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Measurement of Solvated Electrons in Tetrahydrofuran and Fluorinated Polymer Using Sub-picosecond Pulse
Radiolysis System

Dept. of Beam Materials Science, The Institute of Scientific and Industrial Research, O%aka University@,
Faculty/ Graduate School/ School of Engineering, Hokkaido University

Hiroki Yamamoto@, Kazumasa OkamotoP, Naoya NomuraP, Kikuo Umegakib, Takahiro Kozawa?

Quantum beam nanolithography such as extreme ultraviolet (EUV) and electron beam (EB) lithography is
expected as next generation lithography (NGL) technology. In order to develop resist materials, it is very
important to understand the interaction between quantum beam and materials. We has already reported a
sub-picosecond pulse radiolysis system was improved by introducing a TOPAS Prime automated optical
parametric amplifier (OPA). We succeeded in the observation of solvated electron in tetrahydrofuran and

dissociaative electron attachment in 1300 nm.
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Elucidation of Radiation Induced Reactions of Materials for Ultrafine Pattern Fabrication

Faculty/ Graduate School of Engineering, Hokkaido University?
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Kazumasa Okamoto?, Takuya Ishida?, Tosglihiko Susa?, Naoya Nolrjnuraa, Kikuo Umegaki?,
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and Takahiro Kozawa

Chemically amplified resists have been widely used in the mass production line. The acid generation mechanism

induced by ionizing radiation such as extreme ultraviolet (EUV) and electron beam is important for

improvement of the resist performance such as sensitivity, roughness, and resolution below 11 nm. However, the

details of deprotonation kinetics from the ionized resist solid film immediately after the ionization have been still

unclear. In this study, pulse radiolysis of highly concentrated the poly(4-hydroxystylene)(PHS) solutions was

performed. The deprotonation reaction in solid state of PHS is assumed more than ps order.
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Figure 1  Relation between PHS concentration

and viscosity and rate constant of deprotonation in
PHS / cyclohexanone solutions.
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Figure 2 Kinetic traces in PHS/cyclohexanone
solutions (about 50 wt%) with and without
TPS-tf observed at 1150 nm obtained by pulse
radiolysis.
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Study on Sensitivity Improvement of the Soft X-ray Resist with Pulse Radiolysis

Research Institute for Science and Engineering, Waseda University2, Dept. of Nano Ultimate Fabrication?

Chucheng Wang?, Yuji Hosaka?, Masakazu Washio?™ TakafurB| KondohP, Akihiro OshimaP, Seiichi Tagawab
Yoichi Yoshida

ZEP520A is a main-chain scission-type electron beam (EB) resist, and is known for its good spatial resolution
and high sensitivity. In our previous work, the radiation-induced early reactions of ZEP520A were investigated
with pulse radiolysis in ISIR, and the direct ionization of ZEP520A in tetrahydrofuran was confirmed. Following
these results, early reactions in polystyrene and highly concentrated poly (a-allyloxymethyl methyl acrylate)
solution in methylethylketone were investigated with pulse radiolysis in the present study. The transient
absorption band of multimer phenyl radical cation was observed in the solution.
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Figure 1 Transient absorption spectra in 20 mM

ZEP520A solution in MEK
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Study on Radical ions of cycloparaphenylenes by Radiation Chemistry

Dept. of Molecular Excitation Chemistry?, Research Laboratory for Quantum Beam ScienceP,
Institute for Chemical Research, Kyoto University®

Mamoru Fujitsukad, Sachiko TojoP, Takahiro IwamotoC, Eiichi KayaharaC, Shigeru YamagoC, Tetsuro Majima?

Cycloparaphenylenes (CPPs) have attracted wide attention because of their interesting properties owing to
distorted and strained aromatic systems and radially oriented p-orbitals. For application of CPPs, information on
their charged states (radical cation and radical anion) is essential. Here, we measured absorption spectra of the
radical cations and the radical anions of CPPs with various ring sizes, over wide spectral region by means of
radiation chemical methods. The peak position of the near-IR bands for both the radical cation and the radical
anion shifted to lower energies with an increase in the ring size. This trend is contrary to what observed for
transitions between HOMO and LUMO of the neutral CPP. The observed spectra of the CPP radical ions were
reasonably assigned based on time-dependent density functional theory. These results indicate that the next
HOMO and the next LUMO levels are important in the electronic transitions of radical ions.
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Fig. 1. Molecular structures of [n]CPPs (n = 6, 8,
10, and 12).
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Fig. 2. Absorption spectra of [nN]CPPs (n =6 (a), 8
(b), 10 (c), and 12(d)) in BuCl glassy matrix after
y-ray irradiation. Numbers near absorption peaks
indicate peak positions in nm unit. Blue and red
bars indicate oscillator strengths obtained by
TDDFT at UB3LYP/6-31G(d) level assuming C;
and D2 Symmetries, respectively.
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Fig. 3. Absorption spectra of [n]JCPPs (n = 6 (a),
8 (b), 10 (c), and 12(d)) in MTHF glassy matrix
after yray irradiation. Numbers near absorption
peaks indicate peak positions in nm unit. Blue
and red bars indicate oscillator strengths
obtained by TDDFT at UB3LYP/6-31G(d) level
assuming C; and Dn2)¢ Symmetries, respectively.
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Fig. 4. MO levels of neutral [n]CPPs (n =6, 8,
10, and 12) calculated at B3LYP/6-31G(d)
assuming D/2)d Symmetry.
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Configurational Changes of Heme Followed by Cytochrome ¢ Folding Reaction

Dept. of Molecular Excitation Chemistry,” Korea University,” Research Laboratory for Quantum Beam Science ©
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The configurational change of heme in the Cyt-c folding process induced by one-clectron reduction has
investigated using a combination of time-resolved resonance Raman spectroscopy and pulse radiolysis. The
results presented herein reveal that reduction of ferric Cyt-C and the ligation of Met80 occur simultaneously
within a timescale of approximately 2 ps, and that the ligand binding and exchange of heme depends on the
initial configuration of the heme. The rapid ligation of Met80 observed in this study may be attributed to the
intramolecular diffusion of Met80 into ferrous Cyt-C with a 5-coordinated high-spin configuration. Conversely,
the ligand exchange of a ferrous Cyt-C with a 6-coordinated low-spin configuration was significantly slower.

Although various time-resolved spectroscopic
techniques have been used to investigate the folding
dynamics of Cyt-C in the presence of a denaturant
such as guanidine hydrochloride (GdHCI), the
dynamics of the heme coordination states
accompanied with the electron transfer-triggered
folding reaction of Cyt-C are not yet clear. To our
knowledge, here, we present the first study on the
configurational changes of heme accompanied with
Cyt-c folding induced by one-electron reduction
using the time-resolved resonance Raman (TR?)
spectroscopy combined with pulse radiolysis.!

In native Cyt-c, the Fe ion of heme
coordinates axially with the His18 and Met80
residues of the Cyt-C protein. However, upon
addition of GdHCI, the bond between Met80 and
the Fe ion is disrupted, resulting in denaturation
of the protein. In denatured ferric Cyt-Cc, the
coordination site of met80 is either occupied by a
histidine (His33 or His26) to form a 6cLS
configuration. Moreover, ferrous Cyt-C is folded
in the presence of ~4 M GdHCI, whereas ferric
Cyt-C is denatured under same conditions.

The denatured ferric Cyt-C exhibited the
characteristic v4 (v(pyrrole half-ring)sys) mode at
1375 cm’!, corresponding to the porphyrin
breathing mode, and the vig (V(CoCn)asys) mode
at 1639 cm’. In addition, the vo (V(CpCp)sys)
mode, a spin-state marker band, was observed at
1565 and 1588 cm’, corresponding to
6-coordinated low-spin (6¢LS) and 5-coordinated
high-spin (5cHS) configurations, respectively.
These data indicate that the heme moiety has a
mixed configuration under denaturing conditions.

In comparison to the Raman spectrum of

* T. Majima, 06-6879-8495, majima@sanken.osaka-u.ac.jp

unfolded ferric Cyt-c, ferrous Cyt-C exhibits
significantly down-shifted v4 and vo vibrational
modes at 1362 and 1621 cm™, respectively,
which is characteristic of the properly folded
ferrous Cyt-c. The v4 mode is considered an
indicator of the oxidation state of heme because
of its sensitivity to the electron density of heme.
Meanwhile, the vio mode is sensitive to structural
changes in a protein. Thus, the down-shifts in
both the v4 and viy modes, observed in the
spectrum of ferrous Cyt-c, can likely be
attributed to changes in both the oxidation states
and in the structures of ferric and ferrous Cyt-C in
the presence of ~4 M GdHCIL It is also
noteworthy that the vz (V(CoCn)sys) mode is more
pronounced in the spectrum of ferrous Cyt-C than
in that of ferric Cyt-C, suggesting that this mode
can also be used as an indicator of the folding
state of Cyt-C.

To investigate the configurational changes of
heme during the reduction-induced folding reaction
of ferric Cyt-c, we measured the TR? spectra after
pulse radiolysis of ferric Cyt-c in 3.5 M GdHCI.
Figure 1 shows the TR? spectra obtained after pulse
radiolysis of unfolded ferric Cyt-c in 3.5 M GdHCI.
The TR? spectrum of the unfolded ferric Cyt-C in 3.5
M GdHCI exhibits va, V3, V2, and vio modes at 1373,
1505, 1587, and 1639 cm’!, respectively. The
observation of the v, mode at ~1585 cm’!, which
consists of two peaks with centre frequencies of 1564
and 1587 cm’!, indicates that the 6¢LS state of heme
coexists with the S5cHS state under denaturing
conditions. The formation of the unfolded ferric
Cyt-c with 6¢LS configuration is mediated by His33
(or His26) and Hisl8, whereas formation of the
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Figure 1. Time-resolved resonance Raman spectra obtained
during pulse radiolysis of ferric Cyt-c in 3.5 M GdHCI. ([Cyt-c]
= 50 puM, Aexcitation = 416 nm)

unfolded ferric Cyt-c with 5cHS configuration is
coordinated by the His18 residue alone.

On the other hand, the TR? spectra measured
after pulse radiolysis of unfolded ferric Cyt-C in
3.5 M GdHCI also exhibited v4 and vz modes at
1362 and 1400 cm’!, respectively, even in the
early time-delay (e.g. at 500 ns). These v4 and v
vibrations are characteristic Raman modes of
ferrous Cyt-c, implying that the unfolded ferric
Cyt-c undergoes rapid reduction via an electron
transfer from the guanidine radical. The
time-dependent signal intensity of the v4 mode at
1362 cm?! could be well fitted by a
tetra-exponential function with relaxation times
of 1.4 ps, 5.4 ps, 296 ps, and >5 ms (constant).
The fast component of 1.4 ps may be due to the
reduction dynamics of ferric Cyt-C because the v,
mode is very sensitive to the oxidation state of
heme. Thus, one interpretation of this observation
is that the reduction of ferric Cyt-C occurs either
more rapidly than or simultaneously with the
ligation of Met80. Chen et al. found that the
reduction of oxidized Cyt-c and the ligation of
Met80 to the heme iron (Fe?") occur
simultaneously within a 5 ps timescale.? Several
other studies have reported that binding of
methionine residues (Met80 or Met65) to the
heme iron (Fe?"), followed by photodissociation
of the CO ligand, takes place within a timescale
of a few microseconds (~2 ps). Furthermore, the
new v; vibrational mode at 1490 c¢cm™ due to

presence of ferrous Cyt-c with the 6¢cLS heme
configuration was observed in the early delay
time (500 ns); however, the intensity of this
mode was weak. Therefore, we propose reduction
of ferric Cyt-C and the ligation of Met80 occur
simultaneously within ~2 ps. Meanwhile, the two
decay components of 5.4 and 296 ps probably
stem from conformational changes triggered by
the reduction of a denatured ferric Cyt-C and the
ligation of Met80. The slow dynamics of >5 ms
(constant) may be due to the rearrangement to the
native conformation.

During the folding of ferric Cyt-c, the ligand
exchange from His18-Fe**-His33 (or
His18-Fe’*-His26; 6¢LS) to Hisl8-Fe’*-Met80
(6¢LS) occurs via a 6-coordinate intermediate linked
to a water molecule as a distal ligand. Consequently
the dynamics of this reaction are very slow. The data
presented herein show that ferric Cyt-c, under
denaturing conditions, exists in both the 6¢LS and
5cHS forms. Oellerich et al suggested that, similar to
the formation of an unfolded ferric Cyt-c, the
formation of an unfolded ferrous Cyt-c with a 6¢cLS
heme might also be mediated by His-18 and His-33.
Given the folding dynamics of ferric Cyt-C, one
would predict that the ligand exchange from
His18-Fe?*-His33  (or  Hisl8-Fe?"-His26) to
His18-Fe?*-Met80 during the protein folding reaction
would be slow. Indeed, the v, mode at 1565 cm™! of
ferrous Cyt-Cc, corresponding to the 6c¢LS
configuration, was measured with a weak intensity
even in the late delay time of 5 ms, as shown in
Figure 1. In contrast, the v, mode of 1586 cm,
corresponding to the 5cHS configuration of ferrous
Cyt-c, was undetectable, suggesting a rapid ligand
binding process. This result indicates that the ligand
binding and exchange of heme depends on the initial
coordination state of the heme molecule even though
the reduction dynamics of ferric Cyt-C occur within a
timescale of a few microseconds. That is, the ligand
binding of ferrous Cyt-c with the ScHS
configuration, generated by pulse radiolysis, is
relatively fast, whereas ferrous Cyt-c with the 6¢cLS
configuration exhibits slow reaction dynamics. The
fast ligation of Met80 can likely be attributed to the
intramolecular diffusion of Met80 to a reduced
ferrous Cyt-c with a ScHS configuration.

In conclusion, the resulte presented herein show
that the ligand binding and exchange of heme
depends on the initial coordination state of the heme
molecule even though the reduction dynamics of
ferric Cyt-C occur within a timescale of a few
microseconds.
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Structural Study of Various Substituted Biphenyls and their Radical Anions Based on Time-resolved Resonance
Raman Spectroscopy Combined with Pulse Radiolysis
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The structures of various para-substituted biphenyls (Bp-X; X = -OH, -OCH3s, -CH3, -H, -CONHz, -COOH, and
-CN) and their radical anions (Bp-X*) were investigated by time-resolved resonance Raman spectroscopy
combined with pulse radiolysis. The inter-ring C1-C1’ stretching modes (ve) of Bp-X were observed at ~1285
cm'!, whereas the ve modes of Bp-X*" with an electron donating or withdrawing substituent were significantly
up-shifted. The difference (Af) between the vs frequencies of Bp-X and Bp-X* showed significant dependence
on the electron affinity of the substituent and exhibited a correlation with the Hammett substituent constants (op).

Biphenyl (Bp-H), which consists of two benzene
rings with weak electronic interactions, has been
experimentally and theoretically investigated to
understand its structure in gas, liquid, and solid
phases.

ENREF 1 ENREF 1 ENREF 1 ENREF
8 ENREF 9As a result, it is well known that in the
gas and liquid phases, Bp-H has a twisted structure
owing to steric hindrance between the ortho
hydrogen atoms, whereas in the solid state Bp-H has
a planar structure. In contrast to neutral Bp-H, its
radical ions (radical anion Bp-H* and radical cation
Bp-H*") tend to have a quinoidal character, resulting
in a planar structure even in the liquid phase.
However, there are a number of arguments for the
structure of Bp-H* and Bp-H*" in solution. In
addition, most studies have been focused on
halogen-substituted biphenyls, because of the
pollution concerns related to polychlorinated
biphenyls (PCB). Here, we present the comparative
investigation of the structures of Bp-X and Bp-X*
with electron donating or withdrawing substituents at
the para position using TR® spectroscopic
measurements combined with pulse radiolysis.!
Theoretical calculations for the structures of Bp-X
and Bp-X*- are also conducted and compared with the
experimental results.

Figures 1 shows the representative Raman spectra
of Bp-X and Bp-X* in DMF. The TR? spectra of
Bp-X*- were measured with a delay of 50 ns after the
electron pulse irradiation by pulse radiolysis in DMF.
The v¢ modes for Bp-H and Bp-H*", observed at 1286
and 1327 cm’!, respectively. Notably, the v modes
for Bp-Xs are observed at 1286~8 cm’!, which are
close to that of Bp-H. These results imply that the
structures of Bp-Xs are not affected by the
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Figure 1. Representative TR3 spectra of Bp-X (top line)
and Bp-X* (bottom line) in DMF; Bp-H (a), Bp-OH (b),
and Bp-CN (c). TR? spectra of Bp-X*" were measured with
a delay of 50 ns after the radiation of electron pulse during
the pulse radiolysis of Bp-H, Bp-OH and Bp-CN in DMF.

substituents attached at the para position (Cs) of the
phenyl ring. Furthermore, the theoretically calculated
D and rcicr values for all Bp-Xs showed little
change. This result supports the hypothesis that the
twisted structure is attributable to the repulsion of the
ortho hydrogens, and not the electronic properties of
the para substituents.

On the other hand, the v¢ mode of Bp-X* is
markedly up-shifted. The up-shift of the vs mode



accompanied by the one-electron reduction has been
interpreted in terms of the structural change from
Bp-X to Bp-X* with a quinoidal character.
Interestingly, the largest difference (Af) between the
ve frequencies of Bp-X and Bp-X*" was observed for
Bp-H. Numerous experimental and theoretical results
indicate that Bp-H* has a shorter rci.cr’ than Bp-H,
and that it has a planar structure due to the quinoidal
character (Dgpp.re- = ~0°). However, the results
presented herein clearly show that the Af values for
other Bp-Xs are smaller than that of Bp-H. This may
be attributed to the weak quinoidal character of
Bp-X* compared to that of Bp-H*, owing to the
presence of electron donating or withdrawing
substituents. The smaller Af values, compared to
Bp-H*, indicate that Bp-X* may have a slightly
twisted structure. Furthermore, the difference (Af)
between the v¢ frequencies of Bp-X and Bp-X*
showed significant dependence on the electron
affinity of the substituent and exhibited a correlation
with the Hammett substituent constants (cp).

The opposite effect of electron donating and
withdrawing substituents on the Af values, shown in
Figure 2, can be interpreted by considering the
different distributions of the unpaired electron and
negative charge densities of the two benzene rings in
Bp-X*. To date, it is well known that the planarity of
Bp-H* is predominantly due to the m-electron
delocalization, which results in an increase in the
quinoidal character of the two benzene rings i.e., the
delocalizations of the unpaired electron and charge
densities of the two benzene rings in Bp-H* are
equal. However, the substitution of the
para-hydrogen atom with an electron donating or
withdrawing group should result in unequal negative
charge densities on the two benzene rings, even in
the ground state. In addition, Mdnig et al. suggested
that the radical cations of PCBs in DCE show a
twisted structure, wherein the unpaired electron and
the positive charge are localized mainly on one
benzene ring.?2 Taking into account the
op-dependence of the Af values of Bp-X, observed in
the present study, and the twisted structure of Bp-X*,
we conclude that, with or without a substituent, the
unpaired electron and negative charge in Bp-X*
substituted with an electron donating or withdrawing
group may be localized on one benzene ring. Indeed,
theoretical calculations show that in the case of
Bp-X*" with an electron donating group, the sum of
the spin and charge density for the unsubstituted
benzene ring is larger than those for the substituted
benzene ring. However, in the case of Bp-X* with an
electron withdrawing group, the sum of the spin and
charge density for the unsubstituted benzene ring is
smaller than that for the substituted benzene ring.
This result indicates that the unpaired electron and
negative charge density in Bp-X*" substituted with an

Af [ cm™?

Figure 2. Plots of the frequency difference (Af) against
Hammett o, constants for Bp-Xs. The frequency difference
(Af = pr-X* f Bp-X--).

electron donating group are located predominantly on
the unsubstituted benzene ring, whereas those in
Bp-X* substituted with an electron withdrawing
group are located predominantly on the substituted
benzene ring. Moreover, this result supports the
hypothesis that the position of the unpaired electron
and negative charge in Bp-X*" significantly depends
on the electron affinity of the substituent. These
experimental and theoretical results suggest that the
twisted structure of Bp-X*" is due to the localization
of the unpaired electron and negative charge on one
benzene ring and that the opposite effect caused by
electron donating and withdrawing groups on the Af
value stems from the unequal distribution of the spin
and charge densities between the two benzene rings
in Bp-X*~.

In conclusion, the structure of Bp-X* is
significantly affected by the electron affinity of the
substituent, while Bp-X has a twisted structure
regardless of the type of substituent. In addition, the
Af values clearly show a linear correlation with the o,
values for both electron donating and withdrawing
groups. From the theoretical and experimental
results, we show that Bp-X* substituted with an
electron donating and withdrawing group at the para
position has a slightly twisted structure, whereas
Bp-H* has a planar geometry. The twisted structure
of Bp-X* is due to the localization of the unpaired
electron and negative charge on one benzene ring.
Moreover, the unpaired electron and negative charge
in Bp-X* substituted with an electron donating group
are located on the unsubstituted benzene ring,
whereas those in Bp-X*" substituted with an electron
withdrawing group are located on the substituted
benzene ring.?
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Electronic states of solids probed by IR-THz spectroscopy using FEL light source from L-band linac at ISIR
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Infrared spectroscopy is an effective technique for direct observing electronic states of solids. A terahertz
free-electron-laser (THz-FEL) at the Institute of Scientific and Industrial Research (ISIR) in Osaka University is
one of the most intense light source in a far infrared region. It has also possibilities as a pump source because of
its huge peak power with the short pulse length. Meanwhile this also has a linear polarized character originating
in the undulating electrons through the wiggler. A circular polarized THz light can be reconstructed from 90
degree phase shifted linear polarized ones. These characteristic THz-FEL will be the key for developing new

experimental physics of solids in THz region.
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Study of fully automated analyzing system
for the study of low-dose radiation effects on cellular radiobiology
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Health risks from low-dose radiation has a concern for the potential risks from environmental and clinical
radiations, especially after the Fukushima nuclear disaster, even public people has a great interest about the risks
of low-dose radiation. Since experimental signal changes are extremely rare on DNA strand breaks and/or cell
survivals at low-dose region, in the current situation, experimental data in this region with statistical significance
are very difficult to obtain because of the need for large number of samples. We have been developed a fully
automated colony counter system by utilizing the nuclear track detection technologies in order to verify radiation
damage on cellular radiobiology such as the cell survival at low-dose region. As a sample to use in this research,
the colonies were prepared from the cell which irradiated gamma-rays.
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