matrices on the rates of

hydrogen atom tunneling from alkyl and allylic carbon of alkanes and linear alkenes, and to vinyl carbon

of linear alkenes in organic solids at 77 K [ref. 1].

2. EXPERIMENTAL

Deuterated alcohols and alkanes were used as matrices for studying hydrogen-atom abstraction by

free deuterium atoms from solute alkanes and hydrogen-atom addition to the vinyl carbon of solute

alkenes. The concentrations of solute molecules were less than 2 vol.%.

One of the advantages of using deuterated matrices is to see only the tunneling reaction by

eliminating hot-atom reactions. Although hydrogen or deuterium atoms are quite hot just after the

formation, they were thermalized before encountering dilute solute molecules. The cold atoms thus

generated preferentially generate solute radicals, since the tunneling of hydrogen atoms is much faster

than that of deuterium atoms. Another advantage was that the ESR spectra of deuterated matrix radicals

are so narrow that the ESR identification of solute radicals is possible to be carried out without spectral

separation.

Free deuterium atoms were generated at 77 K by homolytic cleavage of the C-D bonds of matrix

molecules MD by y-irradiation with ^Co, as MD + y -> M + D.

Free hydrogen atoms were generated at 77 K by photoionization of triphenylamine in CD3OH

matrices with UV light of X>300 nm followed by the attachment of the photoejected electrons to protons,

as (C6H5)3N + 2hv -> (CfiH^N* + e\ e + HC1 - • H + Cl\

The concentrations of triphenylamine and hydrogen chloride were about 10 mmol/dm3 and 0.1 mol/dm3,

respectively.

All the samples were degassed before irradiation by repeated freezing-pumping-warming cycles. The

semi-quantitative analyses of solute radicals were carried out by analyzing the X-band ESR spectra of

the solute radicals recorded mostly at 77 K.

3. RESULTS AND DISCUSSION

Shown in Table 1 are the relative yields of solute radicals generated by hydrogen-atom abstraction of

free deuterium atoms from solute alkanes. It can be concluded that the yield and therefore the rate of

hydrogen-atom abstraction in glassy matrices depends not only on the activation energy or the peak

height of the potential energy barrier but also on the number and the length of alkyl chains bonded to a

carbon atom to be hydrogen-abstracted. The rate of abstraction always decreases with increasing number

and length of the bonded alkyl chains. This is because matrix molecules surrounding the bulky alkyl
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chains prevent the deformation of the C-C-C bond from the initial sp3 of alkanes to the final sp2 of

alkyl radicals, and thereby prevent the hydrogen-atom abstraction. The steric hindrance to the

deformation increases with increasing number and length of alkyl chains bonded to the carbon atom,

so that the rate of hydrogen-atom abstraction decreases. This explanation seems quite plausible since the

hydrogen-atom abstraction from 3-methylpentane in a perdeuterated adamantane matrix, in which guest

molecules can move rather freely in their trapping sites, takes place at the tertiary carbon.

Hydrogen-atom addition to the vinyl carbon of alkenes is the symmetrical reaction to the hydrogen-

atom abstraction from alkanes. The addition causes the deformation of the attacked vinyl carbon from

the initial sp2 to the final sp3 configurations. The steric hindrance to the deformation increases with

increasing length of alkyl chains attached to the vinyl carbon, so that major alkyl radicals generated by

hydrogen-atom tunneling to the vinyl carbon of 2-hexene, CH3CH=CH(CH2)2CH3, is expected to be not

CH3C*H-CH2(CH2)2CH3 but CH3CH2CH*(CH2)2CH3. However, as shown in Table 2, the ESR spectrum

of the resultant alkyl radicals in the glassy matrix of CD3OH accords well with the 1:1 mixture of

CH3C*H-CH2(CH2)2CH3 and CH3CH2-CH*(CH2)2CH3. The reactivity of vinyl carbon toward the

hydrogen-atom addition does not depend on the chain length of a substituted alkyl group.

The rate of hydrogen-atom tunneling from alkyl carbon depends on the length of alkyl chains

attached to the reacting carbon, whereas the tunneling rate to the vinyl carbon does not. This difference

Table 1. Relative yield of alkyl radicals generated at 77 K by hydrogen-atom tunneling from solute

alkane to free deuterium atoms in perdeuterated matrices.a

Alkane

CH3(CH2)3CH3

CH3(CH2)4CH3

CH3(CH2)5CH3

CH3(CH2)6CH3

(CH3)2CHCH2CH3

(CH3)2CH(CH2)2CH3

(CH3CH2)2CH(CH3)

Alkyl radicalsbc

CH3C*H(CH2)2CH3 > CH3CH2CH*CH2CH3

CH3C*H(CH2)3CH3 > CH3CH2CH*(CH2)2CH3

CH3C*H(CH2)4CH3 > CH3CH2CH*(CH2)3CH3 > CH3(CH2)2C*H(CH2)2CH3

CH3C*H(CH2)5CH3 > CH3CH2CH*(CH2)4CH3 > CH3(CH2)2C*H(CH2)3CH3

(CH3)2C*CH2CH3»(CH3)2CH2C*HCH3

(CH3)2CHCH2C*HCH3 > (CH3)2C*CH2CH2CH3 > (CH3)2CHC*HCH2CH3

CH3C*HCH(CH3)CH2CH3» CH3CH2C*(CH3)CH2CH3

CH3CH2C*(CH3)CH2CH3» CH3C*HCH(CH3)CH2CH3 in adamantane

a) Unless otherwise stated, matrices used are glassy matrices of perdeuterated alcohols or branched

alkanes.

b) The location of hydrogen-abstracted carbon atom is shown with *.

c) AwB, A>B and A » B mean that the yield of B with respect to A are about 1-0.5, 0.5-0.2 and « 0 . 2

(undetectable by ESR), respectively.

*if\



JAERI-Conf 2000-001

Table 2. The observed yields and the peak heights of potential energy barriers for the formation of alkyl

radicals from linear alkenes.

Reactant

CH2=CH(CH2)3CH3 + H

CH3CH2CH=CHCH2CH3 + H

CH3CH=CH(CH2)2CH3 + H

Product

CH3C*H(CH2)3CH3

C*H2CH2(CH2)3CH3

CH3CH2C*H(CH2)2CH3

CH3CH2C*H(CH2)2CH3

CH3C*HCH2(CH2)2CH3

Relative
yield

1
0

1

0.5
0.5

Peak height/kcal/mola

(Activation energyb)
3.2(1.5)
4.6(2.8)

4.7(2.1)
4.6(2.1)

a) MP2/3-21G ab initio calculation.

b) Experimental value.

can be explained by taking the structural chang of the reaction systems during the tunneling into

consideration. The rate constant k for the tunneling of a particle with effective mass u. depends not on the

peak height of the potential energy barrier U(r) but on the square-root area of the barrier above the

energy of the initial state Eu as

•b

k « exp( - J - E,dr)

so that the tunneling rate is very sensitive to the change of the barrier area. The atomic configuration of

the reaction system other than the tunneling particle also changes during the tunneling process from that

of the initial reactant state to the final product one. The steric hindrance to the deformation of the

reaction system to the product state generally causes the retardation of the tunneling. However, the steric

hindrance does not cause the retardation if the atomic configuration at the exit of the optimal tunneling

channel is the same as that at the entrance and therefore the atomic configuration is unchanged during the

tunneling. This explanation was proved to be valid by comparing the shape of the potential energy

surfaces for the hydrogen-atom abstraction and the addition as calculated with MP2/3-21G under two

different reaction conditions: no restriction on the motion of atoms, and the fixed C-C-C bond angles of

initial reactant states. The area of the tunneling barrier for hydrogen-atom addition was not changed by

the restriction posed to the C-C-C bond angle, since the bond angle was scarcely changed during the

tunneling. On the other hand, the area of the barrier for hydrogen-atom abstraction was increased by the

restriction, since the bond angle at the exit of the tunneling channel was close to that of the final sp2 state.
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Abstract The induced oxidation of N-phosphomethionine (NDM) in aqueous solution

initiated by OH and Br2
 # radicals etc., intermolecular electron transfer involving NDM and

tryptophan(TrpH) and intramolecular electron transfer within N-phosphodipeptide derivatives

(NDM-TrpOMe and NDT-MetOMe) have been investigated by using the technique of pulse

radiolysis. A series of kinetic parameters have been determined and the related mechanisms

have been deduced. Structurally, the effect of N-phosphoryl group on the oxidation and ET

has been discussed.

1. Introduction

The possibility of forming sulfur-sulfur and sulfur-halogen three-electron-bonded

intermediates may be particularly involved in redox processes of metabolisms, since these

sulfur-containing radical cations and odd-electron species are markedly unreactive toward

molecular oxygen'^. In recent years, phosphorylation and dephosphorylation of proteins has

attracted special attention because of its important roles in many biological processes such as

enzyme catalysis, gene control and message transmission, and so on. (2'3) The electron transfer

(ET) between separated redox centers in amino acids and peptides are of considerable current

interest'4^6'. In the present paper, the oxidation of N-phosphomethionine (NDM) in aqueous

solution initiated by • OH and Br2 * radicals etc., intermolecular electron transfer from

tryptophan(TrpH) to the three-electron-bonded intermediates derived from oxidation of NDM

and intramolecular electron transfer within N-phosphodipeptide derivatives (NDM-TrpOMe

and NDT-MetOMe) investigated by using pulse radiolytical techniques are reported.

2. Experimental

NDM, NDM-TrpOMe [(N-diisopropyloxyphosphoryl) methionyl tryptoyl methyl ester]

and NDT-MetOMe [(N-diisopropyloxyphosphoryl) tryptoyl methionyl methyl ester] were

prepared according to a procedure given in the literature,(7) and purified by column

74
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chromatography on silica gel using ethyl acetate and ethanol as eluent. Their purities were

determined by absorptive spectrometry and elemental analysis. Their structures are shown in

Scheme 1.

CH3—S—CH2—CH2—CH—COOH (NDM)

NHR

O COOCH3

CH3—S —CH2 —CH2—CH—C—NH—CH—CH2

NHR

(NDM—TrpOMe)

O COOCH3

CH2—CH—C—NH—CH—CH2 —CH 2 —S —

NHR

CH3

(NDT —MetOMe)

OCH(CH3)2

(R = — P = O )

OCH(CH3)2

Scheme 1

All the other chemicals were of A.G. Solutions were prepared with tribly distilled water,

and deoxygenated by bubbling with high purity N2O (99.99%) just before experiments. N2O

converts reducing hydrated electrons into oxidizing HO * radicals at pH > 2 (Eq. (1))

aq + N2O + H2O -» N2 + OH' + HO * (1)

The pH values of the solutions were adjusted by HCIO4, NaOH and buffered with

NaH2PO4. All experiments were carried out at room temperature.

The pulse radiolysis was conducted by using a home-made linear accelerator providing an

electron pulse with a duration of 20 ns. Details of the pulse radiolysis system have been described

elsewhere'8'. The electron pulse dose was determined using an aerated 10'2 mol • dm"3 of KSCN

- 7 5 -
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solution by taking e and G values of (SCN)2* 7600 mol'1 • dm3 • cm'1 at 480 nm and 2.9

respectively.

3. Results and discussion

3.1 Oxidation of NDM initiated by • OH and Br2 * radicals etc.

Just the same as pulse radiolysis of Met system reported by Hiller (9), the transient

absorption spectrnm after pulse radiolysis of NDM aqueous solution saturated with N2O at pH

1.0 reveal that two transient species with the maximum absorption at 290nm and 480nm can

be observed, the transient species at 290nm is attributed to the H-abstraction radical [NDM(-

H) • ] via the reaction of the direct hydrogen atom abstraction around the sulfur atom in NDM

by H • and • OH radicals. On the other hand, the transient species absorbing in the visible

region with ^max = 480nm, formed by an • OH attack on the sulfur atom in NDM, OH"

elimination and comlexation with a second NDM molecular, is assigned to the contribution of
+

the dimer three-electron-bonded radical cations (NDM2 * [S]). Their formation can be

described as follows:

H - + NDM -> NDM(-H)* + H2 (2)

• OH + NDM -> NDM(-H) • + H2O (3)

NDM + • OH + H+ -> NDM *+ [S] + H2O (4)

NDM • [S] + NDM ~ ^ NDM2 • [S] (5)

Different from the decay processes of the radical cations Met2 • [S] reported by Hiller(9),
+

the three-electron-bonded intermediates (NDM2 • [S]) can be stabilized in higher pH (up to

pH 9.0) than Met2 • [S], which disappeared completely as pH 3.0, it seems to be associated

rather with decarboxylation via the reaction of intramolecular electron transfer from N to S

and the simultaneous formation of reducing a-amino radicals. The related mechanism can be

listed in following:

CH3-S-CH2CH2CH c o o " CH3-S-CH2CH2CH coO" (6

(NDM-[S]) (NDM-[N])

NHR
CH3-S-CH2CH2CH c _ CO2 + CH3SCH2CH2-CH-NHR

O

- 7 6 -
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CH3 SCH2 CH2 CHNHR
(7)

Some theoretical evidence suggested that the process of the intramolecular electron

transfer from N to S adopted a sterically favorable five-membered ring configuration as shown

in scheme 2.
H

' R'=CH(CH3)2

COO"

Scheme 2

The introduction of an electrondrawing N-phosphoryl group in methionine could lower

the reduction potential of the amino group in NDM2 • [S] and hinder sterically the formation

of the five-membered ring configuration owing to a large volume of the phosphoryl group and

thus decrease the rate constants of the intramolecular electron transfer. This evidence, in turn,

allows stabilization of the oxidized sulfur center in the three-electron-bonded cation NDM2

• [S] at higher pH values than in Met2 • [S].

In addition, the induced oxidation of NDM in aqueous solution initiated by Br2 * and

Cl2 * radicals at different pH values was also investigated by pulse radiolysis, the

experimental results demonstrated that N-phosphoryl group in methionine molecular has a

large effect on the stability of the three-electron-bonded sulfur-content intermediates

NDM(S .'• Br) and NDM(S.'. Cl) and on the rate constants of the oxidative reaction, which

were shown in Table 1. The reactive mechanism was deduced.

Table 1 The rate constants of the induced oxidation NDM in aqueous solution initiated

by • OH, Br2 * and Cl2 * radicals at different pH values

Initiators

•OH

Br2»

Cl2
#

pH value

1

3.5

1

4.5

9

1

k / mor1 • dm3 • s"1

3.69X108

1.39X108

4.27 X108

2.89X108

1.26X108

5.40 X108

- 7 7 -
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3.2 Intermolecular electron transfer from tryptophan to the three-electron-bonded species

Fig. 1 shows the transient absorption spectra observed after pulse radiolysis of a N2O-

saturated aqueous solution containing 5 X 10~3 mol "dm"3 NDM and 5 X 10"4 mol -dm"3 TrpH at

pH 1. As shown in Fig. 1, the transient species with maximum absorption at 480nm observed

at 1.5 us after the electron pulse could be assigned to the three-electron-bonded radical cation
+

NDM2 • [S]. Following the decay of this transient absorption peak, a new transient species

with characteristic absorption at 320nm and 560nm, the tryptophyl radical cation (TrpH • )(10),

is fully developed at 25 (as after the electron pulse. From inset 1 of Fig. 1, the decay process

0.04 -

0.03 -

^ 0.02 -

0.01 -

0.00
300 400 500 600

X I nm

Fig. 1 Transient absorption spectra obtained in pulse radiolysis of an aqueous solution

containg 5 X 10"3 mol *dm'3 NDM and 5 X 10~4 mol -dm"3 TrpH saturated with N2O at

pH 1.0 observed at (•) 1.5ns; (O) 25us and pH 3.5 observed at (A)l(as; (A)lOjis

after electron transfer. Inset 1: the transient absorption curves recorded with a system

of only 5 X 10"3 mol • dm"3 NDM at pH 1.0, observed at (a) 480nm; with a system of

both NDM and TrpH at pH 1.0 observed at (b) and (c) 560nm. Inset 2: transient

absorption curves recorded with a system of both NDM and TrpH at pH 3.5 observed

at (a) 480nm and (b) 560nm.

of the transient absorption at 480nm is remarkedly quickened with the added 5 X 10"4

mol • dm" TrpH, and the dimer intermediate NDM2 * [S] decays at the same rate as the rate

constant of the formation of the tryptophyl radical cation. These results indicate the

occurrence of fast intermolecular electron transfer from tryptophan to the three-electron-

bonded intermediate NDM2 •*• [S]. By changing the added concentration of TrpH and

determining the observed rate constants of the formation of TrpH - according to the growing

- 7 8 -
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process observed at 560nm, the rate constant of electron transfer from TrpH to NDM2 • [S]

determined is 3.69 X 10 8 mol"' • dm3 • s'1. The intermolecular electron transfer could be also

observed in the pulse radiolysis of the same system but pH 3.5 (shown in Fig.l).

Since the intermediates NDM(S.'.Br) and NDM(S.'.Cl) containing oxidized sulfur

centers can be directly formed by the Br2 * and CI2 * radicals induced oxidation of NDM in

aqueous solution, the intermolecular electron transfer processes from TrpH to the three-

electron-bonded radical NDM(S.'. Br) and NDM(S.'. Cl) were also investigated by using pulse

radiolysis method, the ET mechanisms were discussed and the rate constants of ET at

different pH values were determined as shown in Table 2.

Table 2 The rate constants of intermolecular ET from TrpH to The three-electron-bonded

intermediates determined at different pH values

Initiators

• OH

Reactants

NDM

Met

pH values

1

3.5

1

k / mol"1 • dm3 • s"1

3.69 X108

1.39X108

3.8X108(4)

NDM

Br2-

1

4.5

9

4.27X10"

2.89X108

1.26X108

Met 1

4.3

4.6X108(4)

4.7X108(4)

Cl2 NDM 1 5.40X108

3.3 Intramolecular electron transfer within N-phosphoryl dipeptide derivatives

The intramolecular electron transfer initiated via oxidation of phosphoryldipeptide

NDM-TrpOMe and NDT-MetOMe by Br2 * and *OH radicals have also been investigated in

our experiments.

Fig. 2 shows the ransient absorption spectra after pulse radiolysis of a N2O-saturated

aqueous solution containing 5 X 10"3 mol "dm"3 NDM-TrpOMe and 0.2mol *dm"3NaBr, pH 5.2

at: 1 (is; 3 us and 5 \xs after electron pulse. The transient species with narrow absorption peak

at 395nm formed during lus could be assigned to the three-electron-bonded intermediate

NDM(S.'. Br)-TrpOMe. While the radical NDM-Trp * OMe with characteristic absorption at

325nm and 520nm respectively has been formed. This behaviour suggested that N-phosphoryl

methionyl and tryptoyl residues in dipeptide NDM-TrpOMe were oxidized simultaneous by

- 7 9 -
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0.04

0.00
300 400 500

A, (nm)
Fig.2 Transient absorption spectra observed in pulse radiolysis of a N2O-saturated aqueous

solution containing 5 X 10"3 mol • dm"3 NDM-TrpOMe and 0.2mol • dm"3NaBr, pH 5.2 at:
(O) 1 (as; (•) 3 (is and (A) 5 \xs after electron pulse. Inset: The kinetic decay curves at (a)
350 nm; (b) 395 nm and (c) 520 nm respectively.

Br2 * radicals, considering k(Br2 ' + NDM): k(Br2 ' + TrpH) =2:1 (at pH= 5)(1I) and MNDM :

Mfrp ( the mole ratio of NDM residue to Trp residue in NDM-TrpOMe) =1:1 , there must

haveoccured an intramolecular electron transfer from the tryptoyl residue to the three-electron-

bonded intermediate NDM(S .'. Br)-TrpOMe, and this led to the increase of transient

absorption of NDM-Trp * OMe observed at 325nm and 520nm with the decay of NDM(S.'.

Br)-TrpOMe observed at 395nm speeding up. The reaction mechanism could be summed up

as follows:
NDM-TrpOMe + Br2 • — NDM(S.'. Br)-TrpOMe + Br" (8)

NDM-TrpOMe + Br2 • — NDM-Trp ' OMe + 2Br" (9)

NDM(S.\Br)-TrpOMe - NDM-Trp ' OMe (10)

The electron transfer could be ascertained because an increase in concentration of

dipeptide NDM-TrpOMe has almost no effect upon the transient absorption spectra and the

observed decay rate constants of the three-electron-bonded intermediate NDM(S .'. Br)-

TrpOMe. Accordingly, the rate constant of intramolecular electron transfer determined to be

>t10 is 6.8 X I O V .

In addition, The oxidation and intramolecular electron transfer within N-phosphoryl-

dipeptide derivatives NDM-TrpOMe and NDT-MetOMe initiated by *OH and Br2 - radicals

- 8 0 -
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at different pH values were also studied by pulse radiolysis technique, the rate of constants of

ET were determined as shown in Table 3.

Table 3
Dipeptide

NDM-TrpOMe

NDT-MetOMe

Met-Trp

The rate constants of intramolecular ET
pH value

5

10

5

5

within N-phosphoryldipeptides

k/s"1

6.9X105

8.6X105

2.9X105

> 1 0 6 ( 6 )

Conclusions
In the previous work, the • OH, Br2 * etc. induced oxidation of NDM and NDT,

intermolecular ET from Tryptophan to the three-electron-bonded intermediates [NDM2* [S],

NDM(S .'. Br) and Intramolecular ET within sulfur-content depeptide derivatives were

investigated by using pulse radiolysis techniques. The rate constants of the oxidation

reactions and electron transfer have been determined and the related mechanism has been

deduced.

The introduction of N-phosphoryl group in Met and depeptides has a great effect on the

oxidation of NDM and the processes of electron transfer. Compared with the oxidation and

ET in the case of Met reported by other, the three-electron-bonded intermediates can be

stabilized at higher pH values, and the rate constants of the oxidation and electron transfer

were reduced remarkedly.

From the existing data, it would be going to suggest some effects of N-phosphoryl

group in amino acids or peptides on redox process in biological metabolism.
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Structure and Dynamics of [(CH3)3N-CH2]
+* Radical

Generated in y-Irradiated Al-offretite

Wei Liu. Peng Wang, Kenji Komaguchi, Masaru Shiotani

Faculty of Engineering, Hiroshima University,

Higashi-Hiroshima 739-8527, Japan

An EPR study was carried out to investigate structure and motional dynamics of the
[(CH3)3N-CH2]

+" radical formed in a y-irradiated Al-offretite. The temperature dependent EPR
spectra were observed in a temperature range between 110 K and 300 K and were interpreted in
terms of a rotation of the methyl hydrogens around the N-CH3 bond. Assuming three site jump
model, the EPR line shapes were successfully simulated using jump rate as a variable parameter.
The rate was found to increase from 7.0xl06 Hz (140 K) to 5.2xlO8 Hz (300 K) with
temperature, and an activation energy of 8.1 kJ mol"1 was evaluated for the methyl group
rotation.

Offretite is a hexagonal zeolite with the chabazite group and it's application to catalytic

reaction as well as an adsorbent of molecule has been interested by many researchers *1"31.

Understanding of dynamics of molecular adsorbed in offretite is fundamentally important to

clarify catalytic reactions involved. The present study aimed to obtain experimental evidence

about rotational motion of molecule in Al-ofFretite using [(CH3)3N-CH2]+' radical as a spin

probe by EPR spectroscopy. The radical was generated radiolytically from its precursor,

tetramethylammonium ion (Me4N+), which was contained as a template in the gmelinite

cages and wide channels of Al-offretite.

300K

250K

200K

180K

11 OK

0.52E+09 s"

0.19E+09 s'

.54E+08 s"

.27E + 08 s

rigid limit

-1

3240 3260 3280 3300 3320 3340 3360 O Figure 1
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The sample of Al-offretite with

* was irradiated by y-rays with doses

of about 10 kGy either at 77 K or room

temperature. The EPR spectra of

[(CH3)3N-CH2]+* formed and stabilized in

the zeolite were observed in a temperature

range from 110 K to 300 K as shown in Fig

l(a-e). The 110 K spectrum consisted of a

main triplet of ca. 22 G due to the

methylene hydrogens (CH2) which was

further splitted into six /i/lines with ca. 4 G

[Fig 2(a)]. The six lines were attributable to

three equivalent protons (1=1/2) and one
14N (1=1). The spectrum was successfully

simulated with the following EPR

parameters: A(lU) = 22.4, 22.4, 24.7 G for

the two equivalent -CH2 hydrogens, a(14N)

= 3.5 G (isotropic), a(!H) = 4.6 G

(isotropic) for three equivalent protons, g =

2.0055, and Lorentzian linewidth of 1.5 G,

as shown in Fig 2(b). The 300 K spectrum,

too, consisted of a triplet of ca. 22 Q but

with additional twelve hf lines of ca. 1 G

instead of the six lines [Fig 2(c)]. The spectrum was simulated with the same parameters as

those at 110 K, but with 1.5G hf value due to nine protons and a linewidth of 0.9 G [Fig 2(d)].

Thus, it was concluded that the spectral change from 110 K to 300 K was caused by a

different contribution of the methyl protons to the hf structure. The /^observation due to 2 +

9 hydrogens and one nitrogen confirms that the EPR spectra are really responsible for

[(CH3)3N-CH2]+\ A possible reactions forming [(CH3)3N-CH2]
+# from the precursor, Me4N

+,

is as follows:

(d) Cal.

3240 3260 3280 3300 3320 3340 3360G

Figure 2

Y-rays -* Al-offretite => (Al-oflfretite)+ + e"
(Al-oflretite)+ + Me4N+ => Me4N2+

Me4N2+ => [(CH3)3N-CH2]+ + i f

In order to obtain information about the radical structure, the geometry of

[(CH3)3N-CH2]
+" was optimized by DFT method (B3LYP/6-31G** level) and the results

- 8 4 -
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-0.7G
(4.6G)

were illustrated in Figure 3. In the same figure, the experimental /^values are compared with

the theoretical ones evaluated for the optimized structure with the program suite GAUSSIAN

98. Based on the assumption of the

CH2 group rotating freely around

the N-CH2 bond, the calculated

isotropic hf splittings agree fairly

well with the experimental ones at

110 K: for the CH2 protons (-) 27.2

(cal) vs. 23.2 (exp: isotropic value)

and for the central 14N (-)2.4 (cat)

vs. 3.5 (exp), for the CH3 protons

4.8 G [cal: (-0.07+2x0.75)/5] vs.

4.6 G (exp). The *H hf splittings of

other protons were calculated to be

between -0.01G and -0.4 G

Potential barriers were evaluated to

be 0.32 kJ/mol and 6.8 kJ/mol for

the rotations around the N-CH2 and

N-CH3 bonds, respectively, by UHF/PM3 calculation. The observed free rotation around the

N-CH2 at a low temperature of 110 K was supported by the calculated low potential barrier.

Then, the temperature dependent EPR lineshapes were analyzed by assuming three site

jump model for the methyl hydrogens. HEENZER program modified to include hf

anisotropy[4] was employed for the lineshape calculations and the /^values used for the

structure with non-methyl group rotation: A = 22.4, 22.4, 24.7 G [2H, CH2], a = 3.5 G [14N],

a = 4.6G [3H, 3CH3, site 1], and a = -0.1 G [6H, 3CH3, site 2 and 3]. The spectra simulated

to the experimental ones are shown in Fig l(a'-e') with the best-fit exchange rate (s"1): the

rate increases with temperature from 7.0xl06 Hz (140 K) to 5.2xlO8 Hz (300 K). From the

linear Arrhenius plot of the rates, an activation energy of 8.1 ld/mol was evaluated for the

CH3 group rotation of [(CH3)3N-CH2]
+# in Al-ofrretite.

Figure 3
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Kenichi Nakabayashi,a Sachiko Tojo,bNobuyuki Ichinose,band Tetsuro Majimab*

"Department of Chemistry, Faculty of Education and Culture, Miyazaki University,

Gakuenkibana-dai, Miyazaki, 889-0021, Japan and

"The Institute of Scientific and Industrial Research, Osaka University,

Mihogaoka 8-1, Ibaraki, Osaka 567-0005, Japan

Electron transfer reaction is one of fundamental reactions involving radical ions as the

intermediate in chemistry and biochemistry. Radical ions have been widely investigated in

photochemistry and radiation chemistry. Photoinduced electron transfer reaction between

electron-donor and acceptor molecules is a conventional method to generate the radical cations

and anions, respectively. Since radical cations and anions are generated as ion pairs, interaction

between both radical ions must influence on chemistry of radical cations and anions in the

photoinduced electron transfer reaction.

Cycloreversions of cycloalkane radical cations such as isomerization of quadricyclane

radical cation to norbornadiene radical cation" and ring-cleavage of radical cations of aryl-

substituted cyclobutanes21 have been reported to occur within ion pairs in the photoinduced

electron transfer reactions. Therefore, other method is necessary to study cycloreversions of

free radical cations of cyclic compounds. Since free radical cations are generated by radiolysis

in alkyl halides solution and matrices, pulse radiolysis and y-radiolysis have been used in the

present study.

We have studied reactions of bicycloalkene radical cations generated by pulse radiolysis

in 1,2-dichloroethane (DCE) solutions at room temperature and y-radiolysis in n-butylchloride

(BuCl) rigid matrices at 77 K. l,5-Diarylbicyclo[3.2.0]hept-6-ene (1) and 1,4-diarylcyclohepta-

1,3-diene (2) were prepared according to the literature3' and purified by recrystallization from

ethanol (Miyazaki Univ.). The L-band linear accelerator at ISIR, Osaka University was used

as the source of electron pulse. The energy was 28 MeV and the pulse width was selected as

an 8 ns. The dose was 0.74 kGy per pulse and the beam diameter was ca. 4 mm. y-Radiolysis

was carried out in a Pyrex cell using a Co source up to a dose of 0.49 kGy at room

temperature (ISIR, Osaka University ). The optical absorption spectra of the 77 K matrices

were measured with a spectrophotometer and multichannel-photodetector.

_ a: Ar1 = Ar2 =
in DCE or h . A,1 _ P h

1 a , b n-BuCI 2a, b b. Ar - Ph,

y-Radiolysis of 1 at 1.0 x 10"3 M in DCE gave 2 in 100 % yield, while that of 2 did not
give 1. A transient absorption spectrum with a peak at 560 nm and with the almost equivalent
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AO.D. was observed immediately after an electron pulse (8 ns duration) during pulse radiolyses

of la and 2a (Fig. 1). The transient absorption spectrum is assigned to 2a radical cation (2a'+),

since it is almost equivalent with that of ?rans,rrart.y-l,4-diphenyl-l,3-butadiene radical cation

(3*+) generated under the same conditions. Therefore, cycloreversion of la** occurs to give

2a*+ within the electron pulse (8 ns) or at the rate constant of k> 1.3 x 108 s ' at room

temperature in 100% yield. Similarly, the equivalent transient absorption spectrum with a

broad peak at 570-620 nm and with the almost equivalent DOD was observed immediately

after an electron pulse during the pulse radiolysis of lb and 2b. The transient absorption

spectrum is assigned to 2b**, since the similar one with the same peak at 570-620 nm of

rra«5,/ran^-l-(l-naphthyl)-4-phenyl-l,3-butadiene radical cation (4**) was observed during

the pulse radiolysis of 4 under the same conditions. Therefore, cycloreversion of lb** occurs

to give 2b** within 8 ns with k> 1.3 x 108 s1 at room temperature in 100% yield.

0.2

O0.2

0

0.4

\nax = 560 nm

X m a x =560nm

1b =570-620nm

2b \nax = 570 - 620 nm

4 \nax = 560, 620 nm

300 400 500 600 700 800
Wavelength / nm

400 500 600 700
Wavelength / nm

Fig. 1. Transient absorption spectra recorded immediately after an electron pulse during
the pulse radiolyses of argon-saturated DCE solutions of la, 2a, lb , 2b, 3, and 4 (5.0 x 10"
M) at room temperature.

< 8 ns at r. t.

or fast at 77 K
100% yield
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The similar absorption spectrum with a peak at 560 nm and with the almost equivalent

absorbance was observed after fradiolyses of 1 and 2 in rigid matrices of glassy BuCl

solutions at 77 K (Fig. 2). The absorption spectrum is assigned to 2**, since it is almost

equivalent with that of 3*+ generated under the same conditions. Therefore, cycloreversion of

1** occurs to give 2** rapidly in 100% yield even in BuCl rigid matrices at 77 K.
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Fig. 2. Absorption spectra recorded after y-radiolyses of la, 2a, lb , 2b, 3, and 4 (5.0 x
10" M) in degassed n-buthyl chloride rigid matrices at 77 K.

It should be noted that no cycloreversion occurs from bicyclo[3.2.0]hept-6-ene radical

cation having the same skeleton as 1*+ but no aryl-substituents on the cyclobutene ring.

One-electron oxidation may occur from the -orbital of the olefinic bond (HOMO) of the

cyclobutene ring, but does not lead to the cycloreversion to cyclohepta-l,3-diene radical

cation. Therefore, the cycloreversion of 1 involves interaction of C6-C7 7t-orbital and C,-C,

a-orbital of the cyclobutene ring and 7i-orbital of aryl-substituents. The positive charge is

distributed mainly or localized an 7i-orbitals of aryl-substituents because of the lower oxidation

potential of aryl-substituents. However, the positive charge must develop in the cyclobutene

ring enough to decrease C,-C, o-bond strength through the interaction between 7t-orbitals of

aryl-substituents and C,-C5 a-orbital for the occurrence of the fast and quantitative

cycloreversion. Cleavage of C,-C5 a-bond of 1*+ occurs concertedly with formation of C,-C7
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and C5-C6TC-bonds and disappearance of C6-C7 7t-bond to give 2*4. In other words, the electrocyclic

reaction of C{-C5 o-orbital and C6-C7 TT-orbital of 1*+ proceeds in a disrotatory manner giving

2a*+

Because of lower ionization potential of naphthalene (IP = 8.12 eV) than that of benzene

(IP = 9.23 eV), the positive charge is more localized in the naphthyl group than in the phenyl

group in lb*4, while the positive charge is delocalized in two phenyl groups in la*4. Although

the K-G interaction between 7t-orbitals of aryl groups and C,-C5 a-orbitals must be different

in la*4 and lb*4, the 100 % yield of the cycloreversion suggests that the n-a interaction is

enough for la** and lb*4 to develop positive charge on C,-C5 a-orbital and to decrease the

C,-C5 bond strength. Substitution by one aryl group on C, position of bicyclo[3.2.0]hept-6-ene

radical cation may work the cycloreversion to give cyclohepta-l,3-diene radical cation.

It is noteworthy that the AO.D. of two peaks of 4** at 560 and 640 nm is much larger than

that of 2b*+, although the AO.D. of the peak at 560 nm is same for 2a*4 and 3*\ Since 2a*4,

2b*4, 3**, and 4*4 are generated with a same concentration under the same pulse radiolytic

conditions, the difference of the AO.D. indicates that the molar absorption coefficient (e) of

4^ at the peak at 570 - 620 nm is much larger than that of 2b*4, but that the e value is same

for 2a*4 and 3*. The e value of the D2«— Do absorption band is sensitive to the -electron

conjugation of radical cations of olefinic compounds with aromatic substituted. More

conjugation of -electrons with higher planarity leads to larger 8 value. Therefore, it is

suggested that -electrons is not fully conjugated among 1-naphthyl group, phenyl group, and

two olefinic bonds in 2b*4 compared with 4^, while the conjugation is equivalently attained in

2a*4 and 3*\ and that the 1-naphthyl group is twisted around the C-C bond between the

olefinic carbon and ipso-carbon of the 1-naphthyl group in 2b*4 compared with 4*4.

In conclusion, the quantitative cycloreversion of I*4 to 2*4 is found to occur within 8 ns

and with&> 1.3 x 108 s ' at room temperature and rapidly even in BuCl rigid matrix at 77 K. It

is suggested that the mechanism involves development of the positive charge in the cyclobutene

ring of I*4 through the interaction between 7t-orbitals of aryl-substituents and C,-C5 a-orbital,

which leads to cleavage of C,-C5 a-bond, formation of C,-C7 and C5-C6 7t-bonds, and

disappearance of C6-C7 7i-bond to give 2*4.

References: 1) G. Jones, II, S. H. Chiang, W. G. Becker, J. A. Welch, J. Phys. Chem., 86, 2805 (1982).

2) C. Pac, Pure Appl.Chem., 58, 1249 (1986). 3) P. Courtot, Arm. Chem, 8, 197 (1963)
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Nanostructure Analysis of Polymer Assembly
on Water Surface by X-ray Reflectometry

H. Yamaoka, H. Matsuoka, K. Kago, R. Yoshitome, and E. Mouri
Department of Polymer Chemistry, Kyoto University, Kyoto 606-8501, Japan

Abstract X-ray reflectivity (XR) is an extremely powerful technique to study the fine
structure of surface and interface in the order of angstrom. In this study, we have performed
systematic XR measurements for monolayers on water surface. The nanostructures of various
monolayers were precisely determined, and their changes by surface pressure and photoiso-
merization were clearly detected. The structure of lipid monolayer and DNA complex at air-
water interface was also evaluated.

Introduction
X-ray and neutron reflectivity (XR, NR) measurements have been becoming one of the

popular techniques for the study of surfaces, interfaces, and thin film structure. Extensive
works have been done especially for polymer thin films under both specular and off-specular
conditions, and important and novel aspects have been reported for extremely thin films, and
microphase separation systems. As to monolayers on water surface, XR and NR have been
also applied for polymer monolayer [1], lipids and its biological complex [2], two dimen-
sional "jelly-fish-like" micelle on water surface [3], and a micelle layer in water subphase
under surfactant monolayer at water surface [4]. However, a fatal disadvantage of reflec-
tivity measurement has been so far very limited facility and equipment by which XR or NR
measurement can be performed for liquid surface.

We have recently constructed a compact air-water interface X-ray reflectometer for labora-
tory use [5,6]. This apparatus enables us to detect the in situ structural change of samples as a
function of surface pressure. The purpose of this paper is to describe the nanostructure analy-
sis of polymer assembly on water surface by using our X-ray reflectometer.

Experimental
The apparatus was constructed by modification of RINT-TTR theta-theta goniometer

(Rigaku corporation, Tokyo, Japan). This is so-called "butterfly" type goniometer, and we
put some special devices to this original system to make it the reflectivity apparatus. The X-
ray generator, which is mounted on one of the goniometer arms, is a rotating anode type with
Cu target (60kV, 300mA). A channel-cut Ge single crystal (Ge(l 11), two bounds) is used as a
monochrometor. The divergence and receiving slits has 50 micrometer width. At the sample
position, a Langmuir-Blodgett trough, which was specially designed only for this apparatus
(USI System, Fukuoka, Japan) was attached to change the surface pressure of monolayers.
The advantage of this apparatus is that the in situ measurement of the monolayer at the air-
water interface is possible since the sample stage does not move and is kept horizontal during
measurement. All measurements were performed under specular condition. The details of
the apparatus and data treatment have been fully explained in the previous papers [5,7].
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Results and Discussion
(1) Lipid Monolayer on Water Surface

XR profiles of distearoylphosphatidylchorine (DSPC) monolayer on water surface shows
clear fringes. The very large dynamic range of almost 8 decades should be noted since this is
as good as that by synchrotron source. The position of the fringe shifted towards lower angles
with the increase of surface pressure, indicating the increase of thickness of monolayer. This
is reasonable since the lipid molecules in monolayer stand up and are highly aligned with
increasing surface pressure. The total thickness of monolayer can be estimated to be 25.5,
25.5, 26.4, and 27.1 A for surface pressures of 10, 20, 30, and 40 mN/ra, respectively. Thus,
the extremely small change of monolayer thickness could be precisely evaluated. Similar
measurements and analysis were performed also for dibehenoylphosphatidylcholine (DBPC).

(2) Amphiphilic Polymer Monolayer on Water Surface
X-ray reflectivity (XR) measurements were carried out for the spread monolayers of

two kinds of amphiphilic block polymers on water surface. In the case of poly( a -methyl-
styrene)-Woc/:-poly(yV-alkyl-4-vinylpyridinium iodide) (alkyl = methyl or decyl), one or two
broad Kiessig fringes were observed at higher surface pressure. These fringes became clearer
and their positions shifted towards lower angles with increasing the surface pressure [7]. The
XR profiles of spread monolayer of poly(1,1 -diethylsilabutane)-Z?/oc£-poly(2-hydroxyethyl
methacrylate) (poly(SB-b-HEMA)) on the water surface showed clear Kiessig fringes up to
the third order, indicating the smooth-faced monolayer with high uniformity of thickness.
The fitting of XR profiles with the two-layer model revealed that the upper layer is formed by
the melt of the SB chains and that the lower layer consists of hydrated HEMA chains [8].

(3) Photoisomerization of Polymer Monolayer on Water Surface
XR measurements were performed for monolayers of poly(vinyl alcohol) containing a

photochromic azobenzene side chain (6Azl0-PVA) [9] on water surface. Since this polymer
has azobenzene unit, it shows cis-trans isomerization by UV-VIS irradiation (350nm and
440nm). Fig. 1 shows the XR profiles for cis- (a) and trans- (b) form monolayers of 6Azl0-
PVA at surface pressure 4mN/m. The Kiessig fringe was clearly observed at the reflection
angle 0 of about 2 degree. From the comparison between XR profiles for cis- and trans-form,
small but significant difference can be confirmed for d range from 2 to 3 degree. The solid
lines in Fig. 1 are the best fit curves by model fitting, which gave us a structural change as
schematically shown in the right of the figure. Since rrans-form has smaller area per molecule
than cis-form, the same surface pressure means denser packing of molecules for trans-form.
Reflecting this situation, the thickness of hydrophobic part (6Azl0) is larger for trans-form
(27.5 A) than for ds-form (24.0 A). For hydrophilic part (PVA) under water, the similar trend
is observed (4.0 and 2.1 A). Under higher surface pressure at 1 lmN/m, the same change for
cis-trans isomerization was observed. However, the thickness changes of both parts were
smaller than those at 4 mN/m because of closer packing of side chain. To our knowledge, this
is the first in situ observation of photoisomerization of monolayer on water surface [10].
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Fig. 1. XR profiles of 6Azl0-PVA monolayer on water surface in cis- and frans-form.
By model fitting, the structural change was evaluated as is shown in the right side.

(4) Lipid Monolayer - Biopolymer Complex
The fine structure of DNA-Lipid monolayer complex, which is interesting from the points

of view of cell-biopolymer interaction and construction of supramolecular assembly [11], was
directly observed by XR technique. A cationic lipid, dimethyldioctadecylammonium bromide
and Calf thymous DNA were used. XR profiles for the complex on water surface show the
broad Kiessig fringes at about 1 and 2-2.5 degree of the reflection angles . The position of
Kiessig fringe moved towards lower reflection angles, indicating the increase of thickness
with increasing surface pressure. From the fitting procedure, the three layer model of lipid-
DNA (1)-DNA(2) was obtained. This observation can be attributed to the change of
molecular arrangement of lipid molecule. The lipid molecules arrange on water surface with
some tilting angle which depends on surface pressure. Under the water, DNA molecules are
adsorbed to the lipid monolayer to form polyion complex by electrostatic force. The first
layer of DNA has thickness of about 20 A which is comparable to the diameter of cylindrical
DNA molecule. Hence the 1st layer can be thought to be DNA layer adsorbed to lipid layer
in side-on manner. The thickness of the second layer is about 40 A . It is obviously hard that
the second negatively charged DNA adsorbs on also negatively charged first DNA layer.
Therefore, this seems to indicate that the DNA molecules do not adsorb to lipid layer in fully
stretched conformation in side-on manner, but have flexible conformation like a wavily form,
which results in totally about 40 A DNA layer under lipid monolayer. By the density
obtained by fitting, the volume fraction of DNA in "first layer" was calculated to be ca.70
vol.% and for "second layer" to be ca.30 vol.% [12].
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Conclusions
Direct in situ evaluation of fine structure of monolayers on water surface has become

possible by our XR instrument. It gives us nanoscale structural change of polymer assembly
such as lipid monolayer, polymer monolayer and lipid monolayer-biopolyer complex. The
XR data obtained provide a lot of highly precise structural parameters for monolayer on water
surface. These observations strongly support the importance of in situ experiments.
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Prof.Seki (Tokyo Institute of Technology) and Prof.Shimomura and Dr.Ijiro (Hokkaido
University), respectively, to whom our sincere thanks are due.
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Segregation Effect of Radiation Induced Crosslinking of

HDPE: Morphology Change

Deng Pengyang Zhong Xiaoguang
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Changchun ,130022,China

Scanning Electronic Microscopy has been used to study morphology of

pure gel; sol-gel blend and sol-gel segregation samples of radiation

induced crosslinking of HDPE. The results show that the morphology of

segregation sample is the same as that of pure gel and different from that

of sol-gel blend. This kind of morphology change proves that the sol-gel

blend have occurred a liquid—solid phase segregation in the melting state.

The liquid phase ( sol) will naturally immersed in the network of the gel.

Introduction

The main effect of high-energy radiation on polyethylene is the

formation of cross-linking between different chain. As a result, part of the

homopolymer changes from the soluble fraction (sol) to the insoluble

fraction (gel), and then the properties of polymer such as thermodynamics

or mechanical properties change largely. In the past several decades, a
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number of papers concerning those have been published. However, in this

literature, studies dealing with properties of pure gel seem to be cared to

little.

Interested in the multiple melting peaks observed by Hikmet (1) from

crosslinked polyethylene and by Zhong (2) from crosslinked PTFE, a

series work have been done by our group recently.

As we have suggested in the first two paper in this series(3'4),

crystallization process of sol—gel coexistence system involves at least a

two—step process: sol fraction will crystal earlier than gel fraction. This

is the reason why the multiple melting peaks appear after the sol—gel

coexistence system annealed at high temperature for a long time.

The aim of present work is to study the morphology change of such

sample in order to get more information.

Experimental:

Samples used in this experiment is DAQING-HDPE 5000S(density is

0.954g/cm"3). The polymer was first placed between two sheet plates and

heated at 150°C until it was molten. Then press at 8.5MPa was applied

for lOmins.

Sheet was cooled down to room temperature and sealed in glass tubes

under vacuum. Irradiation was performed using 90000Ci Co-60 with

radiation dose of 200kGy. Before extraction, samples were placed in air
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for two weeks, which will avoid post radiation effect.

The pure gel fraction was got by extraction of soluble fraction with

xylene at 135°C. The samples were immersed in hot xylene for periods of

24 h. Then, the samples were dried in a vacuum oven at 60°Cto a constant

weight. The extraction was considered complete after two consecutive

period of extraction. The solvent was changed to a fresh solvent between

each consecutive extraction.

Segregation samples were got by such heat treatment sequence as

follow: Initial sample —Hrradiate—>• Melted quench —• Anneal—• cool

to room temperature.

All the samples were dealed with convenient method before SEM

examined them.

Results and Discussion

The electron micrograph of Figure a and b shows the fracture surface

of initial HDPE. These pictures show the surface to consist of sheaflike

structure. After irradiated 200kGy, crosslinking will make the surfaces of

initial HDPE change largely, and if no heat treatment, the sheaflike

structure disappeared from the surfaces of sol—gel coexistence samples

(see figure c and d). Porous structure appears on the surface of pure gel,

and the black portion is a hole where the sol fraction had been extracted

off. From the figure c—f, we can confirm that sol—rich region and gel—
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rich region are involved in the sol—gel coexistence system. Because the

reaction induced by high—energy radiation is a random process, so the

sol fraction and the gel fraction mix to each other in the boundaries

between two phases, if no appropriate heat treatment, which cause the

surface of sol—gel coexistence system change from sheaflike (fig. a and

b) to totally uniform texture (fig. c and d).

It has been shown in our preview work that the annealing temperature

using in this experiment is higher than the melting point of pure gel, and

lower than the melting point of pure sol (see table 1-1). So at annealing

Table 1: Fusing enthalpy and melting point of HDPE under

different radiat ion dose

Dose
(kGy)

200

400

1000

sol

AH

(J/g)
206. 33

162.56

189.21

Tm
CO
129.

128.

128.

84

61

97

Sol-gel

AH

(J/g)
173. 19

155.73

157.84

Tm
(° (

126.

124.

123.

:)
59

98

24

gel

AH

(J/g)
151.

152.

141.

7

5

33

Tm
(° (

123.

121.

120.

:)
17

6

22

condition, gel—rich region and boundaries between two phases have

been in molten state. We can image that if sol and gel are miscibile each

other, then, after annealing, the morphology of sol—gel coexistence

samples will not change; on the other hand, if sol and gel are immiscibile,

because of different mobility between sol and gel, then the sol involved in

the boundary and in gel—rich region will move to the sol—rich region,
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a

# , ••

FigliSEM graph of original HDPE
(a)X500,(b)X1000
SEM graph of sol-gel coexistence samples
(c)X500,(d)X1000
SEM graph of pure gel(e) X 500, (f) X 1000
SEM graph of segregation samples
(g) X 500, (h) X1000, (i) X 3000
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which will result in the morphology of sol—gel coexistence samples

change.

Porous fracture surfaces of annealing sol—gel coexistence samples are

shown in figure g-I. Comparing with morphologies of pure gel, the black

portion is the sol-rich phase. Similar porous morphology may suggest that

some sol fraction have move from gel-rich phase and boundaries to the

sol-rich phase, which indicates that the sol and gel are immiscibile. It is

clearly that, in melting, instead of remixing, the segregation sol

microdroplets coalesce themselves, and this kind of microseparation is

solidified during quench crystallization.

In summary, as the multiple melting peaks (see fig.2), similar

morphology between pure gel and sol—gel annealing samples indicates

that sol-gel phase segregation really occur. Because these segregation

resulting from the formation of crossliking between different chain, we

suggest that this kind of phase segregation may be a common

phenomenon in sol-gel coexistence samples.

sol

sol--gel blend

pure gel

0 50 100 150 200
temperature

fig.2 the dsc trace of segregation sample, pure gel and

pure sol at the same radiation dose
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Abstract

The morphology of i-PP with different isotacticity under high absorbed dose were studied
with the measurements of cystallinity, crystallite size, melting heat and melting point by x-ray
diffraction and DSC methods respectively. The results indicate that the changes are not only
related to the heat history but also related to the isotacticity of i-PP. In generally, the higher
the isotacticity of i-PP, the less morphology changes, and the morphology of annealing
samples change less than the virgin powder samples. It means that the annealed i-PP with
higher isotacticity is more stable to radiation both in air and vacuum conditions.

Keywords

Polypropylene, isotacticity, crystallinity, crystallite size, radiation stability.

Introduction

Research on radiation effects on morphological structure of iso-polypropylene (i-PP) has
been widely carried out. It has been demonstrated that some microscopic changes occur in the
solid state structure, as a result of the radiation induce crosslinking and degradation
(Nishimoto, 1991; Chappell et al, 1963; Busfield et al, 1979; Gee et al,1970; Babic et al,
1983). Such microstructure changes may give rise to various macroscopic physical property
changes. Recently, relationship between radiation stability and isotacticity of i-PP was
reported (Qiao et al, 1996; Wei et al, 1998). Since the degree of crystallinity of i-PP and the
perfectness of crystalline of it are closely related to its isotacticity, and generally, an increase
in crystallinity corresponds to an increase in isotacticity(Quynn et al, 1959). The higher
isotacticity of i-PP is, the more perfect crystalline content and the less morphous content tend
to be formed. In another word, isotacticity of i-PP may potentially affects its morphology. As
well known that the stability of i-PP toward ionizing radiation shows a significant relationship
with the primary morphology (Nishimoto, et al, 1991,1992). So a compare study of
morphological structure changes of polypropylene with different isotacticity induced by y-
irradiation should be meaning.

Experimental

(1) Materials: PB-281, PB-278, PB-280, PB-289 and HB-289 are all homopolyproylene with
isotacticity of 86.3%, 90.2%, 93.9%, 96.9% and 99.0% respectively. Both powder samples
and sheet samples were used here. Sheet samples were prepared by compression molding at
220°C under 50kgf/cnr and then cooling to room temperature under 150 kgf/cm2 at ambient
rate. A small amount of antioxidant was added.
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(2) X-ray diffraction: X-ray diffractogram were recorded before and after y-irradiation on a
Rigaku D/max-RB diffractometer (Ni-filtered, Cu Ka radiation, 12kV, 80mA) at a scanning
rate of 20=2° per minute. Determination of percent crystallinity was carried out by peak-
separation method from X-ray diffraction measuring. And that of crystal size was calculated
according to the half-peak-width in the spectra diffracted by the (110) plane which situates at
about 26-15°.
(3) Differential scanning calorimetry: Differential scanning calorimetry measurements were
made with a Dupint-1090 DSC under purging into nitrogen stream: about 3-5mg of samples
were heated at a rate of 10°C/min up to 200"C. In order to ensure a relative constant post-
irradiation thermal history for each sample, a standard scanning procedure was used.
(4) Irradiation: Samples were irradiated with 60Co y-ray in air or in vacuum. Irradiation in
vacuum was carried out as followed: glass tubes containing PP powders or sheets were
evacuated at ambient temperature for no less than 20 minutes at 10"2 Pa before sealing, and
after irradiation at dose rate of 501Gy/min for 16 hours and 40 minutes, the tubes were stored
for more than a week before further experiments.

Result and Discussion

Crystallinity: The crystallnities of PP with different isotacticity before and after y-irradiation
in air or vacuum are shown in Fig.l. It can be seen that the crystallinity of virgin powder PP

55 -

5 0 -

• 4 5 -

powder unirradiated
powder irradiated
sheet unirradiated
sheet irradiated
sheet irradiated in vacuum

94

isotacticity {%)

Fig.l. The crystallinity of PP before and after y-irradiation in air or vacuum

is linearly increased from 31% to 44% with the increasing of isotacticity from 86.3% to
99.0%, which is expectant that the higher isotacticity of PP, the easier is can crystallize under
the polymerization conditions. The crystallinities of annealing samples of PP with different
isotacticity are nearly the same and expectantly higher than powder samples, and do not
change after y-irradiation no matter what they are irradiated in air or vacuum. However, the
crystallinities of powder PP are increased to a different degree after irradiation in air, and in
fact, the crystallinity increase more for powder sample with higher and lower isotacticity than
that with middle one. The increase of crystallinity of powder PP may be ascribed to the
transition from amorphous phase because there are more amorphous phase and low
crystallinity in virgin powder PP. This result indicates that the crystalline structure in
annealing PP is more perfect and stable to radiation than that in powder sample.
Crystallite size: The crystallite sizes of PP with different isotacticity before and after
irradiation are shown in Fig.2 and Fig.3. The results indicate that the crystallite size for both
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powder unirradiated
powder irradiated
sheet umrradiated
sheet irradiated

- - a

I • sheet unirradiated

I ° sheet irradiated

90 92 94 96 98

isotacticity (%)

Fig.2. The crystallite size of PP before
and after irradiation in air

Fig.3. The crystallite size of PP before
and after irradiation in vacuum

powder PP and annealing PP changes seemingly with the same tendency after irradiation in
air or in vacuum. The crystallite size of samples with lower isotacticity decreases, those with
higher isotacticity increases, and that with middle almost does not change. This result
indicates that there are two competition process simultaneously, one is damage of crystalline,
the other is the transition process from amorphous phase to crystal phase. When the
crystallinity is higher, and the crystallite size is larger, the damage process of crystalline
should be dominant and as the crystalline is smaller and perfect, the transition from
amorphous to crystalline should be dominant, which may explain for the effect of nucleating
agent and the isotacticity of PP on the radiation resistance (Qiao et al, 1996).

From all these above, it should be concluded that the PP, either powder or annealing
sample, with higher isotacticity, has better radiation resistance, since it is apt to crystallize in
small crystallite size and perfectness, which may compensate the morphological structure
damages (Nishimoto et al, 1992), while the PP with lower isotacticity has relatively more
amorphous content which is more sensitive to radiation (Chappell et al, 1963).
Melting Characteristic: The study of melting characteristic differs from the x-ray diffraction
in one important respect in which the sample has to be heated to the initial melting point
before the information is obtained, and significant changes in structure can occur in the
heating process and the observations may not be directly comparable with the results obtained
by the other methods. A lot of previous investigations of the effect of y-irradiation on the

powder unirradiated
powder irradiated
sheet unirradiated
sheet irradiated

--J—-
- ^ • " " " " "

o "

-f ' n *—
• powder unirradiated
° powder irradiated
• sheet unirradiated
n sheet irradiated

isotacticity (%)

90 92 E

isotacticity (%)

Fig.4. The dependence of the melting heat on isotact-
icity (first scanning, irradiated in vacuum).

Fig.5. The dependence of the melting heat on isotact-
icity (second scanning, irridiated in vacuum).
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melting characteristics of isotactic PP has been reported (Gee et al, 1970; Busfield et al, 1979:
Tommlinson et al, 1967). Decrease of melting point and broadening of fusion curves were
observed everywhere. In present work, double melting thermogram in accord with double
DSC scanning were obtained for each samples and shown in Fig.4 and Fig.5. According to
Fig.4 and Fig.5, the melting heat of both powder and sheet samples are increased after
irradiation during first and second scanning. The increments of AH of powder PP are more
than sheet's; which suggests that the phase transition from smectic to crystal occurs
(Nishimoto, 1995) and which is consistent with the result obtained by x-ray diffraction
method. The melting points, shown in Fig.6 and Fig.7 are significantly decreased and
expectantly increased with the isotacticity of i-PP for both powder and sheet samples, but the
decrement of sheet sample is less than the powder samples. This result also indicates that the
perfectness of crystalline of PP significantly effects the radiation resistance of PP.
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, o"
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Kig.6.1 he dependence of melting point on
the isotacticity(first scanning, in vacuum).

Fig.7.The dependence of melting point on
the isotacticit}(second scanning, in vacuum)

Conclusion

From the results above mentioned, it should be concluded that, (1) y-radiation can induce
the morphology changes of i-PP. (2) the radiation resistance of i-PP is significantly related to
its isotacticity and the conditions of preparing the samples.
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The spectrum and yield of eaq~ in quaternary benzene/water and dodecane/water

microemulsions were found to be identical with those in pure water. This indicates

probably the scavenging of excess electrons produced in the oil by water. To the

contrary, the yield of OH radicals, determined after scavenging and conversion into

(SCN)2~\ was proportional to water content of the microemulsion. The e^" decay and

the total yield of peroxides in aerated microemulsion were determined and the

characteristics of oxidation in microemulsion was discussed.

Introduction

Owing to the unique structure and properties

of microemulsions, numerous investigations

have been conducted in these systems in

radiation chemistry. One such example is the

study of electron transfer processes in w/o

microemulsions or micelles12 since the water

pools in these systems mimic the water

pockets that are found in various

bioaggregates such as proteins and mem-

branes. Radiation-induced polymerization of

vinyl monomers3 and synthesis of metal

particles4 in microemulsions are examples for

practical interests.

In the present work, quaternary

benzene/water (O/W) microemulsion was

used for pulse radiolysis, and dodecane

/water microemulsion was also employed for

comparison. Yields of eaq" and OH in

microemulsion were determined and

compared with those in pure water. Decay of

eaq" in aerated microemulsion was followed

and the total yield of peroxides, which are

assumed as main products after the oxygen

consumed, was determined.

Experimental

Stock microemulsion was prepared by

adding water to SDS followed by addition of

benzene (or dodecane) and n-pentanol. The

compositions (wt%) are as follows: benzene

(6.4)/pentanol(3.2)/SDS( 11.0)/water(79.4)

(oil content of 20.6 wt%) and dodecane

(6.8)/pentanol(9.2)/SDS(12.0)/water(72.0)

(oil content of 28.0 wt%). The stock

microemulsions were used throughout with

diluting when necessary.

The dose of a 10 ns electron pulse was
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35-100 Gy, determined by using N2O-

saturated solution of lxlO~2 M KSCN and a

Gs{(SCN)2-} of 5.2X10"4 m2/J at 475 m !

The light-path-length of the cell was 1.8 cm.

The samples were bubbled with Ar or N2O

prior to irradiation or left open to air in the

course of irradiation. The accumulated

peroxides were measured with the method

described by Frew et al6 and using e(I3~) =

2.3xl04 M'cm' at 350 ran. The absorbed

dose (4ml of sample) was determined as 3.1

Gy per pulse by replacing the sample with a

Fricke solution and assuming G(Fe3+) = 1.61

Results and Discussion

Spectrum and yield of ê "

Figure 1 shows the transient absorption

spectrum of e^" at 400-800 nm for the

benzene/water microemulsion and pure

water in the absence of oxygen. It is apparent

that the spectrum determined in the

microemulsion is exactly the same as that in

water. The e^" yield is calculated to be 0.28

+ 0.01 jamol/J both in microemulsion and

water using e ^ ) of 1.85xlO4 M ' W at

720 nm. Since the water content is 79.4 wt% ,

the fraction of energy deposited in water

should be 79.4 % by neglecting the electron

density difference among the components. If

water radiolysis was the sole eaq~ source, the

eaq" yield would be only 80 % of that in pure

water. The determined e^ yield implies that

additional e^" is formed in the

microemulsion, most probably resulting

from the scavenging of excess electrons

produced in the oil droplets by water.

1.2

Fig. 1 Transient spectra of e^- for benzene/water
microemulsion (closed & open symbols) and
water ( solid line). Ar-saturated.

The half-life of e^" was determined to be

1.9 ± 0.1 \xs and constant with varied

benzene concentrations. The term of

"concentration" is used here for the sake of

simplicity. The rate constant for the e^"

addition to benzene, is calculated as 1.5xl07

M'V using 2.5xlO~2 M as the aqueous

solubility of benzene.

The e^" yield was further investigated in

dodecane/water microemulsion and similar

results were obtained, except for longer

lifetime of eaq". This is because dodecane is

insoluble in water and does not react with

OH Yield

Determination of OH yield and a comparison

with the eaq" yield are helpful to understand

109-
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behavior of the microemulsion upon

irradiation. Since pentanol present in the

microemulsion rapidly scavenges OH

radicals, we used SCN~ with high

concentration in the dodecane/water micro-

emulsion to compete the scavenging of OH

and followed the formation of (SCN)2*~. The

microemulsion was bubbled with N2O.

Because N2O is a strong electron scavenger7

in hydrocarbon and its solubility in

hydrocarbon is one order higher than in

water, the excess electrons produced in the

oil droplets are assumed to be scavenged by

N2O before diffusing out into water.

Consequently, only the eaq" from water

radiolysis is expected to be converted into

OH by N2O.

OH + n-pentanol —> products k3

OH + SCN~ -> SCN* + OH-

SCN* + SCN" -> (SCN)2-

( k 4 = l . l x l 0 l 0 M V ) 8

From the above reactions, we can get

l l „ k3[C5HnOH],
-(l + )

G{(SCN)2}#~ G(OH) k4[SCN

where G(OH) is the total OH yield.

The aqueous solubility (0.25 M) of

pentanol31 can be considered as [C5HnOH],

so plotting 1/G(SCN)2
#" against 1/[SCN ]

will make a straight line. Figure 2 shows

such plots with good linearity obtained at

water contents of 72.0 and 80.0 wt%. It is

evident that the intercept is dependent on the

5 10 15 20
1/I9CN1M1

Fig.2 plots of 1/G(SCN)2- vs. 1/[SCN] for N2O-
saturated dodecane/water microemulsion.

water content. From the intercepts, G(OH)

values are calculated as 0.46 and 0.53 ^imol/J

at water contents of 72.0 and 80.0 wt%,

respectively, indicating a proportional

relationship between G(OH) and water

content. Here we used s (SCNy of 8.25xlO3

M'cm'1 calculated using G(SCN)2'" of 0.63

jxmol/J9 and re-confirmed Ge(SCN)2*~ of

5.2x10"* m2/J at 475 nm5 for N2O-saturated

solution. The G(OH) is deduced to be 0.65 ±

0.01 |umol/J at 100 wt% water. From the

same figure, kjfCjHuOH]/^ is calculated as

0.10 ± 0.01 M. Using [C5HUOH] of 0.25 M

and the known k4, k, is calculated as 3.6xlO9

M"V, in agreement with the reported value

of4.0xl0 9MV.

O2 consumption in aerated microemulsion

Time profiles of eaq" revealed the increase of

lifetime with continuous pulse irradiation
"aq

for aerated benzene/water microemulsion.

The lifetime became nearly constant after a

certain number of pulses. The degree of
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increase of the eaq" lifetime with pulse

number is more apparent at higher dose rate

or at higher oil content. From the variation of

e^" lifetime at different oil contents and

according to the material balance of O2, G-

values of O2 in the oil and aqueous phases

were estimated to be 2.36 and 0.11 ^imol/J if

assuming partition coefficient of O2 between

the oil and water is 8. It appears that more O2

is consumed in the oil phase than in water.

10 40 5020 30

pulse number

Fig.3 . Concentration of peroxides after pulse
Irradiation (sample: 4ml) for benzene/water
(A) and dodecane/water ( • ) microemulsions.

a, b, c: fitted lines of data for water at 100, 79.4,
and 72.0 wt%.

Of the oxygenated products by pulse

irradiation, peroxides are important and easy

to be detected with the iodometry. The yield

of peroxides was determined to aid in

understanding the oxidation behavior in

microemulsion. Figure 3 shows that the yield

of peroxides is proportional to water content

of the microemulsion, i.e. 79.4 wt% in

benzene/ water microemulsion and 72.0 wt%

in dodecane/water microemulsion. Although

only H2O2 is formed as peroxide in aerated

water, hydroperoxides can also be formed in

the aqueous phase of microemulsion by the

OH abstraction of aqueous pentanol and

followed reaction of pentanol radical with

oxygen. Oxidation in the oil phase seems to

produce very low yield of peroxides.

Conclusion

Our results can be briefly summarized as

follows: (1) The e^' yield in the o/w

microemulsions is the same as that in pure

water but the OH yield is proportional to

water content. (2) For oxygenated micro-

emulsion, more O2 is consumed in the oil

phase but peroxides predominately formed in

the aqueous phase.
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Abstract

The electronic structure of a charged polysilane inolecle is studied. The transient absorption

spectroscopy was carried out for charged radicals of poly (methylphenylsilane): PMPS by pico-second and

nanosecond pulse radiolysis technique. It was observed that the peak of the transient absorption spectra

shifted to longer wavelength region within a few nsec, and an increase was observed in the optical density

at 370 mil, which had been already assigned to the radical anions of PMPS. It is ascribed to inter-segment

election transfer (intra-molecular transfer) through polymer chain. The nanosecond pulse radiolysis

experiments gave similar kinetic traces in near-UV and IR region. This suggests the presence of an

interband level, that is, a polaron level occupied by an excess electron or a hole.

Introduction

Silicon skeleton polymers (for a review, see ref 1) have attracted considerable attention because

of the interesting physical properties such as photoconductivity, photosensitivity, and nonlinear optical

properties, etc. Recent experimental results and theoretical calculations on polysilanes have suggested that

their conjugated c-bonding in a silicon skeleton (a-conjugated system) is responsible for their interesting

physical properties.

We have already reported the nature of charged radicals in polysilane derivatives.2' The radical

cations and anions of polysilanes showed strong chromophopres in the near-UV and IR regions which were

due to the main and sub gap transition between valence band, conduction band, and an interband level. The

interband level was predominantly formed by the interaction between an excess electron and backbone

phonons, leading to the so-called polaron state. The behavior of the state was also investigated by us in the

polysilane with structural defects. The excess electrons relatively localized on the Si backbone, especially

around the "defect like" structures, which supported the polaron model for the radical cations and anions of

polysilanes. However, the experimental results reveal the final state after the fast relaxation processes, such

as the intra-molecular charge transfer (charge transfer between a-conjugated segments), which is expected

to terminate within a few nsec. Thus in the present paper, we discuss the very fast dynamics of the radical

anions of polysilane using pico-second pulse radiolysis technique.

Experimental

Poly(methylphenylsilane): PMPS was synthesized by the conventional Kipping dechlorinate

reaction from the methylphenyldichlorosilane monomer. The reaction was carried out in Ar atomosphere, in
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dry toluene during 4 h. The polymer was precipitated using isopropyl alcohol after filtration to roughly

remove NaCl, and the precipitates were dried under vacuum. Toluene solution of the polymer was washed

by water, and precipitated with tetrahydrofuran-isopropyl alcohol mixture.

The pulse radiolysis measurements were performed with L-band electron linear accelerator at the

Radiation Laboratory of the Institute of Scientific and Industrial Research, Osaka University. The details in

the set of apparatus was described elsewhere. The polymer was dissolved in tetrahydrofuran: THF and

CH2CI2 at 50 mM/dm cone.(base mol unit) for nano-second pulse radiolysis measurement, and degassed

before to use. The Ar bubbled solution in THF was used in pico-second pulse radiolysis measurement. The

solution flows in a quartz cell (2 cm optical path) at 500 ml/min to prevent the sample from radiation

induced dameges. All the spectroscopy were done at RT.

Results and Discussion

s
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Figure 1. The transient absorption spectra of PMPS radical ions in nano-second pulse radiolysis

Figure 1 shows the transient absoiption spectra of PMPS charged radicals obtained by nano-second pulse

radiolysis. Two strong chromophores were observed in near-UV and IR regions. Figure 2 indicates the

kinetic traces of them. The peak of the IR chromophore was not observable because of the limitation of the

present aparatus.
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Figure2. The kinetic traces of the transient chromophores at near-UV and IR for PMPS charged radicals
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The transition energy was already confirmed by low temperature matrix experiment to be 0.5-0.6 eV. The

kinetic trace in the near-UV and IR absorption can be overlapped each other, suggesting that the transient

absorption originates from a single reactive intermediate, i.e., radical anion or cation of PMPS. This result

also implies the presence of an interband level occupied by an excess electron or a hole. The level already

revealed to be formed by the interaction between an excess electron and 1-D Si backbone phonons.

c

I
O

300 320 340 360 380

Wavelength (nm)

Fig.3 Transient absorption spectra of PMPS radical anion in THF by pico-second pulse radiolysis

The sum of the transition energy at near-UV and IR absorption was estimated about 4.0 eV., which shows

good agreements with the theoretical calculations.

Figure 3 showed the transient absorption spectra of PMPS radical anion by pico-second pulse radiolysis,

together with the kinetic traces at 370 nm during a few nsec. The peak of transient absorption spectra

shifted toward longer wavelength region with an increase in the optical density at 370 nm. The radical

anions of PMPS are clearly formed at 1 nsec after an electron pulses, and the yield is saturated after a few

nsec. A polysilane molecule has already been revealed to have a backbone consisting of conjugated helical

segments joined to each other by a disordered Si conformation. Asolvated electron is promptly captured by

any one conjugated segment, because the each segment in a Si backbone has enough electron affinity to

form an radical anion. However, an excess electron should migrate into the segment which has relatively

large catenation of Si atoms, thus the anion is stabilized and gives a chromophore at 370 nm.

Summary

The behavior of charged radicals is studied on polysilane by using pulse radiolysis technique. The

prompt red shift in the near-UV chromophore indicates that inter-seginent electron transfer (intra-molecular

transfer) occurs between the conjugated Si segments within a few nsec. The formation processes of PMPS

radical anions may competes with the intra-molecular charge transfer processes.
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Abstract

We observed crosslinking and scission caused by gamma radiation in linear and branched

polysilanes which have from 5% to 33% of the branching points. The crosslinking reactions become

predominant for the irradiation with branching density increasing. The cleavage did not take place

exclusively at the branching points and branching polysilanes are sensitive to radiation extraordinary as

compared with linear polysilane from a careful study of the radiolysis products of a series of polysilanes.

This is due to the increasing Si • contributing to the crosslinking reaction and that they are not

resonance-stabilized by double bonds as the reaction mechanism in the irradiated polysilanes. However, the

gelation curve in linear PMPS irradiated by 2MeV He+ is almost consistent with that in branching PMPS,

indicating that the size of chemical track is responsible for the gel fraction. The crosslinking G value for

high molecular weight PMPS irradiated by 2 MeV He+ was drastically decreased as compared with that for

low molecular weight. It suggests that there are a large number of intramolecular crosslinking points for

high molecular weight PMPS.

Introduction

Polysilane derivatives have attracted great interest as a new category of polymer materials. Seki

have already reported on reactive intermediates of polysilane derivatives irradiated by ion, electron, and

y-rays.'' The predominant reactive intermediates in polysilane derivatives were accredited to the fact that

silyl radicals show great stability in comparison with carbon centered alkyl radicals. Reactions in the

polymers were drastically changed with the energy deposition rate of incident particle; LET of radiation

sources. Polymers were crosslinked for high LET ion beam irradiation in spite of the predominant main

chain scission reaction for low LET radiation. The difference in radiation induced reaction was ascribed to

a variation of density of stable reaction intermediates; silyl radicals generated by radiation.

The complex nature of polymers with the short-chain branches has been studied as a very

interesting structural feature. M. Pandurang reported that the cleavage of branches takes place exclusively

at the branch points at which the branches are attached to the backbone chain and all branches cleave with

qual efficiency, regardless of their length. Zl H. M. Mittelhauser reported that G(x) decreased as the

branching density increased.3) In the present study, we studied the radiation effects on linear and branching

polysilanes irradiated by y-rays and ion beams ans investigated a model of intratrack reactions.
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Experimental

poly(metylphenylsilane); PMPS was synthesized by the conventional sodium condensation

(Wults Coupling) method from the metylphenyldichlorosilane monomer. Branching PMPS was synthesized

by same procedure with a monomer mixture of metylphenyldichlorosilane and />toryltrichlorosilane. The

ratio of the mixture was changed from 5 to 33%. Polymerization reactiuons were carried out in an Ar

atmosphere, in 100 ml of dry toluene, which was refluxed with sodium for 10 h and distilled before use.

The molecular weight of PMPS samples were measured by gel permeation chromatography (GPC) with

tetrahydrofuran(THF) as an eluent. PMPS has initially a bimodal molecular weight distribution and the

molecular weight was controlled by the reaction time and the high or low molecular weight peak was cut

off by separatory precipitation, leading to five PMPS samples having from Mn = 2.6 X 105 Mn = from 4.0

X 10".(Table. 1)

Polymer samples were evacuated down to 10"4 Pa in breakable-sealed tube and irradiated by 60Co

y-rays at ISIR Osaka University. After irradiation, samples were measured by GPC and GCMS. Ion beam

irradiation was done at RCNST Tokyo University. The polymer samples were dissolved in toluene and

spin-coated on Si wafers. They were irradiated by 2 MeV He+ ion beams in a vacuum chamber (<106 Torr)

at room temperature. After irradiation, all the samples were developed in toluene for 2 inin. The irradiated

part of the film, where gel was generated, was insoluble in toluene. The thickness of the remaining films

after development was in a vacuum chamber (<10"fi Torr) at room temperature for 30 min and measured by

a Surface Profiler.

Mn

Mw

Mw/Mn

1.

255000

360000

1.41

2.

112000

141000

1.26

3.

25600

33400

1.31

4.

10200

12000

1.17

5.

4000

4780

1.21

(Tablet) Characteristic of PMPS samples having five molecular

Results and Discussion

Figure I shows that the crosslinking reactions became

predominant compared with scission reactions as increasing the

blanching density when PMPS is irradiated by y-rays. From a careful

study of the radiolysis products of a series of polysilanes, there are the

cleavage at phenyl group more than at methyl group in PMPS and

there are more possibilities of cleavage of chain side in branching

PMPS as compared with linear PMPS as shown in Table 2. Therefore

it suggests that the difference in radiation induced reactions was

ascribed to a variation of the density of stable reaction intermediates

+• tt nnhmfW 1 (.1)

* i

y -•

i

1

r • • «

|

.... i . . . .
I>HC(MCi)')

(Fig. 1) The relation between Mn'faftcr
irrdiation)iin(l Mn(bcforc irradiation)
in PMPS irrdiatcd b.v y-ravs
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generated by radiation and they are not resonance-stabilized by double bonds. There are no differences of

the ratio by comparing the ratio of benzene and toluene of the moment of the synthesis with that of the

radiolysis products as shown in Table 3 indicating that the cleavage did not take place selectively at the

branching points.

CH,

H, CH,

L i n e a r P M P S n o d e l e c t 5 . 6 0 x I o J 4 2 X H ) 2

B r a n c h i n g - L - P M P S 1.20 x 1 0 ' 8 . 4 3 x 1 0 3 3 . 1 6 x 1 0 ' 4 7 6 X 1 0 2

B r a n c h i n g - H - P M P S l . ( ) 7 x [ ( l : 1 . 0 9 x H ) 2 5 . 6 0 x l O " 1 2 . 9 0 x H r 1

(Tablc.2) G values of the radiolysis products of PMPS

irradiated by y-rays

Brancliing-L

Branching-H

The moment

of the synthesis

benzcne:tolucnc

9-1

2.0:i

The radiolysis

products

bcnzcnc:tolucne

7:1

1.9:1

(Table.3) The ratio between benzene and toluene at the

moment of the synthesis and the radiolysis products

Figure 2 shows that the gelation curve in linear PMPS irradiated by 2MeV He+ is almost

consistent with that in branching PMPS. It suggests that the size of chemical track is responsible for the gel

fraction and the gelation curve does not reflect on the density of crosslinking completely. The crosslinking

G value for high molecular weight PMPS irradiated by 2 MeV He+ was drastically decreased as compared

with that for low molecular weight as shown in Figure 3. Thus there are a large number of intramolecular

crosslinking points for high molecular weight PMPS and it is attributed to microscopically

nonhomogeneous reactions along an incident ion projectile and ion beams deposit high density energy in a

limited area which is called "ion track" and this is due to the differences in the required energy density ; rcr

at the edge of a chemical track. We concluded that the ion track radius is responsible for gelation of the

polymer materials.

£
tf> 0.6
O>
W
O

S3 0.4

—•—-NnearPMPS

Ml 1 l-£_l 1 Hf'-f

i
0.07

Dose (MGy)

(figure.2) The gelation curves in linear and

branching PMPS irradiated by 2 MeV He*

3
Oq

o

n

0 5 10' I 10'- 1 .5 10 ' 2 10'1 2. 5 10' 3 I0'1

Molecular weight

(figure.3) The rclaion between G values and

molecular weights
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Summary

We have studied the radiation effects on linear and branching PMPS irradiated by y-rays and ion

beams. The crosslinking reactions became predominant compared to scission reactions as increasing the

blanching density. This is due to the increasing Si •contributing to the crosslinking reaction and that they

are not resonance-stabilized by double bonds. These gelation curves are very consistent and the

crosslinking and scisson reactions in linear and branching PMPS irradiated by 2 MeV He ion beams

behaved differently in case of y-rays indicating t ha t the size of chemical t rack is responsible for

the gel fraction.
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Abstract
The reaction mechanism of intermediates of polystyrene solutions in

cyclohexane and chlorinated hydrocarbon solvents has been studied by using pulse

radiolysis. Absorption peaks observed around 1250-135Onm in chlorinated hydrocarbon

and cyclohexane solutions of polystyrene, were identified with the dimer cation radicals

of polystyrene. The absorption intensities of polystyrene dimer cation radicals were

enhanced with increasing of polarities of solvents. Because free ion yields of

polystyrene cation radicals were increased with increasing of polarities.

Introduction
Photo- and radiation chemistry of polystyrene in solution has been studied by

using pulse radiolysis. The absorption peak of the excimer of polystyrene was observed

in cyclohexane solution at 515 nm. The absorption decays according to first-order

kinetics with a lifetime of 20 ns. [1-4] The absorption of dimer cation radical of

polystyrene in cyclohexane solution was expected in infrared region as observed in laser

photolysis. [3]

The studies of polystyrene by using pulse radiolysis and laser flash photolysis

in chlorinated hydrocarbon have been also reported. [2,4,5] Charge transfer complexes

(CT complexes) between phenyl ring and Cl atom were observed.

In the present study, pulse radiolysis was carried out in infrared wavelength

region to investigate a polystyrene cation radical which was important to know reaction

mechanism of polystyrene in radiation chemistry. The reactions of the dimer cation

radical of polystyrene in cyclohexane, carbon tetrachloride (CCU), chloroform (CHClj),

and methylene chloride (CH2CI2) by irradiation were able to observe.

Experimental

The nanosecond pulse radiolysis system was carried out by using the 28 MeV

L-band linac of the Institute of Scientific and Industrial Research in Osaka University.

The system for optical absorption spectroscopy was composed of the linac as an

irrasiation source, a Xe lamp as an analyzing light, a monochromator, Si or InGaAs

photodiodes, and a transient digitizer. The width and the charge of an electron pulse

were 8 ns and 35 nC/pulse, respectively.

Polystyrene (Mw=9,000, Mw/Mn<1.06) was used as a solute. CC14, CHCI3,

- 1 1 9 -



JAERI-Conf 2000-001

CH2CI2 and cyclohexane (Merck, Uvasol) were used as solvents. The solvents were

used without further purification.

The samples in quart cells were deaerated by argon bubbling or the freeze-

thaw method to avoid the influence of oxygen. All experiments were done at room

temperature.

Results and discussion
(1) Transient absorption spectrum of polystyrene in cyclohexane

Figure 1 shows transient absorption spectra obtained in pulse radiolysis of 200

base mM, polystyrene solution in cyclohexane. Immediately irradiated after the pulse,

two absorption bands around 500 and 1350nm were observed. The absorption band

around 500 nm decayed according to first-order kinetics with a lifetime of 20 ns. The

lifetime agreed with that of the excimer fluorescence obtained in previous flash

photolysis and pulse radiolysis studies. Therefore, the absorption was assigned to be

excimer excimer. [ 1 -4]

The transient absorption with maximum at about 1350 nm was observed in

pulse radiolysis, at first. The absorption band was seemed to the charge resonance band

of polystyrene dimer cation radical that has been observed in infrared region in flash

photolysis. [3] An absorption intensity of the band was decreased by adding triethyl

amine as a hole scavenger, and was increased by adding CCI4 as a electron scavenger.

This band was assigned to be charge resonance band of dimer cation radical of

polystyrene.

c

0.02

0.01

q
b

o

polystyrene dimer
polystyrene c a t i o n r a d i c a |

**•, excimer \ Pulse

* # • . • • •

\ Pulse
\ end

•

• • • . . • •
• • » _ m
• * • I I • • • • •

300 500 700 900 1100 1300 1500

WAVELENGTH(nm)

Fig. 1. Transient absorption spectra of polystyrene (200tnM)
in cyclohexane at pulse end and 100ns after the pulse.

(2) Transient absorption spectrum of polystyrene in chlorinated hydrocarbon solvents

Figure 2 shows transient absorption spectrum obtained in pulse radiolysis of

200 base mM polystyrene solutions in CC14 (a), CHCI3 (b), CH2C12 (c) , respectively.

In figure 2(a), an absorption band around 320nm was identified as a CT complex

between phenyl ring and Cl atom. An absorption band around 500nm was composed of
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two different species. The fast decaying component was a complex (CCI3" + Cl"") that

was identified in the pulse radiolysis studies in neat CCU solution. A slow decaying

component was identified as a CT complex between phenyl ring and Cl atom. [2] An

absorption band around 1300nm was similar to the absorption band of the dimer cation

radical of polystyrene in cyclohexane. The band was identified with the dimer cation

radical of polystyrene. In figure 2(b) and (c), an absorption bands around 320nm and

500nm were CT complexes between phenyl ring and Cl atom. Absorption bands of

around 1300nm were assigned to of dimer cation radical of polystyrene.

************m****

(b)

-8
•3
q
d

300 500 700 900 1100 1300 1500
Wavelength(nm)

0.04 i I" I

0 0 3 ft (PS a+ CICT-) '• •

0.02

0.01

o ~"
300 500 700 900 1100 1300 1500

Wavelength(nm)

PS,

300 500 700 900 1100 1300 1500
Wavelength(nm)

Fig.2. Transient absorption spectra
of polystyrene in chlorinated
hydrocarbon solvents at pulse end
and 40ns, 100ns after the pulse,
(a) in CC14, (b) in CHCI3, (c) in
CH2CI2.

(3) The behavior of dimer cation radicals

The absorption intensities of polystyrene dimer cation radicals were enhanced

with increasing of polarities of solvents as shown in Fig.2. The polystyrene dimer cation

radical was produced between neutral phenyl ring and polystyrene free cation radical

which escape from geminate ion recombination between cation radical and Cl .

Therefore, the free ion yields of polystyrene cation radicals were increased with

increasing of the polarities, because initial distribution in geminate ion recombination

was changed.
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Abstract

Thermal treatment of y-irradiated polyacrylonitrile was performed to investigate

the radiation effects on the thermally activated reactions. It was found that the

exothermic reaction and the discoloration of the irradiated samples occurred at much

lower temperatures than for nonirradiated ones, and the reactions can be regulated by

the preirradiation dose. The structures formed by the thermally activated reactions of

the irradiated samples consisted of C=N and/or C=C conjugation sequences having

broad electronic absorption bands up to 500 nm. The preirradiation caused an increase

in absorption intensity. Free radical identification by ESR indicated that the radiation

effect was not due directly to trapped radicals but caused by the functional groups

generated during irradiation, which contributed to the initiation of the thermal reactions.

The differential scanning calorimetric and thermogravi metric analyses confirmed that

the preirradiation lowered the onset temperature of the reactions and alleviated the heat

evolution process.

Introduction

The thermally induced reactions of polyacrilonitrile (PAN) have been the subject

of a number of investigations for the last half centurty. Thermal treatment of PAN at

temperatures above 200°C leads to changes in physical properties which are of great

practical importance. For example, the electrical property of PAN can be altered from

an insulator to a semiconductor and, eventually, to a conductor, depending on the heat

treatment conditions. Another important application of this thermal treatment of PAN

is found when the polymer is used as a precursor to produce high-quality carbon fibers.

The primary stages of the thermally induced conductivity change in PAN films as

well as of the thermally induced stabilization of PAN-based carbon fiber precursors

generally consisted of thermally activated reactions of the nitrile groups. Although

various reaction schemes have been proposed, it seems to be widely accepted that the

intramolecular reaction leads to a ladder structure containing conjugated C=N

sequences. The reaction is highly exothermic and causes the degradation of the

polymer backbone. Therefore, a process that could regulate the exothermic process

would be very useful. Incorporation of a small amount of nucleophilic reagents such

as carboxylic acids has been found to be effective in reducing the exothermic effect and
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is widely used in the process of producing carbon fibers from PAN precursors.

Alternatively, we postulate that the reactions can be regulated by ionizing radiation.

We have studied the effects of y-irradiation on the conjugated structure formation

in poly(vinyl alcohol) and poly(vinyl chloride) and found that the pendant side groups

in these polymers could be more readily eliminated when irradiation is performed either

prior to or in situ of the thermal treatment, resulting in the formation of conjugated

sequences.'2 These studies tend to offer a facile way to prepare conjugated polymers

in addition to understand the initiation mechanisms of the elimination reactions. In

this paper, we report y-irradiation effects on the conjugated ladder structure formation in

the thermal treatment of PAN.3

Experimental Section

PAN was obtained from Aldrich (A/w=86 200; Mn=22 600). The film of PAN

was prepared by spin coating of a 3 wt % solution in dimethyl sulfoxide onto a silicon

wafer. The film was dried under 0.1 Torr first at 50°C for 1 day and then at 100°C for

another day. Then, the film was removed from the substrate and cut into 10 x 30 mm

slices. The film thickness was measured to be about 6 \im. The films were then

transferred into flat quartz cells with a Pyrex neck and sealed under vacuum (10~4 Torr)

prior to the irradiation. For the differential scanning calorimetry (DSC), thermo-

gravimetric (TGA), and ESR measurements, the powder samples were used as received.

Irradiation was performed at room temperature with y-rays (60Co source) at dose rate

within the range of 1-3.5 kGy h~'. Postirradiation thermal treatment was carried out by

isothermal heating as well as progressive heating. Progressive heating was done on

DSC and TGA devices with a heating rate of 10 °C min1 under N2 atmosphere.

Results and Discussion

The main change in chemical structures caused by the thermal treatment of

PAN at a moderate temperature is the formation of conjugated carbon-nitrogen

double bonds with the consumption of the pendant nitrile groups. As a result, the

electronic absorption behaviors of the materials will be modified. Electronic

absorption spectra of the heated PAN films with and without preirradiation are

shown in Figure 1. For the samples without preirradiation the absorbance

developed very slowly at the heating temperature of 170°C. In contrast, for the

samples irradiated prior to the thermal treatment, the absorbance increased more

rapidly when heated at the same temperature. The spectra show two broad

absorption bands with maxima at 270 and 360 nm. The absorption intensities

increased with heating time or preirradiation dose with no significant change in

peak positions.
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Figure 1. Effect of preirradiation on the absorption spectra of PAN films heated
at 170°C for 3 h: the preirradiation doses are (a) 0, (b) 27, (c) 54, and (d) 140 kGy.

The changes in FTIR spectra by the thermal treatment of the pre-irradiated film

demonstrated that C=N bonds (~1600 cm"') were produced while the nitrile groups

(2241 cm"') were consumed. At the same time, the C=C bonds (-1600 cn r ' ) might

also be produced to some extent because a decrease in intensity of CH2 (1450 cm"')

resonances of the polymer backbone was also observed. From the above results, it can

be concluded that the absorbance developed at the range of 220-500 nm in the

preirradiated PAN films reflects the formation of C=N and C=C conjugated rc-electron

systems. The formation of the conjugated unsaturation structures in nonirradiated

PAN was identified, but in that case, it required a much higher temperature to activate

the reaction.

The formation of radical species following irradiation as well as heating was

examined using ESR spectroscopy in order to clarify the root cause of the radiation-

induced effect. The ESR spectrum of PAN measured at room temperature

immediately after irradiation contained a hyperfine structure consisting of a triplet of

doublets and a singlet central line. The hyperfine structure has been assigned by several

authors to the following radicals A and B.

CN CN

(A)

CN CN CN

(B)

CN

These radicals resulted from the abstraction of H atom from the main chain

carbon atoms. However, these radicals were not stable and were annealed out on
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exposure to slightly elevated temperatures, 50°C. Interestingly, when the temperature

was further increased to 140°C, ESR signals with a singlet line were observed in the

preirradiated sample. However, the annealing temperature of 140°C was apparently

too low to generate radical intermediates in the nonirradiated sample. The radical

generated in the preirradiated samples can be assigned to the radical structure C, which

could be produced from the primary radicals A and B via eqs I and 2 of Scheme I.

(1)YYY™
CN CN CN

CN CN CN

YY
CN CN

(A)

r
CN

R - **•

Y
CN

CN

R'

CN CN

(B)

CN

YY
* As C N

N N-

Scheme

Y
CN.

vAyA/ -
CN CN CN

(C)

y c

1

YYY
CN CN CN

h H

N̂ CN CN

The specific reactions occurring in the thermal treatment of PAN is known to be

exothermic and accompanied with the loss of sample weight. Progressive thermal

treatment was therefore performed using DSC and TGA apparatus to measure the

evolution of heat and change of sample weight, respectively. A sharp exothermic peak

presents at 309°C for the sample without irradiation, while the exothermic peaks of the

preirradiated samples shifted 20 - 30°C to lower temperatures. The results indicate

that the kinetics of exothermic reaction, which is believed to be related to the

cyclization of the nitrile groups, was significantly modified by prior irradiation

treatment. Decrease of the reaction temperature with attenuated heat effect is essential

to protect the macromolecular backbone from decomposition during the cyclization

reaction, which was confirmed by thermogravimetric analysis. The nonirradiated

sample showed a weight loss of about 30%, while the one preirradiated to 169 kGy

showed the weight loss of less than 10% at the end of the exothermic reaction.

References

(1) W. Zhao, Y. Yamamoto, S. Seki, and S. Tagawa, Chem. Lett., 1997, 183 .

(2) W. Zhao, Y. Yamamoto, and S. Tagawa, J. Polym. Sci., Part A: Polym. Chem., 36,

3089(1998).

(3) W. Zhao, Y. Yamamoto, and S. Tagawa, Chem. Mater., 11, 1030 (1999).

- 1 2 5 -



JP0050416
JAERI-Conf 2000-001
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Temperature dependence of crosslinking and gas evolution under Y-irradiation was

studied for high-density and low-density polyethylene samples in the 30-360 °C range. It

was found that crosslinking was the predominant process up to 300 °C and the gel point

decreased with increasing temperature. At above 300 °C, however, the gel fraction at a

given dose decreased rapidly with temperature and the action of radiation turned to

enhance polyethylene degradation. Yields of H2 and hydrocarbon gases increased with

temperature and the compositions of hydrocarbons were dose dependent.

Introduction

Radiation-induced cross-linking has been

proved to be an effective method for

improving the material properties of

polyethylene and numerous papers12 have

been published. Many factors such as

molecular weight, crystallinity, temperature,

irradiation atmosphere, affect the cross-

linking efficiency. In the past, irradiation of

polyethylene was studied from -269 °C to

around 130°C (m.p. of PE) and the

temperature effect on crosslinking efficiency,

gas evolution, tensile property, etc. was

evaluated. Irradiation in the melt has some

advantages such as the decreased gel point,

increased network tightness and production

of a homogeneous network. Here we made

an effort to investigate the temperature effect

on cross-linking efficiency and gas evolution

over a very wide temperature range.

Experimental

High-density polyethylene (HDPE) and low-

density polyethylene (LDPE) samples free of

additives were used as received. The

molecular weights were M,, 2xlO4 /M^ 9xlO4

for LDPE and NL, 9xlO3 /Mw 1.6xlO5 for

HDPE. Isobutyl branches exist along the

polymer chains of HDPE since trivial

amounts of 4-methyl 1 -pentene were added

in the polymerization. Samples of 3-10 g of

polyethylene were put into the Pyrex glass

ampules ( ca. 50 ml) and the ampules were

sealed after evacuation. The prepared
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samples were irradiated with y-rays at a dose

rate of 3.5 kGy/h at 30-220 °C for HDPE and

at 30-360 °C for LDPE.

After irradiation, the evolved gas was

separated and its compositions were analyzed

by gas chromatograph technique. The gel

fraction was determined after removing the

soluble portion by immersing the irradiated

sample into boiling xylene for two 6-h

intervals, each in the fresh solvent.

Results and Discussion

Temperature dependence of crossJinking

Figure la shows the gel fraction as a function

of dose for LDPE at 30-300 °C. It can be

seen that the crosslinking efficiency is

enhanced with temperature and the

temperature is especially pronounced in the

low-dose region. At high doses, the influence

of temperature is insignificant. Figure lb

further shows the gel fraction at temperatures

of 30-360 °C after 20 kGy for LDPE. It is

more clearly to see the temperature effect on

crosslinking and, in addition, the rapid

decrease of crosslinking efficiency above 300

°C. No gel was determined at 360 °C. This

indicates that radicals formed by radiolysis

undergo decomposition rather than cross-

linking. The analysis of molecular weight

distribution for LDPE samples irradiated at

360 °C revealed that radiation enhanced

polymer degradation when compared with

purely heated samples, which is in agreement

with our previous work3 on high temperature

irradiation of n-hexadecane.
100

10 50050 100
D/kGy

Fig. la Correlation of gel fraction with dose for LDPE
at 30 ( • ) , 100 (O), 150 (D), 220 (•) , 300 (T) °C.

50 ,

100 150 200 250 300 350 400
temp/ °C

Fig. lb Variation of gel fraction with irradiation
temperature for LDPE.

Raising temperature also favors the

crosslinking of HDPE. However, owing to its

relative higher molecular weight, the

temperature dependence of crosslinking

efficiency was not so significant as that for

LDPE.

G(.v) and G(s)

G values of crosslinking and scission, G(x)

and G(s), were estimated for discussion of

the temperature. We use the Charlesby-

Rosiak formula4, which always allows one to

plot the sol/dose relation in the form of

straight line, to analyze the sol/dose data.
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equal to 2. Formula (1) seems more suitable

s + s1/2 = 0.5A. + 0.5(4 - X) for polymer with low degree of crystallinity

x(Dv + D )/(Dv + D) (1) or in the amorphous state. Fitting of the data

where s is the sol fraction, X is the ratio with eq.(l) using the experimentally obtained

G(s)/G(x), Dg is gel point, Dv is the virtual s> D a n d Dg enables one to get X and Dv.

dose, and D is the absorbed dose. The Then values of G(x) were calculated from k.

definition of Dv is a dose required for Table 1 present such parameters for LDPE

changing the MWD of the polymer under and HDPE at varying temperatures

study in such a way that MJ^ would be

Table 1. Parameters at Different Temperatures for LDPE and HDPE

T/°C

LDPE 30

100

150

220

300

HDPE 30

100

150

220

Dg/kGy

42

27

16

8.5

5.6

16

13

9.0

6.5

Dv/kGy

24 ±17

26±4

25 ±4

35 ±5

8±1

42 ±14

48+10

48 ±8

38 ±6

X

0.44 + 0.21

0.48 ±0.10

0.50 ± 0.08

0.56 ±0.11

1.61 ±0.06

1.46 ±0.21

1.32±0.18

1.18 ± 0.14

1.32 + 0.13

G(xf

1.4

2.3

3.7

7.2

15.9

2.8

3.5

4.6

6.7

G(JC) at X=0

1.3

2.1

3.3

6.2

-

1.8

2.4

3.3

4.5

"Calculated by G(x) = 1.92xlO7/[MwD/4-».)], Dg in kGy.

As can be seen, Dg decreases and G(JC) due to wider molecular weight distribution of

increases with temperature. Because X is HDPE. In the gel fraction determination,

nearly independent of temperature up to 220 low-molecular-weight fraction is determined

°C, G(s) also increases with temperature. in practice as the "sol".

The large X value at 300 °C that at other G a s Evolution

temperatures for LDPE is indicative the A t 3 ° - 2 2 0 ° C ' t h e evolved gas comprises

considerable degradation process. It is also mostly H2 and the H2 fraction is always

noted that the k for HDPE is higher than for h i g h e r t h a n 9 0 v o I % d e s P i t e i t s slightly

LDPE by a factor of 2-3. This is probably decrease with temperature. However, the H2
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fraction at 300 °C for LDPE decreased to 60-

80 vol%, due to production of a considerable

yield of hydrocarbon gases. We found that G

values of H2 increased slightly with

temperature and decreased with dose at a

given temperature.

30000 A A l

JL. 220 °C

150 "C
—A.

100 °C JV.

30 "C

J I I 220 °C

i
L
1

150 °C

100 °C

30 "C

2 4 6 8 10 12 14 16 2 4 6 8 10 12 14 16
retention Ume /mln retention time /min

Fig.2 Chromatograms of evolved hydrocarbons from
LDPE (left) and HDPE (right) at various temperatures.

A number of gases such as methane, ethane,

butane, etc. were also detected in the evolved

gas. These gases are formed as the result of

scission of branching groups. Figure 2 shows

chromatograms of the C2-C4 hydrocarbons

for LDPE and HDPE. It is noted that both

saturated and unsaturated hydrocarbons are

evolved. Of particular interest is the

formation of iso-butane and iso-butene from

HDPE compared to n-butane and 1-butene

from LDPE. This is due to the existence of

iso-butyl branching in HDPE. The relative

fraction of alkene gases is increasing with

temperature and decreasing with dose at the

same temperature. The latter implies the

addition of alkene to macroradicals. The

total yield of hydrocarbon gas increases with

temperature since raising the temperature

favors the scission of branching.

Conclusion

For Both LDPE and HDPE, higher

temperature of irradiation leads to the

increase of crosslinking efficiency and gas

yield. The temperature dependence of

crosslinking could be attributed the addition

of radicals to the vinyl end groups and

vinylenes present in the polymer. The

scission process is not significant below 220

°C but becomes important above 300 °C.
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Abstruct
Transient absorption spectra were obtained in solution of poly(methylphenylsilylene)

(PMPS) and poly(methyl-n-propylsilylene) (PMPrS) at room temperature, using femtosecond
laser flash photosysis. Transient absorption bands in near UV region were ascribed to ex-
cited states.

Introduction
Polysilanes are a-conjugated polymers which have silicon main chains and organic side

chains. These polymers show interesting optical and electronic properties such as photo-
conductivity and non-linear optical properties, and these properties differ from those of
their carbon analogues. These properties are ascribed to or-electrons delocalized along the
silicon main chains [1]. Characteristic strong absorption are observed in the near UV region
leading to delocalized era* excitations. The absorption is suggested to be an inhomogeneous
distribution of various length of segments having different excitation energies. Absorption
maximum and the extinction coefficient highly depend on the silicon main chain length and
segmentation [2]. The excited state dynamics is governed by fast competing processes[3],
for instance radiative decay , energy migration between cr-conjugated segments [4], and
chain scission by photodegradation [2,5]. In almost every polysilanes, the photolumines-
cence band is much narrower than the corresponding absorption band, and photolumines-
cence quantum yield increases when excitation wavelength goes from short-wavelength to
the red tail of the absorption band. These are regarded as evidence that energy migration
occurs from excited states in shorter segments to excited states in longer segments having
lower excitation energy. We have examined the transient absorption spectra of polysilanes
observed for laser flash photolysis in order to know the mechanism of excitation dynamics.

Experimental
Poly(methylphenylsilane) (PMPS) and poly(mehylpropylsilane) (PMPrS) were synthe-

sized by Wurtz-type coupling reaction. Molecular weights of these polymers were deter-
mined by gel permeation chromatography(GPC) with polystylene calibration standards. Mw
of PMPS was 2.6 x 105 with Mw/Mn = 4.8. Mw of PMPrS was 7.9 x 105 with Mw/Mn =
4.2. PMPS was dissolved into tetrahydrofuran(THF) at 60 base mmol dm3. PMPrS was
dissolved into hexane at 60 base mmol dm3. Eeach irradiation, Fresh solution was used with
flowing cell. The light pulse from Ti:sapphire femtosecond pulse laser(Tsunami: 6 nJ/pulse,
frequency: 80 MHz, fwhm: 80 fs) was amplified by regenerative amplifier(Spitfire: 0.3 mJ/
pulse, frequency: 1.2 kHz, fwhm: 110 fs). Exposure was performed with the third harmonics
having wavelength of 267 ± 16 nm. The probe light had the continuous spectrum generated
by fundamental light focused into a lem H2O flowing cell. The CCD linear image sensor was

- 1 3 0 -



JAERI-Conf 2000-001

used to detect the probe light for mea-
surement in near UV region. The InGaAs
was used as detector in near IR region. The
time resolution of this set was calibrated to
be about 500 fs from the consequence of
measuring H2O Kerr effect. The details of
the femutosecond laser flash photolysis
were described elsewhere [6].

Results and Discussion
Figure 1 shows transient absorption band

immediately after pulses and the decay of
the band for PMPrS. The fwhm of transient
absorption bands are ca. 0.21 eV. Figure2
also shows transient absorption band im-
mediately after pulses and the decay of the
band for PMPS in THF. The transient ab-
sorption peaks were observed around 390
nm for PMPS. The fwhm of transient ab-
sorption bands are ca. 0.23 eV. No other
transient absorption bands are observed at
longer wavelength region(430-500 nm) in
both solutions.

Transient absorption spectra in near UV
region are predominantly ascribed to exci-
ted states for PMPS and PMPrS, although
the absorption bands of excited states were
reported not to be observed because of high
yield of photodecomposed products for
PMPS in THF solution [7].However, it is
possible to consider that the transient ab-
sorption bands are partially correspond to
photochemical products and/or ionic spe-
cies by electron photoejection. Silylenes
and silyl radicals were studied as neutral
species produced by photochemical reac-
tions by other groups [5]. The transient
absorption of methylphenylsilylene
(MePhSi:) was obtained at 480 nm by a
laser flash photolysis technique [. No tran-
sient absorption bands are observed at this
wavelength region in the present experi-
ment. The rate constant of coupling reac-
tion for silyl radicals of PMPS was sug-
gested to be ca. 3 x 101 mol 'dmY' [5],
indicating quite slower reaction than the re-
action observed in the present paper.

Q 0
6 340

(b)

360 380 400 420

Wavelength (nm)

q
b

50 100 150 200

Time(ps)

Figure 1 (a) Observed transient absorption
spectra for PMPrS in hexane at 60 base mM,
excited at 267 ± 16 nm. (b) Kinetic trace of

optical density observed at 375 nm

340 360 380 400 420
Wavelength ( nin )

(b)

0.18

• • • - • . . 390 nm

q
d

30 120 180
Time (ps )

Figure 2 (a) Observed transient absorption
spectra for PMPS in THF at 60 base mM,
excited at 267± 16 nm. (b) Kinetic trace of
optical density observed at 390 nm
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Generation of ionic species by laser flash photolysis was also reported by other group
[8]. The transient absorption was located around 370 nm for ionic species of PMPS. The
transient absorption of ionic species was observed at a few hundreds of microsecond [8].
Therefore the transient absorption observed should not be ascribe to photochemical prod-
ucts and ionic species.

In conclusion, transient absorption bands in near UV region in picosecond time range are
ascribed to excited states for PMPS and PMPrS.

We are inbebted to Dr. Iwamoto for usefull discussion. This work was supported by a Grant-

in-aid for scientific research No.09239230 from the Ministry of Education, Science and

Culture.
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1. Introduction
There has long great interest in flavin

photochemistry over the past several years. Such efforts
were triggered in part by the proposed involvement of
flavin excited- states in several important photobiological
and photochemical processes, such as phototropism,
phototaxis, photodynamic action and photodegradation of
pesticides residues used to treat wastewater [1,2].
Recently, due to potential formation of photosynthetic
photoelectrochemical cell and photogalvanic cell
providing a way of converting solar energy to
electrochemical energy, special attention therefore has
been paid to the excited state chemistry of flavin [3].
Compared to the singlet states, the long lifetime of the
triplet state made the triplet flavin (3FI*) reaction be the
predominant factor.

The reaction paths of triplet flavin studied in
literature can be listed as following: (1) By direct triplet-
triplet energy transfer from 3F1* to the substrate, provided
that the triplet- state energy of the substrate lies below
that of 3F1* (~ 200 kJ mol"1). Such a mechanism may
operate in the flavin photooxidation (or photoisomerison)
of retinol, bilinibin and ferricyanide [1,3]. (2) The triplet
flavin is able to transfer energy to oxygen to form the
singlet oxygen ('O2) (« 94 kJ mol"1), in some cases,
superoxide anion radical (O2"\) can be generated by
electron transfer from 3F1' [4]. 'O2 and O2*' are well
known as reactive species and can in turn result in the
oxidation of a wide range of compounds. This is called
Type II photosensitization mechanism [4]. (3) The triplet
flavin is frequently to photo-oxidation by electron or
hydrogen atom abstraction from the substrate. This
process is called radical or Type 1 photosensitization
mechanism [5,6].

As we know, riboflavin is one of important
endogenous cellular photosensitizer in vivo and in vitro.
Photoexcitation of riboflavin may potentially occur in the
organs and tissues permeable to light, such as the skin or
eye, make DNA and other cell-matrix compounds
damage causing inflammation and accelerating aging [5].
Now more and more evidence accumulated has indicated
that damages to nucleic acids are among the most
important cellular lesions triggering the biological effects
of photosensitization [7]. In the literature, the process is
thought mainly to through the electron transfer from

DNA bases to excited triplet state of riboflavin (3RF*)
[5,8,9]. Given the overall stoicheiometry of reactions of
RF'+ / RF(-H)* is identical to that of the direct electron
transfer from substrates to 3RF* [1], therefore it is
difficult to distinguish in practice on earth. In the
literature, there are scarcely touch on the importance of
RF*7 RF(-H)' also due to much information of
riboflavin photosensitization reactions obtained from
steady products analysis [5,9-10]. The oxidized sensitizer
radical as an important intermediate involved in the
activation of many types of procarcinogens and
promutagens to their active forms as well as in binding of
these activated species to DNA to irreversible
photodynamic degrade DNA has attracted much interest
[7,11]. The possibility of DNA damage resulting from
electron transfer reaction involving oxidized radical of
riboflavin has prompted us to generate the intermediate
using both photoionization and photooxidation
techniques. The results reported herein suggested that
electron transfer caused by RF*7RF(-H)' may be of wider
importance in photobiology and photochemistry of
flavin.

2. Experimental
Riboflavin was obtained from Huamei Biochemical

Co. (Shanghai, China). K2S2O8, 2'-deoxyguanosine- 5'-
monophosphate (dGMP), 2'-deoxyadenosine- 5'-
monophosphate (dAMP), 2'-deoxycytidine- 5'-
monophosphate (dCMP), thymidine-5'-monophosphate
(TMP) and uridine- 5'-monophosphate (UMP) as
potassium salt or free acid were purchased from Sigma
Chemical Co., NaNO2 was from Aldrich. NaOH, HC1O4

and phosphate are analytic grade reagents. All chemicals
were used without further purification.

Unless otherwise indicated, all solutions were made
freshly with triply distilled water and protected from light
at all times. The pH value of the solution was adjusted by
adding NaOH, HC1O4 or phosphate solution. The
solutions were deaerated with purity nitrogen (99.99%),
nitrous oxide or oxygen for different purpose by bubbling
at least for 20 min prior to the experiments. Ground state
absorption properties were studied using a Shimadzu
210A spectrophotometer. All experiments were
performed at room temperature (~15±2°C).

Laser photolysis experiments were carried out with
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a KrF excimer laser which delivers up to 50 mJ of 248
nm radiation in single pulses of 20 ns duration, or a N2

laser which delivers up to 3 mJ of 337 nm radiation in
single pulses of 20 ns duration. The laser and analysing
light beam passed perpendicularly through a 1 cm quartz
cuvettes. The transmitted light entered a monochromator
equipped with a R955 photomultiplier. The signals were
collected using an HP54510B 300 MHz transient
recorder and then processed with a PC-586 personal
computer. A detailed technical description of the facility
has been described elsewhere [12].

3. Results and discussion
3.1 Direct excitation ofriboflavin

Fig. 1 shows the transient absorption spectra
obtained from N2- saturated 0.2 mM riboflavin aqueous
solution buffered with 2 mM phosphate (pH = 7.0)
excited by 248 nm laser. After the pulse, transient
absorption with maxima at 710, 520, 380 and 300 nm,
and a bleaching peak at 440 nm were characterized
immediately. When the system was saturated with O2

oN2O prior to irradiation, the fast decay process of 710
nm was efficiently speeded up. From the inset (a) of Fig.
1, it is obvious that there are two transient species with
different process for decay of the absorption of 710 nm.
The kinetic analysis and the shape of the observed band
with Xmm are obviously evidence for the presence of a
hydrated electron (eaq) [13], and the second slow process
should be ascribed to triplet state of riboflavin. The
appearance of eaq" is the direct evidence for
photoionization of riboflavin with 248 nm light, which
implies that the excited riboflavin produces the riboflavin
radical cation (RF*+).

• y » ; - _ -

•„ 9.

400 500 600 700
W a v e l e n g l h ( n t n )

Fig. 1. Transient absorption spectra obtained from 248 nm laser
photolysis of N2-saturated 0.2 mM riboflavin aqueous solution
buffered with 2 mM phosphate (pH = 7.0) recorded at: (o) 0.15 |AS;
(•)I.O (.is or (*) N2O- saturated system with 0.1 M t-BuOH at 0.15 us.
Inset: (a) The absorption-time profiles observed at 710 nm obtained
from (i) N,-saturated solution, (ii) O2-saturated solution, (iii) N2O-
saturated system with 0.1 M t-BuOH added, (b) Dependence of OD
(e.](|) and OD ('RF*) measured at 700 nm and at 300 nm, respectively
on laser intensity (1L) immediately after laser photolysis of riboflavin
aqueous solution degassed with N2 or saturated with N2O and t-BuOH

added, respectively.

The 300 nm absorption observed in N2-saturated
solution is obviously due to several transient species,
because both O2 and N2O quenched some but not all of
the species. Previous studies have shown that the triplet
state ofriboflavin [14], radical cation (RF'+ or RF(-H)*)
and radical anion (RF'" or RFH", pKa= 8.3, generated
from the reaction of eaq" with non-excited molecules of
riboflavin (&=2.3xl010dm3mor's"' from pulse radiolysis)
[15], and from the quenching reaction of 3RF* by 3RF*
(T-T reaction) or RF (T-G reaction) [1], the absorption
spectrum of the RFH" radical determined with 337 nm
laser photolysis after electron transfer from NO2" to 3RF*
is shown in inset of Fig. 2) all have contribution in this
region. The long wavelength absorption band around 700
nm is remain after removal of the hydrated electron in
N2O saturated solution with t-BuOH, where eaq" is
completely scavenged in a few nanoseconds, and t-BuOH
is necessary to decrease the effect of 'OH radical
produced via N2O quenching of the solvated electron. In
the presence of N2O, the kinetic of transient species with
absorption around 700 nm is very similar to that of 300
and 380 nm. By comparison with the results from 337 nm
laser photolysis (Fig. 2), the transient absorption obtained
on N2O- saturated aqueous solution containing 0.2 mM
riboflavin and 0.1 M t-BuOH is consistent with that of
the triplet state.

021 -

0 0 7 -

0.0 0 -

0 07 .

0 03

O
0.00

0 03

•"•••«

400 500 600
W avclcnglh ( n m )

Fig. 2. Transient absorption spectra obtained from 337 nm laser
photolysis of N2- saturated 0.2 mM riboflavin aqueous solution
buffered with 2 mM phosphate recorded at (o) 0.15 (is, and from 248
nm photolysis of N2O- saturated system with 0.1 M t-BuOH added at
(*) 0.15 us. Inset: the spectrum of the RFH' radical determined by 337
nm laser photolysis after electron transfer from NaNO2 to

 3RF*.

After 337 nm and 248 nm laser irradiation,
riboflavin can be excited to produce S2°, S3° higher
excited state, respectively [1]. In order to assess whether
the photoexcitation of riboflavin with 248 nm photons is
caused by a monophotonic or a biphotonic process, the
yield of eaq- (at 700 nm) and of 3RF* (at 300 or 700 nm,
using N2O and t-BuOH as an electron scavenger)
measured from optical density (OD) value at 0.1 us after
the pulse were found to depend linearly on the incident
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laser intensity (IL) as shown inset (b) of Fig. 1. The
photoprocess therefore mainly proceeds in a
monophotonic process under our experimental conditions.
Photoionization is assumed to occur from the singlet
manifold, since hydrated electron absorption can be
observed within 20 ns after the laser pulse while the
triplet state lifetime is several microseconds in situation
of nitrogen- saturated solution. The mechanism could be
described as follows:

ISC

RF
248 nm laser

RF * ( S 3 ° )

337 nm laser ISC
RF > RF* (S20) • 3 R F *

3 R F * + O 2 >• l O 2 / O 2 ' - + RF/RF'+

eaq- + N2O + H2O > 'OH + OH - + N2

•OH + t-BuOH >'CH2(CH3)2COH +
•OH + RF »RFOH' or RF(-H) •

3RF* >RF + hv or heat (T-D)
3RF* + 3RF* -» RF'+ (or RF(-H) •) + RF'- (or RFH ' ) (T-T)
3RF* + RF -> RF'+ (or RF(-11) ' ) + RF'- (or RFH •) (T-G)
3 R F * + N O 2 " > RF'- (or RFH ' ) + NO2*

The rate constant for T-D, T-T, T-G quenching has
been estimated as 3200 s"1,8.9 x l0 8 and4 .9 x l0 8 dm 3 mor
's'1 [16,17], respectively. And formation of O2*~ from 3RF*
quenched by O2 has opened a way to study the O2"
chemistry [4], all these show that the properties of RF*+/
RF(-H)* should be paid much attention in general
experimental conditions employed where the flavin
concentrations is 10"5~ 10" M and in the presence of
oxygen. In some cases, the reaction of substrates added
with RF'+ is even more important than that of directly
attacking by 3RF*.

3.2 Generation of oxidized riboflavin radical
via oxidation of SO'' radical

As a photoionization product of riboflavin, the
radical cation or neutral radical (i.e., oxidized radical)
was expected to be observed immediately after the laser
pulse with 248 nm. However, the transient absorption of
which has not been detected. It could be considered that
the transient absorption is either too weak to be detected
or beyond the studied wavelength (300-700 nm). So to
verify the existence of oxidized radical, the photolysis of
N2-saturated aqueous solution containing 0.1 M K2S2O8,
0.1 mM riboflavin at pH 7 is performed. With such
conditions the majority of the light is absorbed by the
S,Og

2' ions to generate the one electron oxidant sulfate
radical anion (SO4"~) from homolysis of S2O8

2" by 248 nm
light.

As shown in Fig. 3, the transient absorption spectra
was obtained. Just after the laser pulse, a strong
absorption centered at 450 nm with a shoulder at 320 nm
appears, which could be assigned to sulfate radical anion.
Following the decay of SO4"", new transient species with

the maximum absorption around 300 and 670 nm appears
simultaneously. After the complete disappearance of
SO4*~ radical, a transient spectra very similar to what
Kishore et al [10] reported using pulse radiolysis was
observed, which can be assigned to the RF(-H)" radical
(see Fig. 3 (a)). From a plot of the observed pseudo-first
order rate constants kobs at 470 nm vs. the riboflavin
concentration at pH=7, the rate constant for the formation
of the oxidized riboflavin radical can be determined to be
7.5x10" dm3mor's"'. The decay of the oxidized riboflavin
radical follow second-order with a rate constant 8.1xl0';

dm'mor's"1 at pH 5.1 (e = 4000 dm'mor'cm'1 at 680
nm).In general conditions, the oxidized radical of
riboflavin may be mainly from the second process,

hv
S2Og2- • 2 SO4'-

pH=6.1
SO4'- + RF • SO42- + RF»+ • RF(-H)'

0 1 5

„ , „ .

0.05 -

0 .00 -
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Fig. 3 Transient absorption spectra obtained from photolysis of 0.1 M
K2S2Oa, 0.1 mM riboflavin neutral aqueous solution deoxygenated
with N2 recorded at: (*) 0.1 (as; (•) 1.5 \is after laser pulse of 248 nm.
Inset: (a) The absorption spectrum obtained at 15.0 us, (b) Dependence
of the SO4*" decay rate constant iobs, determined at 470 nm on different
initial concentrations of riboflavin, (c) Plot of the second- order decay
kinetics of the oxidized radical of riboflavin (RF#t) at pH 5.1 in an
oxygen free solution.

3.3 Electron transfer from nucleotides to
oxidized riboflavin radical

Recently, it is shown that riboflavin can efficiently
photoinduce DNA oxidation to form 8-oxodG in vivo
and in vitro, an important oxidation product of guanine
moiety within DNA, whose formation may be one of the
mechanisms of daylight-induced mutagenesis and
carcinogenesis. By comparison of the redox potential of
nucleotides with that of oxidized riboflavin radical (Table
1), efficient electron transfer could be expected between
oxidized riboflavin radical and nucleotides.

To gain further insight into the behavior between
riboflavin and DNA, oxidized radical of riboflavin was
generated by SO4" oxidation at pH 7 formed via
homolysis of S2Og

2 using 248 nm laser flash photolysis
in N2-saturated solution. This method is more convenient
to study the oxidation of DNA by oxidized riboflavin
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radical as it can improve the quantum yield of the
oxidized radical of riboflavin, and eliminate interference
of eaq", RFH\ 'O2 and 3RF". Thus allowing the chemical
and biological effects induced only by free radical to be
ascertained.

Table 1 Bimolecular Rate Constants for Reactions of
Electron Transfer to Oxidized Riboflavin Radical and
Oxidation Potentials of Substrates

a: the oxidation potential of deoxyribonucleotide (i.e., dGMP)
b: the oxidation potential of ribonucleotides (i.e., AMP, CMP,
TMP)

The model studies described below were designed to
determine whether the oxidized radical of riboflavin can
induce DNA bases damage with a kinetically significant
rate. Experiments were carried out in which nucleotides
(NMP) of five bases of nucleic acids (UMP was also
considered) were added as quenchers of RF*+ or RF(-H)*.
Considering these nucleotides will compete with
riboflavin to quench SO4*" radical with rate constants
listed in Table 1 [18-20], the reaction of SO4" radical
with riboflavin to produce oxidized riboflavin radical,
RF#+ or RF(-H)', is the major one with a ratio about 90%
under our competition reaction conditions. In the
presence of nucleotides, the decay of the oxidized
riboflavin radical observed at 300 and 680 nm was
speeded up and the lifetime is decreased. From the slope
of the linear plot of observed pseudo-first-order rate
constants for the decay of the RF(-H)' radical against
nucleotides concentrations, the bimolecular rate constants
are summarized in Table 1. After the complete decay of
RF(-H)*, the transient absorption spectra show the
characteristic spectra of deprotonated cations of dGMP
and dAMP [18,21]. This is a first direct evidence to
confirm the electron-transfer reaction from purine
nucleotides to the oxidized riboflavin radical (see Fig. 4).
However, for the lower molecular absorption coefficient
of pyrimidine nucleotides, the transient species with
weak absorption and characterless spectra produced from
oxidization by oxidized riboflavin radical, similar to that
from one-electron oxidation by SO/", have been assigned
to the pyrimidine radical cations [18-20].

RF*+ / RF(-H)' + NMP > RF / RF(-H)-+
RF + NMP (-H) •

Riboflavin
dGMP
dAMP
TMP

dCMP
UMP

*so4»-

dm3mor's"1

7.5x10"
2.3xlO9[18]
2.2xlO9[18]

1.0x10"
[18,19]

2.1xlO9[18]
7xl08[20]

Eox

(N'V N)
V/NHE
2.28 [24]
1.33a[21]
1.63b[25]
1.73b[25]

1.88b[25]

*ET
dm3mor'

s1

-
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Fig. 4. Transient absorption spectra obtained from 248 nm laser
photolysis of 0.1 M K2S2O8, 0.55 mM riboflavin and 0.2 mM dGMP
neutral aqueous solution deoxygenated with N2 observed at: (o) 1.0 us;
(•) 50.0 us. Inset: the transient absorption spectra of radical cations of
nuclcotides via electron transfer from nucleotides to oxidized radical of
riboflavin recorded at 140.0 us after complete decay of oxidized
riboflavin radical.

4. Summary and conclusions
Direct excitation of riboflavin with 248 nm laser

gives rise to a transient absorption spectrum with
contributions from (1) oxidized radical, (2) hydrated
electron, (3) triplet state and reduced radical, and
distinction between the transient species below 360 nm is
difficult for the absorption overlapped. The RF"+ or RF(-
H)' has been clearly produced via direct photoionization
by 248 nm laser in aqueous solution, which has been
unambiguously identified by SO4"" radical oxidation,
although its transient absorption can not be observed
clearly for both lower absorption coefficient (e = 2000
dm3mor'cm"' at 640 nm at pH 7.1) and overlap from
others.

In the present paper, electron transfer from purine
and pyrimidine nucleotides to one-electron oxidized
radical of riboflavin were observed for the first time in
aqueous solution, and the reaction rate constants were
determined respectively, which would obviously be of
considerable significance in vivo and in vitro. The results
clearly demonstrate the importance of oxidized radical of
riboflavin in flavin photochemistry and photobiology.

These reaction paths are important for the elucidation
of the interaction between riboflavin and DNA
nucleotides under photoexcitation. When riboflavin was
excited, triplet state and oxidized radical can be formed
directly or by sequence reactions of triplet state. In the
presence of DNA, electron transfer can take place to form
a base radical cation, then hole migration to GG step
along base-stacking of DNA leads to DNA strand
scission, which has been verified by many steady product
analysis [22]. This selective cleavage of DNA shows the
potential application of riboflavin as a site-specify
photonuclease, which has become a "highlight" in the
currently photochemistry, photomedicine and
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photobiology areas [23]. The mechanism implies that
riboflavin can be applied potentially to photosensitization
of oxygen deficient or under high intensity pulsed laser
irradiation.
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Mechanism and kinetics in reactions of caffeic acid with radicals

by pulse radioiysis and calculation

Xifeng Li, Zhongli Cai and Yosuke Katsumura

Nuclear Engineering Research Laboratory

The Graduate School of Engineering, the University of Tokyo,

[Abstract] The interaction of caffeic acid with eaq~, (CH3)2(OH)CCH2', CO2'

", H', -OH and N3" radicals were studied by y-, pulse radioiysis and

molecular orbital calculation. UV-visible spectra of electron/-OH

adducts, semi-quinone radicals of caffeic ions, and the stable products

from the reactions were derived. The rate constants were determined. The

attacked sites and the most favorable structures of the transient

radicals were predicted. Reaction mechanisms were proposed.

[Keywords]: Caffeic acid. Free radical, pulse radioiysis, calculation.

Introduction
Caffeic acid(3,4-dihydroxy cinnamic acid) is one of the major phenolic

components of dietary phytochemicals, widely exists in fruits, olive oil, wine, tea and

coffee etc.'11 Many studies have demonstrated the antioxidant properties of caffeic acid,

such as scavenging superoxide, peroxyl and hydroxyl radicals'2"41, etc. On the other hand,

some research has shown its prooxidant activities, such as enhance of dopa oxidation'51,

auto-oxidization to form superoxide and direct reduction of Fe(III) to Fe(II)'61. The redox

properties also indicate the potentiality of caffeic acid as antioxidant, prooxidant and

oxidant.'71 However, few studies have probed into its oxidant properties as scavenger of

reducing radicals. Our previous studies on interaction of hydrated electron with dietary

flavonoids and phenolic acids demonstrated their ability as electron scavengers.'81 This

work aims to further understand the dual properties of caffeic acid toward both oxidizing

and reducing species.

Materials and methods

Caffeic acid (97%, predominantly trans-isomer) was obtained from Aldrich and all

the other chemicals were guaranteed reagents. Solutions were prepared in lmM phosphate

buffer (pH 6.9) with appropriate additive such as t-BuOH or NaN3, and bubbled with Ar or

N2O as needed. For pulse radioiysis experiment, a 28MeV-electron beam with pulse

- 1 4 0 -



JAERI-Conf 2000-001

Fig. 1 eaq' decay in 0.4mM caffeic acid + 0.1M t-

BuOH, pH 6.9. Inserted: Dependence of pseudo

first order decay rate constants on caffeic acid

duration of 10ns from a linear accelerator

was utilized. The absorbed dose per

pulse was 75-86Gy. The steady-state

irradiation was carried out with a 0.22

PBq ^Co y-ray source at dose rate

0.15Gy/s.

The analyses of formate and

oxalate were performed on a Hitachi IC

System. Kinetic simulation was carried

out with Fascimile V4.0. The electronic

structure calculation was performed with

PC Spartan Pro 1.0.

Results

Fig. 1 showed the decay of eaq" at

720nm, which followed pseudo-first-

order kinetics. The second order rate

constant for the reaction of caffeic acid

with eaq" was derived to be (8.3 ±

0.5)xl09 MV1, which was in good

agreement with the reference data (1.4

xKTdm'mol-V1) at pH 7[9]. The electron

adduct of caffeic acid was unstable and

disappeared within 150ns with a second

order decay rate constant estimated to be

(l.l±0.2)xl09 M V .

From the build up of transients at

400nm, the rate constants of caffeic acid

reacting with «OH and N3* were determined as (5.5±0.8)xl09M4s4 and (6.2±0.4) xlO9 M" V1,

respectively. By kinetic simulation, the rate constant of caffeic acid reacting with CO2'" was

estimated to be no less than lxl05dm3morV.

The absorption coefficients of the 'OH and N3" resulted stable products at 390nm

were derived to 700 and 600 M'cm"1, respectively. The decay rate constant k were

estimated to be (3.0±0.2) xlO7 M'V for caffeic ion - 'OH adduct radicals and

(1.0±0.1)xl07M"1s"1 for N3'resulted semi-quinoid radicals.

A series of typical spectra for y-ray irradiated N2O-saturated l.OlmM caffeic acid +

lO.lmM HCOONa (III) at pH 6.9 were shown in Fig. 2. As the absorbed dose increased, the
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Fig.3 Atomic charges and radical attack
sites on caffeic ions.

JAERI-Conf 2000-001

absorbance at 215, 286 and 310nm

linearly decreased. From analysis of the

changes in absorbance, it can be

concluded that recombination was the

main reaction route for the transient

species of caffeic acid reacting with both

reducing and oxidizing radicals.

Fig. 3 showed the electrostatic

atomic charges of caffeic ions and the

predicted radical attack sites. It was

generally believed that " OH , less

selective oxidant than N3\ reacts with

phenolic compounds via either addition

or hydrogen-abstraction, while N3*

selectively oxidized phenolic

compounds via hydrogen-abstraction.

The lowest heat of formation for

semiquinoid radicals(-150.9kcal mol'1) was lower than that of caffeic-N3 adducts, but

higher than that of caffeic-OH adducts, suggesting that for the reaction of caffeic ion with *

OH addiction was more favorable than H-abstraction, but with N3", the tendency was

reversed. Comparison of the heat of formation for various radical conformers suggests that

BT tended to attack caffeic ion on 04, (CH3)2(OH)CCH2* and * OH on C8, e^" on C9, and N3*

tended to abstract HI, forming a semiquinoid radical. The lower value of heat of formation

for radical of H adduct (-179. 9kcal mol"1) than that of electron adduct (-120.9kcal mol"1)

suggested that the electron adduct tended to undergo hydration to form radical of H adduct.

Conclusion

Caffeic acid has been well-known as anti-oxidant, being able to scavenge various

oxidizing radicals, however, little attention has been paid to the interaction of caffeic acid

with reducing radicals. This work demonstrated that caffeic acid scavenged not only

oxidizing radicals like N3' and »OH, but also reducing radicals such as eaq" , CO 2 ' ' ,

(CH3)2(OH)CCH2' and H#. Moreover, the reactivity toward caffeic acid was e,,," > N3* > *OH

> CO2'". However, The stability order of transient radicals was caffeic acid- eaq" adducts <

•caffeic-OH adducts < N3'-resulted o-semiquinone radicals.

The reducing radical scavenging ability of caffeic acid and other flavonoids has

been neglected. The findings of this work further supported our previous proposal181 that

attentions should be also paid to the biological functions of their reducing radical
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scavenging ability.
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Interaction of hydrated electron with dietary flavonoids and phenolic acids

Rate constants and transient spectra studied by pulse radiolysis

Zhongli Cai, Xifeng Li and Yosuke Katsumura

Nuclear Engineering Research Laboratory

The Graduate School of Engineering, the University of Tokyo

Abstract: The reaction rate constants and transient spectra of 11 flavonoids and 4 phenolic acids

reacting with eaq" at neutral pH were measured. The results suggest that C4 keto group is the active site for

eaq" to attack on flavonoids and phenolic acids, while the o-dihydroxy structure in B-ring, the C23double

bond, the C3-OH group and glucosylation have little effects on the eaq" scavenging activities.

Keywords: hydrated electron, flavonoids, rate constants, pulse radiolysis.

Introduction
The antioxidant activities of flavonoids and simple phenolic acids have been

extensively studied'1"7' and their beneficial activities as antioxidants are highly recognized. No

matter whether flavonoids and phenolic acids act as antioxidants or pro-oxidants, both activities

originate from their reducing activities. On the other hand, Cai et. a/.'8'9' reported that baicalin, a

compound of flavone, scavenged reducing radicals such as H and a-hydroxyethyl radicals. The

results demonstrate the oxidizing abilities of flavonoids and phenolic acids, which should also

be involved in their physiological activities.

This work studied the interaction of eaq" with a series of flavonoids and phenolic acids,

by pulse radiolysis and aimed to derive the structure-oxidizing activity relationship.

Materials and Methods

A 28MeV electron beam with a pulse duration of 10ns was utilized for pulse radiolysis

experiment. The absorbed dose per pulse was 20-75 Gy, measured with N2O-saturated lOmM

KSCN solutions. Samples were dissolved in water containing 0.1M t-BuOH, lmM Na2HPO4 +

lmM KH2PO4 (pH 6.9). For measurement of the transient spectra, a flow cell system was used

with the cell length of 2.0cm, and the solutions were bubbled with Ar for 20min before and

during the measurement. The decay of eaq" was followed to derive the pseudo-first-order rate

constants and further derive the second order rate constants. Samples were all sealed for

irradiation after being bubbled with Ar for 30 min.

Results

Fig. 1 showed the decay of eaq" in O2-free baicalin solution after electron. The decay of

eaq" was assumed to obey pseudo-first-order kinetics. From the slopes the pseudo-first-order rate
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constants were obtained at various concentrations

of baicalin. The second order rate constant for the

reaction of baicalin with eaq" was derived to be

(1.3±0.1)xl010MV by the slope of plotting the

pseudo-first-order rate constants versus

concentrations of baicalin.

With the same method described above,

the rate constants for the reactions of eaq" with

other flavonoids and phenolic acids at pH 6.9

were also determined and listed in Table 1. The

compounds, with either a benzoyl or styryl keto

group, but without a bulky group neighbor to the

keto group, were the most reactive toward eaq\

These results suggests that a benzoyl or a styryl

o
V

I
J5-2.20
c

0.1 mM

0.2mM

"ilk 0.3mM

0.4mM
0.5mM

0.00 0 10 0 20 0 30 0 40 0

fifne elapse/ N S

Fig.l Decay of eaq" in baicalin solution

containing 0.1M t-BuOH, pH 6.9.

keto group was important for flavonoids and phenolic acids to scavenge eaq' and the keto group

might be the site on which eaq" attacked, as supported by Simic and Hoffman'1"1.

Table 1 Rate constants and spectra of the transients for the reactions of eaq'
with flavonoids and phenolic acids at pH 6.9 and room temperature

compound

(+)catechin

4-chromanol

genistein

genistin

rutin

caffeic acid

trans-cinnamic acid

p-coumaric acid

2,4,6-trihydroxyl-benzoic acid

baicalein

baicalin

naringenin

naringin

quecertin

gossypin

rate constants* /M'V1

(1.2±0.1)xl08

(4.4±0.4)xl08

(6.2 ± 0.4)xl09

(8 ± l)xlO9

(7.6±0.4)xl09

(8.3 ± 0.5)xl09

(l.l±0.1)xl010

(Ll±O.l)xlO10

(l.l±0.1)xl010

(l.l±0.5)xl010

(1.3±0.1)xl010

(1.2±0.1)xl010

(1.0±0.1)xl010

(1.3±0.5)xl010

(1.2±0.1)xl010

^max / n m

<320

<320

<350, 430

<350, 460

<400

360

370, 490

365, 470

<350, 500

<400, 460

365

<370, 480

<370, 480

<400, 540

<400, 560

e/M-'cm-1

> 7 x 103

> 5 x 103

> 2 x 103, 5x lO 2

> 2 x 103, 8 x 102

> 2 x 103

1.4 x 104

1.8 x 104, 2.5 x 103

1.7 x 104 ,2x 103

> 5 x 103, 1 x 103

> 2 x 103, 1 x 103

1.7 x 104

>2xlO 3 , 1.5 x 103

> 2 x 103, 1.5 x 103

> 2 x 103, 1 x 103

> 6 x 103, 1.5 x 103

by 5 experiments.
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The transient spectra of

flavonoids and phenolic acids

reacting with eaq" and H were

also recorded, as summarized in

Table 1. Competitive reaction

calculation clearly shows that

both reducing species, "H and eaq",

contributed to the obtained

spectrum. All of the transients

showed tendency of sharp rise of

absorbance below 400nm and a

minor peak at wavelength of

460-5 60nm. A sample transient

spectra is shown in Fig.2. These

characteristics of transient spectra were in accord with that of ketyl radical of flavone, which

had a main absorption peak at 350nm and a small peak at 500nm.[111

We assumed that eaq" first attacks the keto group of flavonoids and phenolic acids and

forms a ketyl radical ion. The ketyl radical ion is unstable and quickly protonize into the same

transient as that of H-adduct, which might exist in several resonance states. For example, the

reaction of baicalin eaq" may follow the scheme below:

Fig. 2 Transient spectra of eaq" reacting with baicalin,

obtained in pulse radiolysis of O2-free O.lmM baicalin+O.lM

t-BuOH +lmM phosphate buffer(pH 6.9).

+ e aq
HO

OH O

+ H,0

OH O
OH
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A New Class of Radiation-Activating Antitumor Prodrugs Releasing
5-Fluorodeoxyuridine: Synthesis, Reactivity and Biological Activity
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Abstract: A number of 3-substituted 5-fluorodeoxyuridine (5-FdUrd) derivatives (1-6) were

synthesized to evaluate their radiation reactivity and biological activity as a new class of

prodrugs that can be radiation-activated to release 5-FdUrd. The compounds 2-6 bearing

substituents with a 2-oxo group underwent radiolytic reduction to release 5-FdUrd in

considerably high yields under anoxic conditions, while the compound 1 without 2-oxo

substituent was inactive in releasing 5-FdUrd. The cytotoxicities of 2-6 toward P388 T cells

of mouse leukemia were less than 5-FdUrd, as indicated by an MTT assay. The apparent

cytotoxicities were significantly enhanced by X-irradiation under hypoxic conditions. A

conclusion was that 2-6 have no antitumor effect in contrast to 5-FdUrd, but can potentiate

the effect of cancer radiotherapy by releasing a cell-killing component 5-FdUrd.

INTRODUCTION

5-Fluorodeoxyuridine (5-FdUrd) shows higher cytotoxicity than 5-fluorouracil (5-FU)

which is widely used as a cell-killing antitumor agent in the chemotherapy of cancer

(Heidelberge et al., 1957). 5-FdUrd is metabolized to form 5-fluorodeoxyuridine-5'-

monophosphate, a potent inhibitor of thymidilate synthase which catalyzes methylation of 2'-

deoxyuridine-5'-monophosphate to 2'-deoxythymidine-5'-monophosphate (van Laar et al.,

1998). However, the clinic application of 5-FdUrd is difficult due to its strong toxicity not

only to tumor cells but also to normal cells. One of the strategies for overcoming this

limitation has been employed to develop new classes of radiation-activating antitumor

prodrugs that release 5-FdUrd component within tumor cells as

a target of radiation. In the previous study, we synthesized an

N(l)-C(5)-linked 5-FU dimer by galvanostatic oxidative

electrolysis of 5-FU in aqueous solution (Nishimoto et al.,

1992). A remarkable feature was that one-electron reduction of

the 5-FU dimer induced by y-irradiation in the oxygen-free

aqueous solution resulted in the release of 5-FU, a typical

antitumor agent. In attempting molecular design for radiation-

activating prodrugs analogous to the 5-FU dimer, we also 1-6

synthesized a series of 1-substituted 5-FU derivatives with a 2- (R=H : 5-FdUrd)
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oxo group in the side chains and evaluated their 5-FU-releasing efficiency under anoxic

irradiation (Mori et al., 1999).

We report herein synthesis and radiation chemical reactivity of newly synthesized 3-

substituted 5-FdUrd derivatives, demonstrating the potential ability as radiation-activating

antitumor prodrugs and the cytotoxicities of these compounds toward hypoxic cells.

EXPERIMENTAL

Syntheses. Reactions of 3',5'-diacetyl 5-FdUrd (Nishizawa et al., 1965) with

corresponding 2-bromoketones (Hannaby et al., 1992) in dimethylformamide followed by

hydrolysis in methanol under basic conditions afforded the compounds 1-6. The products

were purified by column chromatography.

Radiolytic reduction. Ar-Saturated aqueous solutions of 1-6 containing r-BuOH were

X-irradiated at room temperature. The irradiated solutions were analyzed by HPLC to

evaluate the G-values for radiolytic decomposition of 1-6 and the formation of 5-FdUrd.

Aqueous solution of 2 was also X-irradiated under aerobic conditions and the reactivity was

compared with that in Ar-saturated aqueous solution. Culture medium solutions of 1-6 were

also X-irradiated under Ar-saturated conditions to evaluate the enhancement of cytotoxicity .

Cytotoxicity in vitro. P388 cells (mouse T cell leukemia) were grown in RPMI 1640

medium supplemented with 5xlO"5 M 2-mercaptoethanol and 10% FBS to obtain cells in

logarithmic phase. Cell suspension (105 cells/ml) was planted into a 96-well flat-bottom

microplate for drug exposure at various concentrations. After 3 days exposure to a given

drug at 37 °C in a 5% CO2 incubator, 10 \i\ of MTT (3-(4',5'-dimthylthiazol-2'-yl)-2,5-

diphenyltetrazolium bromide) solution was added to each well. The plate was further

incubated at 37 °C for 4 hours and then 100 pil/well of acidified 2-propanol (0.04 N HC1) was

added. The optical densities of plates were observed by a Microplate reader (Model 550,

BIO-RAD) at 570 nm (Mosmann et al., 1983). 50% Inhibition concentration (IC50), defined

as the concentration required to reduce the viability of cells by 50%, was calculated using a

data analysis software, MPM III.

RESULTS AND DISCUSSION

Table 1 summarizes the G-values for radiolytic reductive decomposition of 1-6 and

release of 5-FdUrd upon X-irradiation of Ar-saturated aqueous solution containing excess

amount of ?-BuOH. Under these conditions of X-irradiation, hydrated electrons (ea ) are

generated as major reducing species among water radicals, since oxidizing hydroxyl radicals

are scavenged by f-BuOH. The compounds 2-6 bearing 2-oxo substituents released 5-FdUrd

in considerably high yields by the anoxic irradiation, while the compound 1 without 2-oxo

substituent was inactive in releasing 5-FdUrd. Thus, 2-oxo group is essential for radiolytic

reductive release of 5-FdUrd. On the other hand, the release of 5-FdUrd was suppressed by

irradiation under oxic conditions, since the reducing active species (ea ) can be scavenged by
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Table 1. G-values for Radiolytic Reductive Decomposition of 1-6 and Release
of 5-FdUid in Ar-Saturated Aqueous Solution Containing f-BuOH.

Compound R GCdecomposition) G(5-FdUrd)

1

2

3

4

5
o

2.1

3.0

3.4

2.8

1.9

0

1.8

1.6

1.9

1.5

60%

49%

70%

78%

1.8 1.6 89%

dissolved O2 to yield superoxide anion radical

(<Y) (Figure 1).

Figure 2 shows radiolytic reductive

release of 5-FdUrd in culture medium under

anoxic conditions. The G value for release of

5-FdUrd increased linearly with increasing

concentration of substrates, in contrast to the

radiolysis of aqueous solution in which the

constant G value was obtained independent of

the concentration. The G value for release of

5-FdUrd decreased in the order of

5>6>3>4>2. It is likely that some

components in culture medium could compete

with substrates for the reaction with hydrated

electrons.

Table 2 compares the cytotoxicity of 5-

FU, 5-FdUrd and 1-6 toward P388T cells of

mouse leukemia along with the octanol/water

partition coefficients (Po/w). The IC50 was

evaluated by an MTT assay for 3 days drug

exposure. The compounds 1-6 were about

I04-fold less toxic than 5-FdUrd. In view of

the Po/w value that is a measure of molecular

lipophilicity, it seems that more lipophilic

compounds of 1-6 can penetrate cell

membrane more easily than less lipophilic 5-

FdUrd. Thus, the radiation-activating release

o

Decomposition of 2
Foimation of 5-FdUrd

Air Ar
Figure 1. G values for radiolytic decomposition of 2
and release of 5-FdUrd in Ar-saturated and aerobic
aqueous solutions.

0.1 1.0
Concentration / mM

Figure 2. G values for radiolytic release of 5-FdUrd
in culture medium under Ar conditions at various
concentrations.
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of 5-FdUrd could occur within cells and thereby result in high cell-killing effect on tumor

issue. In contrast, the compounds 1-6 are less toxic to unirradiated normal cells. Figure 3

shows radiation-induced cytotoxicity of the compound 5 due to the release of 5-FdUrd in

irradiated culture medium. The cytotoxicity of 5 is thus enhanced by irradiation under

hypoxic conditions. This radiation enhancement of biological activity could be correlated

with the radiolytic release of 5-FdUrd in culture medium under anoxic conditions.

Table 2. Cytotoxicity toward P388T Cells as
Measured by IC50 after Incubation at 37 °C for 3
Days and Octanol/Water Partition Coefficient (P0/w)
of5-FU,5-FdUrdandl-6.

Compound

5-FU

5-FdUrd

1

2

3

4

5

6

ICS0(3days)/M

l.lxlO"6

5.3xl0~9

5.6xlO"5

4.1xlO"4

5.9xl0"5

5.5xlO"6

5.5xl0"5

2.5xlO"6

Po/w

0.0888

0.0543

1.66

0.0957

0.194

0.213

0.304

0.670

*

b
il

it
v,

•11
 v

ia

O

F
P
Figure 3. Radiation-induced cytotoxicity of 5 toward
P388T cells at various concentrations.

CONCLUSIONS

The compounds 2-6 are less toxic and more lipophilic than 5-FdUrd. The apparent

cytotoxicities of 2-6 are enhanced by irradiation under hypoxic conditions. The compounds

2-6 have no antitumor activity in contrast to 5-FdUrd, but can potentiate the effect of cancer

radiotherapy by releasing a cell-killing component 5-FdUrd.
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I. Introduction
Flavonoid are a large and important class of naturally occurring, low molecular weight

benzo-y-pyrone derivatives which are reported to have a myriad of biological activities, but
the study on the active sites of flavonoids is still ambiguous [1,2].

In this paper, rutin, quercetin and baicalin have been selected as model compounds. It is
well known that rutin is used in inhibiting arteriosclerosis and baicalin is antibacterial and
antiviral. They have similar basic structure, but their medicinal properties are so different,
why? As most flavonoids contain carbonyl group, which can capture electron effectively, we
predict that flavonoids can capture electron to form radical anion. The formation of anion
radical may have influence on the mitochondrial electron transport chain [3]. The difference
in the ability of forming anion radical may cause the difference in their medicinal effects.

II. Experiment [1,4]

III. Results and discussion
Part I. Pulse radiolysis of N2 saturated rutin and baicalin ethanol solution

We use ethanol as solvent, because aglycones (such as quercetin) are slightly soluble in
water. Besides, ethanol solution is rather simpler than aqueous solution.

The transient absorption spectrum at 5^s after pulse radiolysis of N2 saturated ethanol
solutions containing l.OxlO^mol dm"3 rutin, quercetin and baicalin, repectively, are shown in
Fig 1, 2, 3. The kinetic constants obtained from these experiments are as follows:

The rate constants of the reaction of rutin, quercetin and baicalin with solvated electron are
7.5xl09mor' dm3 s \ 7.7xl09mol"1 dm3 s"1 and O x l o V o l 1 dm3 s"\ respectively [1,4]. The
decay rate constants of rutin anion radical, quercetin anion radical and baicalin anion radical
are:

k,: l.l(±0.1)xl0V, 1.5(±0.1)xl0V1and2.6(±0.4)xl03s"1

kb: 2.7(±0.2)xl09molI dm3 s\ 4.0(±0.5)xl09mol"' dm3 s"1 and 1.3(±0.2)xl09mol1 dm3 s"1

It shows that the reaction rate constant with es of baicalin is two times greater than that of
rutin and querctin, but the decay constant of baicalin anion radical are smaller than that of
rutin and quercetin anions. It reveals that baicalin anion is rather stable. Which one is easier to
transport (or loss) electron? So, the effect of CH3CHO on the decay of these radical anions
has been studied. From the Fig 4, 5, 6, it is clearly shown that rutin anion can transfer electron
easily, while baicalin anion not. If anion radical is more stable, probably it can break the
respiratory chain irreversibly.
Part II. Study on the reactions of typical flavonoids with peroxyl radical

Some flavonoids are used as anti-aging medicine. It is said that flavoniod can capture
oxidizing species such as O2'. What is the mechanism of capturing? What are the intermediate
and final products after flavonoids capturing oxidizing species, which are still lacking in
studying.

1. Study on the kinetics of the reactions of rutin with HO2-.
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The rate constants of rutin and baicalin with HO2- are calculated from Fig 7, 8 as
3.6xl07mol"1 dm3 s"1 and 7.2xl07mol"1 dm3 s"1.

The mechanism of scavenging HO2- suggested by Javanovic [5] do not agree with the
measured rates of rutin and baicalin with HO2-, in which baicalin > rutin, but there is no
hydroxyl group in the B ring of baicalin.

Besides, the G(H2O2)max in rutin aqueous solution calculated by Javanovic's mechanism is
6.75, but actually determined in our laboratory is 10. Higher G(H2O2) value probably means
that after capturing RO2- or HO2- flavonoid peroxide may be formed. The decomposition of
organic peroxide initiates a new short chain reaction.

2. The radiation chemistry of aerated baicalin-ethanol solution.
A rather stable intermediate of baicalin has been found, its decay constant is equal to

l^xlO^min'1 [6]. It can react with KI with G value 0.84 (approximately 1/2 G(-baicalin)) [4],
which means that the intermediate is probably ROOH.

3.The identification of intermediate and final products of Y irradiated baicalin-ethanol
solution by HPLC-MS [4].

The results show that there existed several organic peroxides and splitting of B ring took
place (fig 9, 10). In the case of Y irradiated rutin-ethanol solution, similar results were also
obtained. The decomposition of organic peroxide can initiate chain reaction, such as:

ROOH »- RO + OH

It causes cytotoxic effect by flavonoid on cell.
4.Isolation of final radiolytic products has been performed. These compounds have

phenolic and quinoid structures (Fig 10) [7].

IV. General Conclusions
(1) The antioxidant mechanism of flavonoids should be attributed to the peroxyl radical

adding to flavonoids.
(2) The cytotoxic effect of flavonoids is possibly related to :

l.The electron scavenging ability of flavonoids and the stability of the resulted anion
radical.

2. While peroxyl radical adding to flavonoids, organic peroxide will be provided and
decompose to free radical subsequently, which initiates chain propagation and causes
the cytotoxicity.

3. The final products have quinoid structure and phenolic structure, their medicinal effect
should be considered.

(3) It should be cautious for patients to consider flavonoids as health care medicine.
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Fig.l Transient absorption spectrum at 5 us after
pulse radiolysis of N2 saturated ethanol solution
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Fig.2 Transient absorption spectrum at 5 us after
pulse radiolysis of N2 saturated ethanol solution
containing 1.0xl0"*mol dm"3 quercetin
Inset: formation and decay of transient optical
absorption at 420nm
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Fig.3 Transient absorption spectrum at 5us after
pulse radiolysis of N2 saturated ethanol solution
containing l.OxlO^mol dm"3 baicalin
Inset: formation and decay of transient optical
absorption at 360nm
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Fig.4 The buildup and decay of transient species
at 430nm

Pulse dose: 7.3Gy
A: 1 .Ox 10-3mol dm"3rutin and 3.56x 10-3mol drn-3CH3CHO
B:1.0xlO"3mol dm"3rutin and 5.34xl0'3mol dm-3CH3CHO
C: 1 .Ox 10"3mol dm"3rutin and 7.12x10°mol dm-3CH3CHO

D:1.0xl0-3mol dm"3rutin and 8.90xlO"3mol dm"3CH3CHO
E: 1.0xl0^moldm"3rutin
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Fig.5 The buildup and decay of transient species Fig.6 The buildup and decay of transient species
at 420nm at 360nm

Pulse dose: 12.3Gy Pulse dose: 4.8Gy
A:1.0xlO'3mol dnT3quercetin and 3.56xl(r*mol dm'3 Ail.OxlO^mol dni3baicalin

CH,CHO B:1.0xlO-4mol dnT3baicalin and 5.34xlO-3mol dm'3

B: 1 .Ox 10-3mol dnr3quercetin and 5.34x 1 O^mol dnT3 CH3CHO
CH3CHO C:1.0xlO-'mol dm'3baicalin and 7.12xlO-5mol dnT3

C: 1 .Ox 10'3mol dm"3quercetin and 7.12x 1 O^mol dnT3 CH3CHO
CH3CHO D: 1 .Ox 1 O^mol dnr3baicalin and 8.90x 10"5mol dnT3

D:1.0xlO'3mol dm-3quercetin and 1.07xlO-3mol dnT3 CH3CHO
CH3CHO E: 1 .Ox 1 O^mol dnT3baicalin and 1.07x 1 O^mol dm"3

E: 1 .Ox 1 O^mol dnT3quercetin CH3CHO

The kinetic constants and thermodynamic constants of rutin and quercetin
radical anions electron transfer reaction system

Substrate

Rutin
Quercetin

0.012-

0.010 H

g 0.008-
c
JO 0.006 -

8 0.004-

"* 0.002 -

0.000 -

.=

*

£
f
r

0 000

k+( 108mo 1'' dm3 s'') k.( 10

2.910.4
4.9+0.4 (

1

._ ' - _ - - - - - - ' : 2 . . : - - • . !

0.002 0.004 0.006 0.008

Time(s)

^ol"1

1.310
3.9610

A!
B

c|

dm3

.2

.04

R
c
(11

-p
o
mS3

<

0.015-

0.010-

0.005-

Equilibrim
constant K

2.2
5.1

0.000 0.001 0.002 0.003

AE°
(V)
0.02
0.04

• a

0004 0005

Time(s)

9°(V) of
anion radical

-1.95
-1.97

: ° A :

• • B
1 Ci

fete

• • •

0006 0.007

Fig.7 The decay of O2 • in O2 saturated Fig.8 The decay of O2- in O2 saturated
aqueous solution containing 1 .Ox 10'2mol dm"3 aqueous solution containing 1 .Ox 10'2mol dm'3
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Studies On the Effect of Phosphorylation on the Dipeptides Actions
by Radiation Chemistry

ZHANG Man-wei* , WANG Zhi-yong, CHU Gao-sheng, ZHANG Zhi-cheng

University of Science and Technology of China, Hefei, Anhui 230026, Peoples Republic of china.

The electron transfer within several dipeptides and their corresponding phoephorylated dipeptides was studied by

electron pulse radiolysis, laser photolysis and electron spin resonance. The electron transfer rate constants were

calculated by data modeling and kinetic analysis. It is found that the phosphoryl group in peptides participates the

electron transfer process, and reduces the electron transfer rate in all cases. These are very important in life science

since every biological process refers to the phosphorylation and nonphosphorylation of protein. It may be concerned

in personalities and individualities of the personae.

life science of today has been developed into a

molecular level, even an electron level. One of the key

points of molecular biology is to clarify the relationship

between the vital molecular structure and its function.

Of late years. It has been found'1"31 that protein

reversible phosphorylation associates with diverse

biological processes such as transfer of extracellular

signals (hormones, neurotransmitter, nerves impulse

and cytokinesis), interaction of proteins, regulation of

genes expression, adjustment of enzyme activity, cell

proliferation and malignant transformation, so much as

with decrepitude, because the phosphate ester acts as

energy-reserver and energy-releaser in biological

systems. However, nobody knows that how is the

action process occurred in it up to the present.

For the purpose to clarify the real action processes

of the phosphoryl group in protein chains in biological

systems, we comparably studied the electron transfer

(ET) within several dipeptides and their corresponding

phosphorylated dipeptides synthesized in our laboratory

by ZHAO's method1*1 as the model of protein, because

aminoacids and dipeptides are elementary units in

protein structure, by the methods of electron pulse

radiolysis, laser photolysis and ESR. These dipeptides

and phosphorylated dipeptides are:

IPr-Trp-Tyr IPr-Tyr-Trp IPr-Phe-GlyOEt

Trp-Tyr Tyr-Trp

NDM-TrpOMe NDT-MetOMe

Met-Trp

(iPr symbols (iC,H70)2P = 0 ; NDM symbols N-

diisopropylaxy phosphonylmethionyl; NDT symbols N-

diisopropyloxy phosphonyl tryptophanyl; Phe symbols

phenylalanine, Gly symbols glycin, Tip symbols

tryptophan, Tyr symbols tyrosine, Met symbols

Methionine. Et symbols ethyl; Me symbols methyl)

The ET was observed from the radiolysis and laser

photolysis'71 of an aqueous solution containing 0.2 mM

dipeptide or phosphorylated dipeptide saturated with

N2O at different pH values. The ET direction in iPr-

Trp-Tyr is from Tyr residue to Trp residue cation

radical, i. e. the electron is transferred from Tyr

residue to Trp residue cation radical along the peptide

backbone. Trp-Tyr cann' t be initiated by N •, because

it reacted with e^ . It implies that phosphoryl radical

build up firstly by initiation of OH • or H • created by

electron radiolysis of water, then the ET occurred along

the dipeptide backbone. This means that the

phosphoryl group participated the ET process and could

stabilized the Trp residue cation radical.

The participation of phosphoryl group in ET was

proved by means of data modeling'81 . The ET along the

peptide backbone was observed directly by ESR in Trp-

Tyr, iPr-Trp-Tyr and iPr-Phe-GlyOEt.[9] It occurred at

• To whom all correspondence should be addressed
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different temperature from phosphoryl radical to

aromatic ring of aminocid and then from phenyl radical

in Hie residue transferred at last to peptide backbone.

It witnessed also the existence of the phoephoryl

radical in the irradiated phosphorylated peptides and

the participation of the phosphoryl group in ET of

phosphorylated peptides at first process.

The ET was also observed from Tyr residue to Trp

residue in iPr-Tyr -Trp being as the same as in iPr-Trp-

Tyr, but the ET rate constants were less than that at

radiolysis of corresponding nonphosphorylated peptides.

The ET rate constants under different conditions

obtained by the data modeling and kinetic analysis are

listed in Table I.

Table I. Comparison of the ET rate constants in phosphorylated

and nonphosphorylated dipeptides

pH

2

7

10

7

Initiator

NJ
NJ

N;(Bri)

NJ

Peptide

Trp-Tyr

Tip-Tyr

Trp-Tyr

Tyr-Trp

R. C.

do's-1)
12.1(20)twl

4.3

3.5

6.7tll]

Peptide

iPr-Trp-Tyr

iPr-Trp-Tyr

iPr-Trp-TyT

iPr-Tyr-Trp

R. C.

(IOCS')
4.1

3.5

2.9(2.0)

5.8

From the table's data it is clear that phosphorylation of

dipeptides in different sequence at N-terminal Trp or at

N-terminal Tyr decreases the ET rate within the

dipeptide. It may be very important because Tyr kinase

cell growth factor is a kind of polypeptide hormone

playing an important role in cell proliferation by

combining the specific receptor on the surface

membrane of target cell, evoking the Tyr kinase on

receptor.

In the case of the dipeptides being composed of

Met and Trp the ET from Trp residue to the three

electron-bonded radicals containing sulfur atom (S. ' . )

was observed in NDM-TrpOMe and NDT-MetOMe

aqueous solution at pH = 5 and 10 initiated by • OH

and Br2 using electron pulse radiolysis.

It has been found that * OH and Br2 oxidate the

Met site and Trp site in above dipeptides containing

sulfur, and three electron-bonded radical and indolyl

radical formed simultaneously, then the ET along the

peptide backbone via Trp-Met occurred.

The ET rate constants in NDM-TrpOMe and NDT-

MetOMe were measured and estimated by data modeling

and kinetic analysis. They are showing in Table II.

Table II Comparison of the ET rate constants (or oxidation rate constants )

in phosphorylated and nonphosphorylated dipeptides

(or aminoacids) containing sulfur atom

pH

5
10(9.4)

5
2
7

Initiator

OH-orBri

OH-or Bri

OH-orBri

•OH

•OH

Peptide

Met-Trp

Met-Trp

Trp- Met

Met

Met

R. C.

—

(>106S'') [12]

—

7.7xlO9M-'Sr1

8 . 5 x 1 0 ^ ' ^

Peptide

NDM-TrpOMe

NDM-TrpOMe

NDT-MetOMe

NDM

NDM

R. C.

6.9

8.6

2.9

2.0xlO9M-'S'

3.7x10^'?'

From the data in Table II the ET rate constants of phosphorylated dipeptides NDM-TrpOMe AND NDT-
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MetOMe are also leas than one of the corresponding

nonphosphorylated dipeptide Met-Trp. The oxidation

rate constants of NDM are less than Met.

Even the rate constants intermolecular ET initiated

by Br2 and Q2 involving tryptophan and phosphoryl and

nonphosphoryl raethionine are the same as

intramolecular ET; Trp/NDM more less than Trp/Met.

(initiator Br̂  p H 4 . 5 , 2.89 x 10sM'S"1 =4.7 x l(fMl

S' ; P H 1 , SAxKfU'S-1: l.Ox ltfM'S"' .)[14]

According to all above experimental results it has

been found that phosphonyl group plays a very

important role in ET and oxidation in phosphorylated

peptides. From the existent data it would be going to

conclude that phosphorylation of the dipeptides even

aminoacids decreases the ET rate constants, changes

the selectivity to initiators and increases the stability of

peptides radicals in more pH range. These may be very

inportant in the life science because almost every

biological process refers to the phosphorylation of

protein.

The atman of the universe from microcosm to

macrocosm substantially is a process of variform energy

conversion and energy transfer containing ET. The life

phenomenon in the world anytime also is a process of

energy transfer containing ET. But the differential of

the life phenomena derives from the composition and

construction of the eveiy-body itself (themselves),

then the being appears in a number of different forms

and the human being and life phenomena appears in a

number of different states, individualites and

pesonalities. Such being the case, one would think that

for instance, could those persons who is combustible,

highstrung, hotblooded, nervy, even spasmodic, i . e .

all tinderboxes aren ' t lacking in phosphorylated

peptides in neurofibril of the body? Could we should

not supply them befitting phosphorylated chemicals?

And inversely, could those persons who is blinkard,

retarded, dopy, dully, even dumpish, i. e. all

hyponoias aren't overfilling phosphorylated peptides in

nerve fiber of the body? Could we should not supply

them apposite dephoephorable chemicls?

It is came to light that the associated anamnesis

and learning of fruit flies is concerned with the signal

cascade system of cycle adenosine monophosphate

(cAMP), because the gene product for dunces is

diphosphatase of cAMP which act to learning and

anamnesis through three possible paths: cAMP-

dependant phosphatifying of proteins, cAMP-dependant

gene expression and cAMP-dependant control gate for

ion routewaytl5]. In addition, It is well known that

lecithin being composed of unsaturated fatic acid,

phosphate, acetylcholine, glycerin et al having a

popular molecular formula Cr^OR] • CH2OR2 *

CHiOPOzOHRjCR, ,R2 are fatic acids, R3 choline) is

a natural soul ataractic and the lecithin content in brain

cells of crackskull is only one half as much as normal

personane . These all are concemd with the

phosphates of neurofibril in human brain cells. A

fortiori, it is deemed of late years that phosphoprotein,

cholesterol and glycogen are exhibiting most important

action in brain information transmittal and the food not

only in more extent affects the brain growth and its

fuction evolution, but also can govern the personae

mentality and behavior17 . So that the abovementioned

discussion is not only a ratiocination and hypothesis,

but also probably a fact, i. e. the individualities and

personalities of personae are dependent on the extent of

phosphorylation of neurofibril in brain cells of them.
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Introduction
In the intensive studies of interaction of

anthraquinone photonuclease with DNA, Schuster and
coworkers suggested that selective cleavage of DNA
bases is initiated by electron transfer from any of DNA
bases to intercalated triplet anthraquione by electron
transfer from any of DNA bases to triplet anthraquione
derivatives producing triplet ion pairs'"3, subsequent
hole migration to a GG step and formation of
stabilized DNA guanyl radical cation lead to strand
scission. Similar results were obtained from selective
leavage of DNA by triplet naphthalimide4 or
riboflavin5. Howevre, direct observation of excited ion
pairs especially the stabilized radical cation of DNA is
hampered by the overwhelming transient absorption of
hydrogen bonded radical anion of quinone
photonuclease, which should play a key sole in full
assessment of the mechanism for electron transfer
oxidation of DNA. In addition more intense attention
has been focused on investigation of the conductivity
properties of DNA to elucidate the mechanism of
migration of oxidative damage. In this respect, Barton
and coworkers emphasized to study the factors that
control hole migration in DNA. They found that
Rhodium-induced oxidative damage to DNA depends
sensitively on oxidation potential and intervening base
stacking and occurs with a high yield over a distance of
~37A 6"8. However the. occurrence of long rang hole
transfer in duplex DNA remains controversial 9"".
Furthermore, it has been known that one electron
oxidation occurring in DNA is crucial to DNA damage
caused by ionizing radiation12, monophotonic
ionization13' '4 and one electron oxidant'5'l6. Ionization
of DNA model compound by 193 nm light has been
know to be an useful approach to simulate the direct
energy deposition in DNA by ionizing radiation14.

Our recent work dealing with laser spectroscopy
and kinetics of DNA demonstrated that the
predominant species produced upon electron transfer
oxidation of DNA by triplet acetone is DNA guanyl
radical cation17. Here, we report the spectrophoto-
metric study of photosensitized oxidation of DNA and
model compounds aimed at an insight into the initial
electron transfer mechanism. In order to fully assess
the photosensitized electron transfer mechanism

anthraquinone-2-sulfonate, (AQS) was used as model
compound of quinone photonuclease on the basis of
following considerations. First, AQS may be a simple
model of strong photonuclease capable of oxidizing
any of DNA bases and cleaving duplex DNA.
Secondly, AQS and DNA bases are planar molecules
capable of forming "sandwiched" complex or DNA-
intercalation complex undergoing rapid electron
transfer.

Materials and Method
Materials: AQS (Fluka, > 98 %) were recystallized
twice in triply distilled water before use. CH3CN
(Chromatographic grade ), 2'-deoxyadenosine 5'-
monophosphate (dAMP), 2'-deoxyguanosine-5'-
monophosphate (dGMP), 2'-deoxycytidine 5'-
monophosphate (dCMP), thymindine 5'-
monophosphate (TMP), deoxyribose, polyguanosine
(polyG) and calf thymus DNA (Sigma) were used as
received.
Laser flash photolysis: An excimer laser (KrF,
248nm, 20ns pulse, <50 mJ per pulse) was used for
sample excitation. The signals were collected using a
HP54510B 300MHZ transient recorder then processed
with a PC-486 computer. Detailed descriptions of the
equipment and experimental conditions were given
elsewhere18.
Electrochemical measurement: The one electron
reduction potential (Ered) of AQS was measure by
cyclic valtammetry in deaerated solvent mixture of
CH3CN-H2O (97:3). An electrochemical analyzer
(CHI 660 ), with a three-electrode cell, consisting of a
glass carbon working electrode, Ag/AgCl reference
electrode and a platinum auxiliary electrode, was used.
Circular dichrioism(CD) spectroscopy: CD
spectra of DNA-AQS intercalation complex were
recorded on a JASCO J-715 spectropolarimeter

Results
In laser experiments CH3CN was used as solvent

instead of water, because the behavior of triplet AQS
(3AQS*) in aqueous environment is complicated due to
its decay associated with rapid 3AQS*-water reaction
and sharp reduction of its life time, while in CH3CN or
CH3CN-H2O (97:3) much slower 3AQS*-CH3CN

161-
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decay kinetics of absorption at 580nm can be recorded
without interference from long lived signals from
AQS-CH3CN interaction.

Interaction of AQS with nucleotides
Figl shows the transient absorption spectra

produced from interaction of AQS with dGMP
recorded at two time delays (lus, 40us) after laser
excitation. The early spectrum characterized by a X ^

iw ant k 1 gIk ( i n )
F Ig I . T la 11

ant r ttft 1
<JG II p li i l t f o g t i sat i (alt d c H,c N (o) 1 | i * : ( ) I D p i .

at ~510nm should be assigned to AQS " ', since its
transient absorptions are remarkably similar to that
from pulse radiolytically produced AQS " ' in CH3CN
and decay by second order kinetics. The slow decaying
spectrum, recorded after complete decay of AQS ~ ',
with a strong absorption maximum at ~310nm and
another broader peak at ~390nm has been assigned to
guanyl radical cation on the basis of following points:
First, the feature of its absorptions is remarkably
similar to that from photosensitized oxidation of
dGMP by triplet acetone, which should be assigned to
guanyl radical cation20. Secondly, this long lived
spectrum reveals its characteristic absorptions similar
to that of guanyl radical cation with a pKa value of
3.93 either from acetone sensitized oxidation of dGMP
at pHl or from one electron oxidation of
deoxyguanosine at pH3.1. Thirdly, because the feature
of this long lived spectrum also resembles to that of
deprotonated guanyl radical cation either from one
electron oxidation of dGMP by SCV l6, Tl2+ 15 or
acetone sensitized oxidation of dGMP in neutral
aqueous solution on the basis of similarity of the
spectrum of guanyl radical cation in acidic aqueous
solution with that of its deprotonated form at pH7.

By comparison of the early spectra in Figl and
that in Fig2 and Fig3, it is evident that AQS"" is the
common initial species from interaction of AQS with
the four nucleotides, while the long lived species are
different from each other. The late spectrum from
dAMP in Fig2 displaying a Xmaxat ~360nm, consistent
with that from acetone sensitization22, and one electron
oxidation by SO4~ , has been assigned to radical cation

of dAMP16. However, the late spectra in Fig3a, and
Fig3b from dCMP and TMP revealing weak,
characterless features, similar to that from one electron
oxidation by SO4"', have be assigned to the pyrimidine
radical cations16 which has attracted great interest in
the study of chemistry of pyrimidine radical cations23.
The absorption spectra of the radical cations of
nucleotides are compiled in Fig4, that is, as a
benchmark for identification of radical cation of DNA.

«OO * M SOO S«O

m an* h tgtl ( t i )
P l g j . T r a u k i t a b i o r p t l o i i p t c t r a a t t o o I I . «

A

Fig3. Tiwutent abruption sfxotra at two tin*
(Mays artarlaaransiaiion of O.SmMAQS it
nltrogKi s a u i M CHJCKcona«»i«Ca)0.OJBiM

Interaction of AQS with DNA and PolyG
The induced spectrum of AQS associated with

DNA is shown in Fig4. The DNA-AQS interaction
complex induces a negative CD band in the wavelength
region similar to DNA-anthraguinone derivatives2,
which indicates that AQS is a model of intercalation
guinone photonuclease. Fig5 shows the transient
absorption spectra produced from interaction of AQS
with DNA recorded at two time delays (lus, 40us)
after laser excitation. The early spectrum in Fig5 with
absorption maximum at ~510nm, consistent with the
reported spectrum", should also be assigned to AQS"'
due to its remarkable similarity to that of radical anion
produced from laser photolysis of NaNCh in solvent
mixture CH3CN-H2O (97:3) (Fig6). The late spectrum
in Fig5 is essentially similar to that from acetone
sensitized oxidation of dna17 or one electron oxidation
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,2+ 15of DNA by Tl . The absorption spectra

VI our Ir n i Ih (nm )

from interaction of polyG with AQS at two time delays
are also remarkely similar to that from interaction of
dGMP with AQS (not shown). Thus, it could be
concluded that interaction of triplet AQS and DNA
generates DNA guanyl radical cation on the bases of
similarity of the spectra from DNA with that of dGMP
and polyG. The life time of AQS"' in nitrogen saturated
CH3CN-H2O (97: 3) is -20 us, while the DNA guanyl
radical cation is long lived with life time > 200 us.

Kinetics of formation of ion pairs
The observed first order quenching rate constants of

3AQS* by nucleotides and DNA have been determined
from the decay trace at 580nm. Meanwhile the

observed first order rate constants for formation of
radical cations of nucleotides or DNA and that of
AQS"' have been determined by the growth trace at
31 Onm and 51 Onm respectively. These results as listed
in tablel indicate that observed rate constants for
formation (h31 Onm) of radical cation of nucleotide
or DNA and that (&6510nm) of AQS"' are equal to
observed rate constants of decay (A^SOnm) of AQS*,
which demonstrate that decay of AQS is synchronous
with the growth of the ion pairs.

Tablel.Observed rate constants for formation of
ion pairs and that of the decay of3A QS'

compound
dAMP
dGMP
dCMP
TMP
DNA

hi
310nm
3.5
4.9
2.5
2.2
1.1

IOV
510nm
3.3
5.6
2.7
1.9
1.4

ifcd/ 10 V
580nm
4.0
5.1
2.8
2.4
1.6

Calculation of free energy changes (AG) and rate
constants for the electron transfer reactions

AG for electron transfer between DNA component
and 3AQS* can be calculated by Rehm -Weller

25

equation .
AG = 96.48 (Eox - E ^ -e2/ed - AEo,o)

The Eox values (vs SCE) of nucleosides and DNA
bases were calculated by an empirical equation
E0}:=0.89IP - 6.0426. The corresponding IP values were
adopted from Nikogosyan27 for nucleosides and from
Colson28, for DNA bases. The determined Ereci value of
AQS is - 0.81V(vs SCE). AE0,0 ( 2.68 eV), 0,0 energy
of 3AQS*, and e2/ei3 (0.06 eV), the coulombic term, are
published results25. Thus AG values (KJ/mol) were
obtained as thymine (-7.72); thymidine (-22.19) ;
cytosine (-23.16); cytidine (-30.87); adenine (-59.82);
adenosine (-47.27); guanine (-101.3);
guanosine(-82.0), respectively.

Using recently published Eox29 values of guanosine
[1.05V(vs SCE)], adenosine [1.18V (vs SCE)], and
cytosine [1.20V (vs SCE)] more reliable AG values
(KJ/mol) could be obtained as guanosine (-84.9),
adenosine (-72.36) and cytosine (-70.43), respectively.

Discussion
The above results demonstrate directly that the

initial species from interaction of AQS with
nucleotides are ion pairs composed of radical cations
of nucleotides and AQS"'. In addition, the kinetics of
formation of ion pairs from interaction any of
nucleotide with AQS is synchronous with that of decay
of triplet AQS, which has provided dynamic evidence
for initiation of electron transfer from DNA bases to
triplet AQS, which the oxidation of TMP with slowest
rate could be the rate determining step during the
interaction triplet AQS with DNA. Moreover,
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formation of ion pairs from interaction any of
nucleotide with AQS is synchronous with that of decay
of triplet AQS, which has provided dynamic evidence
for initiation of electron transfer from DNA bases to
triplet AQS, which the oxidation of TMP with slowest
rate could be the rate determining step during the
interaction triplet AQS with DNA. Moreover,
calculated free energy changes indicate that electron
transfer from any of DNA bases to triplet AQS is
exothermic. Importantly, observation of stabilized
DNA guanyl radical cation from interaction of AQS
with DNA has provided direct evidence for selective
cleavage of DNA at gyanine moiety, whereas oxidation
of DNA at gyanine moiety with rate near to that for
oxidatin of thymine moiety (see table 1) could be
attributed to that oxidation of DNA is initiated by
electron transfer from base with higher oxidation
potential, which oxidation of TMP is rate determining,
followed by very fast hole migration to the lowest
oxidation potential site.

Our laser experiments conducting in CH3CN have
facilitated simultaneous detection of radical cation of
DNA and AQS". The solvent (CH3CN)-separated ion
pairs evidently have dissociated readily into free ions,
thereby enabling independent study of the behavior of
stabilized DNA guanyl radical cation and AQS~', while
in aqueous environment hydrogen bonded radical
anion of quinone photonuclease render the solvent
(H2O)-separated ion pair relatively stable and long
lived with life time over a period of several
milliseconds2'3, which is much longer than that of
AQS"" in CH3CN and CH3CN-H2O (97: 3) respectively
obtained from our laser experiments.

293 500

Fig.7

520 360340
Wavelenathlnm]

Induced CD spectra for 0.15mM AQS in the
presence of 0.1 mM DNA.

On other hand,with the CD analysis it has been
confirmed that quinone molecule can inlay the basis
pair of DNA and make molecular structure changed in
aqueous solution as shown in Fig.7,which makes
quinone can photo-oxidize DNA effectively.
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Radiation Degradation of Carbohydrates and Their Biological Activities for Plants
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Takasaki Radiation Chemistry Research Establishment, Japan Atomic Energy

Research Institute, Watanuki 1233, Takasaki, Gunma 370-1292, Japan

*Vietnam Atomic Energy Commission, 59 Ly Thuong Kiet Str., Hanoi, Vietnam

**Philippine Nuclear Research Institute, Diliman, Quezon City, The Philippines

Radiation effects on carbohydrates such as chitosan, sodium alginate, carageenan.

cellulose, pectin have been investigated to improve the biological activities. These

carbohydrates were easily degraded by irradiation and induced various kinds of biological

activities such as anti-bacterial activity, promotion of plant growth, suppression of heavy

metal stress, phytoalexins induction. Pectic fragments obtained from degraded pectin

induced the phytoalexins such as glyceollins in soybean and pisatin in pea. The irradiated

chitosan shows the higher elicitor activity for pisatin than that of pectin.

For the plant growth promotion, alginate derived from brown marine algae, chitosan

and ligno-cellulosic extracts show a strong activity. Kappa and iota carageenan derived

from red marine algae can promote growth of rice and the highest effect was obtained with

kappa irradiated at 100 kGy. Some radiation degraded carbohydrates suppressed the damage

of heavy metals on plants. The effects of irradiated carbohydrates on transportation of heavy

metals have been investigated by PETIS (Positron Emitting Tracer Imaging System) and

autoradiography using 48V and 62Zn.

1. Introduction

It is reported that the oligosaccharides from higher plant cell wall involved in capable

of signal transduction, defense responses against pathogens and synthesis of phytoalexins".

Low molecular weight carbohydrates and oligosaccharides are usually prepared by enzymatic

degradation but the radiation is one of the potent procedures for fragmentation of

polysaccharides. Radiation generates various types of degraded fragments by random

scission. In this study, radiation degradation of various carbohydrates and their effect on

plants were investigated to improve the quality of natural polymers for plant cultivation.

- 1 6 6 -
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2. Materials and Methods

2.1. Radiation

Carbohydrate samples were irradiated by gamma-rays from Co-60 or an electron beam

(Dynamitron, 3 MeV, 25 mA) in liquid state or in solid state (powder form).

2.2. Growth test of plants

Rice (Oryza sativa ) and barley (Hordeum vulgare) were mainly used for the

experiments. Germinated seeds by immersion in water for three days at 27°C were sowed

onto plastic net floating in plastic pots containing 1/2000-fold diluted hyponex solution

(Hyponex, Japan).

3. Results and Discussion

3.1. Induction of phytoalexin by radiation-degraded polysaccharides

Radiation causes the cleavage of glycosidic link of polysaccharides, producing lower

fractions2"4*. Figure 1 shows the irradiation effect on molecular weight of alginate in liquid

state (4% solution) and in solid state. Similar degradation was observed in case of pectin

and chitosan by irradiation. Using these degraded pectine and chitosan, the induction of

elicitor activity was examined5*. Pectic fragments prepared by irradiation and

oligogalacturonan obtained by enzyme digestion (endo-PG) of pectin induced glyceollins (a

kind of phytoalexin). The pectic fragments obtained by irradiation with 1000 kGy were the

106

to5

104

103

• : Solid State

D : Liquid State

0 100 200 300 400 500
Dose (kGy)

Fig. 1 Change in molecular weight of
alginate by irradiation

Com. Pectin Chitosan

lOOOkGy PGase lOOOkGy 2(XX)kGy

Fig. 2 Induction of pisatin in pea by
irradiated pectin and chitosan
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most effective for induction of glyceoilins and induced almost the same amount of glyceoilins

induced by endo-PG. Pisatin, a phytoalcxin induced in pea, was also effectively induced by

irradiated pectin and chitosan (Fig. 2). Induction of pisatin by pectic fragments prepared by

irradiation was lower than that of pectin-PGase. Chaitosan irradiated at 1000 kGy in solid

state induced much higher activity than the pectic fragments but decreased at 2000 kGy.

These results show that 1000 kGy is the optimum dose to obtain the effective fragments for

induction of phytoalexins and a dose of more than 2000 kGy is too high to keep effective

fragments.

3.2. Effect of radiation-degraded polysaccharides on plant growth

Growth-promotion of plant was tested under hydroponic cultivation condition. For

rice, degraded alginate in 4% alginate solution irradiated at 100 kGy (MW ca. 7000) or from

powder irradiated at 500 kGy impact remarkable effect on growth promotion. The suitable

200 400 600
Dose (kGy)

800 1000

Fig. 3 Enhancement of rice growth by
irradiated carageenan

Fig. 4 Effect of irradiation dose on
carageenan for rice growth

range of degraded alginate concentration was 20- 50 ppm. The results suggest that foliar

spraying degraded alginate at certain concentration causes increasing in biochemical and

physiological functions of plant that lead to increase in dry matter. Preliminary results on

field test of foliar spraying of degraded alginate on tea, carrot and cabbage with concentration

of 20 to 100 ppm, led the increase of productivity of ca. 15 to 40%. Similar effects were

also observed by chitosan, lignocellulose extracts and carageenan. Kappa and iota

carageenan derived from red marine algae can promote growth of rice (Fig. 3) and the highest

effect was obtained with kappa irradiated at 100 kGy (Fig. 4).
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3.3. Suppression of heavy metals stress on plants by radiation degraded polysaccharides

Heavy metals such as vanadium (V) and zinc (Zn) show the strong stress on soybean,

rice, wheat and barley seedlings, whose roots were clearly injured at 5 ppm V (in VC1-,) in

solution cultures. These damages were relatively reduced by application of radiation

degraded chitosan. The recovery of growth and reduction of V levels in seedlings were

obtained by the treatments with 100 and 200 ppm chitosan irradiated at 100 kGy in 1%

solution (Table 1). Thus, the chitosan irradiated at suitable doses could be suggested as

heavy metal eliminators in crop production. The uptake, translocation and distribution of 4SV

and 52Zn in plant were analyzed by PETIS6) and autoradiography with BAS. Very weak

Table 1. Effect of V and irradiated chitosan on plant growth

Treatment
V(ppm) + Chitosan(ppm)

0

0

0

10

10

10

0

100

200

0

100

200

Dry weight
wheat

Biomass

385 ± 42

544 ±47

540 ± 39

229 ± 37

350 ±35

392 ± 39

of seedlings

%
100

141

140

59

91

102

(mg/10 plants)
rice

Biomass

190± 17

206 ± 16

236 ± 30

143 ± 12

214± 18

210± 18

7<
100

108

124

75

113

111

Seedlings of plants grown for 9 days under V stress with chitosan irradiated
at 100 kGy were measured.

uptake and transportation of heavy metalls into the shoot were observed in the plants treated

with irradiated chitosan.

The results suggest that the fractions of polysaccharides act on plants as phytohormone-

like compounds for growth and suppression of environmental stress such as heavy metals and

salts.
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Research work of rad i at i on i nduced graft po I ymer i zat i on to synthes i s

and modification of polymer materials in CRICI

Hu Fumin MaXueming

Chenguan research institute of chemical industry

(610041 Chengdu China)

Rising of the method in radiation induced graft polymerization as an

independent field of polymer chemistry is tightly connected with intensive

development of nuclear energetic and accelerator technology in the end 50th and

beginning of 60th years. Rapid growth of new functional polymer technology,

which is interested in our and foreign country, is stimulating continuous growth

of RGP-an effective and universal method for synthesis and modification of

functional polymer materials.

The direct and post radiation induced graft polymerization had been

studied in CRICI. The method consists of irradiation of various polymer

substrates in the presence (or absence) of monomers. The later being in a liquid,

saturated vapour or gaseous and non-saturated vapour.

Our institute started to research radiation induced graft polymerization

since the beginning of 60th years. Table 1 shows the research work of radiation

graft polymerization, which had been studied more detail in CRICI.

The more interesting is the following subjects of RGP, which will be

discussed here.

1. Grafting of functional monomers. — It is possible to divide the grafting into

two main approaches for synthesis of functional polymer materials. The first is
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grafting of monomers attached required functional group such as unsaturated

carboxylic acid (acrylic and methacrylic acid), unsaturated nitrogen containing

(alkali) base (vinylpyridine), monomers with hydrophilic unionized and polar

groups (acrylamide, N-vinylpyrrolidone glycidylmethacrylate) and so on. The

secondary is grafting of monomers capable of continuing chemical modification

after graft polymerization. This approach essentially expands synthetic

possibility of RGP for preparing functional polymers. It is due to the following

reasons: On the one hand it is allowed to use the monomers, which are more

convenient for graft polymerization onto the polymer substrates. After grafting

the grafted polymer can further be modified to obtain grafted polymer with

required functional groups. On the another hand some functional monomers are

very difficult to graft onto the substrates, so some precursor monomers must be

chosen in order to obtain desirable functional polymer materials. In this case it

is worth to mention that the monomer of styrene is more popular to graft onto

the majority of the practically important polymer substrates. Grafted chain of

PSt is enable to suffer chemical reaction as analogical PSt homopolymer. One

of these is sulfonation of grafted PSt chain in benzene cycle. We use this

reaction for preparing ionexchange membranes in our laboratory. Another

example is the monomer of acrylonitrile, which is very easily grafted onto

polymer substrate. After grafting the grafted polyacrylonitrile chain can be

reacted with a lot of chemical reagents. We had studied the radiation graft

polymerization of acrylonitrile onto polyethylene film. After grafting the

polyacrylonitrile was reacted with alkali and acid respectively and the

hydrophilic polymer membranes of PAc/PE and PAAm/PE were obtained

respectively.

More interesting is the preparation of membranes for pervaporation of
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ethanol. That is, grafted polyacrylonitrile chain was continued to react with

hydroxyamine and ethylendiamine respectively: Thus obtained functional

polymer membranes can be used as pervaporation of ethanol (Fig.l and Fig.2).
~ CH2-CH-CH2-CH2 ~

+NH20H
~ CH2-CH-CH2-CH2 -

CH2

HC-C = N

HC-C-C
NOH

CH,
NOH

+H2N-C2H4-NH2

I .
H C - C

I NN0H 2

~ CH2-CH-CH2-CH2 ~

CH2

I ^>N-CH,

HC-CT )
I NNH-CH,

CH2
N-CH2

(1)

Ht-C*C* I
NNH-CH2

(2)

2. The effect of some salts on aqueous solution graft polymerization.

The grafting of AA or AAm onto PE by direct or post radiation method in

the presence of Mohr's salt or cupric nitrate was studied in detail. It is well

known that it is very difficult to perform effective graft polymerization of AA or

AAm without mentioned salts, because of strong homopolymerization of

monomers. The dependence of the grafting rate and concentration of salt is of

great importance (Fig.3). We can see, at first the grafting rate increases because

of more active suppression of homopolymerization as compared with graft

polymerization. This fact can be explained since the concentration of salt in

aqueous solution is higher than in the graft layer. This difference in

concentration may be explained by the fact that the Fe+++ or Cu++ ions, whose
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diffusions are difficult in the graft layer. When the concentration of salts is

increased, the process of inhibition of graft polymerization increased as well.

3. Radiation induced graft polymerization by gaseous phase of monomers.

The direct or post radiation graft polymerization by gaseous phase of

monomers onto polymer substrates had been studied in CRICI. This method

consists of irradiation or preirradiation of various polymer substrates in the

presence (or absence for preirradiation) of monomer. The later being in a

gaseous of nonsaturated vapour state. Under the conditions of grafting in the

gaseous phase the radiation energy is practically absorbed only by polymer

substrate (specially for the condition of preirradiation) therefore the active

centres initiating graft polymerization are mainly formed in the polymer

substrate. As a result of this fact any undesirable processes of

homopolymerization will occur to a very small extent. This approach of grafting

may decrease the unnecessary expenditure of the monomer and in a number of

cases it allows the elimination of additional processing or treatment of grafted

materials by solvents.

As we know when the preirradiation of polymer substrate under air

atmosphere the peroxide as the active centre is formed in polymer substrate.

The example is grafting of gaseous or unsaturated acrylic acid onto preirradiated

polyethylene.

We also had studied preirradiation of polytetrafluoroethylene and its

copolymer with vinylidene fluoride under vacuum atmosphere. After irradiation

the grafting polymerization was carried out with gaseous acryric acid or styrene

under reduced pressure. The amount of formed free radicals in the PTFE had

been measured by ESR (Tab.2). Both the Tab.2 and Fig.4 show that the amount
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of radical increases with increasing of dose and the degree of grafting increases

with increasing of preirradiation dose.

The Fig.5 shows the comparison between two adhesive strengths. The

curve 1 is the adhesive strength of acrylic acid grafted PTFE by method of post

gaseous grafting polymerization and the curve 2 is the strength by liquid phase

direct grafting polymerization.

The method of gaseous grafting polymerization is also effective for

preparation of ionexchange membranes. The properties of styrene sulfonated

ion-exchange membrane prepared from gaseous grafting polymerization of

styrene onto PTFE are showed in Tab.3.
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Tab. 1 Some research works of radiation

induced graft polymerization studied in CRICI

No

]

2

3

4

5

6

7

8

9

10

11

12

13

14

Polmer substrate

polypropylene

Polyethylene

Polyethylene

PVDF

PTFE

NBR rubber

silicon rubber

silicon rubber

PVC floor

polyethylene

SAN (styrene-

acrylonitrile

copolymer)

Polyethylene

PTFE

carbon fiber

carbon black

Graft monomer

vinylpyrigine

acrylic acid

methacrylic acid

HEMA

styrene-*

sulfonation

acrylic acid

styrene

tetrafluoro-

ethylene

NVP

HEMA

acrylic acid

acrylic acid

styrene

acrylonitrile-'-

vinyl amidoxime

vinylimidozoline

GMA(glycidyl

methacrylate)

DMAEMA*

acrylic acid

styrene

acrylic acid

Irradiation

method

direct

Direct

Direct

Direct

direct

direct

direct

direct

direct

direct

direct

direct

direct

post

direct

post

Graft
system

liq. phase

liq. phase

+ F e w

liq. phase

liq. phase

liq. phase

+Fe~+

gas. phase

liq. phase

liq. phase

+Cu~

liq. phase

liq. phase

liq. phase

liq. phase

gaseous

phase

gaseous

phase

Possibility of use

enhanced dyeability

separating membrane

for Ag-Zn cell

for medical use

separating membrane

for fuel cell

enhanced adhesiveness

reduced friction

coefficient

contact lense

intrauterine device

(IUD) for birth

control

antistatic

electricity

membrane for

pervaporation

compatibilizer

for

PA6/ABS alloy

antithrombosis

ionexchange

membrane, enhanced

adhesiveness

improved compati-

billity with resin

DMAEMA* dimethylamineethylmethacrylate
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Tab. 2 The Amount of Radicals vs Dose

Sample

Dose KGY

N(-10"17)

1

9.05

3.387

2

26.1

6.358

3

47.5

9.196

4

71.3

14.84

5

92.7

22.98

Tab. 3 The Properties of Ion-exchange Membrane

Sample

A

B

C

D

G%

12.5

31.1

40.5

45.7

Ion-exchange

capcacity(mmol/g)

0.1907

1.3259

1.9304

2.0136
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3000

10Q

50 TOO

Feed EtOH (#)

Pig.1 Pervaporation data of

membranes containing amidoxime

20 40 6 0 8 0 100

Peed EtOH (%)

Pig.2 Pervaporation data of membranes

containing imidozoline

(x,° ) High imidozoline content

(Graft degree of AN: 1205(6)

(A,O ) Low imidozoline content

(Graft degree of AN:

0.05 0.1 0.15 0.2
1 1

Concentration Of Cu ion

Pig.3 The dependence of grafting rate

and concentration of Cu ion
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Studies on Radiation Crosslinking of Polysulfone

Xiaoguang Zhong Jiazhen Sun

Changchun Institute of Applied Chemistry Chinese Academy of Sciences

Changchun 130022, China

Polysulfone is a kind of high temperature-resistance and radiation-resistance engineering

plastic. The chemical structure is as follows:

Brown (1), Lyon (2), Sasuga (3), et al have already studied its radiation effect. We studied

CH3

radiation crosslinking effect of polysulfone by using of XPS, ESR, and CG methods and got

some new results.

Results and Discussions

1. Study radiation crosslinking of polysulfone by XPS method

Because of conjugate system of benzene ring, polymer material which contains of

benzene ring will appear shake-up peak in XPS spectra. Wanxi Zhang (4) shows that during

radiation crosslinking of polystyrene increases with radiation dose and the intensity of shake-up

peak decreases gradually with increase of radiation dose and crosslinking degree. This suggests

that radiation crosslinking destroyed conjugate system of benzene ring. During radiation

crosslinking of polysulfone, we find rules of shake-up peaks in the XPS spectra are different at

different radiation crosslinking temperature. At lower temperature the intensity of shake-up

peak decreases with the increase of radiation dose. This rule is similar to that of radiation

crosslinking of polystyrene. The results are shown in Fig. 1.
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Fig. 1. The spectra of radiation crosslinking of polysulfone at 70"C

Comparing with radiation crosslinking at lower temperature, the intensity of shake-up

peak increases with radiation dose when radiation crosslinking reaction takes place at

temperature above glass transition temperature of polysulfone. The results are shown in Fig. 2.

203"C

Fig.2. The XPS Spectrum of radiation crosslinking of polysulfone at 203"C

It means that the mechanisms of radiation crosslinking of polysulfone at different

radiation temperature are different above or below their glass transition temperature. The

conjugate effect of polysulfone also increases during radiation crosslinking at high temperature.

The relationship between shake-up peak and radiation dose is shown in Fig. 3.

R Dose, KGy

Fig. 3. Relative intensity of shake-up peak—Dose
relationship of irrad. Polysulfone
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We find that the point of intersection of the two straight lines is the dose of gelation in the

figure of P~R relationship from Fig. 3. P is the ratio of area of Cls and the area of shake-up

peak.

The dose of gelation of polysulfone Rgel that got from the change of shake-up peaks is

279KGy, but the dose Rgel that got from gel method is 270KGy and the results are very similar.

Thus we can obtain a new method to characterize the degree of radiation crosslinking by the

change of shake-up peaks.

2. Studies of the mechanism of radiation crosslinking of polysulfone

We measured the changes of free radical of polysulfone during radiation crosslinking. ESR

spectra at low temperature are shown in Fig. 4.

( i)

Fig. 4. ESR spectra of polysulfone after Y-radiation at -196"C.

The structures of multi-peak on the both sides in the ESR spectra are belong to free

radicals( I ).

( I )

The hyperfine coupling constants a (CH2)=51G and a (cyclic H)=10G are close to

those in the literature. The free radicals (I)are unstable when temperature is

rising. The multi-peak structures on the both sides disappear in the ESR spectra

when temperature rises near 50°C. This shows the free radicals cannot exist stably

near 50°C. Thus, when radiation crosslinking reactions take place at the room
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temperature, the free radicals join the reactions and thus destroy the conjugate

system of benzene ring, which make the intensity of shake-up peak smaller. This

phenomenon agrees with the results measured by XPS spectra. Fig. 5a and Fig. 5b are

the ESR spectra of polysulfone at different temperatures.

25"C

Fig. 5a Radical at different temperature

50G

1L5TC

95-C

( TT +TTD

Fig. 5b Radical at differerrt -temperature
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From the figures, we can see the peaks which denote free radicals(II and

III) tends to decrease weakly at 75°C. It means that these two kinds of free radicals

are beginning to join the radiation crosslinking reactions.

(ID (III)

In the RSR spectra, g value of free radicals (II) equal 2.007 is close to that

of free radicals (III) which is 2. 005. Therefore, the peak of g=2. 007 we got from ESR

spectra maybe is the results of overlap of free radicals(II)and (III).

The concentration of the free radicals in the ESR spectra decreases gradually

with raising of irradiation temperature. The concentration of free radicals changes

rapidly near the glass transition temperature of polysulfone. The results are shown

in Fig. 6.

[K.-]

40 60 80 100 120

Fig. 6. The relationship between the free radicals and temperature

When radiation crosslinking takes place at high temperature, the lives of the

free radicals are very short, so the chance to join to the crosslinking is relatively

less. Because the free radicals(II) and(III)begin to join the reactions, the

mechanism of radiation crosslinking reactions at high temperature is different to

which of at low temperature.

The free radicals(IV)and(V)maybe exist, Lyon had reported the existence of

the free radicals(IV). But we have not found in the ESR spectra.

(V)
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The g value of the free radicals(V)which equals 2.006 is very close to that

of the free radicals (II) and (III) so may be overlap by free radicals (II).

It seems that phenyleneoxy and phenylene sulfone radical join the reactions

at high temperature of radiation crosslinking. Therefore, the possibility of

reactions between the free radicals (II) and (III) and the free radicals (IV)and(V) is

increased. Certainly, we can not exclude the free radicals(IV)and(V)to form

crosslinking bond of H type. However, the main ones must be recombination of

(II) and (III) and (IV) and (V). Therefore, we consider the radiation crosslinking of

polysulfone takes place by the reaction mechanism of the T type. This agrees with

the concept of the reaction mechanism of T type or Y type of the polymers has rigid

chains.
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Synthesis and application of intelligent hydrogels

I.Kaetsu, K.Uchida, K.Sutani, H.Nakayama and A.Tamori

Faculty of Science and Technology, Kinki University,

Kowakae 3-4-1, Higashi-Osaka, Osaka 577-8502, Japan

The authors have studied synthesis and application of stimule-sensitive and responsive

hydrogels''^2). In this report, two kinds of investigations were carried out on the intelligent

hydrogels and the applications with radiation techniques.

1. Synthesis of temperature responsive sol-gel transition polymer and the application to

drug delivery systems

Polyisopropyl acrylamide is a typical temperature responsive polymers and the

copolymers show broad variation of LCST(sol-gel transition temperature). The various

copolymers of isopropyl acrylamide were synthesized by UV or radiation. The aqueous

solution changed into a gel at LCST temperature. It was remarked that LCST's of

copolymers changed with the kind of comonomers and the composition of copolymers as

shown in Fig.l as an example. The liquid mixture of copolymer and drugs were injected in

in-vivo experiments. The mixture changed into the gel at body temperature and showed the

controlled release of drugs from the gel. The in-vitro release rate of drug from the

copolymers changed by the release temperatures. The rate became higher with the

temperature difference between LCST and the release temperature as shown in Fig.2. This

result suggested that the physical structure of copolymer matrix became more rigid with the

increase of temperature difference.

2. Surface curing of pH and electric field responsive hydrogel and the application to drug

delivery systems

Electrolyte monomers such as acrylic acid was coated on the surface of polymer

membrane(porous or non-porous) including drugs, and cured by UV or radiation various

enzymes were immobilized in the coating layer in many cases. The product showed pH,

electro-field and substrate responsive releases of model drug under on-off switching of

environmental conditions. The release profiles could be controlled by the amount of

immobilized enzyme, the thickness of coating and the pore size of pore structure in the base

membrane as shown in Figs.3 and 4 for the case of substrate responsive releases. Effect of
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IPN (Inter-penetrating network) formation on tne sensitivity and responsiveness of hydrogel

was investigated and proved the effectiveness. Controlled release by computer

programming was also studied and proved the possibility.

0 5 10 15
Comonomer [mol %]

Fig. 1 Effect of synthesis of the NIPAAm-comonomer
system on LCST.

— • — : Grycidyl methacrylate — • — : Methyl methacrylate
—A—; 2-Hydroxyethyl mathacrylate — T — : 2-(Dimethylamino)ethyl methacrylate
— • — : Acrylamide
Concentration of sol; 33wt%

6 -

15 205 10
Time[hr]

Fig.2 Effect to in-vitro release of 5-FU from Poly(NIPAAM-co
-GMA)(thermoreversible gelation polymer) by change of
temperature
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Fig.3 Enzyme(glucose oxydase : G0D)-responsive release of
model drug(M.B.=0.Ig/I) through cellulose menbrane.
4 :Addition of Glucose (0.05g)
Immobilized amount of GOD : ° 1.680unit * 0.840unit/ml(AAc)

0. 10 •

0.00
100 200

Release time(min. )
300

Fig.4 Glutamine-responsive release of model drug
(M.B.=0.lg/1) through polycarbonate mi 11ipore menbrane.
Gate composi t ion(w%):AAc(30),4G(70)
Amount of immobilized glutaminase=l.lunit,
glutamic acid dehydrogenase=2.5mg
P o r e s i z e • A0fim<t> o :2u.m<t>
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Aqueous Solution with K-Carrageenan
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Takasaki, Gunma, 370-1292 Japan

** Philippine Nuclear Research Institute, Diliman, Quezon City 1113,
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***Department of Technical Physics, Peking University, Beijing 100871, China

Predominate radiation reaction of K-carrageenan (KC) hydrogel is the main chain

scission of KC. The gel strength of KC hydrogel decreased with increasing irradiation dose.

However, KC was found to enhances the radiation crosslinking of synthetic water-soluble

polymer (SWSP) such as poly(ethylene oxide) (PEO) and poly(N-vinylpyrrolidone) (PVP)

in aqueous solution. The gel strength of SWSP hydrogel increased with increasing dose when

KC was blended. Probably the radiation degraded KC radicals are recombined with radicals of

PVP and PEO. The hydrogel thus prepared absorbs huge amounts of water due to the presence

of strong hydrophilic -OSO3"groups in KC.

1. Introduction

The hydrogel prepared by irradiation of aqueous solution of synthetic

polymers such as poly(vinylalcohol), PVA, PEO and PVP are applied for medical uses

as wound dressing. However, the mechanical properties of the hydrogel are often too fragile

to be used without backing materials. Several processes have been proposed to improve the

mechanical properties of the PVA hydrogel; incorporation of chemical and physical

crosslinking by formaldehyde " and crystallization 2). It is well known that KC has the ability

to form a rigid thermo-reversible hydrogel at room temperature. KC is a hydrophilic

polysaccharide that occurs as matrix materials in numerous species of seaweed (e.g. Chondrus,

Gigartina, Eucheuma and Fucellaria). The structure of KC is shown in Fig. 1. The AB repeat

unit consists of 1, 3-linked p-D-galactose residue (A) and 1,4-linked 3,6-anhydro-a-D-

galactose residue (B). Recently, radiation degraded polysaccharides were found to have
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biological activities such as anti-bacterial activity and promotion of plant growth 3). In this

paper the blending effect of KC with PVP and PEO will be reviewed.

CH2OH

O3SO

\ /

OH

Fig. 1 Structure of K-Carrageenan

2. Experimental

Commercially available industrial products of KC, PEO and PVP were used in this

experiment without further purification. Various concentrations of KC, PEO and PVP

solutions were prepared by dissolving in distilled water at 80°C for 120min, then the hot

solutions were mixed in a glass tube of diameter 15mm. The solution changed to hydrogel

upon cooling at room temperature. Irradiation of the hydrogel was carried out with y-rays

from Co-60 source at room temperature. After irradiation, the hydrogel was cut into cylinders

with a 15mm diameter and 20mm height for testing. Gel strength were measured by

compressing the hydrogel between parallel plates at Strograph-Rl Material Tester (Toyoseiki

Co., LTD, Japan) with a crosshead speed of 50 mm/min. The hydrogel was put into stainless

net of 200 mesh, and then sol was extracted in distilled water at 120°C for 120min in an

autoclave. The remained gel was immersed in methanol for 60min and again dried to constant

weight at 50°C. Gel fraction was calculated according to a conventional method. Gel dried to

constant weight were immersed in distilled water at room temperature to the equilibrium. The

water absorption capability of the gel was calculated from (weight of gel at the equilibrium)

divided by (weight of dried gel after extracting sol).

3.Results and Discussion

3.1. Radiation degradation of K-Carrageenan hydrogel

The effect of radiation on the gel strength of KC hydrogel is shown in Fig. 2 4 5). The

gel strength decreases quickly with the increasing of dose, but dose rate have little influence
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on the gel strength of KC gel. In addition, Fig. 2 also shows that with increasing of KC%, the

gel strength increases greatly, but after irradiation, the gel strength also decreases quickly.

Loss in gel strength suggests the breakdown of the macromolecular network of KC. The gel

fraction measurement indicates that there is no radiation crosslinking in these experimental

conditions.

Concentration of Carraqeenan

•5
(3

10 20 30 40
Dose (kGy)

505 10 15 20 25 30 35

Dose (kGy)

Fig. 2 Gel strength of KC hydrogel Fig. 3 Gel fraction and gel strength of
KC/PEO hydrogel by radiation

3.2 Effect of KC on the preparation of PVP hydrogel by radiation PEO and KC

Fig. 3 shows gel formation and changes in gel strength of a system consisting of a

moderately concentrated blended solution of KC/PEO = 1/1 at total concentration of 5%4).

PEO belongs to radiation crosslinking polymers, and KC belongs to radiation degradable

polymers. Therefore the maximum gel fraction will be 50% if degradation of KC and

crosslinking of PEO occurred separately. However, more than 70% of gel was achieved at a

dose of lOkGy, then the gel fraction decreased. Similar change in the gel strength of the

hydrogel was observed. Changes in hardness of the hydrogel and water absorption capability

of dried gel with dose are shown in Fig. 4. Both decrease with increasing dose. Due to the

presence of strong hydrophilic groups in KC, the KC/PEO dry gel can absorb large quantity

of water.

3.3 Effect of KC on PVP hydrogel

Fig. 5 shows the response of KC blending with PVP hydrogel to irradiation (blending

ratio 1:3, total 20%)5). The gel strength of KC/PVP increases with the increasing of the dose

from 0 to 20kGy, and then decreases after 20kGy.
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20 30

Dose (kGy)

150

10 20 30

Dose (kGy)
40 50

Fig. 4 Hardness and water absorption of Fig.5 Gel fraction and gel strength of
KC/PEO hydrogel KC/PVP hydrogel

3.4 Conclusions

These results strongly indicate the co-crosslinking of KC and synthetic water-soluble

polymer (SWSP) such as PEO and PVP at lower dose range. Several types of radicals will be

formed in this system. Predominant radicals from KC are supposed to be main chain scission

radicals and side chain scission radicals from SWSP. The recombination of these radicals

forms T type molecules consisting of long branch of KC attached to SWSP. Also H type

molecules will be formed by recombination of SWSP radicals. Combination of these T type

and H type molecules will finally create three-dimensional networks at lower dose rage. Once

the network is formed, degradation of incorporated KC fragments will dominate. Thus the gel

fraction decreases at high dose range. The steady decreases of hardness and water absorption

at high dose suggest that continuation of crosslinking reaction in the SWSP gel.

Since KC incorporated SWSP hydrogel have excellent mechanical properties it can

be used not only for medical application but also for industrial and agricultural application.
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The Study of p-Tert-Butylcalix[n]arene on y-Radiation

Stabilization of Polypropylene

Feng Wen1 Yuan Lihua2 Zheng Shiyou2 Huang Guanglin2 QiaoJinliang3
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ABSTRACT The y-radiation effect of polypropylene was investigated in the presence of three kinds of
p-tert-butylcalix[n]arene(n=4,6,8) in air or in vacuum at ambient temperature. The influence of radiation
dose and store time upon the mechanical properties of the irradiated PP sheets were measured.The results
showed that the radiation stabilization was reduced with the increase of the ring size of calixarenes. Based
on the mass spectra and the analysis of post-irradiated product,the mechanism of radiation degradation of p-
tert-butylcalix[4]arene has been proposed.

KEYWORDS Calixarene, Polypropylene, y-Radiation, Mechanical properties

INTRODUCTION

Although the phenolic cyclic oligomers calixarenes were claimed to be separated from
the reaction between phenol and formaldehyde in the 1940s they did not bring attention until
1980s due to the pioneering work by CD. Gutsch'. Because of their easy availability,
convenient modification on both upper and lower rims as well as the intriguing functions such
as the high selective complexiation towards metal ions and high stability they are considered
as "probably the only class of macrocyclic host molecules which combine easy accessibility
with a large variety of structures" and become widely applied in polymer field 2. Calixarenes
and their derivertives were found to be good antioxidants, thermal and phto stabilizers, key
modified component for the thermosetting resins and antiagers for plastics3-8.

Seiffarth reported that calixarenes were effective light and heat stabilizers for polyolefins8.
The unmodified calix[n]arenes (n=4, 6, 8) showed almost the same effect in UV-resistance as
hydroxyl-substituted bezophenone. Ninagawa conducted the photochemical experiment with
poly(vinyl chloride) membrane to demonstrate the higher UV-resistant performance with
cyclic type calixarenes than their non-cyclic type ones9. The y-radiation stability of
polypropylene (PP) was found to be improved in the presence of p-tert-butylcalix[4]arene
especially at higher dose compared with the case of BHT10. Polypropylene is one of the most
frequently used polymers in the manufacture of medical disposables. Its degradation on g-
radiation and post-irradiation can be minimized by introducing suitable hindered phenols11.
The structural specialities and the already-displayed applications as antioxidants may render
calixarenes become a new type of stabilizers against oxidative degradation of polypropylene
under irradiation.

In the present paper three calix[n]arene (n=4, 6, 8) with different ring size are empolyed to
investigate the g-radiation effect of polypropylene containing these components in air or in
vacuum at ambient temperature.

1 This work is supported by the Foundation of National Natural Science of China (Grant No.29602005)
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EXPERIMENTAL

1.Material
P-tert-butylcalix[n]arene (CA[n], n=4, 6, 8) were synthesized according to the literatures

in yield of 43%, 60% and 80%«2-i4. Their structures were confirmed by MS, IR, *H NMR
and elemental analysis. 2,6-Di-tert-butyl-p-cresol (BHT) was obtained from Shanghai
Chemical Reagents Station. Isotactic PP powder containing no commercial additives was
supplied by Yanshan Petroleum and Chemical Company.
2. Preparation of Samples

The stabilizers (0.3 % w/w) were solvent blended into the polymer powders using toluene
followed by evaporation of the solvents and then by extrusion into lines. The cut lines were
compression moulded into dumbbell-shaped sheets by moulding chips under a pressure of 150
kg.cm-2 for 20 min (compression time) and 15 s (injection time ) at 190°C. The sheets were
then immediately cooled between the two plates of a cold press at room temperature. The
thickness of the sheets is 2.0 mm.
3. Irradiation

The samples were irradiated in air or in vacuum with Co-60 gamma rays at a dose rate of
6.5 kGy h-J. P-tert-butyllcalix[4]arene was irradiated with electron beems at a dose rate of 4.0
X103 kGy h-1. To keep the heat history the unstabilized PP was also processed at the same
condition.
4. Measurement of Mechanical Properties

Tensile strength at break and elongation at break were determined from stress-strain curves.
The tension speed used was 50 mm min-1 using WD-5 Electron Universal Testing Equipment.
The variation of the change of radical concentration was measured by electron spin
resonance(BRUKER ESR ER 200 DSRC).

RESULTS AND DISCUSSION

1. Mechanical Properties
Fig.l~Fig.4 show the variations of tensile strength at break and elongation at break of

irradiated CA[n]-PP (n=4, 6, 8) and BHT-PP with dose in air or in vacuum. It has been
reported that PP degrades during irradiation because of chain scission with the decrease in the
molecular weight of PP15. The decrease in the tensile strength and elongation at break reflect
the degradation of PP. From Fig.l and Fig.2, on comparing BHT-PP,CA[4]-PP,CA[6]-PP and
CA[8]-PP, it can be clearly seen that the overall tendency in tensile strength at break is in the
order of CA[4]-PP > CA[6]-PP~ BHT-PP > CA[8]-PP. It is noteworthy for CA[4]-PP that
after a rapid decrease at around 25 kGy, the tensile strength at break takes a much slower fall.
The strength is almost maintained within the dose range from 40 to 120 kGy. In contrast, no
data was obtained for BHT-PP, CA[6]-PP and CA[8]-PP after 100 kGy due to breaking of
the testing sheet. In vacuum as shown in Fig.2 CA[4]-PP follows a similar trend, i.e., it gives a
very slow decrease in tensile strength compared to BHT-PP and other two PP sheets
containing calix[n]arene (n=6, 8).

Among the three calixarenes in both cases (air and vacuum) as shown in Fig.3 and Fig.4 the
elongation at break for CA[4]-PP is larger than the other two. The higher tensile strength at
break observed in vacuum than in air may be due to more efficient crosslinking in vacuum16.
The lower elongation of CA[6]-PP and CA[8]-PP than that of CA[4]-PP may indicate that the
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0 20 40 60 80 100 120

Dose/kGy
Fig. 1 Tensile strength at break at different

doses in air
CA[4]-PP(A);CA[6]-PP(B);
CA[8]-PP(«); BHT-PP(V);

50 100 150

Dose/kGy
Fig.2. Tensile strength at break at different doses

In air: CA[4]-PP(A);CA[6]-PP(B); CA[8]-PP(»);
Invacuum:CA[4]-PP(A);CA[6]-PP(D);

200

100 200 300

Dose/kGy

400
100 200 300

Dose/kGy

400

Fig.3. Per cent elongationat break at different doses
in air
CA[4]-PP(A);CA[6]-PP(B);CA[8]-PP(»);

Fig.4 Per cent elongation at break at different
doses in vacuum

CA[4]-PP( A);CA[6]-PP( • );CA[8]-PP(O);

presence of p-tert-butylcalix[4]arene suppresses the degradation more effective especially at
higher dose (40-100 kGy). The possible stabilization mechanism is that the calix[4]arene
reacts with peroxy radical of PP chain and turned to a stable radical (I) which was stable
enough and could not react further with PP chain.

ROO +
(R\RO )

ROOH +

From the ESR spectra of y-irradiated p-tert-butylcalix[4]arene, the signal remained with
higher intensity for a long time. This indicates the presence of stable phenolic radicals
resulting from calix[4]arene.

Within the dose range (< 1000 kGy) applied, no change of calix[4]arene backbone was
observed by IR, MS and 'HNMR spectra before and after irradiation. This shows the structure
of p-tert-butylcalix[4]arene can keep stable at dose at least up to 1000 kGy. The hindered
phenols, including BHT, are prone to be structurally changed into quinones ; but p-tert-
butylcalix[4]arene is more resistant to irradiation. At higher dose rate (4.0 X103 kGy/h) and
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dose the calix[4]arene begins to be destructed with the change of IR spectra. Thus the stability
of p-tert-butylcalix[4]arene may partly account for the radiation stabilization of polypropylene
especially at higher doses.

The calix[4]arene is subjected to analysis of mass spectra before and after irradition. At
lower dose rate (6.5 kGy/h) the maximum peak indicated only presence of molecular ion m/e
649; whereas M+104 was observed at 4.0 X103 kGy/h and 2.0 X 104 kGy. The separation from
the irradiated sample provides compound II, whose structure is in line with the reported
literature18. Based on the observation the mechanism is proposed as follows:

HjC-t-CHs

m/e 648 (M-1)

,-CHj

m/e634(M-1S)

• CH> + Ph* CHi-Ph

m/e 592 (m-57)

•ChtPtl * H-
m/e 92

L-»*CH2Ph + H-
m/e 91
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Ilia + .CHjPh

mte 753 (M*104)

2.Storage Time
To test the storage stability of polypropylene containing calixarene after irradiation in air, the

variations of tensile strength at break and elongation at break were traced within four months
as shown in Fig. 5 and Fig.6.

ro 5 0 -

0 1 2 3 4

"~ Storage Time/month

Fig.5 Variation of tensile strength with
storage time in air, 25 kGy
CA[4]-PP(A); CA[6]-PP(B,);
CA[8]-PP(»); BHT-PP(*);

0 1 2 3 4
Storage Time/month

Fig.6 Variation of tensile strength with
storage time in air, 40 kGy ;100 kGy;
CA[4]-PP(A, A);CA[6]-PP(B, • ) ;
BHT-PP(*,O);

At 25 kGy the tensile strength gives no obvious change within the first month except for
CA[8]-PP and then almost remains constant. BHT-PP keeps a continuous decrease in the latter
hree months while CA[4]-PP and CA[6]-PP kept unchanged. The similar tendency was
observed at the dose of 40 kGy. As the dose is raised to 100 kGy, the difference grows wide
among the three samples. CA[4]-PP gives nearly the same result at 40 and 100 kGy, but the
specimen of BHT-PP and CA[6]-PP fall at 40 kGy and at 100 kGy ,they became brittle two
months later and no comparing data were obtained.

Thus CA[4]-PP stands out among the samples investigated at two different doses. At higher
dose the effect brought by the presence of calix[4]arene becomes more obvious. At lower
dose (25 kGy) calix[6]arene shows better degradation-resistant than BHT in the latter stage
after irradition.
3. Thermal Properties

The thermal stability of the irradiated samples with different stabilizers can be understood
by TG analysis. Generally, decomposition temperature decreases gradually
with dose due to the chain scission induced by radicals. The sample containing CA[4] gives a
relatively higher decomposition temperature. For instance, at dose of 25 kGy, CA[4]-PP
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decomposed at 327"C compared to 306"C for PP and 320°C for BHT-PP respectively. This
may indicate that CA[4] in the polymer functions better to suppress scissions caused by the
irradiation than BHT.

In the DTA experiment there was little difference in melting points among PP with and
without additives in air. In all cases , melting points decreased with irradiation dose. The trend
is in accord with the documented results19. However, with dose of around 40 kGy CA[4]-PP
began to melt at temperature 4~8 °C higher than PP; no change was observed in BHT-PP and
CA[8]-PP, suggesting better stabilizing effect in CA[4]-PP.

CONCLUSIONS

1. The g-radiation stabilization effect on polypropylene was increased in the order of CA[4]-
PP > CA[6]-PP~ BHT-PP > CA[8]-PP in air or in vacuum at ambient temperature. The
additive effect of the calix[4]arene is almost maintained in the dose range of 40-100 kGy;
however, that of BHT is not so evident in the same dose range.
2. PP is stabilized more efficiently in the presence of the calix[4]arene at higher dose than with
BHT, calix[6]arene and calix[8]arene. The stability of p-tert-butylcalix[4]arene against
irradiation up to at least 1000 kGy was observed. The better inhibiting effects at higher dose
seem to be attributable to the durability of the calix[4]arene skeleton.
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Effect of Crosslinking and Grafting by 60Co- Y -ray Irradiation

on Carbon Black/Polyethylene Switching Materials and

Fluoride Resin System in self-regulating Heating Cables

ZHANG Zhiping, WU Yiming, Luo Yanling, WANG Jikui

( East China University of Science and Technology)

ABSTRACT

A new kind of PTC (positive temperature coefficient) conductive

composite and its appliance switching, self-regulating heating cables, for

organic polymer alloy filled with carbon black was studied and developed

in this paper. The conductive mechanism and the dependence of

resistivity on temperature of this system was shed light on, and a new

view on PTC effect was set up. Power adjustion coefficient was proposed

as a parameter for representing the self-regulating properties and aging

life. The relationship between structure and properties was investigated

by using several measurement means such as differential scanning

calorimetry (DSC), wide angle X-ray diffraction (WAXD), small angle

X-ray scattering (SAXS), dynamic properties, torque analysis and so on,

and the experimental results were fully explained.
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Experiment

A mixture of powder or tablet was prepared by mixing low density

polyethylene (LDPE) and carbon black powder[2]. The graft

copolymerization of acrylic acid on polyethylene by a irradiation of

gamma-ray (3 X 106rad) under atmosphere has been studied. Both radicals

and peroxides which were produced during the irradiation in a

atmosphere [1].

LDPE/Acrylic-g-PE blends containing 2.5% acrylic-g-PE were

prepared. Prior to blending . Mixing of materials was carried out in the

Haake Rheocord system40 with mixer Rheomix operated at 60 rpm and

180±5°Cforl0min.

The required torque for mixing was recorded. The blends produced

were pressed into 1-mm-thick sheets by hot press. The resistance of the

conductive polymer composites as a function of temperature was

measured by a multimeter and a programmable oven.

Results and Discussion

Polyethylene(PE) can be crosslinked by irradiation, While irradiation

crosslinking takes place at room temperature. The effect of crosslinking

and polar Grafted PE on resistively-temperature curve in show on in FIG

1-6, For a corsslinked PE containing conductive carbon black which does

not interfere with the crosslinking reaction. As can be seen, the PTC
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intensity (resistivities ratio peak to temperatures) is only slightly

decreased. After irradiation, The degree of crosslinking in the range

studied has no practical effect on the peak temperature and on the melting

cure(120oC-140°C). The grafted polyethylene by irradiation . The results

are same as crosslinked polythlene.

The relationship between conductivity and structure such as crystalline

and large size effect of aggregate structure was first explored by DSC,

WAXD and SAXS. This data for LDPE/g-LDPE/CB composite out

different Annealing temperatures is very importance, FIG 12. The paper

points out that not only crystallinity, but lamellar size and long spacing

aslo have an important effect on PTC characteristic. Differential scanning

calorimetry (DSC) thermograms of PE/g-PE at different annealing

temperatures in FIG 7. SAXS Spectra in FIG 8-9. Resistivity and WAXD

spectra after 3000 hr working in FIG 10,11.

The factors effecting aging and long stability were investigated, and

the relationship between power of cables and temp, was studied, and

power adjustion coefficient was presented as a parameter to describe the

aging life.

PTC characteristic of a new organic polymer alloy filled with CB

system was fully studied, such as "stwitching performance(PTC and NTC

effect)", reversibility, current-voltage character, power-surrounding

temperature curve and time constant and the like, FIG13.
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By adding a modifier to crystal fluoride resin alloy, the basic resin is

gained, which filled with carbon black set up the compound system. By

studying the PTC characters in various conditions of this system.

Conclusions

It has been shown that conductive polymer composites produced by hot

compaction of a mixture of LDPE / g-LDPE and carbon black are PTC

materials. The graft copolymerization of acrylic acid on polyethylene by

a irradiation of gamma-ray is comfortably in this system. The PTC effect

in this system is a result of the polymer volume expansion caused by

melting of the crystallites. In addition, these PTC materials are stable.

* A/PE polar grafted polymer

B/PE non polar grafted polymer

C/PE weak polar grafted polymer
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Electron Beam Decomposition of Vaporized Chloroethenes in Air

T. Hakoda. G. Zhang* and S. Hashimoto
Takasaki Radiation Chemistry Research Establishment, Japan Atomic Energy Research

Institute, 1233, Watanuki, Takasaki, Gunma 370-1292, Japan
* China Nuclear Information Institute, P.O. Box 2103, Beijing 100037, China

Abstract-Decomposition of vaporized chloroethenes in air by electron beam (EB) irradiation
was examined in order to get information on purification of industrial off-gas. Model gases,
which contained each chloroethene at a concentration of 300 ppmv, were sealed into glass
vessels and irradiated with EB. The G-values of decomposition, which could be calculated
from initial reduction of the concentrations, were larger in the order of tetra- > tri- > trans-di-
> cv'.v-dichloroethylene. Trichloroacetyl chloride and dichloroacetyl chloride were identified as
main products in tetrachloroethylene/air and trichloroethylene/air mixtures, respectively.
Carbondioxide, CO and phosgene were also identified as products. The products except CO
could be removed from the gas phase after treatment of alkaline solution (0.01 M, NaOHa</).
The G-values of decomposition for tetrachloroethylene and trichloroethylene was examined
under different initial concentrations.

INTRODUCTION
Volatile organic compounds (VOCs) released in the atmosphere from various industrial

processes have caused a serious and large scale environmental contamination. Several kinds
of VOCs are very harmful to human health because of carcinogenic and mutagenic effects.
The Environmental Agency of Japan has recently evaluated toxicity of various air pollutants
including VOCs to reduce the discharge from the processes (ref 1). Among air pollutants,
chloroethenes, such as tetrachloroethylene (PCE) and trichloroethylene (TCE), belong to the
substances which have restricted emission levels.

New technologies as well as the developed methods are required to meet the restricted
emission levels. Electron beam (EB) irradiation has been proposed as the new technology for
treating VOCs (ref 2). Electron beam irradiation has the advantages of being carried out at
ambient temperature and treating the discharge within very shun time

For developing EB treatment of gas-phase chloroethenes. basic information should be precisely

obtained on decomposition efficiencies as well as irradiation products. In the present work,

decomposition efficiencies and products were examined for EB irradiation of chloroethenes at a

concentration of 300 ppmv. The decomposition efficiencies were also examined under various initial

concentrations for PCE and TCE. The decomposition mechanism was discussed on the basis of the

product distribution.

EXPERIMENTAL
All sample gases were prepared by mixing dry air (<1 ppmv CO, <1 ppmv CO, and <1

ppmv CH4) and vaporized chloroethenes. Pyrex glass vessels were used as an irradiation
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reactor (ref 3). The concentrations of chloroethenes in the sample gases were measured by a
gas chromatograph (GC-8A, Shimadzu Seisakusho Co. Ltd.) with FID and a packed column
(BX-20 100/120, GL Science Inc.). The water concentrations in the dry air were measured to
be 200 ppmv by a moisture analyzer (Hygro-3M with D-2 detector, General Eastern Co Ltd.).
The sample gases in the reactors were irradiated with 2 MeV electrons generated by EB
accelerator (3 MV 25 mA max., Cockcroft-Walton type, Radiation Dynamic, INC.) with a
constant beam current of 1.0 mA. The sample gases in the reactors were exposed at dose
ranging from 2.2 to 13 kGy. After irradiation, analysis of residual chloroethenes and products
were carried out. Organic gaseous products were analyzed by the gas chromatograph. Total
carbon (TC) and carbon dioxide (CO2) were analyzed by a total organic carbon (TOC)
analyzer (TOC-5000A, Shimadzu Seisakusho Co. Ltd.).

RESULTS
Figure 1 shows concentrations vs. dose for

chloroethenes at an initial concentration of 300
ppmv. It can be seen from initial reduction of the
concentrations that chloroethenes are more easily
decomposed in the order of PCE > TCE > trans-
dichloroethylene {trans-DCE) > cis-DCE. The
doses necessary to decompose 90 % of PCE, TCE,
trans-DCE and cis-DCE are 2.2, 3.5, 5.7 and 8.0
kGy, respectively.

For EB irradiation of PCE, the changes of
relative carbon concentrations with dose is shown
in Figure 2. The carbon concentration of TC
remains constant up to 13 kGy. No adsorption of
the irradiated products on the wall of the reactors
was observed. After irradiation, organic and inorganic gaseous products are usually formed as
products for EB irradiation of VOCs in air. The relative carbon concentration of organic
gaseous products, which are shown in Figure 2, was obtained from the difference between TC
and IC concentrations. The relative concentration of organic gaseous product sharply
increases at dose ranging from 0 to 4.4 kGy and gradually decreases at dose ranging from 4.4
to 13 kGy. The concentration of IC linearly increases with dose and reaches 22 % at 13 kGy,
while PCE is almost completely decomposed at 4.4 kGy This indicates that organic gaseous
products formed in low dose irradiation were decomposed into IC with further oxidation. The
product measurements by the GC and the TOC-analyzer indicated significant amount of
trichloroacetyl chloride (TCAC) and phosgene (COCK) as organic gaseous products in
addition to CO2 and CO as inorganic gaseous products. For TCE, dichloroaetyl chloride
(DCAC) was identified as a main product and phosgene, CO2 and CO were also identified. By
addition of alkaline solution (2.0 ml, 0.01 M NaOH), TCAC, DCAC, phosgene and CO2 could
be completely removed from the gas phase.

4 6 8 10 12 14
Dose (kGy)

Figure 1. Concentrations vs. Dose for

EB irradiation of chloroethenes
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The model gases containing PCE and TCE at concentrations ranging from 200 to 1,800
ppmv were irradiated with EB to examine the initial concentration dependency of
decomposition efficiencies. The concentrations vs. dose are shown in Figure 3. The doses
necessary to decompose 90 % of initial concentrations for PCE were calculated to be 2.1, 3.2,
3.9 and 5.4 kGy at an initial concentration of 300, 600, 900 and 1,800 ppmv, respectively,
while the doses for TCE had a constant value of 3.6 kGy at initial concentrations ranging
from 300 to 1,800 ppmv.

~ 2000

2 4 6 8 10 12 14

Dose (kGy)

Figure 2. TOC and IC concentrations

for EB irradiation of PCE
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0 1 104 6 8
Dose (kGy)

Figure 3. Concentrations vs. dose for PCE

and TCE under different concentrations

DISCUSSION
G-values of decomposition

Effect of molecular structures
In order to quantitatively evaluate decomposition efficiency of chloroethenes, G-

values of decomposition were calculated from initial reduction of the concentrations at dose
ranging from 0 to 2.2 kGy. The values for PCE, TCE, tram-DCE and cv.v-DCE were
calculated to be 45, 36, 24 and 15, respectively. The G-values of decomposition shows a
tendency to increase with the number of chlorine in a molecule. Even the same number of
chlorine, G-values of decomposition are different between geometrical isomers of DCE; the
value of trans-DCE is 1.8 times as large as that of cv.v-DCE.
Effect of initial concentrations

For PCE and TCE at initial concentrations ranging from 200 to 1,800 ppmv, G-values
of decomposition can be calculated from initial reduction of the corresponding
concentrations in Figure 3. Figure 4 shows G-values of decomposition vs. initial
concentrations. The G-values of decomposition for TCE linearly increase with the initial
concentrations. The values for PCE increase more rapidly than those for TCE at less than
700 ppmv and seems to have the saturated value at more than 700 ppmv.
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Decomposition mechanism for PCE and TCE
Electron beam irradiation of air produces

OH, HO:, O, N and H radicals and ozone
molecules as oxidizing species. Hydroxyl
radicals are dominant oxidizing species attacking
chloroethenes because of large reaction rate
constant with chloroethenes and no large
difference in formation of these oxidizing species
(ref 4). The reaction of OH radicals with
chloroethenes is supposed to be the initial step of
the decomposition reactions. The G-values of
decomposition for chloroethenes have larger
values than that of formation of OH radicals,
which is reported as 4.2 (ref 4). The large values
can be accounted for by Cl radical chain

decomposition (ref 2, 3). Hydroxyl radicals react with chloroethene molecules to produce Cl
radicals through several reactions. The resulting Cl radicals can react with chloroethene
molecules and cause decomposition of the molecules and reproduction of Cl radicals. Tri- and
dichloroacetyl chloride, CO2, CO and phosgene, which were observed in the present
experiment, are produced through Cl radical chain decomposition. The increase in G-values
of decomposition with the initial concentrations can be accounted for by the chain length in
the chain decomposition. Large initial concentrations of PCE and TCE can enhance the
possibility of the reaction of Cl radicals with PCE and TCE molecules and would
consequently increase the chain length and G-values of decomposition. The G-values of
decomposition for PCE don't linearly increase with the initial concentrations and seems to
reach a certain value. It is concluded that decomposition of PCE has the different mechanism
as that of TCE.

0 400 800 1200 1600 2000

Initial concentration (ppmv)

Figure 4. G-values of decomposition vs.

initial concentration for PCE and TCE

Conclusion-The main results of the present work can be summarized as follows:
1) The G-values of decomposition are larger in the order of PCE > TCE > trans-DCE > cis-
DCE at concentrations of 300 ppmv.

2) The G-values of decomposition increase with the initial concentrations of PCE and TCE;
the values for TCE linearly increase with initial concentrations while those for PCE increase
more rapidly than those for TCE in small initial concentrations and have the saturated value in
large initial concentrations.
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1. Introduction

The chemically amplified resist materials are used to make semiconductor devices. Latest

logic LSIs and memories are built with more than millions of transistors and are being produced

with the patterns of smaller than 0.2 microns. Fabricators are trying to make the devices with

smaller sizes to increase core frequencies and to reduce power consumption of the devices. The

latest devices are made with KrF excimer laser lithography. To make more integrated semicon-

ductor devices, it is necessary to employ shorter wavelength exposure sources for the lithogra-

phy. In the near future, higher energy exposure sources such as x-rays and electron beams will

be employed. In the case, the energy of the exposure sources is higher than ionization energy of

resist materials.

Acid generator in the chemically amplified resist generates acid by the exposure, and the

resist solubility to alkali developer is changed by the acid catalytic chain reactions. Photochem-

istry of the acid generator such as onium salts have long been studied by many researchers (ref

1-5). In contrast, understanding of the radiation chemistry of the acid generation was completely

missing. This work was performed to clarify the radiation-induced acid generation reactions of

the onium salt acid generator.

2. Experiments

The solutions of triphenylsulfonium triflate (Ph3S
+CF3SO3-: TPS-Tf) in acetonitrile were

irradiated with electron beams. Nanosecond time resolved absorption spectroscopy was done

with L-band linac (28 MeV) of Osaka university. The samples were irradiated after Ar bubbling

at room temperature. Products from onium salt decomposition were analyzed with high perfor-

mance liquid chromatography (HPLC) and pH meter after 3 MeV electron beam irradiation

from Van de Graaff accelerator.

- 2 1 5 -



JAERI-Conf 2000-001

3. Results and Discussion

To quantitatively analyze acid generation reactions from onium salt acid generator, we

performed product analysis after electron beam irradiation. The products observed after electron

beam irradiation of TPS-Tf (10 mM, 50 mM, 100 mM) in acetonitrile were diphenylsulfide, o,

m, p-phenly(thiobiphenyl)s, phenyldisulfide, benzene, biphenyl, acetoanilide and acid. The main

products were acid, diphenylsulfide and benzene as shown in Figure 2, and other products were

observed with a little amount. Phenyl(thiobiphenyl)s were in-cage recombination products pro-

duced by decomposition of onium salts through excited states as shown in reactions 2-4 in

Figure 1. From these reactions, acids are also generated. The yield of the phenyl(thiobiphenly)s

were overwhelmingly low (<1%) comparing to diphenylsulfides (>99%).

By decomposition of onium salts through excited states, cation radical of diphenylsulfide

is formed. The yields of the cation radicals which are escaped from solvent cages shown in

reaction 1 were determined from nanosecond pulse radiolysis experiments. The G-value of

phenlysulfide cation radical (Reaction 1) for 10 mM TPS-Tf solution was 0.04. This value is

quite low in total acid generation (Figure 2).

On the other hand, onium compound is known to scavenge an electron and generate an

acid (ref 6, 7). As shown in Figure 3, anionic species (k^ = 1450 nm) observed after electron

beam pulse irradiation of acetonitrile were effectively scavenged by addition of sulfonium salts.

Through Excited States of Sulfonium Salts

Ph2S+ + Ph- + X*
cage-escaped

RH

9 ho mo lysis

hetero lysis

Ph3S
+X-

(RH: Solvent)

Through lonization of Matrix

ionizalion

Ph2S-+ + Ph- + x~
in-cage

^ electron transfer

Ph,S + Ph+ + X'
in-cage

I
Ph2S + Ph+ + X" -

cage-escaped

RH

Ph2S + PhH +H+X" (1)

o-PhPhSPh + H+ X" (2)

m-PhPhSPh + H+X" P)

p-PhPhSPh + H+ X" (4)

Ph2S + PhR + H+ X" (5)

+ RH-+
RH

Ph3S
+X"

RH-- or em

electron scavenging
Ph2S + Ph- + X"

e" + R- + RH(H+)

RHKH+)

(6)

Ph2S + PhH + H+X" (7)

Figure 1. Acid generation reactions from sulfonium salts.

- 2 1 6 -



JAERI-Conf 2000-001

The reaction rate of electron scavenging was a diffusion rate of 3.3 x 1010 ŝ M"1. This decompo-

sition of an onium salt by one electron reduction can be one of the acid generation reaction. The

electron and cation radical pair is formed by ionization of a matrix, expressed by reaction 6. The

electron is scavenged by onium salt following an acid formation as reaction 7.

From the yields of the products and intermediates, each reaction ratios (Figure 1) were

estimated for 10 mM TPS-Tf solution in acetonitrile. These results support our estimation that

the main path of acid generation induced by ionizing radiation is the onium salt decomposition

through the ionization of matrices (reactions 6, 7) (>95%). The paths through excited states

(reactions 1-5) contribute less to the acid generation (<5%). Contribution of in-cage reactions

(reactions 2-4) to the radiation induced acid generation was less than 1%, while photo initiated

acid generation was mainly due to in-cage reactions (>60%).
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SYNOPSIS

A microemulsion system composed of butyl acrylate (BA) and water
with the mixture of sodium 12-acryloxy-9-octadecenate (SAO) and
octylphenoxypoly(ethoxyethanol) (OP-10) as emulsifier was initiated by
y-ray at room temperature to polymerize and produce microporous
polymeric materials. The morphology and swelling characteristics of the
resulting polymeric materials were studied. It was found that they depend
strongly on the composition (water content, crosslinker content,
emulsifier content) of the precursor microemulsions. In addition, the
swelling properties of polymer so prepared were also found to be
sensitive to the pH of the swelling medium. The change in swelling
behaviors of the polymeric materials is discussed in terms of the
polyelectrolyte effect exhibited by polymerized anionic emulsifier SAO.

Keywords: bicontinuous microemulsion polymerization • microporous
polymer • morphology • swelling • polymerizable emulsifier

INTRODUCTION

The microstructure of a microemulsion depends on the composition of
the system, e.g., water-in-oil (w/o) droplets at lower content, oil-in-water
(o/w) droplets at higher water content, and a bicontinuous structure at
intermediate water content. The polymerizations in w/o and o/w
microemulsions have been extensively investigated and they have also
been successfully used for preparing nanoparticles of polymers as well as
inorganic compounds]"3. However, interest in polymerization of
monomer-containing bicontinuous microemulsion has been relatively
fewer.

* To whom all correspondence should be addressed.(E_mail: xlxu@ustc.edu.cn)
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Porous polymeric membranes could be produced by phase inversion
from polymer solutions 4 and polymerization of concentrated emulsions 5.
Much work has been done based on these two methods. It is known that
the precise control of the pore size of membranes is not easy because
even a slight fluctuation of the processing conditions might lead to a
broad distribution of pore size. Published work in the polymerization of
bicontinuous microemulsions indicates that this method is a potential
route for preparing porous polymeric materials 6"9.

The so formed polymeric materials may find potential applications in
the separation technology 10' n . Further, this technique could have
significant technological importance because it utilizes the
microstructure existing in bicontinuous microemulsions to form the
membranes in a one-step organic solvent-free process starting from
monomer(s)12.

In order to alleviate the occurrence of phase separation during the
course of polymerization, fast polymerization rate and low
polymerization temperature are required though not very critical. Both
conditions are fulfilled by using a suitable initiation mechanism such as
y-ray initiation. In our work SAO is a polymerizable anionic emulsifier,
its introduction is expected to have some important effects on the
properties of polymer, e.g., swelling.

The factors that affect the morphology and swelling behaviors of
porous polymeric materials so prepared were investigated.

EXPERIMENTAL

Materials
Butyl acrylate (BA) from Dongfang Chemical Factory was distilled at 10
mmHg to remove inhibitor and stored at -10 °C. Pentaerythritol
tetramethacrylate (TMPTA), sodium 12-acryloxy-9-octadecenate (SAO)
and octylphenoxypoly(ethoxyethanol) (OP-10) were used as received
from Shanghai Chemical Reagent Co. (China). NaOH and HC1 were
analytically pure.

Preparation of monomer microemulsion
Monomer microemulsion could be produced as follows:
The monomer, emulsifiers and distilled water were firstly mixed together:
A crosslinker TMPTA was also added into some samples. Then while
stirring, the aqueous solution of NaOH was added dropwise, till the
system suddenly turned clear. SOA to OP-10 ratio was maintained at
3/2.The pH values for all the microemulsion samples were 7.0-9.0.
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Polymerization
After bubbling with nitrogen gas for 30 min, each samples were
sealed ,and then polymerized in the field of a 2.59 X 1015Bq 60Co y-ray
source. The radiation polymerization was carried out for 10 hours at
room temperature.

The polymerized sample was cut into small pieces, and washed with
methanol and water to remove unpolymerized monomer and emulsifier,
then dried in a vacuum oven to a constant weight. The temperature was
always kept below 50 °C during the purification and drying to ensure that
the conformation of the sample was not changed.

SEM
The surface morphology of the polymeric materials was examined under
a Hitachi 11-800 Scanning Electron Microscope(SEM) with an
accelerating voltage of 25 KV. The samples were first frozen in liquid
nitrogen and then fractured mechanically.

Swelling measurement
The samples were swelled in distilled water or aqueous solutions having
various pH values controlled by NaOH or HC1, at room temperature.
Periodically they were removed from swelling medium, blotted lightly to
remove excess surface water and weighed. The extent of swelling was
evaluated as the percentage of increase in weight of the polymer samples
due to absorb the swelling agent relative to the weight of the dried
polymer sample prior to swelling.

RESULTS AND DISCUSSION

Effect of water content

The effect of water content in the precursor microemulsion on the
morphology of polymeric materials formed after polymerization is
illustrated by the SEM (Figure 1). It was showed that the porosity of the
polymer increased with the increase of water content. The open-cell
pores emerged, e.g., Figure l(c). The similar results have also been
observed in other system as reported in the literature 12> 13. Polymerization
bicontinuous microemulsions will lead to formation of open-cell
structure. The pores or voids in the polymer were believed to be the
water-filled spaces between the incompletely coalesced aggregates.

The sizes of the pores as observed by Figure l(c), were about l-Tum
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These pore sizes are considerably larger than the sizes of microstructure
expected in precursor microemulsion. This may be due to the occurrence
of phase separation during polymerization.

(a) (b)

(c)

Figure 1 SEM micrographs of the polymer samples obtained by polymerizing

microemulsions having the same BA:SAO:OP-10 ratio of 10:3:2 and different

water contents (a) 17.7wt%; (b) 25.6wt%; (c) 32.2wt%.
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Effect of crosslinker content

When the crosslinker was added to the microemulsion with the same
composition as that of the sample shown in Figure l(b), the change in
morphology of polymer was remarkable (Figure 2). With the increase of
crosslinker content from 0 to 4wt% based on the weight of BA, the pore
size decreased while the number of pores increased. It was clearly
showed that the extent of swelling of polymer decreased sharply after
addition of cross! inker into the precursor microemulsion (Figure 3).

The distribution of the pore size was found to be narrower, for
instance, ca. 0.5-1.5u.m in Figure 2(b). Smooth surface was also
observed after addition of crosslinker, and the smoother surface appeared
at higher crosslinker content. These results may be attributed to the
alleviation of the occurrence of phase separation during polymerization
of crosslinker-containing microemulsion. It is believed that the oil-water
interfaces of the bicontinuous microemulsions are flexible and
fluctuating and they can easily undergo deformations. It has been
reported that the bicontinuous structure was difficult to be preserved
during polymerization 14' 15. The crosslinker was added to help shorten
the gelation time and minimize the rearrangement of the microstructures
of microemulsion during polymerization. Also, addition of crosslinker
helps increase the mechanical strength of the polymeric materials.

(a) (b)
Figure 2 SEM micrographs of the polymer samples obtained by polymerizing
microemulsions containing various crosslinker TMPTA contents (a)1.0wt%; (b)
4.0wt% based on the weight of monomer(BA).
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Figure 3 results of swelling
measurements for the polymer
samples from precursor
microemulsions having the same
BA:SAO:OP-10:H2O rate of 10:3:2:5
and the various crosslinker (TMPTA)
contents.

Figure 4 results
measurements for
samples from
microemulsions with

of
the

swelling
polymer

precursor
the various

contents of a combined emulsifier
(SAO and OP-10). The rate of BA to
H2O was fixed at 2/1.

Effect of emulsifier content

The swelling of the porous polymer was studied as a function of the
emulsifier content of the precursor microemulsion in distilled water
(Figure 4). As the emulsifier concentration increased, the extent of
swelling of polymer was found to increase. It was more obvious for
emulsifier content above 24.3wt%.

This can be explained by the polyelectrolyte effect, exhibited by
polymerized SAO, which has been widely investigated 16. The carboxyl
groups of SAO incorporated into the polymer matrix become ionized in
water. The ionization causes mutual repulsion between the ionized
groups. It helps the polymeric network to swell in water. The more SAO
was incorporated into the polymer matrix, the more obvious the
polyelectrolyte effect was.

This kind of polyelectrolyte effect exhibited by SAO was also
consistent with the results of swelling measurement (Figure 5). With the
increase of the pH of the precursor microemulsion from 7.0 to 9.0, the
extent of swelling of polymer was obviously increased. This is easy to
understand since the carboxyl groups of polymerized SAO had been
partly ionized in the precursor basic microemulsion.
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Figure 6 effect of pH of the swelling
medium on the swelling behavior of
the polymer from a precursor
microemulsion having a
BA:SAO:OP-10:H2O rate of
10:3:2:5.

Time (mm)

Figure 5 results of swelling
measurements for the polymer
samples were obtained from
precursor microemulsions having the
same BA:SAO:OP-10:H2O rate of
10:3:2:5 and pH ranging from 7.0 to
9.0.

Effect of pH of the swelling medium

It was found the swelling behavior of the polymer material was sensitive
to the pH of the swelling medium (Figure 6). When the swelling medium
was alternated between base 0.1M NaOH aqueous solution and acid
0.1M HC1 aqueous solution, the polymer sample swelled and shrunk
respectively. This may be due to the fact that: the unionized carboxyl
groups of polymerized SAO were ionized in basic aqueous solution and
the resulting mutual repulsion between the ionized groups caused the
polymer to swell; but in acid aqueous solution the ionized carboxyl
groups were neutralized by HC1 and the created mutual repulsion
between the ionized groups disappeared, then the polymer network
shrunk and lost some part of water which had been absorbed from basic
aqueous solution. This result is also consistent with our early discussion
about the polyelectrolyte effect in distilled water.

CONCLUSIONS

Microporous polymerized materials could be successfully prepared by
radiation polymerizing microemulsion of BA. The SEM observations
indicated that the morphology of the porous structure in the polymer
could be easily varied by variation of the compositions (water content,
emulsifier content) of the precursor microemulsion. The porosity of the
polymer increased with the increase of water content. After the addition
of a crosslinker TMPTA, the pore sizes of the polymer decreased while
the number of pores increased. Also, the addition of crosslinker caused
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the narrower distribution of pores sizes and the smoother surface.
The swelling behaviors of the final polymeric materials were

significantly affected by the introduction of polymerizable anionic
emulsifier SAO. The swelling characteristics of the polymer increased
with the increases of the emulsifier content, the pH values of precursor
microemulsion and the pH of swelling medium.
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Reaction Kinetics of Irradiation Prepolymerized

MMA-PU IPN By 5DXC FTIR

WU Yiming ZHANG Zhiping Luo Ning

(Institute of Material Science & Engineering, East China University of

Science and Technology, Shanghai 200237, People's Republic of China)

ABSTRACT

The reaction kinetics of irradiation-prepolymerized MMA-PU

(polyether) IPNs have been studied by FTIR. The results indicate that the

polymerization of each component in the IPN follows its normal distinct

reaction mechanism with no mutual interference. Increasing the

concentration of TMPTAM (crosslinking agent of PMMA) increased the

formation rate of PMMA, While the formation rate of PU networks

remained almost the same. Increasing the concentration of TMP

(crosslinking agent of PU) increased the formation rate of PU, While the

formation rate of PMMA networks decreased. The formation rate of PU

was obviously faster than that of PMMA. A theory for the cage effect of

the PU network has been proposed.
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Experiment

Precisely weighted amount of various reagents were mixed thoroughly

by ultrasonic wave. The mixture was cast into a mold made by two glass

plates, sealed with rubber, and polymerized by Co60-y radiation at

appropriate radiation does and does rate, and then put in a oven at 100°C

for4h.

Materials:

poly (propylene oxide) with ethylene oxide (PPO-EO) ,

4,4'-Diphene methane diisocyanate (MjM),

stannous octoate (OCSn)

Trimethylol propane (TMP)

Methyl methacrylate (MMA)

Trimethylol-1,1,1 -propane trimethacylate (TMPTMA)

Instrument:

Nicolet 5DXC FTIR, America Nicolet instrument company Fourier

transform spectrometer

Results and Discussion

Macro editor is Nicolet 5DXC FTIR Spectrometer system was used

for the study of reaction kinetics of PU and IPN. The good features of the

study are easy operation, accurate measurement of time and species

concentration, as well as efficient works. It is suitable to study the

polymerization, which was completed only within several minutes. The
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reaction order of polyurethane bulk polymerization was found to be 2

below a specific reaction extent which is depended on the nature of the

catalyst. The absorption peaks at 2280cm"1 was chosen as the

characteristic absorption o TDI or MDI. The intensity of both peaks

showed a gradual decrease with the polymerization of each component

(FIG1)

The relationship between the conversion ratio ( a ) and the

concentration of monomer ( c) can be expressed as

a =(C0-C)/ Co

Where Co is the initial concentration of the monomer at time t̂  A linear

relationship as shown in FIG 2, FIG 5. The rate constants can be

determined from the slopes of the plot.

From FIG 3-4 and Table 1 ,The activation energy for the reaction can

be calculated, the value is 26.6 KJ • mol"1.

The activation energy increases from 26.6 KJ • mol"1 for individual PU

to 48.5 KJ • mol"1 for PU in the IPN. The activation energy increases from

50.9 KJ • mol"1 for individual MMA to 60.5 KJ • mol'1 in the IPN,
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cm"1 I

FIG 1 the absorption peak decreased

as the reaction proceeded MDI at 2280cm"1

20 60
Time (min)

100

Fig. 2 Conversion of NCO in PU versus time. TMP/(poly-
cthcr + TDI) = 3/IOO; OcSn = 0-25%. Reaction temperature

(SC): « , 60; O, 70; A, 80; A, 90.

40 60
Time (min)

100

'r'g- 3 a/C — a) °r NCO in PU versus time. Reaction tem-
perature (°C): • , 60; O, 70; A, 80; A, 90.

Fig. 4 In A- of NCO in PU versus \/T.

?0 100'.O 60
Time (min}

Fig. 5 . Conversion of NCO in IPN versus time. PU/PMMA
50/50; TM1'TMA/MMA = 3/100; TMP/(po!yether + TDI)
3/100; OcSn = 0-25%; AII3N = 0-5%. Reaction temperature CC

« , 60; O, 70; A, 80; A. 90.

- 2 2 9 -



JAERI-Conf 2000-001

TABLE 1. Reaction rate constants and activation energies for individual
PMMA and PU networks

Reaction
temperature

60
70
80
90

4
6
1
1

Reaction

PMMA
Is"1)

•20x 1 0 ' 5

85 x10~ 5

•03 x 10-"
•62 x 10"4

rate constant

PU
(litre mor 's" ' )

M 8 x 10"3

1 -35 x 10"3

208 x 10"3

2 57 x 10"3

Activation
(kJ mol

PMMA

509

energy

PU

26-6
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Irradiation effect of polypropylene in the sterilization

Wang ying, Fumio Yoshii* and Keizo Makuuchi*
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Beijing 100875, Beijing China
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ABSTRACT

In the present study, the effect that the compatibilizer of two grades of Hydrogenate

Styrene / butadiene rubber ( HSBR ) were studied in detail. It is found that the radiation

resistance of HSBR* (supplied Sythetic Rubber Co..Ltd.Japan) has a better compatibilition

effect than HSBR# (supplied Shell Chemical). We also studied the influence of smaller

amount compatabilizer with ppl (pellets) and ppl# (powder) blends on the tensile strengh and

the elongation at the break of after irradiation, The results indicated due to the pellets of pp 1

contaning antioxidant, it was added 1 wt% HSBR* in to ppl that can remarkably enhancing

the radiation resistance, The reason might be synergy co-operative effect between antioxidant

and compatibilizer.

KEYWORDS

polypropylene; compatibilizer; mechanical strength ;HSBR; blends;

INTRODUCTION

It is well-known, polypropylene has higher transparency, good surface hardness,

resistance of grind and lower cost, so often are used as a materials of medical supplies.

Gamma irradiation is widely used for the sterilization of medical devices, such as syringes,

catheters, blood transfusion sets, dialyzers for artificial kidney machines etc,[l] polypropylene

(pp) solid materials undergo oxidation during and after radiation treatment for radiation

sterilization of medical supplies, this radiation-induced oxidation causes remarkble

degradation of mechanical properties such as elongation at break (Eb)[2). In order to enhance

the radiation resistance of pp, a large amount of work has been carried out on the radiation

polypropylene[V5]. It has been proved, the compitibilizer as Hydrogenated styrene / butadiene

rubber ( HSBR) can prevent from degradation polypropylene.[6] Because of the compatibilizer

This work was supported by bilateral scientific research items China and Japan .
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high cost, it is necessary to study the effect of irradiation by addition smaller amount

compatibilizer.

EXPERIMENTAL

1. Materials

Polypropylene (MFR:1) and copolymer of polypropylene containing 2.5% ethylene

obtained from Chissco Corp. Co. Japan. Polypropylene pellets (MER:1) containing

antioxidant. Two kinds of compatibilizer were Hydrogenate Styrene / butadiene rubber

1320p (HSBR*) and G1657 (HSBR#) that produced by synthetic Rubber Co.Ltd. Japan and

Shell Chemical.

2. Preparation of sample

cpp / comprpatibilizer and ppl/ compibilizer blends prepared by Labopastomill at 200

and 210°C for 8 min the sheet sample obtained by blends sample under pressure of 150 kg

/cm2 at same temperature and using spacer 0.5 mm after preheating for 3 min. The samples

immediately cooled between too plate of cold press at about 20°C, then prepared by Dumb

bellASTM-1822-L

3. Irradiation

The samples were irradiated at various dose from 10 to 80 kGy by gamma rays, using

dose rate of 10 kGy / hr.

4. Evaluation of radiation resistance

The mechanical properties of samples evaluated by tensile strength (Ts. Mpa) and

elongation at break (%). The samples were measured by a toyoseikistograph-Rl. The tension

speed used was 100 mm / min, Altogether seven samples were used for tensile tests and

average of five data (the maximum and minimum data being discarded ) was taken as the

resultant value for the Ts and Eb.

RESULTS AND DISCUSSION

1. Mechanical properties of radiation resistance and stability

After gamma-rays irradiation, the results of cpp / HSBR* and cpp / HSBR# blends

are shown in fig 1. And fig. 2, it can be seen that effect of two kinds of products of

compatibilizer is differece, cpp with 10 wt% HSBR*, the Ts and Eb was maintained almost

constant until 80 kGy ,in other case, it is added 10 wt% HSBR# into cpp, the Ts (Mpa) and Eb

(%) value immediately decline towards to 0, is shown in Fig Land Fig 2. (b), this results

indicated cpp / HSBR* blends that radiation resistance is more stable than cpp / HSBR#
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blends. Figl .and fig2. also shows obvious change in critical dose, below this dose, the Ts and

Eb slowly decline with increase irradiation dose, over critical dose , curve shows directly

decline .this results shows that concentration of comatibilizer below 6 wt% can not be

effective for inhibition of radiation degradation.

50
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Fig.l. effect of irradiation dose on the Ts of cpp /HSBR*(1320p) and cpp / HSBR# (G1657) blends
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Fig.2. effect of irradiation dose on the Eb of cpp / HSBR*(1320p) and cpp / HSBR# (G1657) blends
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Fig.3. effect of irradiation dose on the Ts of ppi (pellets) / HSBR* and pp IA (powder)/ HSBR# blends

Pure pp irradiated to 50 kGy has no elongation due to degradation by residual radical
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after one week storage, in general, there was a little NA agent was added in the production of

pure pp. ppl (express pellets of ppl, containing a little antioxidant) and pplA (express powder

of pure ppl) samples, Fig.3 and Fig.4 shown the effect of irradiation dose on the Ts and Eb .It

is very clearly known that after addition 1 wt% of HSBR* into ppl, the radiation resistance is

very stable. After irradiation at 80 kGy, the elongation at break is 575%, the Ts value is 32.5

(Mpa), large than pplA with 5 wt% HSBR*. The reason is that pellets ppl contain antioxidant

and it might be cause of synergy effect on blends

1000 . . 1000

I

800

600

200

I

* ppl
O ppl + HSBR'1%
A ppl+HSBR'3%
D ppl+HSBR«5%

800

600

400

200

20 40 60

Dose(kGy)

100

O pplA+HSBR'l%
A ppl*+HSBR'3%
D pplA+HSBR'5%

20 40 60

Dose(kGy)

100

Fig.4. effect of irradiation dose on the Eb of ppl (pellets) / HSBR* and pplA (powder) / HSBR# blends

CONCLUSION

It was certified by these experiments, the cpp / HSBR* blends is more effective

inhibitions to the radiation degradation than cpp / HSBR# blends.The concentration of

compatibilizer below 5 wt%, can not effectively prevent radiation degradation. Pellets of ppl

(containing antioxidant) with HSBR* might be cause of synergy effects.
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Study on the Heat-Resistant EB Curing Composites

Bao Jianwen1, Li Fengmei2, Li Yang1
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Abstract: There are many advantages in the EB-curing process of composites. Heat-

resistant EB-curing composites could substitute for polyimide composites used in aeronautical

engine. The effects of catalyst and dose on the cured resin were investigated. The heat-

resistance of the resin cured by EB was evaluated by dynamic mechanical thermal analysis

(DMTA). The experiment result shows that the mechanical property of the composites cured

by EB could meet the needs of the aeronautical engine in 250 °C.

Key words: electron beam curing composites Epoxy heat-resistance

INTRODUCTION

Many aeronautical engine parts were manufactured with polymer matrix composites to

improve its performance ('!. Generally, the lowest in-service temperature of engine parts is 250

°C, so the epoxy and BMI matrix composites could not meet the need. At present, the

composites used in aeronautical engine is polyimide(PI) matrix composites. But the PI

composites is fabricated under the condition of high temperature and high pressure, and some

small molecule was generated during the curing of PI resin, so those will effect the process

and the property of the composites. In addition, the hazardous raw material was used in the

most of the PI resin. In order to avoid these disadvantages of PI composites, we hope to

replace the PI composites by EB curing heat-resistant composites.

EXPERIMENTAL

1.Manufacturing and curing of resin: The initiator was added to the phenolic epoxy resin

(F46) that has been heated to 80-100°C. The resin was cured by EB, and the cured resin was

used to evaluate the curing degree and other physical properties. Beijing Normal University

supplied the EB accelerator. Energy: 5KeV, current: 200 u A, Power: 0.7kW.

2.Manufacturing of its composites: The prepreg was fabricated by solvent method. F46
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epoxy resin and initiator was dissolved in acetone. The stacking sequence is [0]l6. the panel

was treated under vacuum bag pressure at 70-80 °C for 1.5hr. The treated panel was cured by

electron beam. The EB-curing dose was 200kGy.

3.Property Characteristics

FTIR spectra: It were taken in KBr pellets using Necolet 750 FTIR spectrophotometer

Glass translation temperature: MKIII DATA(England Science Rheological Corporation),

ramp rate: 5°C/min, frequency: lHz

Heat decomposing temperature: Du Pont TGA 2100 was used, ramp rate: 10°C/min,

atmosphere: N2, flow rate: 25ml/min Flexural mechanical property: GB3356-82.

RESULT AND DISCUSSION

l.The Thermal Properties of the Cured Resin and Its Effective Factor

The EB curing cationic epoxy matrix composites possesses advantages of low moisture

content, heat resistance and low curing shrinkage, and so on. In order to improve the heat

resistance of the EB curing resin matrix and its composites, the cured resin must has high

degree of crosslinking, and the molecular structure between the crosslinking point must be

rigid. The high degree crosslinking sources from the high epoxy value of the uncured resin,

The F46 possesses the character of heat resistant structure.

Table 1 shows the effect of different initiator and radiation dose on the property of the EB

curing F46 resin. Initiator D10, Dl l , and D12, are triaryl sulfonium hexafluoroantimonate,

triaryl sulfonium hexafluorophosphate, and diaryl iodonium hexafluoroantimonate,

respectively. During the radiation curing of the resin system, the initiator was decomposed to

generate strong proton acid HX that catalyzed the epoxide group opening ring to polymerize

(conforming to the cationic mechanism).'2' 31 The counteranion of diaryliodonium or

triarylsulfonium seriously influences their effectiveness. The effect of counteranion has been

described in literature'2':

SbF6> AsF6" > PF6" > BF4"

The experimental result has shown that the effectiveness of D12 is higher than that of the Dl 1.

Because the acidity of HSbF6 generated by D12 is stronger than the HPF6 generated by Dll ,

the conversion of epoxide group of the resin system initiated by D12 is higher than that of the

Dll initiator, and the heat resistance of the former is better than that of the latter. The

radiation decompose of diaryliodonium initiator is easier than triarylsulfonium, so its
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effectiveness is higher than that of diarylsulfonium initiator.

The radiation dose also effects the properties of the cured resin. For F46 epoxy system

(initiated by D12), the Tg of the cured resin which radiation dose is 150kGy is highest. There

are no obvious increases for the curing degree and the heat resistance of the resin if we

continue to increase the radiation dose.

Table 1 the effects of initiator and radiation dose on the property

Curing degree (% )

Tg C O

Initiator

D10

79.45

227.2

Dll

65.35

144.7

D12

81. 15

238. 1

Radiation dose (

100

75.02

208.3

150

81. 15

238. 1

kGy) (D12)

200

81.3

234.4

300

82. 1

236. 7

Fig.l is the DMTA curve of cured F46 epoxy (initiated by D12). The DMTA curve shows,

though the Tg of the resin is 238 °C, the decrease of its dynamic modulus (DM) at 238 °C is

only 0.3 order of magnitude. The DM of the normal thermosetting resin would be decreased

0.8-1.0 order of magnitude at glass translation temperature, but there is still no such large

decrease at 350°C for the F46 resin cured by EB. From the DMTA curve of the F46 resin.

The mechanical properties at high temperature can show its heat-resistance.

EB curing F46 epoxy resin not only has excellent heat-resistance, but also shows good

thermal stability (shown in fig.2) the start thermal decomposing temperature (TDT) of the

resin cured by EB is about 390 °C, and the percentage of the residue carbon is more than 45%.

The result shown that the concentration of the initiator in resin would effect the TDT (shown

in table 2). When the concentration is low, the curing degree is low, so its TDT is low. When

the concentration is higher, though the curing degree is higher, its TDT is also lower. While

the concentration being high, though the conversion of epoxide group was increased, the

linking density of the cured resin was decreased, so its decomposing temperature was

decreased.

Table 2 the effect of initiator concentration on thermal decomposing temperature

concentration, wt%

conversion, %

Decomposing

Temperature, °C

1

2

1.0

64.5

388.9

423.5

2.5

81. 17

390.8

425. 5

3.0

84.42

387.8

423. 1

4.0

89.60

382.8

418.9

* 1 is the extrapolat ing start decomposing temperature, 2 is the temperature when the weightlessness

rate is fastest.
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2.The mechanical properties of its composites

Table 3 shows the flexural properties of F46 epoxy resin matrix composites reinforced by

AS4 graphite fiber. The retention of the flexural strength of the AS4/F46 composites in 250 °C

is toward 70%, and that of the flexural modulus is more than 85%. It was shown that the F46

matrix cured by EB possesses good heat resistance, and its retention of mechanical property

in high temperature is higher.

Table 3 the flexural properties of AS4/F46 composites

flexural strength (MPa)

RT

1470

250 °C

1024

Retention (%)

69.7

flexural modulus (GPa)

RT

115

250 °C

98

Retention (%)

85.2

CONCLUSION

the initiating effectiveness of D12 in penolic epoxy resin(F46) is highest among the

initiators, and the resin possesses good heat resistance and thermal stability. At the same time,

the cured resins have the most excellent heat resistance and thermal stability when the

concentration of the initiators are 2%~3%. The AS4/F46 composites in 250 °C is toward 70%.
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Fig. 1 the DMA curve comparison of cured resin Fig.2 the TGA curve of cured F46 resin
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Abstract: The crosslinking and chain-scission reactivity of isotactic polypropylene (iPP) in

the electron beam (EB)-irradiation was correlated with the crystalline morphology. Isotactic

poly(propylene-ran-ethylene) films containing 2.3 wt% ethylene unit prepared by melt

crystallization at 200 MPa consisted of orthorhombic y-crystalline modification, while a

control film obtained at ambient pressure favored formation of monoclinic cc-form.

Comparing with the G-values upon exposure to EB under N2, the crosslinking and the chain

scission were competitive in the a-iPP film. In contrast, the chain scission was significantly

suppressed in the y-iPP film, while the crosslinking occurred to a similar level of the a-iPP.

These results suggest a possible mechanism by which the crosslinking occurs preferentially

over the chain scission at the interface between amorphous and y-crystalline phases.

INTRODUCTION

Isotactic polypropylene is a typical stereoregular polyolefin and shows polymorphism in

the solid state due to crystallization into a variety of modifications of different order.1"2) The

chain conformation in the crystalline phase is commonly a 3j helix and the differences in the

crystallography are attributed to the packing modes in the unit cell. Most commonly

observed crystal structure is a monoclinic a-form which is obtained at normal pressure. On

the other hand, an orthorhombic 7-form is formed by crystallization at elevated pressures.3"8)

In the y-crystal structure, parallel helices, two chains wide, are titled 80° with respect to

another in an adjacent bilayer.

High-energy ionizing radiations, such as X-ray, y-ray, and accelerated electron beam,

induce main-chain scission and/or crosslinking in the polymer materials, in which the

radiation chemical reactivity is strongly dependent on the morphology in a similar manner as

the mechanical property.9"10) In the present study, melt crystallization of isotactic
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poly(propylene-ran-ethylene) was performed under high pressure to modify the crystalline

morphologies. The radiation chemical reactivity of iPP in film was also characterized and

was correlated with the crystalline morphology.

EXPERIMENTAL

Isotactic poly(propylene-ra«-ethylene) film A (ethylene content: 2.3 wt%; Mn=136000,

Mw/Mn=4.00) and film A-1 blended with 0.2 wt% ADK STB NA-11 as a nucleating additive

were melt-crystallized under high pressures. The sample films were annealed at several

temperatures (80-140° C) in an air oven for 6 hours. All the films were irradiated with

electron beam generated from lMeV accelerator at room temperature in N2. The soluble

fraction of irradiated polymer was extracted by immersing the sample in boiling /7-xylene for

24 hours. The X-ray diffraction (XRD) measurements and differential scanning calorimetry

(DSC) were carried out as reported previously.11)

RESULTS AND DISCUSSION

Relationship between Crystalline Modification and Radiation-Induced Crosslinking.

The films HP-A and HP-A-1 were prepared by a rapid quenching of molten isotactic

polypropylene film A and A-1 at 400 MPa. The resulting sample films consisted of only y-

crystalline modification. Using the general equation proposed by Charlesby and Pinner

(eq.l), the G-values of chain scission (G(s)) and crosslinking (G(x)) of irradiated samples

were calculated.

s + s1/2 = G(s)/2G(x) + 100NA/Mn0G(x)D (1)

where s is the fraction of soluble component after irradiation up to a dose D, NA is

Table 1. Variations of morphology and G-values of EB-induced crosslinking (G(x))
and chain scission (G(s)) for polypropylene films melt-crystallized at 400MPa.

Sample

A

HP-A

A-1

HP-A-1

CT/ % a )

0

100

28

100

T./-C")

148.5

137.7

148.3

137.3

AHf/Jg-lc>

60.4

69.2

64.3

58.0

Xc / %
 d>

32.3

37.8

35.5

32.2

G(x)

0.28

0.32

0.44

0.36

G(s)

0.43

0.42

0.71

0.51

G(x)/G(s)

0.66

0.75

0.61

0.71

a) Y-Crystalline content as determined by DSC.

b) Melting Temperature as determined by DSC.

c) Heat of fusion as determined by DSC.

d) Crystallinity as determined by XRD.
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Avogadro's number, Mn 0 is the number-average molecular weight before irradiation. Table 1

summarizes the initial morphology and G-values of EB-irradiated samples. These results

indicate that the radiation-induced crosslinking efficiency, as measured by the ratio of

G(x)/G(s), of y-iPP is higher than that of a-iPP. Furthermore, the G-value of radicals

generated upon irradiation increased by blending with the nucleating additive, but

crosslinking efficiency slightly decreased. The nucleating additive promotes crystallization

and produces homogeneous crystallites, thus increasing the number of tight interlamellar tie

chains and lamellar-surface fold chains. These structural characteristics may account for the

enhanced radical generation in the film with the nucleating additive.

Annealing Effect on Crystalline
Morphology and Radiation Chemical
Reactivity. It is well known that annealing

treatment on crystalline polymer results in

the thickening and growth of lamellar

crystals due to enhanced molecular mobility,

thereby increasing the degree of

crystallinity.12) In the case of y-iPP, the heat

of fusion remarkably decreased when the

sample was annealed at near 120°C (see

Figure 1). As indicated by the XRD

analysis, the annealed samples consisted of

a-crystallines in increased content upon

increasing the annealing temperature. These

behaviors suggest that the annealing

treatment may induce a solid-state

transition, at which the crystallinity

decreases temporarily. Comparison

of the G-values between unannealed

and annealed samples listed in Tables

1 and 2 indicates that the radiation-

induced crosslinking efficiency is

enhanced when the samples were

annealed at 120°C. It is likely that

the temporary formation of disordered structures and increased fraction of amorphous region

may be favorable for radiation-induced crosslinking.

Effect of Polymer-Processing Temperature on Radiation-Induced Crosslinking. The y-

iPP films were prepared by isothermal crystallization for 2 hours at 200 MPa in the

temperature range of 160-200°C. As shown in Figure 2, the radiation-induced crosslinking

20 40 60 80 100 120 140 160

Annealing Temperature / °C

Figure 1. Changes in the heat of fusion (AHf) of

y-crystalline polypropylene films with varying

annealing temperatures.

Table 2. Variations of morphology and G-values of EB-

induced crosslinking (G(x)) and chain scission (G(s)) for y-

crystalline polypropylene films HP-A and HP-A-1 annealed

at 120°C.

Sample

HP-A

HP-A-1

• m '

144.

139.

C

6

9

AH f/Jgi

61.6

57.1

xc/%

36.9

32.4

G(x)

0.38

0.37

G(s)

0.46

0.48

G(x)/G(s)

0.82

0.79

•241
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reactivity was strongly dependent on the

polymer processing temperature. Thus, the

increased degree of supercooling resulted in

the higher crosslinking efficiency.

Especially, the ratio of G(x)/G(s) of the

sample crystallized at 160°C is about twice

as high as that of the film A. On the other

hand, the rapid quenching from the molten

state caused rather depression of the

crosslinking efficiency. Comparing the G-

values, the chain scission was significantly

suppressed in the y-iPP crystallized at low

temperature, while the crosslinking

occurred to a similar level of the a-iPP.

2.0"

1.5"

^ LO-

Quench 160°C 180"C 200'C

Processing Temperature
Figure 2. Change in the radiation-induced
crosslinking reactivity (G(x)/G(s)) with varying
polymer-processing temperatures.

These results suggest that the crosslinking occurs preferentially at the disordered crystalline

surface.

CONCLUSIONS

The crosslinking reactivity of EB-irradiated isotactic polypropylene is markedly

improved upon melt crystallization at relatively low temperature to produce y-modification.

This improvement is attributable to disordering of the interface between crystalline and

amorphous phases where the radiation-induced chemical reactions mainly occur.
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Abstract

Radiation effect of PA610 with polyfunctional monomer trially isocyanuarate

(TAlC)was studied, the results show that crosslinking effect of EB radiation on

PA610 is obvious. After the P610 samples were radiated by EB with dosage 75KGY,

the physical chracters of PA610 materials were greatly improved,especially their ten-

sile strength being increased about 18% and their impact strength about 50%, but

their water and oil absorption were decreased. So,EB radiation can enhance PA610

materials physical strength,resistance to solvents and water and increase their ther-

mal—deformation temperature.

Keywords

polyamide 610 EB radiation composite specification

Introduction

Enginnering plastic polyamide 610 has universal usage,but in some special situa-

tions, the objects made from nylon 610 have to stand the affection of mineral oil,wa-

ter, salt,heat,and impact. It's nessary to modify the properties of nylon 610 materi-

al. There are many methods to do this,the common methods such as filling,grafting,

blending,etc,which is difficult to improve the mechanical properties and the stability

of geometrical shape,the resistance to heat,solvent and minerial oil simultaneously.

Crosslinking is the way which can improve above mentioned properties of PA610. It

was reported that PA12,PA11 and PA1010 can be crosslinked by radiation. Because

the CH2 chain segments of PA610 is shorter than PA11,PA12 and PA1010,and the

hydrogen bonding is more stronger, it's important whether the radiation crosslinking
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can be achieved. We added CuX2 and polyfunctional monomer into PA610 system,

then studied the change of properties after radiated by EB.

1. Experiments

1.1 Materials and equipments

PA61O,MFI = 5Og/min,under 275°C produced by Liaoning Shihua.

TAICindustral grade,produced by Anhui Institute of Chemestry Industry.

CuX2,AR.

Blender,Haake Polylab RC300P,RTW100.

Electron accelerator, 1 OmA, 3Mev, NHV.

1. 2 Material blend and sample preparation

The compose of the material I is : PA610:TAlC:CuI2 = 94. 9:5:0. 1. Material E

is pure PA10.

PA610 was evaporated under 85°C for 12 hours in vacuum oven,then blended

with aditives and extruder — pelletizated by Haake Polyab RC300PRTW100,the heat

temperature for every zones is:210oC,235oC,240oC,245oC,220°C.

The pelletizated material was evaporated under 85°C for 12 hours in vacuum

oven,then was injected to samples for measurement of tensile,impact,bend,absorp-

tion of water or oil,and resistance to heat according to GB1040 —79,GBl043 —79,

GB1034 — 86,HG2-146-65 and GblO35 — 70.

1. 3 Sample radiation and property measurement

The samples were radiated by electron beam accelerator (3Mev, 10mA,NHV).

The properties were tested in accord with the GB standards refered in 1. 2

2 Results and discussion

2. 1 The influence of radiation dosage to mechanical property of PA610
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Table 2. 1 The influence of radiation dosage to mechanical property of PA610

Item

Tensile strength (MPa)

Max. loading (KN)

Elongation at break (%)

I zodimpact

strength (KJ/m"2)

Radiation dosage (KGY)

0

55.8

—

99

7.84

75.0

64

2-8

96

10.7 + 1. 16

100

66

2-87

88

12.03 + 1-69

120

66

2.87

73

11.71 + 1.13

It's showed in Table 2. 1 that the mechanical properties of radiated PA610 were

greatly improved,the increasing of teinsile strength was 18%,and the increasing of

impact strength was 53% »while the elongation at break was decreased with the in-

creasing of radiation dosage. When the radiation dosage was lower than 100KGY,

both tensile strength and impact strength were increased with the increasing of

dosages. When the radiation dosage was greater than 100KGY,the improvement of

tensile strength was not distinct,the impact strength decreased with the increasing of

radiation dosage. It is showed that the crosslinking was the dominant reaction when

radiation dosage less than 100 KGY and degradation was dominant while radiation

dosage greater than 100KGY. It's reasonable to controll the radiation dosage of

PA610 under 100 KGY.

2. 2 The solvent resistance of irradiated PA610

Table 2. 2. the variation on resistance to solvents and thermal

deformation temperature of radiated PA610.

Radiation

Dosages

KGY

0

75

lubricant

absorption

%

0.068

0.052

water

absorption

%

0.5

0.43

Vicat

soft — temperature

°C

193

201
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From table 2- 1, We can find that the water and oil absorption of unradiated

PA610 were greater than that of radiated PA610. It illustrated that the stereo net-

work structure of radiated PA610 formed by radiation crosslinking can prevent the

molecules of oil or water entering. Therefore, radiation treatmant can improve the

mechanical properties of PA610 and the resistance to soivent.

2- 3 The influence of radiation on the resistance to heat of PA610.

It can be found that after radiated by EB,The Vicat soft temperature of PA610

was increased from 193°C to 201°C,the net increasing was 8°C,That is to say,the re-

sistance to heat was improved. It was reported as a configuration parameter, there

were some relationships between cross section (AP) area of molecule chain and the

mechannical properties of linar polymer, when it used to charaterize the movement of

molecule chain,the following formulation was deduced by Wanxi Zhang:

A p = ( 1 / D - 0 . 04)/0. 009 Ec

in this formulation,D is the dimensionality of polymer radiation degradation,Ec is the

cohesive energy density of polymer. The crosslinking between the chains restained

the degradation D was decreased- it could also strengthen the interaction betmeen the

chain of PA610,which increased the cohesive energy. density(Ec). According to the

formulation deduced by W. X. Zhang,the value of PA610 may be decreased, it means

the inhibtion of PA610 molecule chains movement was enhanced, when it was heat-

ed, the winding and spreding of the PA610 molecules were restrained,so the radiated

PA610 has a higher vicat soft temperature.

3. Conclusions

Under the existence of suitable crosslinking promoter,PA610 can be crosslinked

by EB radiation and the Mechanical properties,resistance to solvent and heat —defor-

mation temperature can be improved.

References

( D M . Mehrabzadehand R. P. burfordj . Appl. Polym. Sci. ,1997,64(8) : 1605 —

1612

- 2 4 6 -



JAERI-Conf 2000-001

(2) Zhang L. etal ,J. Radiat. Reserch and Processing (in Chinese) ,1983,2(3) .-32

-38

(3) M. Mehrabzadehand R. P. Burford,J. Appl. Polym. Sci. , 1996, 61 (18) : 2305

-2314

(4) Zhang W. ,J. Polym. Mater. Sci. &. Engin. (in Chinese) ,1996,12(6) : 139

- 2 4 7 -



JP0050440
JAERI-Conf 2000-001

Technology and Application of Two Sets of

Industrial Electron Accelerators

Hua Degen

Sichuan Forever Group Co. Ltd.

China Academy of Engineering Physics

Mianyang City 621900,Sichuan,P. R.China.

Abstract

The radiation industry in China Academy of Engineering Physics (CAEP) has

had a big scale, and the two sets of industrial electron accelerators play important

roles. The Electron Processing System(E. P. S ) , which was introduced in 1987, is a

powerful electron accelerator. And the lOMev Accelerator, which is a traveling wave

linear electron accelerator, has the higher electron energy. Both of the stes are

equipped the driving devices under the beam,and has made a considerable economic

results.

This article describes the techonolgy and application of the two electorn acceler-

ators.

States of the two accelerators

1. E. P. S. Electron Accelerator

Electron energy continuously adjustable to 3MV

electron beam continuously adjustable to 10mA

Maximum beam power: 30kw

Scan evenness degree:^95%

In this accelerator, there is an underfloor chain vehicles radiation system under

the beam. The main products include;The heat — shricnkable tubes, sheets and rein-

forced composite nets applied communication,electronies and oid industry.
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2. lOMev/lmA Electron linear Accelerator

Maximum electron energy. lOMev.

Maximum beam current : 1mA

Power JOKw

There is and underfloor chain vehicles radiation system under the beam. The

main products include:the heat shrinkable tube and sheet,end cap,finger guard,dis-

infection of the Chinese medicine,color change of the gem.

Techonolgy Assurance of the Equipment in the Radiation Operation

After finished installation and debugging,the underfloor chain vehicles radiation

systems were built under the beam in these two sets. To assure normal radiation op-

eration, we improve our technology in these two accelerators in addition to the nor-

mal maintaining.

1. Improving electron gun seal packing ring on E. P. S to raise the accelerator

system vacuum. Improving the per—vacuate equipment after the vacuum sys-

tem exposed in air in the maintenance and repair.

2- On the lOMev accelerator on account of the bug of the control system in op-

erating and the backward in the control method, we are improving the tech-

nology to comtrol in computer.

3. We are researching and developing "Continuous Radiation Production Line

for Communication heat — Shrinkable tubing (under beam) "on the lOMev ac-

celerator, and this production line has been installing and debugging. We also

have a plan to establish a continuous radiation driving equipment for electric

wire and cable and heat — shrinkable tubing for domestic electric appliance on

E. P. S. We will develop the products for radiation processing on these two

accelerators to adapt the requirement of the radiation markets.

4. Tightening up the management and training to the accelerator operators,our

staffs technology level has been developed. This is also the assurance for us

to obtain the better economic performance on these two accelerators,and it is

important to maintain the good operation condition for the accelerators and to

improve the radiation quality.
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• Radiation Processing,Dosage Control and Quality Assurance

The beam radiating is the key step in the producing,the radiating quality affect

the product quality directly. To assure the product's quality,we must control the ra-

diation dosage and it's evenness effectively and strictly,and adopt the suitable radia-

tion processing.

1. Radiation processing;We use different radiation processing to adapt the prod-

ucts in different specification,models and materials. We have researched and

tested a lot and generalized many suitable processing

2. Dosage Control: We have equipment to control the speed of the driving device

strictly so that we could control the dosage precisely. Furthermore,the accel-

erators have to satisfy the following requirements to assure the radiation

products to absorb the dosage evenly;

( 1 ) The stability of the beam energy; the instability of the two

accelerators'voltage is less than ±20%.

(2) The stability of the beam current. We have a current stabilization system

to control the accelerator's beam precisely. The instability of the beam

current is less than ± 2 % .

(3) The evenness of the beam scanning. The beam scanning width of E. P. S.

is 1. 2m,and the beam scanning width of lOMev linear electron accelera-

tor is 0. 6m. We enssure the evenness of these two accelerators is bigger

than 95%.

As our researching, practicing and generalizing over ten years, we have some

processing and methods to suit mass production and quality assurance,the percent of

pass for the radiation products is beyond 99. 5%.

• Economic Benefits

The Electron processing System(E. P. S)went into operation in 1988,obtaining a

good economic benefits in these ten years. The radiation output value totals accumu-

lated to 15,000,000RMB(about 1,800,000 US dollars),the pure profits come up to

3,000,000RMB(about 360,000 US dollars),and we had recouped the investment in
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the equipment and the factory buildings. Over twenty heat — shrinkable product fac-

tories in the Southeast China come to our company to process their products,and we

have made great contribution to the socioeconomic developing and national economy

construction.

• Conclusion

To open the radiation market and increase the utilization of the accelerators,we

will improve our electron accelerator's radiation device. We are researching and de-

veloping "Continuous Radiation Production Line for Communication heat — shrink-

able tubing"on the lOMev accelerator, We also have a plan to establish a continuous

radiatio driving equipment for thinwalled tubes, sheets, strengthened net, electric

wire and cable on E. P. S.

Meanwhile, we are developing electron radiating for high quality special electric

wire and cable,and developing radiation disinfecting for once — and — for — all injec-

tion tube for medicine and so on to open the radiation market.
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Abstract

This paper introduces the development aspects of food irradiation including research, commercialization,

regulation and acceptance. Trend in future is also discussed.

Background

As much as one-third of the total world harvest may be lost due to spoilage and infestation on its way to

the consumer, and food- bornediseases are very harmful to public health. So preserving food

andensuring hygienic quality are very important, especially to such a big agricultural country like China

with population of 1.3 billion.

When research in United States showed the unique potential of food irradiation technology in

preserving foods in 1960s, Chinese Government realized that it should take steps to carry out such

similar research on food irradiation in China.

1. Research

Since 1960s, researchs on food irradiation have being carried out under the aegis of Chinese Goverment

in 20 provinces such as Sichuan, Beijing and Shanghai for disinfestation of stored products, such as

grain, spices, dried fruit and vegetables, for the sprout inhibition of long-stored potatoes and onions, thus

reducing the need for chemical inhibitors of doubtful safety, for the elimination of food- borne

diseases, especially salmonella in poultry, pork and beef; for thedisinfection of fruit from pests, for which

it is an effective residue-free treatment; and for the extension of the shelf life of fresh foods; for guarantine

treatment. Meanwhile medical tests including animal and human tests had been carried out. Based on

decades of research and unprecedented number of studies, food irradiation technology is proved safe and

effective and is increasingly accepted by public. During the 30 years, Chinese Government has encouraged

her institutes to carry out research co-operation with International Atomic Energy Agency (IAEA) on

food irradiation research contracts and TC projects. Those activities greatly accelerate application of food

irradiation in China.

2.Commercialization

Food irration technology has been employed to process foods for commercial purposes since 1970s. Its

safety and effectiveness have beene stablished through the positive recommendations of the

JointFAO/IAEA/WHO Expert Committee on the Wholesomeness of Irradiated Foods in 1980 and the

subsequent adoption of the Codex General Standard for Irradiated foods and its associated code of

practice by the Codex Alimentarius in 1983. Whith the excellent work of IAEA, ICGFI and Chinese

Government, the scale of commercialization of food irradiation develops very fast. Up to now, the quantity

of irradiated foods for different purposes is about 80,000 tonnes each year including 18 kinds of foods,

in over 20 provinces. Some irradiated foods are successfully exported to several south asia countries.

Now, about 40 irradiation facilities are used for commercial purpose. Following is a list of main

food irradiation facilities inChina.

Main Food Irradiation Gamma Facilities in China
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Center

Chengdu(STNTA)

Hangzhou

Beijing

Shanghai

Zhengzhou

Jinan

Nanjing

Lanzhou

Shenzhen

Tianjin

Xian

Changsha

Harbi n(Guangya)

Zhengzhou

Shijiazhuang

WuHan

Qingdao

Guangzhou

Wujiang(Suzhou)

Kunming

Hainan

Changchun

Beijing

(Agriclture )

Tangshan

Mianyang

Dalian(fuan)

Hefei

Shenyang

Starting Year

Capacity(Kci)

1978

1981

1986

1986

1986

1987

1987

1987

1987

1988

1988

1989

1989

1989

1989

1993

1993

1993

1994

1994

1995

1996

1996

1997

1998

1998

1999

1999

Designed

500

300

1000

500

500

300

500

500

4000

500

300

500

500

300

500

300

3000

1000

500

500

500

500

500

1000

500

1000

500

300

Capacity(Kci)

320

180

840

300

100

100

250

150

1100

270

100

100

400

100

150

200

600

300

100

100

100

300

200

200

200

380

100

80

3.Public acceptance

With the help of IAEA and UNDP, market testing was carried out at Chengdu, Beijing and Shanghai in

order to accelerate commercialization of food irradiation. Investigations show that about 60 ~ 7 0 %

ofconsumers will buy irradiated foods and believe irradiated foods are more safe and hygienic than the

ones are treated by chemical manners.

4.Regulation

Based on a lots of scientific research data for many years, Chinese Government authorized 18 kinds of

foods can be irradiated for improving their hygienic quality and extending shelf life as well as
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controllong insects including potato, onion, garlic, peanut, mushroom, sausage, cereal grains, apple, apricot,

spiced chicken, cooked meat products, dried fruits, litchi, mandarin, pork, sweet potato wine, tomato

and pollen since 1984. The regulation for Hygienic Control of Irradiated Foods was issued my the

Ministry of Health in 1996 including 6 classes of foods such as spices, dried fruits, cooked meat

andpoultry, fresh fruit and vegetable, frozen meat and poultry, bean and grain and theit products. In order

to harmonize Chinese regulation swith international standards and accelating international trade.

Chinese Ministry of Health are considering the revision of some item sbased on harmonized procedures

and regulations on food irradiation adopted at the workshop on harmonization of procedures and

requlationson food irradiation for Asia and the Pacific held at Seoul in 1998 and the new issue of the WHO

proposal on upper limit of food irradiation dose and the ICGFI proposal on lakelling.

5.Trend

With the development of economy worldwide, economy in different countries is getting closer and

closer. Harmonization of regulations of food irradiation should be taken seriously by the Government

of different countries. Only under similar regulations and opinions, international trade will be

successfully carried out.
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ABSTRACT

PTFE is well known for its chemical and high temperature resistance and also for its

high-energy radiation sensitivity. The present work deals with the radiation-induced

emission of chemiluminescence from PTFE film, which is generally thought as a measure

of radiation induced oxidation reaction in irradiated polymer. The observation that the

much stronger chemiluminescence emission from PTFE than that from other polymeric

system indicate the unusual high degree of radiation induced oxidation in PTFE. On the

other hand the temperature and atmosphere effect during radiation on emission of

chemiluminescence were also reported.

INTRODUCTION

The application of chemiluminescence emission to the examination of oxidation

process of polymers has been proved to be useful and sensitive methods in case of

polyethylene and ethylene-propylene rubber. Polyethylene, however, attracted less

attention owing to its relative stability to oxidation and, in particular to the low

chemiluminescence emission intensity. When subjected to high-energy irradiation, such

as gamma rays or high-energy electron beam, polyethylene was found o show a greatly

enhanced chemiluminescence emission because of the oxidation reactions occurred

between oxygen and radiation induced macromolecular radicals . The intensity of thus

observed chemiluminescence emission from irradiated polymers are expected to provide

a great deal of information on radiation induced oxidation degradation of polymers.

EXPERIMENTAL

The PTFE samples used in this work are commercial grade and with the thickness
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of 0.05mm. Irradiation was made by means of CO-60 and electronic accelerator under

room temperature.

Counts of chemiluminescence emission was measured by using

Chemiluminescence Detector CLD-100 from Tohoku Electric Industry Co., gate time for

chemiluminescence was 1 s and the chemiluminescence intensity was calculated from

total counts recorded in 3 min. and normalized as counts per seconds (counts/s). All

chemiluminescence measurement was carried out at 120 °C and within 3 hr after

irradiation except those mentioned elsewhere.

RESULTS AND DISCUSSION

1 The chemiluminescence emission from irradiated PTFE

When subjected to high-energy radiation such as gamma rays or high-energy

electronic beam, polymers generally emit chemiluminescence in the following heating

through the way of:

irradiation+O2 0-0 •
i

-c-c-c-c c-c-c-c-

o-o- o*
-c-c-c-c - c-c-c-c-

o o
II II

-C-C-C-C C-C-C-C- + Photon

Thus it can be seen that the emission of chemiluminescence from irradiated

polymers are directly concerned with radiation induced oxidation. Fig.1 gives the

chemiluminescence emission from irradiated PTFE. Comparing with the

chemiluminescence emission from irradiated PE, the intensity of chemiluminescence

emitted from PTFE is observed much stronger than that of PE. This clearly indicates that

radiation induced oxidation in PTFE is more seriously than that in PE, which provides us

with a very good explanation about why PTFE is so sensitive to radiation on the presence

of oxygen.

2 The temperature effect of chemiluminescence emission from irradiated PTFE

Fig.2 shows the relationship between intensity of chemiluminescence emission and

measurement temperature under various irradiation doses The chemiluminescence
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emission was observed to increase markedly after glass transition temperature (127 °C),

indicating the effect of macromolecular segment movement in amorphous region on

chemiluminescence emission.

3 The dose effect of chemiluminescence emission from irradiated PTFE

Fig.3 is plot of intensity of chemiluminescence emission to irradiation dose for PTFE.

It is seen that for both gamma rays and EB irradiated samples, a very good linear relation

between absorbed dose and intensity of chemiluminescence emission was found. Even in

very low dose range as shown in Fig.6, the above linear relation still is observed.

4 The dependence of chemiluminescence emission on measurement atmosphere

Fig.4and 5 show the effect of measurement atmosphere on the intensity of

chemiluminescence emission. For both 180 and 200 °C irradiated samples an almost

same linear relation between dose and intensity of chemiluminescence emission was

observed whether measurement was performed in oxygen or nitrogen atmosphere.

5 the effect of post irradiation effect on chemiluminescence emission

Fig.6 gives relation between dose and intensity of chemiluminescence emission for PTFE

samples storing in air for 3 hr and 192 hr respectively after irradiation. Being quite different from

the observation in PE situation an independence of chemiluminescence emission on storage time

was found in PTFE.

CONCLUSION

When subject to high-energy irradiation PTFE film gives much stronger chemiluminescence

emission than PE which illustrate the serious radiation-induced oxidation in PTFE. In certain

temperature and dose range , the chemiluminescence emission from irradiated PTFE was found to

independent of temperature and measurement atmosphere and storage time, only linear dependent

on radiation dose ,which reveals the potential possibility to use PTFE film and chemiluminescence

method for dosimeter purpose.
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ABSTRACT A new method to reduce the protein level in the latex products by irradiation is reported
Water soluble protein (WSP) solution (10%) was added into radiation vulcanized NR latex (RVNRL) as much as 3
phr in three different processes: added to RVNRL, added to re-centrifuged RVNRL, and added to RVNRL followed
by centrifugation. The protein content was determined by enhanced BCA method, and identified by SDS-PAGE
analysis. Addition of WSP followed by centrifugation reduces EP up to the minimum protein detection, and
shortens the leaching time to 20-30 min. SDS-PAGE analysis confirms the reduction of soluble protein in the
serum phase, and disappearance of protein bands in the rubber extract. Protein-WSP interaction produces water
soluble complex, and removed by centrifugation. The molecular weight of WSP dictates the efficiency of protein
removal.

INTRODUCTION

The addition of WSP into RV NR latex has improved the physical properties of the
rubber film such as tear strength and tackiness of the film.1'2 However, the film transparency
depends on the type of WSP. Standard BCA protocol was not able to detect extractable protein
(EP) after 15 min leaching of WSP containing rubber films in 1% ammonia solution. Recently
it is also reported that dilution followed by centrifugation of RV NRL effectively reduces
extractable protein content in RV NR latex.3

This paper describes the effect of combining WSP addition and centrifugation on EP.
The minimum level of detection is reduced up to 50n-g/g by enhanced BCA method. The effect
of WSP's molecular weight on the removal of water soluble protein, SDS-PAGE of the serum
latex and the rubber extract after washing the films were also studied.

MATERIALS AND METHODS

Preparation of latex films. Centrifuged latex was diluted up to 50% DRC using 1%
ammonia solution, stabilized by 0.5phr KOH as 10% solution, 5phr of n-BA was added as the
sensitizer to the latex while stirring. Irradiated by y -rays from a Co-60 at a dose rate of 10
kGy/h for 2hrs. The WSP were high molecular weight (HMW) PVA (90.000), PVP
(360.000), and low molecular weight (LMW) PVA (22.500) and PVP (40,000). They were
prepared as 10 % solution, and added to RVNRL as much as 3 phr by 3 different processes
(Table 1). The treated RVNRL was centrifuged by SPL-100 SAITO centrifuge machine.
Rubber films (casting) were dried in air, leached in 1% ammonia solution at r.t for various period

of times, post dried in air, and finally heated in the oven at 80°C for lhr.

Table 1 Processes of RVNRL treatment

Process

STANDARD

Procedure

Only mixing of WSP with RV NRL (50% DRC)
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PRE-centrifugation

POST-centrifugation

(1) dilution of RV NRL to 30% DRC

(2) centrifugation

(3) addition of WSP to the centrifuged RVNRL

(1) dilution of RV NRL to 30% DRC

(2) addition of WSP to the diluted RVNRL

(3) centrifugation the WSP added diluted RVNRL

Protein assay . EP was obtained by extraction of 1 g rubber film in 10 ml water for 2 hours.
Serum protein was obtained by ultra-centrifugation of the latex at 12.000 rpm for 2hr followed by
re-centrifugation of the serum at 12.000rpm for lhr. The protein was precipitated by
centrifugation.4 The precipitated protein was dissolved directly with BCA working reagent.
Enhanced protocol of BCA method (at 60°C for 30 min.) was used to increase the minimum
detection level up to 5^g/ml. The protein concentration was measured at 562nm using
Shimadzu 800 UV-visible spectrophotometer.

Poly aery lamide gel electrophoresis. Separation of protein was carried out by glycine
SDS-PAGE. It was performed using a discontinuous buffer system according to Laemmli.5

Protein latex was incubated in the sample buffer solution at 100°C for 5 min. Electrophoresis
was performed at 15°C at a constant current of 10 mA for 2 hours. Separated proteins were
fixed in the solution containing 50% methanol, 10% acetic acid, and 40% distilled water for 30
min, and stained by silver nitrate (Silver Stain KANTO III).

RESULTS AND DISCUSSION

Protein content, Figure 1 showed the extractable protein (EP) of rubber films achieved
by the three processes. The addition of 3 phr WSP (in this case PVA) increased the EP in
standard process from 1.00 mg/g to 1.406 mg/g prior to leaching. The same tendency was
observed in pre-centrifugation, but the EP was 90% lower due to dilution and centrifugation.
Thus, the added PVA has enhanced protein diffusion into the external water phase during
dipping.

Irradiation induces protein degradation, and enhances its solubility in the serum phase.
Since WSP and protein molecules have polar sites along their chains, interaction of protein-WSP
may occur and produces water soluble protein-WSP complexes. In post-centrifugation
process, the level of EP achieved prior to leaching was 0.057 mg/g (95% removed). Thus, the
WSP-protein complexes were removed with the water phase during centrifugation to obtain
concentrated RVNRL.

Further EP reduction was achieved by leaching the rubber films in the ammonia solution
(1%). After 10 min leaching, the remained EP following the standard process was 0.171 mg/g
( 83% removed), but it still remained 0.07 mg/g even after 30 min leaching time (93% removed).
The effect of leaching on films obtained from pre- and post-centrifugation processes were not
obvious, because the two processes have induced low protein RVNRL before leaching.
However, minimum EP could be achieved after a short leaching time. After 20-30 min
leaching, EP of the rubber films were hardly detected by the enhanced BCA method (less than
50ng/g.)

Table 2 listed the EP and the serum protein of post-centrifuged RVNRL. Higher
concentration of WSP (3 phr) lead to low level of EP, and high level serum protein regardless the
chemical structure and molecular weight of the WSP. These showed that protein were bound to
WSP in the serum phase, and would be removed by re-centrifugation of RVNRL.
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Effect of WSP's molecular weight on the water soluble protein removal. Table
2 showed lowest EP (0.019 and 0.025 mg/g) were achieved by the addition of 3 phr LMW- WSP
(PVA, 22,500 and PVP, 40,000, respectively). The efficiency of protein removal depends on
the water solubility of WSP which is dictated by the molecular weight, degree of saponification
(PVA), and association between and within the chains.6 High molecular weight (HMW) PVP
(360,000) showed better efficiency than HMW-PVA (90,000), because PVP has higher polarity
than PVA (carbonyl group in the cyclic ring).

Table

Water Soluble Polymer

-

PVA

PVP

2 Protein content in the post-centrifuged RVNRL

Molecular Weight

(xl t f )

-

22.5

90

40

360

Concentration

(phr)

-

1.0

3.0

1.0

3.0

1.0

3.0

1.0

3.0

Protein Content

Rubber *>

(mg/g)

0.107

0.033

0.019

0.077

0.062

0.039

0.025

0.049

0.043

Serum

(mg/g)

3.06

3.32

3.68

3.18

3.34

3.22

3.56

3.12

3.44

*) EP prior to leaching
Gel electrophoresis. Electrophoresis of the serum latex obtained from ultra-centrifugation
of the latex are shown in Fig. 2. Non irradiated latex (lane 2) showed protein components
mainly about 14 kDa, and some amount about 30 kDa. In the present experiment protein band
at 67 kDa as reported by Jaeger et. al did not appear in the results.7 Jaeger et.al used latex
extract by precipitation of rubber phase by acetic acid. The protein bands became more intense
after irradiation (lane 3 and 4) which mean the increase of these proteins in the serum phase.
Lane 5 showed the remained protein in the serum after addition of PVA (22,500) followed by
re-centrifugation. The protein-WSP complex molecules have very high molecular weight
which are not possible to pass through the pores of the gel. Therefore, the protein bands
intensity significantly reduced in comparison with the irradiated ones. No protein bands appeared
from the rubber extract (24 hours) even after concentration prior to sample incubation. It
showed that the remained proteins in the serum latex (17%) after centrifugation were leached out
during leaching in the ammonia solution.

CONCLUSION
Combining dilution, WSP addition, and centrifugation of RVNRL has beeb able to

reduce the EP of the rubber films to a level less than 50ng/g, and shorten the leaching time to
20-30 min. SDS-PAGE analysis confirmed the reduction of water soluble protein in the serum
latex after post-centrifugation, and disappearance of the protein bands in the rubber extract after
leaching . Protein- WSP interaction produces water soluble complexes which will be removed
during re-centrifugation of the treated RVNRL. Low molecular weight WSP is more effective
than high molecular one due to its higher solubility in the serum phase.
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Radiation synthesis of the nano-scale materials
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Abstract Some recent research jobs on fabricating the nano-scale materials via y-

irradiation in our laboratory are simply summarized in this paper. The main contents

contain four aspects: (1) the preparation of metal alloy - powders; (2) the fabrication

of polymer -metal nano-composites in aqueous solution, micro-emulsion and

emulsion systems; (3) the synthesis of metal sulfide nano-particles and (4) the

preparation of the ordered nano-structure materials. The corresponding preparation

processes are also simply described.

Key words radiation synthesis nano-scale materials alloy-powders

polymer - metal nanoparticles ordered nano-structure materials

It is well known that the radiolysis of water by y-ray initially generates many

productsfl]:

H2O ->• eaq", H • , -OH, H2, H2O2, H3O
+

In these products, the reduction potential of eaq" is as low as -2.77v. Theoretically, it

can reduce all metals' ions except alkali metal and alkali-earth metal ions, and some

higher valence non-metal elements (such as sulfur) to the lowest valence state. It is

owing to above reason that radiation synthesis method of the nano-scale materials has

been developed. This method has many virtues, for example, that the reaction

condition is mild — room temperature and atmosphere pressure; preparation

technology and manipulation process are simple; producing time is short and the yield

is high. So much attention has been paid to it.

Our laboratory has been researching radiation synthesis of the nano-scale

materials. At present, our jobs which have been finished and will be completed mainly

contain metal alloy-powders[2-3], nano-composites[4-6], metal sulfides nano-

particles[7], sorts of ordered nano-structure materials and so on.

1. the preparation of metal alloy-powders

Ultrafine alloy powders are important in many application fields such as

To whom correspondence should be addressed.
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catalysts[8-l 1], electrodes[12-13], pastes of different types and electric

applications[9], so there have been many researches in their preparation. The y-ray

irradiation method is one of many preparing routes. Employing it, the faber-like

Nickel - Silver and the spheric-shaped Copper - Palladium alloy-powders have

successfully been prepared in our laboratory. By and large, the preparation process can

be described as follows:

The solutions were formed by dissolving appropriate amounts analytical grade

metal salts into distilled water, adding NH3 *H2O as a complex agent up to about pH =

10. Polyvinyl alcohol (or sodium dodecyl benzene sulfonate (SDBS)) was chosen as a

surfactant and isopropanol as a scavenger for oxidative free radicals. All solutions

were deaerated by bubbling with pure nitrogen, then irradiated in the field of a 2.59 x

10l5Bq 60Co y-ray source at a dose rate of 50 Gy/min. The precipitates obtained from

the irradiated mixed solutions were washed with distilled water, ammonia aqueous

solution and alcohol several times, then dried to powders.

XRD patterns of the samples show that the size of Ni - Ag alloy powders is about

20nm and of Cu - Pd alloy powders 10nm(see fig. 1. (a), (b)). TEM images of the

samples are shown in Fig.2, from which morphologies of the samples are clearly seen.

2. the fabrication of Polymer - metal nano-composites

Nano-composites with special electronic and optical properties are the materials

in which the dimension of dispersed matter ranges from lnm to lOOnm. With respect

to their different supporters, the nano-composites are usually divided into two kinds,

namely inorganic and organic supporter system. Our laboratory mainly study the

fabrication of organic supporter nano-composites. Up to now, we have fabricated

several kinds of polymer - silver nano-composites via y-irradiation in aqueous solution,

micro-emulsion and emulsion systems.

2.1 Polyacrylamide - silver nano-composites were prepared in aqueous solution,

y-irradiation was employed to initiate both the polymerization of monomers and the

reduction of silver ions. So the polymeric host and the dispersed phase were formed in

the same step. But comparatively speaking, the polymerization of acrylamide

monomers is quicker than the reduction and aggregation of silver ions. The earlier

formed polyacrylamide chains lead to increase the viscosity of the system, which limit

the further aggregation of silver particles and make them well dispersed in polymer

matrix(see fig.3). However, it is also found that the existence of hydroxide radical

scavenger (isopropanol) in system has a great influence on the properties of nano-

composites. The silver particles of a system without isopropanol are sparsely

dispersed in the polymer matrix and 50% of them are 7 - 12nm in diameter (see

fig.3.a). When isopropanol is added to the system, the concentration of silver particles

increases. Comparing with the former, the silver particles of the latter have a different
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size distribution. It seems that there are two distribution peaks in TEM images. Many

silver particles are 10 -15nm in diameter, but there are many more particles with

diameters of about 1 - 5nm (see fig.3.b). At the same time, the experiment also

reveals that the isopropanol influences the properties of polymer matrix because of

some factors such as the apparent chain transfer of isopropanol.

The synthetic process can be simply explained with the following graphs:

radiation

2.2 Polymer - silver nano-composites have been synthesized in micro-emulsion

and different kinds of nano-composites are obtained when we adjust the composition

of micro-emulsion. (1) When aqueous soluble monomers are introduced into water

pools in W/O micro-emulsion, nano-composites with silver nano-particles in aqueous

soluble polymer matrix are obtained; (2) When oil soluble monomers are introduced

into continuous oil phase and silver ions in water pools, nano-composites with silver

nano-particles in non-aqueous soluble polymer matrix are obtained; (3) When

monomers are dispersed in both oil phase and aqueous phase while silver ions in

water pools, the final products are stable polymer composite micro-spheres containing

silver nano-particles; (4) Polymer micro-spheres immobilized with silver nano-

particles have also been prepared by irradiating the O/W micro-emulsion, in which

monomer droplets are dispersed in continuous aqueous phase.

The formed processes of polymer - silver nano-composites in above four

conditions can be graphed respectively as follows:

ners and silver ions in water droplet

y-radiation

ictant

(2)
(*" Silver ions in water pool

radiation

monomers in oil phase

Silver particle

polymer

- 2 6 5 -



JAERI-Conf 2000-001

(3) ,e in oil Polystyrene shell

y-radiation
Silver nanoparticles

Acryliimide and silver ions m v\;iter droplet Polyacrylamide core

(4)

y-radiation

The XRD patterns and TEM micrographs of the products are shown in fig.4.

2.3 Emulsion systems have been employed to prepare nano-composites with

silver particles in non-aqueous soluble polymer matrix, adding some aqueous soluble

monomers to improve the dispersion and stabilization of silver nano-particles in

polymer matrix. Generally speaking, there are two routes to fabricate nano-particles in

emulsion systems with y-irradiation. One is two steps synthesis: At first, monomers

polymerize under y-irradiation, and then inorganic salt is added and irradiated. The

virtues of this method are that molecular weight of polymer can be adjusted and,

owing to the formation of polymer, the system will immobilize more than before

polymerization, which leads to the emulsion not being destroyed when inorganic salt

is introduced. But more steps is its shortcoming. Another is one step synthesis:

namely, O/W emulsion containing monomers and silver ions is irradiated directly

with y-ray. In this way, both the polymerization of monomers and the reduction of

metal ions are induced by y-ray at the same time. But it is difficult to obtain polymer

with appropriate molecular weight and nano-particles with appropriate diameters.

Using the two steps synthesized route, we have obtained poly-( styrene-co-

acrylate-co-butyl acrylate)-silver, poly-(styrene-co-methylacrylate-co-butyl acrylate)-

silver etc. nano-composites. Their TEM images are shown in fig.5. We have also

obtained poly-(styrene-co-acrylate-co-acrylonitrile)-silver nano-composites through

one step synthesized route. A interesting fractal phenomenon of silver nano-particles

is observed by TEM (see fig.6). However, up to now, there is not a good model to

explain it.

3. the synthesis of metal sulfide nano-particles

Usually, metal sulfide nano-crystals have many unique properties and special

applications, in particular, group II-VI such as cadmium sulfide are a kind of

important semiconductor nano-materials. So much interest is focused on their
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preparation. To synthesize metal sulfide nano-particles, we utilize sodium thiosulfate

(Na2S2O;0 or mercapto ethanol as the reservoir of S'~ ions. A series of changes will

occur when their aqueous solution are irradiated via y-ray.

H 2 O ~ ~~H> H • , • OH, eaq\ H2O2, H^,O\ ... j ;

S2O3
2 ~ + eaq" -> • S " + SO ,̂2~ &

• S " + eaq" -> S2" ®

• S " + • H -> S2" + H+ ©

• S " + • OH -> S + OH • ©

After isopropanol is added into the solution, the oxidative free radicals such

as • OH are scavenged.

• OH + (CH3)2CHOH -> H2O + (CH3)2COH •

The reductive atmosphere of the system is maintained and the yield of nano-

particles is improved. When metal cations exist in the solution, the sulfide particles

are formed by precipitating reaction,

n M2+ + n S2" -> (MS)n (M - Cd, Zn, Pb . . . )

hi order to prevent the small sulfide particles from coming into close contact and

undergoing further aggregation, a certain amount of surfactant sodium dodecyl sulfate

(SDS) is also needed in the system.

The further studies show that some factors such as the absorbed dose, the

concentration of the surfactant and the reductant can influence the size of products.

Fig.7(a), (b) shows the XRD pattern and TEM image of CdS nano-particles,

respectively.

In addition, we first combined y-ray radiation with hydrothermal treatment to

have successfully prepared Nickel disulfide nano-crystal[14].

4. the preparation of the ordered nano-structure materials

The low dimensional nano-scale materials such as nano-rods, nano-wires and

nano-tubes are attracting much interest, due to their unique physical and chemical

properties and potential important applications. There have been many reports of

preparing kinds of the ordered nano-structure materials. But seen from literatures, a

synthetic template is often needed. These templates comprise carbon nano-tubes and

the nano-channels in nuclear track polycarbonate membranes or porous alumina.

Furthermore, certain rodlike cationic surfactant micelles have also been employed as

templates for fabricating rodlike nano-particles. There is no doubt that the template

methods provide a convenient route to synthesize the low dimensional nano-structure

materials, but the obtainment of these templates is not very easy.

Recently, we have successfully solved above problem through utilizing

carbamide as the synthetic template. Not only the procedure of manipulation is very

simple, but also the reaction condition is quite mild (room temperature and constant
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pressure). This method, as we know, is first used to prepare the ordered nano-scale

materials in the world. At present, we have prepared cadmium sulfide nano-rods[15]

and silver nano-ribbons[16]. Their TEM micro-graphs and electron diffraction

patterns and XRD pattern of CdS nano-rods are shown in fig.8. The preparation

process can be simply described as follows:

After the reactants were dissolved in distilled water, amounts of carbamide was

added into the solutions at relatively high temperature and then was crystallized

rapidly at room temperature. Finally, the crystal contained the reactants was irradiated

by y-ray. After carbamide was dissolved with distilled water, the products were

obtained.

A possible formation process can be speculated. When carbamide crystallized

from the solutions at room temperature , due to the presence of the defects, a little of

the solutions was embedded in carbamide matrix. After y-radiation, the yielded

particles further aggregated and grew. But owing to the confinement of the defects,

they were obliged to reorganize. Because the defects appeared random and

meandering, they could only grow expitaxially in accordance with the shapes and

sizes of the defects. Thus, the low dimensional nano-scale materials with sorts of

shapes and sizes were formed.

Moreover, we have also successfully synthesized a-FeO(OH) and y-Fe^Cb nano-

rods without using any templates in water system, CdS nano-wires in non-aqueous

system, respectively.

The above jobs have been completed or are being finished in our laboratory.

Now we are searching a way to prepare new nano-structure materials under y-

radiation condition.
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Figure 1 XRD patterns of the samples, (a) Ni - Ag alloy powders (*Ag, • Ni); (b)

Cu - Pd alloy powders(*Pd, 0 Cu).
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(a)

Figure2 TEM images of the samples, (a) Ni - Ag; (b) Cu - Pd alloy powders.

l.200nm 20()nii,

Figure3 TEM images of polyacrylamide - silver nanocomposites prepared in

aqueous solution via y-irradiation. (a) without isopropanol; (b) containing

isopropanol.
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micro-emulsion systems, (a) polyacrylamide-silver nanocomposites; (b) poly-(butyl

acrylate-co~styrene)-silver nanocomposites; (c) poly(styrene-co-acrylamide)-silver

nano-spheres; (d) poly(styrene-co-methyl methylacry!ate)-silver nano-spheres.
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(a)

Figure5 the TEM images of the products synthesized by the two steps route in

emulsion systems, (a) poly-(styrene-co-acrylate-co-buty! acrylate) - silver nano-

composites; (b) poly( styrene-co-methylacrylate-co-butyl acrylate)-silver nano-

composites.

Figure6 the TEM images of poly(styrene-co-acrylate-co-acrylonitrile)-silver nano-

composites. (a) branch-like fractal: (b) net-like fractal.

- 2 7 2 -



JAERI -Conf 2000-001

10 20 30

>
 2

20

40

31
1

l

50
2G (degree)

60 70

Figure7 the XRD pattern(a) and TEM micrograph (b) of CdS nanopaiticles.

- 2 7 3 -



JAERI-Conf 2000-001

(a)

2 0 (deg ree)

FiguieS (a) the XRD pattern of CdS nanorods; TEM images of the samples: (b) CdS
nanorods; (c), (d), (e) Silver nanoribbons; the electron diffraction patterns of the
samples: (!) CdS nanorods. (g) Ag nanoribbons.
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Positronium Formation in Liquids and Polymers

C. L. Wang and Y. Kobayashi

National Institute of Materials and Chemical Research, Tsukuba, Ibaraki 305-8565, Japan

The mechanism of positronium (Ps) formation in molecular substances is an important topic

in positron chemistry as well as in radiation chemistry. Although ort/?o-positronium (o-Ps) lifetime

in molecular substances can be related to the size of a cavity (free-volume holes in polymers and

bubbles in liquids), the process of Ps formation is not fully understood. In order to account for Ps

formation in molecular substances, several different models, the spur reaction model, the Ore model

and the free volume model, were proposed [1].

The spur reaction model states that Ps is formed by a reaction between a positron and an

electron, ionized from the medium molecules by the positron itself in the "terminal positron spur".

Experimental results show that Ps formation in nonpolar liquids and polymers depends strongly on

positron irradiation [2], external electric field [3] and the presence of polar groups [4,5], in favor of

the spur model. For example, positron irradiation of polymers results in a decrease or an increase of

Ps formation with time. This effect is often mixed with the temperature dependence of Ps formation,

giving confusing data, because a temperature dependence study requires fairly long time exposure of

the samples to the positrons. The application of an external electric field reduces Ps formation [3]

and if the polar groups are added to a nonpolar substance, they weaken the effects of external electric

field and positron irradiation. These results cannot be explained in terms of the free volume model,

which considers only the size and concentration of free volume holes to explain the variation of Ps

formation from one substance to another.

A diffusion-recombination model (DRM), based on the spur model [6] and radiation chemical

considerations, was developed to quantify the electric field dependence of Ps formation in nonpolar

liquids [7,8]. Here Ps is assumed to form in the terminal multi-particle positron blob, not in an

-in-
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ordinary spur containing only a few ion-electron pairs. In most nonpolar substances, the positron has

a higher mobility than electrons, and the spatial distribution of the thermalized positrons extends over

a longer distance than ions and electrons. The positrons thermalized far from the center of the blob

may difluse to the blob center in the presence of the static electric potential of the form r'4, where r

is the distance between the positron and the center of the blob, and contribute to Ps formation. This

process is responsible for the formation of Ps which is sensitive to external electric fields and polar

additives.

DRM can quantitatively explain the electric field dependence of the Ps yield in nonpolar

liquids, hexane, isooctane cyclohexane, benzene and C6F6 [7,9] and may be applicable to nonpolar

polymers consisting only of carbon and hydrogen, and also to liquid nitrogen [10]. However, the Ps

yields in rare gas liquids such as helium and argon [11] are enhanced by the application of an external

electric field. In this case DRM should properly take the influence of the electric field on

thermalization of positrons and the contribution of the Ore process

M + e+ - M+ + Ps

into consideration.

Ps formation provides useful information on the charge recombination processes in insulators,

which have wide applications in electronics. Recently we conducted positron measurements on

amorphous SiO2 (a-SiOj, VTOSIL, obtained from Shinetsu Co.) as a function of electric field strength.

It was found that the Ps yield was gradually decreased with increasing electric field (Fig. 1). In light

of the fact that the positron mobility is as low as 10'2 cm2/V-s as determined by the positron beam and

Doppler shift techniques [10,12] and the electron mobility is as high as 20 cm2/V-s [13], Ps formation

in SiO2 presents a case different from most of nonpolar liquids and polymers, where the positron

mobility is higher than the electron mobility. DRM should be extended so as to include the SiO2 case.

In summary, with more experimental data available, importance of radiation chemical

processes in Ps formation has been recognized. We expect that unique feature of the blob processes

will be further clarified through Ps yield studies.
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Polymer thin film surface and interface characterisation using positron
beam

P.K.. Pujari, M. Tashiro, Y. Honda and S. Tagawa

Institute of Scientific and Industrial Research,

Osaka University, 8-1 Mihogaoka, Ibaraki, Osaka 567-0047

Introduction:

A fundamental understanding of the surface and interfacial properties of

amorphous polymer film is important in many applications such as protective and lubricating

coatings, adhesives, high performance composite materials and polymers for microelectronics.

In recent years a number of techniques based on photon and particle scattering have been used

to study the surfaces and interfaces in polymer thin films'". However, there are certain

limitations in their depth profiling capabilities. On the otherhand, monoenergetic positron

beam technique provides unique advantage in depth profiling a thin film from surface to bulk

by changing the positron energy. The depth resolution is further enhanced, especially in

polymers, due to short diffusion lengths of positron and Positronium(Ps). Although surface

characterisations have been carried out using positron beam'2', no studies are reported so far

on the characterisation of buried polymer-polymer interfaces. In view of this, we have

initiated work on the study of buried interfaces in tailor made polystyrene-polystyrene,

PMMA-polystyrene bilayers with the objective of (a)understanding the behaviour of

positron/Ps at the interfaces, and, (b) to monitor changes in interface structure following

interdiffusion of polymer induced by heat treatment, and, find correlation, if any, with

reptation theory which delineates the complex movement of polymers in polymer matrix

mainly brought about by the entanglement of the polymers.

Experimental:

Polystyrene(PS/PS) and PMMA/polystyrene(PMMA/PS) bilayers were prepared from

spin coated films. The thickness of the individual film was measured using profilometric

technique. Some of the bilayers were heated at 130 C for predetermined period. AFM

mesurements were done to characterise the surface roughness which decides the interface gap

in the as prepared' bilayer. Doppler broadened measurements were carried out as a function

of positron energy using the positron beam facility at the Institute of scientific and Industrial

Research, Osaka University. The evaluated S-parameters, which is the ratio of central low

momentum window to the total peak area were evaluated.
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Result and discussion:

In general the S-parameter increases with depth due to loss of surface escape of

positron with increasing depth which results in higher fraction of positronium(Ps) retained in

the film. For the PS/Ps bilayer, at the interface a small but reproducible dip is seen. We

tentatively ascribe it to long lived Ps formation with higher fraction of three-photon

annihilation at the interface gap of the order of 10-20 A. The evaluated 3-gamma to 2-gamma

ratio tentatively supports this possibility. Further, on heating the bilayer the observed dip

vanishes. Also, the three-gamma to two-gamma ratio for these heated samples are seen to be

different from the not heated sample, namely, no discernable change at the interface is seen.

Thus a clear signature of bridged and unbridged interfaces have been obtained. Another

interesting aspect is the overall increase in S-parameter on heating and the dependence of its

depth profile with heating time.

We have fitted the data using VEPFIT program and the diffusion length of

positron/Ps are evaluated. They are seen to be 21 and 17 nm for the not heated and heated

sample, respectively.

In PMMA/PS bilayer also a dip in the S-parameter is seen at the interface which is

absent in the heated samples. It may be mentioned that in this case the interdiffusion of

polymer at the interface is less compared to PS/PS interface due to the dissimilarity of

polymers. As a result the sharpness of the interface boundary is expected to be more even in

the heated samples.

In conclusion, we have demonstrated the sensitivity of positron beam technique to

polymer relaxation at very small time scale where the interdigitisation distance is not more

than the radius of gyration of the polymer. It is also important that this technique is sensitive

to small changes at a depth of 500 nm from the surface. Further analysis of the data is in

progress.
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Introduction.

It has been expected that the ion-beam irradiation on polymers could give any different physical or

chemical properties from on y-rays or electron beam irradiation. This is attributed intensively to the

fact that the LET (Linear Energy Transfer) of an ion is higher than y-rays or electron beam. As

well-known, the LET depends on the velocity of the ion in matter, especially at lower velocity. If the

ion injected into a material loses all energy in it, the distribution of the deposited energy along the

pathway could be like the Bragg curve. Consequently, the local chemical reaction could be induced

differently along the pathway. The relationship between the local reaction and the energy transfer in

polymer, however, has been hardly investigated. We have investigated the very local reaction in some

slabbed polymers irradiated by various ion-beams by introducing micro-FT-IR method. This paper

concerns the local transformations of the chemical structure in um scale for some polymers irradiated

by various ion-beams.

Experimental.

Samples.

The samples used in this work were low density polyethylene (LDPE), high density polyethylene

(HDPE) and Polypropylene (PP). PP was prepared to have different stereo-regularity. Each polymer

was formed into a slab of 2 mm thick by hot press.

Irradiation and micro-FT-IR measurement.

Irradiation was carried out in vacuum at room temperature by 10 MeV I-T, 20 MeV He2+, 220 MeV

C5+, 260 MeV Ne7+, 350 MeV Ne8+ from AVF cyclotron at JAERI, and in air at room temperature by

2.7 GeV Ne10+, 1.89 GeV N7+ from ring cyclotron at RIKEN, respectively. The sample irradiated in

vacuum was exposed to air after irradiation. On micro-FT-IR measurement, the sample was sliced

along the cross-section of the slab to get a thin film.

Results and discussion.

l.LDPE.

The predominant transformations in the irradiated LDPE were for the cross-linking, trans-vinylene

(-R-CH=CH-R-), end-vinyl (-R-CH=CH2) and vinylidine (-R-C(=CH2)-R-) groups. Fig.l shows the

depth profile of their double bond groups for LDPE irradiated by 350 MeV Ne8+, together with the

profile of the stopping power calculated by TRIM code. On irradiation by heavier ions than H \ the

profiles of these species are similar. In the case of FT irradiation, however, the peak observed for the
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end-vinyl group on irradiation by heavier ions than H*, which is appearing near the range of the ion,

trans-vinylene

end-vinyl

vinyldine

TRIM

200 400 600

Depth( U m)

800 1000

Fig. 1. Depth profile of the transformation induced in LDPE irradiated by 350 MeV Ne8+

could not be observed even to so much dose. Moreover, this peak could not be observed also on

irradiation by y-rays. It could be concluded that this phenomenon comes from the different stopping

power for each ion. The threshold of the stopping power can be estimated to be 80 to 100 KeV/um. As

shown in Fig.l, the position of the peak due to end-vinyl group corresponds to the abrupt decrease of

the trans-vinylene group. This suggests that the increase of the end-vinyl group comes from the

degradation of the trans-vinylene group. Thus reaction may be attributed to so much dense excitation

and ionization in the local region due to higher stopping power.

2. Transformation over long period for HDPE irradiated by higher energy ion.

The transformation proceeding over very long term was found out in the inner region of HDPE

irradiated in air. This could not be observed for LDPE. Fig.2 shows the depth profiles of carbonyl

0.25

t 0.2
mesu 5/1998

-mesu 5/1999

5000 10000 15000
Depth( / i m)

20000 25000

Fig.2. Depth profile of the carbonyl group induced in HDPE by the long period oxidation.
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group measured different date after irradiation by 2700 MeV Ne10+ in air. The yield of carbonyl group

in inner region is found to increase remarkably by long storage in air. This is more remarkable for the

sample stored for about 3 years. This suggests that the oxidation reaction takes place very slowly in

the inner region over long period. We have confirmed by ESR measurement that there are no any

radical produced in HDPE irradiated in air. On the other hand, the increase of carbonyl group was

observed even when the same sample was irradiated in vacuum by 160 MeV O6+ and then exposed to

air. The radical produced in HDPE by irradiation under vacuum is stable at room temperature, but it

disappears immediately when the sample is exposed to air. It is known that the degradation reaction in

HDPE proceeds very slowly through the photo-induced cyclic chain reaction. This leads to the

conclusion that there are many initiators such as -COOH group which can induce the chain reaction

but does not include carbonyl group.

3. Polypropylene.

The main radiation effect of PP is the oxidation degradation. Fig.3 shows the content of carbonyl

group formed at the surface with a depth lOOum for the samples irradiated by 1890 MeV N7+ at

different absorption dose. Fig.4 gives the depth profile of the IR absorption due to carbonyl group. The

same results can be found from both Figures, that is, the SPP (syndiotactic PP) and IPPSA (IPP 92.4%,

APP (atactic PP) 4.5%, SPP 3.1%) are more resistant to ion beam initiated oxidation degradation than

IPP (isotactic PP) and IPPS (IPP 96.8%, SPP 3.2%).

The gel fraction was also measured and the results are summarized in Fig.5. As shown in Fig.5, it is

obvious that at the same dose level, the SPP and IPPSA have a higher intention of crosslinking,

especially for SPP, the crosslinking reaction occurs obviously even at a very lower dose.

When irradiation dose on PP increases, the PP gradually loses its stereo-structures by the degradation

reactions in PP initiated by ion radiation. This would result in a decrease in IR absorption intensity at

the characteristic absorption regions of PP. Table 1 shows percent changes of several typical IR

absorption peaks of PP before and after irradiation. With absorption dose increasing, the absorption

intensity of the specific peaks decreases for all samples. In particularly, the decreases for IPP are much

faster than IPPSA. This suggests that the degradation of IPP is much serious, or that IPPSA is more

stable under ion irradiation.

Though all the peak intensities decrease with the ion irradiation, the ratio of A997cm"' to A974 cm"1

50 75 100 125 150 175 200 225 250
Dose (kGy)

Fig.3. The content of the carbonyl group
formed at the surface (100 um) in PP.
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increases for all samples. This can be explained if it is true that the amorphous phase of PP is more

sensitive to the ion irradiation than the crystallized phase. This means that more degradation reactions

occurred in amorphous phase and resulted in an increase of A997/A974.

From above-mentioned results, a big difference on ion radiation stability exists between IPP and

IPPSA. The main composition of IPP is the same as IPPSA except the later containing a small amount

of atactic PP and syndiotactic PP. Since the performance of IPPS (IPP+SPP) is almost same as IPP,

therefore it is very possible that the atatic PP may play an important role in the ion irradiation stability

of PP.

It is also found that SPP shows a high stability. On the IR spectrum of SPP, it seems that there exists

an absorption from atactic PP structure which can not be removed through purification of SPP. Since

the commercial synthesis of SPP is still at a beginning stage at present, it is possible that there exists

some atactic blocks copolymerized into the SPP molecular and the atactic structure stabilizes the SPP

as it does in IPPSA sample. If this is the reason, the role of APP in increasing radiation stability of PP

will become more important.

Table 1. The changes of peak height of PP characteristic IR absorption after ion irradiation.

Sample

IPPS
IPP

IPPSA
IPP

IPPSA

Dose
(kGy)

94

85.5
107

191

191

AA974
%

-13.77

-14.28
-6.45

-23.82

-10.16

AA997
%

-9.38

-9.06
-2.93

-19.51

-5.77

AA840
%

-9.8

-7.68
-2.41

-18.32

-5.09

AA1168
%

-11.93
-11.34

-4.61

-20.87

-7.75

A(A997/A974)
%

5.06

6.65
3.62

5.5

5.12

974001"': IPP and APP, 997cm"1 and MQcm}: crystallized IPP only, 1168cm"1: IPP.

0 0.05 0.1 0.15 0.2 0.25 0.3 0 35 0 4 0 45 0.5 0 55 0.6

Depth (mm)

Fig.4. Depth profile of carbonyl group in PP.

50 75 100 125 150 175 200

Dose (kGy)

Fig.5. The gel fraction of PP
irradiated at different dose.
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Abstract

Solid films of poly(di-n-hexylsilane) were irradiated with a variety of high energy ion beams, electron

beams, and 'Co y-rays of which LEI ranges from 0.2 to 1620 eV/nm. The beams caused non-homogeneous

reactions of crosslinking and main chain scission in the films. The relative efficiency of the crosslinking was

drastically changed in comparison with that of main chain scission. The anomalous change in the molecular

weight distribution was analyzed with increasing irradiation fluence, and the ion beam induced reaction radius:

track radius was determined for the radiation sources by the function of molecular weight dispersion. The

molecular weight of the polymer was also traced to give the efficiency of crosslinking reactions: G(x) based on

Charlesby-Pinner relationship. The value of G(x) increases from 0.042 to 0.91 with increasing values of LET.

We adopt a reaction model in a single ion track to the crosslinking reactions, and the expanding chemical track

along an ion trajectory is responsible for the increasing crosslinking G-values. The theoretical aspects of the

energy distribution in penumbra area give a good inteipretation to the chemical track radii obtained in this study.

Introduction

Polysilane derivatives have attracted great interest as a new category of polymer materials. Our

previous studies reported on reactive intermediates of polysilane derivatives irradiated by ion, electron and

y-rays[2-4]. Predominant reactive intermediates in polysilanes were assigned to silyl radicals showing great

stability in comparison with carbon centered alkyl radicals[2]. The ion beam irradiation effects on polysilanes

were also investigated, and the reactions in the polymers changed with the energy deposition rate of incident

particle: linear energy transfer (LET) of radiation sources [3,4]. Polymers were crosslinked for high LET ion

beam irradiation in spite of predominant main chain scission reaction for low LET radiation. The difference in

radiation induced reactions was ascribed to a variation of density of stable reaction intermediates ; silyl radicals

generated by radiation. It has been suggested that spatial distribution of deposited energy by charged ions has

played a significant role in the chemical reactions occurred in the target materials^]. Models of the energy

distribution was proposed experimentally and theoretically as "Track Core" and "Penumbra" models by Magee

et al., Varnia et al., Wingate et a!., Katz et al., and Wilson. In spite of the theoretical modeling effort, there are

still unknown factors in the relationship between the ion track structure and the values of track radii that was

experimentally obtained by the analysis of irradiation products. Puglisi et al., Licciardello et al., and Calcagno et

al. also reported the effects of ion beam bombardment to polystyrene leading to the aggregation of molecules and
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crosslinking reactions. The anormal change in molecular weight distribution was ascribed to the intratrack

reaction, however the estimated size of ion tracks was also larger than that of the track core. LaVerne et al.

reported the considerable decrease in the radiation chemical yield for ferric production in the Fricke dosimeter.

They suggested a model of a deposited energy density in an ion track, that depends on the LET and the atomic

number of an irradiation particle.

We discuss the efficiency of crosslinking and main chain scission reactions induced by ion beams, EB,

and y-rays with a variety of LET ranging from 0.2 to 1620 cV/nm in the present study. The molecular weight of

the polymer is traced as a function of absorbed dose giving G-values (number of reactions per absorbed 100 eV)

of the reactions. Both reactions in polysilanes are able to regard as reactions occurred in an individual ion track.

A model of intratrack reactions reveals the chemical core to have a variety of sizes with changing LET.

Experimental

Poly(di-n-hexylsilane) (PDHS) was synthesyzed by the reaction of di-n-hexyldichlorosilane with

sodium in refluxing toluene. The reaction was carried out under an atmosphere of predried argon. The

chlorosilane was purchased from Shinetsu Chemical Inc., and doubly distilled prior to use. The molecular weight

distribution in PDHS was measured by gel permeation chromatography (Shimadzu Class VP-10) with

tetrahydrofuran (THF) as an eluent. The separatory precipitation gave PDHS having the lower molecular weight

(PDHS-L) and the higher molecular weight (PDHS-H) with a monomodal distribution. The molecular weights of

the polymers were Mn = 0.98 ~ 1.3 x 104 and Mw = 3.9 ~ 5.6 x 104 for PDHS-L, and Mn = 5.6 x 105 and Mw =

1.4 x 10r' for PDHS-H, respectively determined by polystyrene calibration standards. Thin films of the polymer

were irradiated in a vacuum chamber (< 1 x 10"" hPa) with 2 MeV !H f, 4He', and I4N' ion beams from a Van de

Graaff accelerator at the RCNST, University of Tokyo. The ion beams from a cyclotron accelerator was also of

use at JAERI, Takasaki. The irradiation was performed under vacuum (< 5 x 10"^ hPa) at room temperature

using 20 -45 MeV ! H\ 20 MeV 4He2t, 220 MeV l2C5t, 225 MeV "'O7\ 160 MeV I6O7+, and 175 MeV 40Ar8' ion

beams. After irradiation, molecular weight distribution in an irradiated PDHS was measured by the GPC system.

The loss of kinetic energy of ions in traversing polymer films was estimated by the TRIM 92.

Results and Discussion

1) Changes in the molecular weight of PDHS

The MeV order ion beam irradiation already revealed to cause crosslinking reactions in polysilane

derivatives making negative tone in the thin solid films. The behavior of PDHS drastically changed with the

irradiation temperature and the value of LET of incident ions. The predominant reaction changed from

crosslinking into main chain scission with increasing temperatures upon irradiation to high LET ion beams[4].

The main chain scission also became predominant in PDHS films when they were irradiated with lower LET ion

beams even at the temperature below 312 K where the molecular structure turned into a crystalline state. The

efficiency of crosslinking reactions is expected to depend on a value of LET, thus the changes in their molecular

weight are traced as a function of absorbed dose.
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According to the statistical theory of

crosslinking and scission of

polymers induced by radiation, the

calculated values of G(x) and G(s)

are summarized in table I. The

Charlesby-Pinner relationship gives

good interpretation to the change in

1/Mii for low LET radiation such as

y-rays, EB, and proton beams with

high energy. However, the linear

relationship is no longer effective to

fit 1/Mn versus D of high LET ion

beams at high dose (> 1 MGy). The

solid PDHS films become partially

insoluble against THF in the range of

D, which is responsible to the
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Table I. CJ-vnlues of crosslinking and main chain scission upon iiradiation to a
variety of radiation sources.

Radiations

I75McVAr "

2MeVN*

l f tOMcVO"

225MeVO"

2McVHc*

22()McVC"*

20MeVI Ic ! '

2 M c V H '

20MeVl l '

45MeVH'

20keVe

3()keV e

*"Co y-rays

l.IiT

(eVnni)

1620

1580

300

230

180

110

35

17

2.7

14

2.1

1.6

0.25

1 ^g*

(MCiv)

0.81

0.89

3.1

3.4

3 3

2.9

5.4

6.8J

-

-

-

(1.91

0.86

0.69

0.65

0.66

0.81

0 19

0.12

0.059

0061

0.083

0.078

0.042

G(s)h

0.17

0.17

0.064

0.10

033

0.35

0 16

0.11

027

0.32

0.28

0.32

045

/• I tlr

(nm)

7.0

68

6 1

5.9

6.0

6.6

3.2

2.5

17*

1.8*

P
(eV nm')

7.0

10

1.6

1.2

1.3

048

0.67

0.54

0.14

0.067

-

Type'

CL

CL

CL

CL

CL

CL

CL

CL

CS

CS

CS

CS

CS

" L)g. gelation dose, h(>(x) aird G(s). G-values of crosslinking and main chain scission,
respectively, CCL and CS denote predominant tcaclions as crosslinking and chain
scission, respectively:'' The values were obtained for PDHS-L;c Estimated by the G-
valucs of ciosslinking.

non-linearity at high dose region. The probability of chain scission suddenly drops down at the LET increased

from 2.7 to 17 eV/nm. The inadiated part of PDHS films actually turns from positive to negative tone, thus the

threshold of LET locates around 10 eV/nm.

2) Gel fraction measurements

The gel fractions of both PDHS-L and PDHS-H are measured for 2 MeV He1 irradiation. There is

little difference in the sensitivity curves of the polymers though PDHS-H has the 50 times higher values of Mn

than that of PDHS-L. The values of Dg are almost same for PDHS-L and PDHS-H as summarized in table 2 with

the G-values obtained by the gel fraction measurement: G(x)g

and G(s)j,. The apparent G-values depend on the initial molecular

weight of polymers, and the extremely low values are observed

for PDHS-H. This suggests that the large number of crosslinking

points is formed in a polymer molecule for the high LET ion

beam irradiation, and the G-values of crosslinking seemingly

Table 2. Gelation dose and G-values of PDf IS determined hy gel fraction measurements*.

Polymer

PD11S-L

1'OIIS-U 3.1

for 2 MeV 1 le*

G(x)

0.61

0.092

G(s)

0.29

0.IM4

/

6

6

,

8

3

for2McVH'

G(s)

0.10

0.(115

G(s)

0.09

0.0095

h

* Dg. gelation dose; (Hx)p and G(s) p. (>-values of crosslinking and main chain scission.
respecli\el\ determined In the gel fraction measurement.

0 5 10 15 20 25

(LETell)'
2(eV/nm)12

Figure 1. The relationship between the
calculated LETen- and the experimentally
obtained radii of chemical track (r + 5r)
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decreases because (he statistical theory treats the model of micro gels which have a crosslinking points per a

molecule. The volume of a single ion track should be responsible to the increasing G(x). We suggest the

following empirical equations that give the better interpretation to the gel formation in polysilanes [2,3],

5 = cxp[ln{l-(r+ *)}•/] g = \~s (1)

where r is the radius of a chemical track, 5r is the differential radius of the track, and f is the fluence of the

incident ion beams. The fittings determine the values of r + 5r, giving r + 5r = 6.0 nm for PDHS-L, and r + 5r =

6.2 inn for PDHS-H at 2 MeV 4He' irradiation. The ion track radius of 2 MeV 4He' was already reported to be

5.9 ± 1.5 nm for PDHS, showing good agreement with the values obtained in this study. The track radii of the

other ion beams are also determined by the same way as summarized in table 1. According to the theory, the

following formulas were suggested to give the values of the coaxial energy in an ion track[5],

(2)iii\ ,11 LIT

2 -\
r.

2/rr/ln—-i / • < / • „ / ' ( ' • ) = — 2m- In
e "'•„

r <r< r

where pc and pp are the deposited energy density at core and penumbra area, respectively, rc and rp are the radii

of core and penumbra area, e is an exponential factor. The density of the reactive intermediates controls the

crosslinking reaction in PDHS, which is supported by the presence of a LET threshold (ca. 10 eV/nm) to obtain a

polymer gel. Thus pcr is adopted as the required energy density for the predominance of crosslinking reactions in

PDHS. The following expression of form gives the relation between the track radii and the values of LET,

m' =*PA\~
Figure I plots the experimentally obtained radii: r + 5r versus LETe,r. The value of the radii is proportional to

LETen, indicating that the eq. I provides a good interpretation to the chemical track radii obtained in this study.

The slope of figure 1 gives pcr at 0.13 eV/nm .
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Abstract

In order to clarify the characteristics of the intra-track reactions induced by

irradiation with high LET radiation, a pulse radiolysis study using 6MeV *H+ (8.5 eV/nm) and

24MeV 4He2+ (35 eV/nm) beams has been carried out in the aqueous solutions of methyl

viologen containing formate. The yields of the methyl viologen radical cation as a function of

formate concentration in the radiolysis with electron, proton and helium ion beams were

determined. The yields are strongly dependent on the LET value of radiation; the higher LET,

the smaller radical yield. By the combination of the yields in the presence of tert-butanol, G-

values of OH and eaq" + H have been evaluated separately as a function of OH scavenging

capacity. It was revearled that a larger fraction of the intra-track reaction takes place in high

LET radiolysis. In addition, an aqueous solution of 0.5 mM methyl viologen containing 10

mM formate is a promising and useful dosimeter in ion beam radiolysis for steady state and

pulse irradiation.

Introduction

The radiation chemistry of aqueous solutions has been studied for more than five

decades and there is a considerable amount of knowledge in low LET radiolysis. On the

contrary, our understanding of the reactions induced by high LET radiation is far from

complete. An ion beam pulse radiolysis system has been constructed at HIMAC Facility,

National Institute of Radiological Sciences [1] and experiments on the measurement of

(SCN)2'~ and SO4
#" formation yields in the 4He2+ ion pulse radiolysis have been carried out in

SCN" and S2O8
2' solutions, respectively, as a function of the scavenging power for respective

OH and eaq" [2, 3]. In the present paper, a pulse radiolysis technique using pulsed proton and

helium beams has been employed to examine the characteristics of the reactions induced by

high LET radiation in aqueous solution. First, the characteristics of the system are briefly
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summarized and the results obtained in methyl viologen solution containing formate are then

presented and discussed. A promising and useful dosimeter in ion beam radiolysis for steady

state and pulse irradiation is proposed [4].

Experimental

The ion beam pulse radiolysis system has been constructed at the HIMAC (Heavy

Ion Medical Accelerator in Chiba) Facility [1] in the National Institute of Radiological

Sciences. The facility is composed of several ion beams, an RFQ injector, a linear accelerator

of the Alvarez type, and a pair of synchrotrons. It can provide ion beams from helium to

argon with energies of 100 to 800 MeV/nucleon. The facility is normally employed for

medical treatment at the daytime and open to basic research at nights and weekends. The

system was placed after the linear accelerator section, where pulsed ion beams of

6MeV/nucleon with longer than 1 u,s duration is available. In the present experiment, proton

and helium beams with pulse duration of 5 or 10 [is were normally taken. The details of the

system have been reported elsewhere [2]. The average energy and LET values are 20.7MeV

and 35eV/nm for 4He2+ and 5.2MeV and 8.5 eV/nm for *H+ beam, respectively. For

comparison, electron pulse radiolysis has been carried out at Nuclear Engineering Research

Laboratory, the University of Tokyo [5]. The sample solutions were prepared by dissolving

the reagent grade of the compounds into Millipore water.

Results and Discussion

Chemical dosimetry has been well established in pulsed electron radiolysis. On the

contrary, a standard chemical dosimeter in ion beam pulse radiolysis is not available.

Therefore, a suitable solution for both pulse and steady state ion beam irradiation would be

and the results should be compared in order to verify the procedure and the reliability for

evaluation of the dose. The steady state ion beam irradiation has been carried out at the 9-

MV FN Tandem Van de Graaff of the Notre Dame Nuclear Structure Laboratory, University

of Notre Dame [6].

In the methyl viologen (0.5mM) solution containing formate, the following reactions

take place, which were confirmed by an independent electron pulse radiolysis study. Here, it

is noted that the MV'+ is very reactive to O2 and all traces of oxygen were removed for the

experiment

eaq + MV2+ -* MV'+ k = 5 x 1010 MV1 (5)
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OH + HCOO -* COO* + H2O

H + HCOO -* COO* + H2

COO + MV2+ — MV+ + CO2

G(MV+) = G(e aq)+ G(H) + G(OH)

k = 3.2 x 109 M V

k = 2.1 x 108 M V

k = 1 x 1010 MV1

(6)

(7)

(8)

(9)

Scavenging capacity for OH / s"

Figure 1 The yield of MV'+ as a function of scavenging
power for OH in low LET ( • ; y-rays [7], • ; electron
pulse) radiolysis, and proton (• ) and He2+ (A) pulse
radiolysis. The values determined in steady state
irradiation with protons (O) and He2+ ions (A) [6].

The yields of MV'+ as a function of formate

concentration in 0.5 mM methyl viologen are shown in

Figure 1. From the good agreement between steady

state and pulsed proton and He2+ ion irradiation, the

evaluation of the dose in pulse radiolysis is sufficiently reliable. In addition, it can be

proposed that a solution of 0.5mM methyl viologen and 10 mM formate is a useful and

promising dosimeter in ion beam radiolysis for both steady state and pulse irradiation [4].

The value of G(OH) was obtained by the addition of tot-butanol (t-BuOH) and

keeping the total scavenging capacity constant. In the presence of t-BuOH, H and OH radicals

are competitively scavenged between formate and t-BuOH.

OH + C(CH3)3OH -* •CH2C(CH3)2OH + H2O k = 6.0xl08 M"V (10)

H + C(CH3)3OH -> •CH2C(CH3)2OH + H2 k = 1.7xlO5 M'V1 (11)

Figure 2 G-values of OH (—) and ea q + H (•••) as a
function of scavenging power for OH in electron, proton
and He2+ pulse radiolysis.

The yield of OH can be obtained from the two methyl

viologen / formate solutions. In this work, the ratio of t-

BuOH to formate concentration was kept constant and

equal to five, so that half of OH radicals should react

with formate. H atoms react selectively with formate. It

was confirmed in electron pulse radiolysis that the

radical, •CH2C(CH3)2OH, from t-BuOH does not produce MV'+ giving the following

relationship.

G(MV+),Bu0H = G(eaq)+ G(H) + G(OH)/2 (12)
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G(OH) = 2[G(MV+) - G(MV+),BUOH] (13)

G(eaq)+ G(H) = 2 G(MV+),Bu0H - G(MV+) (14)

The results are shown in Figure 2. Similarly, G(e"aq) +G(H) was also derived and the results

for electron pulse radiolysis is consistent with the established values. The higher LET ions

give smaller yields of G(OH), while sum of G(eaq) and G(H) is almost constant in each

solution. The e"aq and H atom are scavenged at relatively long times in the present system and

well after the scavenging of the OH radical so their scavenging has no effect on the observed

OH yields.

Conclusion

A pulse radiolysis study on methyl viologen (MV2+) aqueous solution has been carried out

with pulsed JH+ and 4He2+ ion of 5 or 10 \is duration. The G-values of OH and eaq"+H were

evaluated as a function of scavenging capacity for OH. The radical yields decrease with an

increase in LET. It was clearly observed that a larger fraction of intra-track reactions takes

place in higher LET radiolysis.

The comparative experiments between steady state confirmed the reliability of the dose

evaluation in the present experiment. The aqueous solution of 0.5 mM MV2+ containing 10

mM formate is a promising dosimeter for both pulse and steady state irradiation.
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1. Introduction

Polysilanes are a special class of polymer with Si-Si backbone and organic side chains. The Si-Si

a-conjugation is responsible for some of the interesting properties such as photoconductivity (ref 1),

nonlinear optical property (ref 2), and so on (ref 3). Poly(di-/;-hexylsilane) (PDHS) is one of the polysilanes

having Si-Si backbone with hexyl side chains. This polymer undergoes a solid-solid phase transition at

-315 K which coincides with a shift in the UV absorption maxima known as thermochromism (ref 4). This

is brought about by a simultaneous change in the conformation of the backbone as well as disordering of

side chains. Characterization of these microscopic defects or free-volume holes might help understand its

microstructure and other physico-chemical properties. Polysilanes showing interesting photoconductivity

have a potential application as thin film devices. It is well known that properties of thin films are different

from their bulk counterparts. This is because the thin film is a constraint system and considerable

experimental and theoretical interest is generated in understanding the thinness-induced constraint on the

molecular conformation (ref 5).

In recent years positron annihilation spectroscopy has emerged as a powerful microscopic probe in

characterizing free volume in polymers (ref 6). In polymer, a large fraction of positron can form a bound

state with electron known as positronium (Ps) which is trapped in free-volume holes. The orlho-Ps (triplet

state) lifetime or pick-off annihilation rate reflects the size of the free-volume, and its intensity roughly

corresponds to the amount of free-volume. This is the only way to directly characterize free-volume holes

with size varying from 1 to 5 A. However, thin films can not be studied using conventional radioisotopes

owing to wide spread in emitted positron energy and consequentially no depth selectivity can be achieved.

On the other hand, mono-energetic position beam can be used for depth profiling studies by suitably chang-

ing the beam energy and thin films can be characterized from the surface down to the bulk. In light of the

above discussion we have characterized PDHS bulk with temperature dependence of positron lifetime and

PDHS films with different thickness by measuring the Doppler broadened annihilation radiation.

2. Experimental

PDHS was synthesized using Wultz coupling method as described elsewhere (ref 7). Thermal analysis

using differential scanning calorimeter (DSC) showed a solid-solid phase transition at 318 K. The

molecular weight was determined by gel permeation cliromatography, which was seen to be A/» -4.0x10 ,
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M\yMN -5 .1 . Positron lifetime was measured using fast-fast coincidence technique as described elsewhere

(ref 8). More than 0.5 million counts were accumulated by the multi-channel analyzer for each

measurement. The temperature of the sample was changed from room temperature to 373 K in 5 K interval.

Data analysis was carried out using PATF1T program (ref 9) for evaluating positron lifetime and its

intensity of each component.

Thin films (two samples) were prepared using spin coat method with different dilution. Film thickness

was measured using a surface profiler, which was seen to be 1.1 |.im for the thicker sample. We could not

measure the thickness of the thinner film with accuracy using surface profiler due to softness of the

polymer. We have estimated the thickness from our measurement, which showed 1.2 and 0.35 iim, as

described in latter section. Doppler broadened annihilation radiation measurements were carried out using

the LINAC based slow positron beam from 0.05 to 15 keV for thick and thin samples at ISIR, Osaka

University. The S-parameter, which is the ratio of the area in central narrow energy window to the total

peak area of annihilation y rays, was evaluated.

3. Results and discussion

Measured lifetime spectra were fitted to three components, i.e. the shortest lifetime component (i |) of

-190-230 psec, an intermediate component (12) of-580-780 psec, and a long-lived component (T.I) of a few

nsec. They can be ascribed io para-Ps along with other short-lived component, free positron, and ortho-Ps

pick-off annihilation, respectively. The third component provides information about free-volumes. Figures

1 and 2 show temperature dependence of positron lifetime (13) and intensity (/?) for PDHS bulk sample,

respectively. A sharp change of T.I (figure 1) is seen in the temperature range 313-318 K at increasing

temperature and in 303-307 K as temperature is decreased. The DSC result of heating of PDHS indicates

the phase transition temperature as -318 K. It is reported that the transition around this temperature is

solid-solid phase transition, and the conformation of PDHS backbone changes from all-/ra/;.v to some

o
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Fig. 1. Temperature dependence of o-Ps lifetime for
PDHS. Closed and open circles indicate heating and
cooling processes, respectively.

Fig. 2. Temperature dependence of u-Ps intensity
for PDHS. Closed and open circles indicate
heating and cooling processes, respectively.
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disordered helical form (ref 10). That is induced by some amount of intramolecular disordering among side

chains and a breakdown of intermolecular interactions between the backbones, /i of PDHS increases

sharply at this point at increasing temperature. That is because two kinds of major changes such as

disordering of side chains and change in the conformation of the backbone occurs at this temperature.

In PDHS, above 320 K, ii and 7., are almost constant. In general, polymer has an expansion coefficient

and free volume should increase as the temperature increases. The data indicates that the intermolecular

interaction is dominant even above the transition temperature and some ordering still exists even in

disordered or helical conformation which stabilizes the structure. That is also supported by the fact that UV

absorption peak of symmetrically substituted polysilane such as PDHS changes discretely below and above

transition temperature, which is attributed to a segment length of a-conjugation (ref 3).

The S-parameter as a function of positron incident energy is plotted in figure 3 for the thicker (1.1 (.un)

and thinner samples. There is a direct relationship with positron energy and the mean implantation depth

z(nm) as z - 407:'16I p, where E is positron incident energy (keV) and p is density of the material

(g/cm3) (ref 11). Therefore, the positron incident energy is an indicator of the mean implantation depth. In

general, it is seen that the S-parameter monotonically increases with increase in energy and readies a

maximum following which a decrease is seen. This is because the S-parameter directly reflects the Ps

intensity as reported by Cao et al. (ref 12). On the surface, a considerable amount of positroii/Ps escapes to

the vacuum and hence the intensity of Ps is low resulting in lower S-value. As the positron is implanted

deeper, the escape probability reduces and the Ps fraction progressively increases reaching a maximum

corresponding to the bulk value. This is reflected in the S-parameter. On further increasing the positron

energy, positrons annihilate in Si substrate where no Ps formation takes place resulting in wider momentum

distribution and hence lower S-value. Another, interesting observation is the difference between the thicker

and thinner film. This implies that the microstructures of these polymers are different which is induced by

0.46the thickness. It is interesting to note that

evidence for the thickness-induced effect on

conformation exists in polysilanes (ref 13).

We have analyzed our S-parameter data 5>
«> 0.445

using VEPFIT program (ref 14) which takes into [=

account the positron implantation profile and o.

positron/Ps diffusion in predicting the layer

thickness and diffusion length of positron/Ps.

The fitted values are represented as solid lines in

figure 3. The obtained PDHS layer thicknesses

are 1.2 (.un and 350 tun for the thick and thin

samples, respectively. The obtained thickness in

the thick sample is in good agreement with the

4 6 8 10

Incident Energy (keV)

Fig. 3. S-parameter versus positron incident energy.
Open square and closed circle indicate thicker and
thinner PDHS films, respectively. Solid lines show
fitted curves by VEPFIT Program.
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surface profile measurement. The positron/Ps diffusion lengths were found to be 19 and 25 nm respectively.

These values are similar to that reported in polymer by other group (ref 12). The difference in the diffusion

length further supports our obsei'vation that the miciostnictures in thin and thick samples are different.

4. Conclusion

We have reported some new results in characterization of PDHS bulk sample and thin films using

positron lifetime and slow positron beam techniques. Temperature dependence of o-Ps lifetime and

intensity show the sharp transition which is attributed to both side chain and conformational change of

main chain. Even above the transition temperature there is some ordering or intermolecular interaction in

disordered region in PDHS. In the film measurement, evidence for thickness-induced micro structural

changes is seen. Positron diffusion length, which is a fundamental parameter in positron and Ps chemistry,

have been evaluated for PDIIS films. They are seen to be 19 nm and 25 nm for the thicker (1.1 u.in) and

thinner (350 nm) films, respectively.
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Hole Drift Mobility in Poly(hexylphenylsilane)

Y. Kuniini, S. Seki, S. Tagawa
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8-1 Mihogaoka, Ibaraki, Osaka 567-0047, Japan

Abstract

Poly(n-alkylphenylsilane)s in which n-alkyl were changed from methyl to octyl were

polymerized. Hole transport properties of poly(alkyllphenylsilane)s were systematically studied by the DC

time-of-flight (TOF) technique. While the hole drift mobility of poly(methylphenylsilane) increased

monotonously in entire field, those of poly(hexylphenylsilane) and poly(octylphenylsilane) decreased with

increase in the field strength. Temperature dependence of hole drift mobility in those polymers was small.

On the basis of Bassler's disorder formalism the mobility was analyzed quantitatively to disserve complex

contributions of charge transport. The analyzed results indicated that with increase in the length of n-alkyl

side-groups, the energetic disorder of hopping sites became smaller and the disorder of distance between

hopping sites became larger. These results were supported by the results obtained by UV absorption

measurement and positron annihilation life-time spectroscopy measurement.

Introduction

Polysilanes containing only silicon in the backbone are attached considerable attention because of

their interesting properties, intense near-UV absorption, high efficient photoluminescence,

photoconductibity, non-linear optical effects, etc. These properties were derived from the delocalization of

Si-Si a-electrons along the main chains, called a-conjugated systems. Although solid state polysilanes

reveal high electric resistance to be insulators, they became p-type semiconductors in the presence of strong

electron acceptors. But some of pure polysilanes without impurities reveal conductivity in the presence of

applied electric field with irradiation of near-UV light. The conducting path of a charge carrier is attributed

to the hopping of holes between a-conjugated sub domain units (segments). Yokoyama investigated on the

hole drift mobility in poly(methylphenylsilane) (PMePhSi) with different a-conjugated length to suggested

that effective a-conjugated length in the Si backbone chain determined the charge carrier transport

properties in organopolysilanes. ' M. Fujiki reported that the herical structures and the length of segments

were drastically changed by the difference of side-groups in polysilanes with phenyl side-groups.21 Thus the

hole drift mobility in poly(n-alkylphenylsilane) were systematically measured to clarify the effects of

conformational structure and side-groups on the charge transport.

Experimental

Each n-alkylphenyldichlorosilane was synthesized by Friedel-Crafts reaction, and each

polymerization was carried out by the Wurtz-type dechlorinate reaction in Ar atomosphere in toluene.
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Obtained polymer was precipitated using isopropyl alcohol after filtration to

roughly remove NaCl, and the precipitates were dried under vacuum

respectively. Toluene solution of polymer was washed by water, and

precipitated with tetrahydrofuran-isopropyl alcohol mixture. Molecular

weight was measured by gel permeation chromatography (GPC) system

(results were listed table 1). UV-absorption measurement was carried out.

Positron annihilation life-time spectroscopy was carried out using positron

given by the sodium22. Hole drift mobility was measured by the

current-mode time-of-flight (TOF) technique at the temperature range from 233 to 333K. Polymer was

coated on Al at ca.5 mm thick overcoated with Au semitransparent top electrode. Current transit could be

photoexcited at the upper surface of the film using 337 nm pulse from N2 laser".

Results and Discussion

Figure 1 (a) - (c) showed the hole drift mobility in poly(methylphenylsilane) (PMePhSi),

poly(ethylphenylsilane) (PEtPhSi), poly(hexylphenylsilane) (PHexPhSi) and poly(octylphenylsilane)

(POctPhSi). That in PMePhSi increased with an increase in the field strength, and temperature dependence

of that was obvious. However those in PEtPhSi, PHexPhSi and POctPhSi decreased with an increased in

field strength, and temperature dependence of those were doubtful.
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Figure 1, Plots of hole drift mobility in poly(alkylphenylsilane),

(a):PEtPhSi, (b):PHexPhSi, (c):POctPhSi.

On the basis of the Bassler's disorder formalism these mobility were quantitatively analyzed. The disorder

formalism was contrived by Bassler in order to analyze the transport phenomenon quantitatively using the

Monte-Carlo technique.4' This formalism was presented below.

3kT
xexp

where a is diagonal disorder parameter which reflects energetic disorder caused by dipole-dipole or

3 0 0 -
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Table 2. Parameters of disorder formalism
entry

PMePhSi
PEtPhSi

PHexPhSi
POctPhSi

<T(eV)
0.066
0.052
0.042
0.030

Table 3. The results of

n peak(a-o*)
1

2

3

4

6

8

336 nm

336 nm

335 nm

340 nm

344 nm

348 nm

1
4
3
3

.8

.1

.3

.7

80

0
(eV)
M6

0.10
0.
0.

068
039

UV absorption measurem

8.2

7.9

9.4

1.2

1.4

2.1

8

X

X

X

X

X

X

103

103

103

104

104

104

fwhm (eV)
0

0

0

0

0

0

.38

.42

.29

.23

.21

.16

ion-dipole interaction, I, is off-diagonal disorder

parameter which reflects disorder of distance

between hopping sites, and C is an empirical

constant. Analyzed results were shown at table 2.

With an increase in the length of n-alkyl

side-groups a became smaller from 0.066 to 0.030

eV and £ did larger from 1.8 to 3.7. Furthermore

the activation energy of zero-field mobility

decreased from 0.16 to 0.039 eV.

UV absorption measurement was carried

out and the results were summarized at table 3. As

we seen with an increase in the length of n-alkyl

side-groups, the maximum absorption peak shifted

toward to longer wavelength and molar extinction

coefficient increased leading that segments became longer. Especially full width at half maximum (fwhm)

decreased with an increase in the length of n-alkyl side-groups. This result indicated that the energetic

disorder of segments decreased with an increase in the length of n-alkyl side-groups, which was in good

agreement with a decrease in diagonal disorder parameter estimated by Bassler's disorder formalism.

The positron annihilation life-time spectroscopy

was an exclusive powerful technique that could obtain the

information related to free volume in matrix. Figure 2

showed the average radius of free volume in polysilanes

matrix at room temperature obtained by this technique. The

radius increased with an increase in the length of n-alkyl

side-groups. This result also showed close agreement with

a increase in off-diagonal disorder parameter.

On the basis of above results, the length of

g
c

2
>

0.315

0.31

0.305

0.3

0.295

R

o 2 3 4 5 6 7

alkyl : n =
segments in poly(n-alkylphenylsilane) increased and „. , ,. . . . . ,

° K J r J Figure 2. average radius of free-volume in poly-
energetic disorder among segments decreased with an (alkylphenylsilane) at room temperature

increase in the length of n-alkyl side-groups. Furthermore the distance between the segments increased.

Summary

We have studied hole transport properties in poly(alkylphenylsilane) using DC TOF technique.

Hole drift mobility value of PMePhSi increased with increasing the field strength, those of PEtPhSi,

PHexPhSi and POctPhSi, however, were decreased. Diagonal disorder parameter decreased and

off-diagonal disorder parameter increased with an increase in the length of n-alkyl side-groups. UV

absorption measurement was carried out leading to a growth of the length and a decrease in the energetic
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disorder of the segments with an increase in the length of n-alkyl side-groups. Positron annihilation

life-time spectroscopy was also carried out leading to an increase between segments. These results were in

good agreement with those obtained by the analysis on the basis of disorder formalism.
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The local transformations in LDPE irradiated by heavy ions were investigated with

micro-FT-IR system. The transformations are found out for trans-vinylene, end-vinyl and

vinylidine groups. In the region that the ion energy becomes lower near the range of ion, the

end-vinyl groups are fount to be produced by the scission of the trans-vinylene

groups on irradiation of ions heavier than H+. It is concluded that H ion beam gives the effect

similar to y-ray, X-ray or electron.

INTRODUCTION

It has been expected that the ion-beam irradiation of polymers produce any different

physical or chemical properties from on y-rays or electron beam irradiation. This is attributed

to the fact that ion-beam shows high LET (Linear Energy Transfer: energy transferred from an

ion to material per unit distance) different from y-rays or electron beam. The relationship

between the local reaction and the energy transfer in polymer, however, has been hardly

investigated. We have investigated that the very local reaction in some slabbed polymers

irradiated by various ion-beams by introducing micro-FT-IR method. This paper concerns the

local transformations in micro-meter scale of chemical structure in a low density polyethylene

(LDPE) irradiated by various ion-beams.

EXPERIMENTAL

A slab of LDPE ([-CH2-CH2-]n, 0.92g/cm3) of 2mm thick was used. 10 MeV H+, 20

MeV He2+, 220 MeV C5+, 260 MeV Ne7+, 350 MeV Ne8+ ions from AVF cyclotron TIARA

(JAERI, Takasaki) were used as projectiles in vacuum at room temperature.

The sample was exposed to air after irradiation and then sliced along the cross-section to

get a thin film (200-300|im for micro-FT-IR (JIR-6000, JEOL) measurement (see Fig.l).
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Ion direction
2mm scan

IRbeam

Fig. 1 System of micro-FT-IR measurement.

TABLE 1. Wavenumbers and Assignments of Infrared Bands of LDPE.

Band Assignment Wavenumber

trans-vinylene -CH2-CH=CH-CH2- 964 cm"1

end-vinyl -CH2-CH=CH2 910 cm"1

vinylidine -CH2-C(=CH2)-CH2- 980 cm-i

RESULTS AND DISCUSSION

The predominant chemical structures transformed by ion-beam irradiation were

trans-vinylene, end-vinyl and vinylidine groups (see Table. 1). The trans-vinylene group shows

a remarkable change. In this case, the absorption increases with the depth, as shown in Fig.2.

The peak of the absorption of trans-vinylene group does not coincide with the peak of

the stopping power (energy loss of ion per unit distance), except FT ion. Such tendency of

trans-vinylene group on He ion irradiation could be found also on other ion irradiation.

The absorption profile of the end-vinyl group is similar to the trans-vinylene, except for

H+ ion irradiation which absorption appears lower than that of the virgin sample in the region

of lower stopping power. For heavier ions than H+, the profile has the peak. Moreover, the

peak of the end-vinyl group appears in the region where the absorption of the trans-vinylene

group decreases. This suggests that in such region the end-vinyl groups are produced by the

scission of the trans-vinylene group which may be caused by high dense reaction near the

range of ion. On the other hand, the absorption of the vinylidine group was observed to

decrease on every ion-beam irradiation. The vinylidine group mainly to decrease with the

cross-linking.

On H+ ion irradiation, an interesting fact that the irradiation effects should be similar to

that of y-rays, X-ray or electron beam which gives low LET, was found. In this case, we could

not observe the peak of end-vinyl group even on irradiation to so much dose (see Fig.3). This
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suggests that the appearance of the peak of end-vinyl group near the range dose not depend on

absorbed dose, but on the stopping power, and the threshold of which can be estimated to be

80~100KeV/um.
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Fig.2 Depth profile of (a) 10 MeV H4, (b) 20 MeV He2+ irradiation.
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Fig.3 Depth profile of end-vinyl group on 10 MeV H+ irradiation.

CONCLUSION

The depth profile of the local transformations of the chemical structure in LDPE induced

by ion-beam irradiation was appreciated clearly by using micro-FT-IR method. The difference

in the irradiation effects between H+ ion and the ions heavier than H+ was found. It is

concluded that the H+ ion gives the similar effect to low LET irradiation.
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Positronium Formation between Positron and Trapped Electron Studied by Positron
Annihilation Lifetime and ESR
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Tokai, Japan

Positronium (Ps) formation probability and trapped electron density as functions of Co-60 y-
irradiation dose in polyfmethyl methacrylate) and linear poly(ethylene) at 77 K has been
measured. A linear relationship between the enhancement of the Ps formation and the density of
trapped electrons in both polymers is obtained. This clear correlation strongly supports that the
increase in Ps formation with positron annihilation measurement time can be explained as a
reaction of free positrons with trapped electrons produced by the previously injected positrons.

Introduction

In 1987, very large increment of the yield of positronium (Ps) formation was observed at low

temperature in branched polyethylene.[1] The increment was not fast and took few days to reach a

saturated value. There were many materials showing similar phenomena. It had been explained as the

relaxation of polymer structure based on the free volume model of Ps formation by many researchers.

According this model, increment of Ps formation means increment of the free volume holes in materials.

In 1998, this slow increment was measured in poly(methyl methacrylate) (PMMA) at low temperature

and it was explained by the accumulation of trapped electrons by positron irradiation during positron

annihilation lifetime (PAL) measurement. Because free positrons can pick off trapped electron to form

Ps.[2]

At low temperature, trapped electrons are stable because the molecular motion is frozen and visible

light exposure can quench the trapped electrons, as the binding energy of trapped electrons is the energy

of visible light, i.e.l-3eV. Hence the visible light effect on the enhancement of Ps formation was expected

and observed in PMMA.[3,4]

The aim of the present work is to further collect experimental evidence of a direct relationship

between the number of trapped electrons and the enhancement of the Ps formation probability at low

temperatures. 1 applied Co-60 y-radiation to create trapped electrons and used the electron spin resonance

technique (ESR) to measure the density of these electrons.

Furthermore I will discuss some details of the reaction between positrons and trapped electrons.

Experimantal

The polymer samples used for this study were linear high density poly(ethylene) (PE, Mitsui

Petrochemical, Japan) and poly(methyl methacrylate) (PMMA6N, Rohm GmbH, Germany). The PE

samples have a molecular weight of Mw=60,000, a density of 0.968 g/cm, and a crystallinity of 0.72.

PMMA6N is a PMMA that contains 6% methyl acrylate groups. It has a molecular weight of Mw=90,000,
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Fig. 1 Absorbed close dependence of the

intensity of the longest lifetime component, !,. in

PE ( • . in darkness: D, with visible light) and

PMMA6N ( # , in darkness; O, with visible

light) at 77K.

and a density of 1.19g/cm\ They were stored under dry

conditions at room temperature for a long time.

PAL was measured by the fast-fast coincidence

method. Sodium-22 sandwiched with kapton foils

(l.lmg/cm) was used as the positron source. The activity

of the source was -lO'Bq which should be weak enough

to avoid major positron source irradiation effects. The

time resolution of the apparatus was about 200ps. To

minimise the effects of positron source irradiation the

measuring time for each PAL spectrum was limited,

resulting in total counts in each spectrum of about 2x10".

POS1TRONFIT and RESOLUTION^] were used for

analysis of the PAL spectra. A sum of three Gaussians

was used for the resolution curve. All spectra were

analysed with a three-component fit. The lifetimes of the

longest lived (o-Ps) components were fixed in the

analysis (1.46ns for PE and 1.63ns for PMMA6N).

For the measurement at 77K. the samples were

sealed in vacuum glass tubes and immersed in liquid

nitrogen. Small pieces of aluminium were placed

between the sample and the inner wall of the glass tubes,

to provide good thermal contact and thus avoid an

increase of the sample temperature during irradiation.

The ESR measurements were carried out with an X-

band ESR system (JEOL). 2,2,6,6-tetramethylpiperidine

1-oxyl (TEMPO: free radical) was used as the standard

to obtain the spin density. The yields of trapped

electrons were estimated by taking the differences of

ESR intensities of the irradiated sample before and after photo bleaching.

The v-ray irradiation was carried out with Gammacell 220 (Atomic Energy of Canada Limited,

Radiochemical Company) for PAL samples with a dose rate of 2.7kGy/hour, and the irradiation for the

ESR samples was carried out at the Co-60 facility at JAERI Tokai with a dose rate of 4.0kGy/hour. These

dose rates are considered to be similar. An incandescent lamp was used to expose visible light to the

samples.

Results and Discussion

The effects on the intensity of the long-lifetime component, I-, of the Co-60 irradiation and the visible

light are shown in Fig. 1 for PE and PMMA6N. Black circles and squares indicate measurements in
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darkness and the white ones show measurements under

visible light. Visible light totally quenched the

enhancement of Ps formation.

The dose dependencies of the densities of trapped

electrons in PE and PMMA6N measured by ESR are

shown in Fig.2.

Figure 3 (a) and (b) show the relation between the

trapped electron density and I, for PE and PMMA6N,

respectively. The electron densities used in Fig. 3 were

read off the plotted curves in Fig. 2. For the density of

trapped electrons in PMM A6N, an extrapolation of the

curve was used for the highest doses (shown by black

squares in Fig. 3(b)) according to a fitted curve, C,*[l-

exp[-C,*d]] (Cl and C2 are the fitting parameters, d is the

absorbed dose).

Now it is clear that there are linear relations between

the enhancement of Ps formation and the density of

trapped electrons in both of polymers, although the dose

dependence is not simple especially for PE.

Although the trapped electron density easily reaches

saturated value, the density of total spins due to free

radicals increased linearly. [4] However, the

enhancement of Ps formation just depends on the density

of trapped electrons and the free radicals do not affect

the process of Ps formation. For the experiments here,

the samples were always in vacuum hence there was no

oxygen effect for this experiment. If there is oxygen,

peroxy radicals can be formed and affect the Ps

formation process.

The density of trapped electrons was about 10'5 per one gram, and the mean distance of trapped

electrons was ~100nm. It was possible to conclude that this Ps formation was performed outside of the

positron spur. Especially, for PE, positrons can move freely until its lifetime, 400ps, and hence the

delayed Ps formation by the reaction between positrons and trapped electrons must exist. The distance of

drifting positrons until their lifetimes was 80nm in PE around 77k.[6]

On the other hand, for PMMA, density of trapped electrons is ~20nm to have almost same Ps

formation by the reaction of positrons and trapped electrons. The lower mobility or localization of

positrons can cause it. If positrons are localized, the mobility of drifting positrons by applying an electric

field can be very small. Therefor it is difficult to measure the mobility of positrons by this method.

However, if you apply the trapped electrons, the localization rate can be estimated by the lifetime spectra

density (spins/g) /10

Fig.3 The relation between the trapped electron

density and the intensity of the longest lifetime

component. I,, at 77K., (a) in PE (the density of

trapped electrons indicated by a black square

was obtained by a linear interpolation) and (b) in

PMMA6N (the densities of trapped electrons at

the highest doses shown by black squares were

obtained by an extrapolation).
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of o~Ps, which can be measured by 3y-annihi!ation lifetime, and the diffusion length before localization of

positrons estimated by the mean distance. Hence the mobility

of positron can be estimated even for PMMA. It is one

example of the possibility of trapped electrons as a probe.

The Ps formation by the reaction between positrons and

trapped electrons must exist for high enough trapped electron

density and large enough positron diffusion length. The

increment of Ps formation at low temperature for

cyclohexane[4] and glycerol was found. The results for

glycerol are shown in Fig.4. A too large decrement of Ps

formation was found with visible light exposure to the

sample after -/-irradiation. It is very difficult to know the

reason of this decrement. It is needed to investigate this

phenomenon in detail to know why the decrement appears. It

can give a new information for Ps formation, probably, in the

positron spur.

1 2 3
dose (kGy)

Fig.4 Absorbed dose dependence oi" the

intensity of the longesl lifetime component, I,,

in grycerol ( • , in darkness; O , with visible

light) at 77K.

Conclusion

The main results were that enhancement of Ps formation was proportional to the density of trapped

electrons and the enhancement of the Ps formation was removed by bleaching. This is considered clear

evidence that positronium formation may take place with trapped electrons.
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INTRODUCTION

Ion beams provided by the AVF cyclotron (e.g. H+: 90 MeV max.) of TIARA are widely applied

to material science and biological studies". Development of practical dosimetry technique covering the

dose range of 0.005-200 kGy is required parallel with theoretical approach of dose estimation for

accurate interpretation of radiation effects on materials or biological substances taking into account of

different radiation quality and inhomogeneity of energy deposition in interested volume. The thin film

dosimeters with the thickness of 10-200 // m have been well-characterized for. ^Co- y rays or MeV

electrons, and have a potential to be applied also to ion beams. The dose response characteristics of these

films were studied for their application to 3 - 45 MeV/amu ion beams having linear energy transfer

(LET) values in the range up to 100,000 MeV/(g/cm2). Reliability of the real-time fluence monitoring

employing a Faraday cup was also confirmed in advance to this study, by simultaneous use with a total-

absorption calorimeter in the uniform fluence radiation field under scanning beams. Such preliminarily

characterized Gafchromic dosimeter was applied to measure depth dose profile in a polyimide phantom.

THIN FILM DOSIMETERS

The thin film dosimeters: alanine-PE(DL-alanine 60wt%, low density polyethylene 40wt%: 8 X 30 X

0.223 mm), Cellulose-triacetate(CTA 85wt%, triphnylphosphatel5wt%: 8 x 50 X 0.125 (or 0.03) mm),

Radiochromic(FWT-60: 10X10X0.05 mm) and Gafchromic(MD-1260: 10X10X0.007 mm) were

used in this study because they have been well-characterized for ^Co y -rays or 2-MeV electrons23'.

These film dosimeters are enough thin for most of studied ion beams to penetrate completely. The

averaged LET values in terms of non-elastic mass collision stopping power were calculated, as listed in

Table I, using ELOSS code4' based on Ziegler's Table5', taking into account of change of LET values in

the entire dosimeter materials. The stopping power values were mostly in agreement within ± 2 % with

those calculated using TRIM-98 code5'.

IRRADIATION AND FLUENCE MEASUREMENT

The ion beams with the energies ranging 3 - 4 5 MeV/amu were uniformly scanned to 100 X100

mm2 in area and used for irradiation of dosimeters under vacuum about 2 X104 Pa up to four doses.

These doses preliminarily estimated by fluence and above stopping power values were chosen in their

linear dose response range when irradiated by the low LET radiations.

Beam fluence was monitored employing a custom-made Faraday cup (suppression: -100V) in terms

of integrated charge. In advance to characteristics study of film dosimeters, uncertainty in fluence

measurement was estimated by simultaneous use of a total-absorption calorimeter6-7'. These two

detectors were exposed to scanning ion beams through a pair of circular apertures of 0 30 mm in
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dia.(7.07 cm2 in area). The fluence values measured by the Faraday cup <J>m(cm"2) were compared with

those estimated from calorimetry based on nominal incident particle energy Oc(cm"2). The related ratios

of fluence <Pm and those estimated using energy values derived from the magnetic field amplitude at an

analyzing magnet The average value of the ratios O J O c is 1.02 and averaged coefficients of variation

for <Pcis ± 2 % at a 68% confidence level, as shown in Table II.. These are mostly within the

uncertainty limit of the related energy ratios in the last column. These result lead us to confirm that this

fluence measurement system is sufficient to use for the 3- 45 MeV/amu ion beams covering wide range

down to a few nA/cm2: about 0.01 - 270 nC/cm2 as integrated charge in the Faraday cup.

DOSE RESPONSE CHARACTRISTICS

Dose responses, electron spin resonance signal amplitude per unit dose for alanine and optical

density change per unit dose for others estimated from linear fitting of four dose points were normalized

to those for ^Co y -rays or 2-MeV electrons. These relative effectiveness values are plotted as the

function of linear energy transfer (LET), as shown in Fig. 1. All the film dosimeters have a similar

tendency showing decrease of relative dose response with increase of LET. The scattering range of one

plot is about ± 4 % at a 68% confidence level. It suggests applicability of these dosimeters to ion

beams when calibrated by low LET radiations with appropriate correction on dose responses on the

basis of obtained relations.

APPLICATION OF GAFCHROMIC DOSIMETERS TO DEPTH DOSE PROFILE

MEASUREMENT

Gafchromic dosimeter which has only 7/ tm thick sensitive layer was also tested for depth dose

profile measurement with high spatial resolution by irradiation through a stepping multi-layer polyimide

phantom. As preliminary result, depth dose profiles in polyimide for relatively heavier ion beams are

shown in Fig.2. It shows a potential to measure depth dose profiles in 1.2 mg/cm2 (7.5 n m) step

which have been speculated by theoretical approach so far. This film dosimeters originally have 50 /z m

square as lateral spatial resolution employing available X-Y spectrophotometei* The relative dose

values at the surface are mostly agreed with those in Fig. 1.

CONCLUSION

Overall uncertainty in ion beam dosimetry employing thin film dosimeters is estimated better than

± 5 % at a 68 % confidence level, by addition in quadrature of uncertainty components of fluence

measurement ± 2%) and film dosimetry( ± 4%). This meets the requirement to ion beam dosimetry in

material science and biological research using a TIARA cyclotron, although studies on mechanism of

the LET characteristics should be necessary using micro-dosimetric examinations. Improvement of

spatial resolution of dose profile measurement is in progress encompassing to a few ii m order in lateral

and depth.
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Table I Non-elastic mass collision stopping power(average)

ion
beams

12C5+

<°Ar"+

^Kr 2 ^
1 2 0 ^

energy
(MeV)

20
20
50

220
160
260
350
330
520
450

alanine-PE

26
361
156

1,016
3,246
3,933
2,972

19,250
. , . „ ,

CTA
125//m 30 /zm

24
330
144
952

2,961 2,780
3,623 3,473
2,769 2,710

14770
48,140

MeV/(g/cm2)

Radiochromic
(FWT-60)

26
343
157

1,020
3,040
3,774
2,935

15,810
54,010

Gafchromic

24
305
145
941

2,710
3,410
2,680

13,500
45,000
83,800

Table El Uncertainties in fluence measurement

ion
beams
'FT

"He2*

4 0 ^ , , .

'"Xe0*

energy*1

(MeV)
20
20
50

220
160
260
350
330
520
450

measured
charge*2 (nC)
780-1,900

26- 540
360- 550
160- 300

8- 200
5 - 19

110- 140
10- 200
5 - 40

4.5- 6

fluence
ratio*3

1.056
1.044
0.993
0.991
1.042
1.014
0.997
1.020
1.001
0.986

c.v.*4

(%)
0.8
2.5
1.3
1.4
2.3
2.7
4.7
1.2
2.2
1.5

fluence ratio derived from
magnet field amplitude*5

1.005

1.004
1.011
1.026

________

1.054
1.025
1.033

* 1 nominal energy *2 integrated charge measured in the circular area of 7.07cm2 *3 the fluence ratio

Om /O c of the measured fluence by the Faraday cup to those estimated by calorimetry and the nominal

energy *4 coefficients of variation at a 68% confidence level *5 the related ratio of the measured

fluence by the Faraday cup to those estimated using energies at the analyzing magnet.
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Fig.1 LET characteristics of dose responses of thin film dosimeters: CTA(125 and 30// m in
thickness), Radiochromic(50 \i m), Gafchromic(7 \x m) and alanine-PE(223 \x m ) dosimeters.
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Fig2 Depth dose profile in polyimide phantom measured by Gafchromic dosimeters.
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Formation and Reactions of Free Radicals in the Radiolysis of

Organic Materials by Ion Beams

H. Koizumi

Division of Molecular Chemistry, Graduate School of Engineering, Hokkaido University,

Kita-ku, Sapporo 060-8628, Japan

High-energy heavy ions deposit energy along ion tracks with high density. Chemical

effects of the heavy ions may hence differ from that of y-rays and fast electrons. We can

utilize these effects for martial modification and fabrication of microstructure. It is necessary

to know the dependence of the effects on ion beams and the variation of the effects on

materials for developing new application of ion beams. We then studied radical formation in

organic solids of alanine and of adipic acid by ion beams irradiation'"4.

Experimental

Samples used were a-alanine, adipic acid, alanine film dosimeters, and films made of

adipic acid and polyethylene. DL-a-Alanine and adipic acid supplied by Kanto chemicals

were used for y-irradiation. They were sealed in quartz ESR tubes under vacuum, and were

irradiated with 60Co y-rays at a temperature of 300 K. The film dosimeters developed in Japan

Atomic Energy Research Institute (JAERI)5 were used for ion irradiation. The dosimeter

films contain 50 or 40 wt% of low-density polyethylene as binder: The thickness of the films

is 0.16 mm or 0.22 mm, respectively. The films made of adipic acid and polyethylene as

binder were also used for ion irradiation. Polyethylene powder was supplied by Mcrck(for

spectroscopy, Uvasol). 5()wt%:50wt% mixture of adipic acid and polyethylene were pressed

into films of ca. 0.5 mm thick under vacuum at 410 K.

Irradiation with y-ray was carried out with a 60Co source at Hokkaido University. The ion

beams of 175 MeV 40Ar8+, 220 MeV 12C5+, and 350 MeV 20Ne8+ from the cyclotron of the

JAERI TIARA(Takasaki Ion Accelerators for Advanced Radiation Application) were used for

ion irradiation. The ion irradiation was carried out under vacuum at ambient temperature. The

thickness of the piled films for the ion irradiation is sufficiently larger than the range of the

ion beams.

Radical formation in y-irradiated alanine and adipic acid

Stable radicals were generated by g-irradiation of a-alanine and adipic acid. 7'hc radical
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concentrations were plotted as a function of dose in Fig. 1. The radical concentration of a-

alanine increases linearly with increasing dose up to 100 kGy. The efficiency of the radical

formation, however, decreases at higher doses. The radical concentration of adipic acid begins

to saturate at about 20 kGy. The saturation of the concentration arises from the destruction of

the radicals by short-lived intermediate, by an energy transfer process during the irradiation,

and by the destruction of the parent molecules1'5. The dose-yield relationship indicates that the

radicals in adipic acid are destroyed more efficiently than those in alanine.

Radical formation in ion beam irradiated alanine and adipic acid

The radical yield (number of radicals per ion) in the alaninc dosimeter and the adipic acid

films irradiated with the ion beams was shown in Figs. 2-4. The G-values of the radical

formation in a-alanine and adipic acid are tabulated in table 1. The relative yields for ion

irradiations to the yield for y-irradiation are compared. The values of the relative yield for 220

MeV 12C5+ and 350 MeV 20Ne8+ ions are similar in both the solids. However, the yields for

175 MeV 40Ar8+ are much different: the value for adipic acid is 1/3 of that for alanine.

The difference in the yield for a-alanine and adipic acid will be ascribed to that in dose-

yield relationship The yield of trapped radicals in ion-irradiated solids is affectetl by dose-

yield relationship at the high doses, which is determined by the efficiency of the destruction

of the radicals.

The relative yields of the radicals for y-irradiation of a-alanine and of adipic acid are

plotted as a function of dose in Fig. 5. The yields for adipic acid decreases more steeply than

that for alanine. The difference in the yields for the two solids increases from 10 kGy to 1

MGy. The local dose in the ion tracks for 220 MeV 12C5+, 350 MeV 20Nes+, and 175 MeV
40Ars+ increases in this order. The larger difference in the G-values for the Ar ion than that for

the other ions is explained by the higher dose in the ion tracks. The radical yields for the ion

plotted at average doses in the ion tracks. The average doses are determined to reproduce the

G-value of alanine for the ion irradiations2. The yields for adipic acid correlate well with the

curve for y-irradiation.

Application of ion beams for fabrication of microstructure

The average doses in the ion tracks of 220 MeV 12C5+, 350 MeV 2llNc8+, and 175 MeV

40Ar8+ are from 10 kGy to 1 MGy. The doses reach the gelation dose for erosslinking
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several |dm in length were observed by

atomic forced microscopy (AFM).

20
1O'U r

polymers: gelation dose of

Polydimethylsiloxane is l()4-106 Gyb.

Threads of gel may be generated in the ion "b> i9

tracks. We then made the ion irradiation of coO
polydimethylsiloxane. Threads of several g 10m

tens of nm in width and of more than IS
cr

Alanine
o Adipic Acid
— Calc.

10J 10" 10° 107103

Dose/Gy

Fig. 1. Radical concentration in y-irradiated
DL-a-alanine and adpic acid as a function of
dose.

Fig. 2. Radical yield in alanine
film dosimeter and in adpic acid /
polyethylene films irradiated with
220 MeV l2C5+.
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Fig. 3. Radical yield in alanine
film dosimeter and in adpic acid /
polyethylene films irradiated with
350 MeV 20Ne8+.
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Fig. 4. Radical yield in alanine film dosimeter Fig. 5. Comparison of the radical yields for y-
and in adpic acid / polyethylene films ray and heavy ion irradiation. The radical
irradiated with 460 MeV 40Ar8+. yields for the ion irradiations are plotted at

the average dose in the ion tracks.

Table 1. The G-value for the radical formation in adipic acid and in alanine by y- and ion
irradiation.

Ion Energy/MeV G-value / radicals (lOOeV)1

adipic acid DL-a-alanine
rel. rcl.

60Co

c
Ne
Ar

y-ray
220
350
175

6.3
5.6
2.3
0.65

1.0
0.89
0.37
0.10

7.7
8.3
2.9
2.3

1.0
1.1
0.38
0.30
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Speech at the Closing of the 8th Japan-China

Bilateral Symposium on Radiation Chemistry

Wu Jilan
Department of Technical Physics, Beijing University

Beijing 100871, P. R. China

The 8th bilateral meeting will be closed, we can say the meeting is very successful, fruitful

and full of friendship. The organization is very effective. We are greatly appreciated the warm

hospitality from Japanese friends, chairmen and members of organizing committee.

In the meeting, some sparks appeared in the field of radiation chemistry. It seems that we

should pay more attention to the following subjects:

(1) Ion beam radiation chemistry and pulse radiolysis will be fully developed, it will induce

to create systematic experimental methods, new hypothesis and applications in biology,

cancer therapy and material science.

(2) More papers focus on the link between radiation chemistry, biology and medicine. In

China, using nano-second laser photolysis and pulse radiolysis to study these subjects are

progressing steadily, some new results have been obtained. Besides, new approaches to

the study of bio-model compound has been developed such as nano-structure analysis of

polymer assembly on water surface by X-ray reflectometry.

(3) A new system composed of a fento-second laser system for the analyzing light was

established in Osaka University. Thus, to observe ultra fast phenomena become possible

and geminate ion recombination process has been studied.

(4) In application field, we have a deep impression about using natural resources,

carbohydrates, to prepare hydrogel by radiation method and using radiation degradation

products of carbohydrates to improve the biological activities. If industrialized, it will be

an important contribution to environmental protection. Attentions have been paid to apply

radiation technique in lithograph and modification of polypropylene. Systematic research

of radiation induced graft polymerization was reported, the question is that how to

approach industrialization.

The discussion is very active, the young scientist takes an active part in the meeting. In

general we learn from each other. Though both two countries have been influenced by Asia

economic crisis, the advances of radiation chemistry and radiation processing have been

remarkable. Especially in Japan, scientists pay much attention to the basic research. In near

future, more creative performance will be done. We believe our cooperation will be

developed to a new stage.
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Concluding Remarks

On behalf of the vice chairman of Organizing Committee, I would like to
thank all the chairmen, speakers, and other participants for their valuable
contributions. I also thank the financial supporters and the secretarial staffs.
On behalf of the vice president of Japanese Society of RadiationChemistry,
we are indebted to Organizing Committees both in Japan and China and
Program Committee in Japan, especially Prof. H. Yamaoka, who has worked
so hard to make the symposium a success.

To summarize the symposium scientifically is impossible for me, since such
a wide variety of papers presented from the fields of basic and applied radiation
chemistry gave important research results. But I would like tomention three
points. Firstly the most large number of original paperscontaining new results
were presented here among 8 bilateral symposiums.Secondly the most large
number of young participants, especially graduatestudents attended here
among 8 bilateral symposiums. Thirdly the mostactive, scientific , and useful
discussions were carried out here among 8bilateral symposiums. Scientifically
this symposium is the best symposiumamong 8 bilateral symposiums.

This 8th Japan-China Bilateral Symposium on Radiation Chemistry is the
last Bilateral Symposium and the start of the new future Symposium including
more countries like Asian or Pan-Pacific countries. Scince the bilateral symposium
started in 1983 in Shanghai, the symposium has been held 7 times mutually in
China and Japan, Osaka (1985), Changchun (1987), Kyoto (1989),Beijing
(1991), Tokyo (1994), Chengdu (1996). The symposium was originally
organized by Prof. Ma Zueteh of the Shanghai Univ. of Sci. & Tech. and Prof.
K. Hayashi of Osaka University. We have exchanged ideas and advanced
knowledge each other in the field of radiation chemistry through 8 bilateral
symposiums. Furthermore, we have made the very tight human relation and
network between two countries through 8 bilateral symposiums. Surely the
series of 8 bilateral symposiums are very significant and successful events.

Now we have come to the end of the last symposium of the series of the
bilateral symposium. The style of the next Symposium was discussed here by
the organizing committee of 8th Japan-China Bilateral Symposium on Radiation
Chemistry, but the conclusion has not been decided yet. We are looking
forward to seeing you again in the next new series of the symposium in 21st
century somewhere in Asia.

Seiichi Tagawa
(Vice Chairman of the Organizing Committee)
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