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Formation Process and Structural Changes of Iron rust

Shigeru Suzuli*

* Institute of Multidisciplinary Research for Advanced Materials, Tohoku University

Recent works on formation processes of iron corrosion products are reviewed. Although green rust (GR) is some-
times observed as intermediate corrosion products of iron based alloys, it is easily transformed to ferric oxyhydrox-
ides such as goethite and lepidocrocite through the aerial oxidation. This is because GR contains ferrous ions which
are oxidized to ferric ions in aqueous solution. In particular, the characteristic features of the structure and transfor-

mation of GR are overviewed in this paper.

Key words : green rust, iron rust, oxidation, X-ray diffraction
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ABSTRACT: Hydrated electrons are the most fundamental
anion species, consisting only of electrons and surrounding
water molecules. Although hydrated electrons have been
extensively studjed in the bulk aqueous solutions, even their
existence is still controversial at the water surface. Here, we
report the observation and characterization of hydrated
electrons at the air/water interface using new time-resolved
interface-selective nonlinear vibrational spectroscopy. With the
generation of electrons at the air/water interface by ultraviolet
photoirradiation, we observed the appearance of a strong
transient band in the OH stretch region by heterodyne-detected
vibrational sum-frequency generation. Through the comparison
with the time-resolved spectra at the air/indole solution

interface, the transient band was assigned to the vibration of water molecules that solvate electrons at the interface. The
analysis of the frequency and decay of the observed transient band indicated that the electrons are only partially hydrated at the
water surface, and that they escape into the bulk within 100 ps.

B INTRODUCTION

When an electron is released into water, the hydrated electron
is formed. This simplest anionic species consists of only one
electron and several solvating water molecules, and has been
intensively studied'~” because of its crucial role in a variety of
chemical/physical/biological processes.'” Although the reac-
tions of hydrated electrons are particularly important at
interfaces where hydrated electrons encounter chemical species
in the other phase, the properties of hydrated electrons at
interfaces are still poorly understood. So far, two studies claim
to have observed hydrated electrons at the air/water interface:
A photoelectron study using a liquid water jet claim that the
electrons are half hydrated at the interface,'’ whereas a second
harmonic generation (SHG) study at the air/water interface
conclude that the electrons are fully hydrated.'” Their
conclusions differ from each other, and in fact, even the
existence of electrons at the water surface has not been
established yet."

Heterodyne-detected vibrational sum frequency generation
(HD-VSFG) spectroscopy has recently emerged as a powerful
technique for the steady-state characterization of interfaces.' ™"
VSFG is a second-order nonlinear optical process that allows us
to selectively obtain the vibrational spectra of an interfacial
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layer as thin as 1 nm. With the heterodyne detection, HD-
VSFG enables the direct determination of the phase and
amplitude of the second-order nonlinear susceptibility (¥'¥),
which provides vibrational spectra at aqueous interfaces for
direct comparison with vibrational spectra in the bulk.'*~'? The
combination of HD-VSEG spectroscopy and the pump—probe
d*>*" is ideal for characterizing hydrated electrons
transiently generated at the air/water interface. Here we report
the observation and characterization of hydrated electrons at
the air/water interface by UV-excited time-resolved HD-VSFG
spectroscopy which was developed for this study.

B EXPERIMENTAL SECTION

Materials. Air/water and air/indole solution interfaces were used
as the sample. For the air/water interface, high purity water (18.2 MQ-
cm resistivity) obtained from a commerdial water purification system
(Millipore, Milli-Q Advantage A10) was used as it is. For the air/
indole solution interface, 17 mM indole aqueous solution was
prepared by dissolving indole (purity >99.0%, Tokyo Chemical
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Industry) in the high-purity water with approximately S h of
sonication. The temperature of both of the liquid samples during
the measurements was kept at the room temperature (24—25 °C).
UV-Excited Time-Resolved HD-VSFG Spectroscopy. A new
setup was developed to perform UV-excited time-resolved heterodyne-
detected vibrational sum frequency generation (HD-VSEG'®) experi-
ments in this study (Figure 1). In this setup, a commercial Ti:sapphire

W2 plate

ipass filter

WSFG
wLo

V—C\J!I quartz Sample
w2 Glan-Taylor prism
1~ _Filters

f

[ Ti: Sapphire
regenerative amplifier

1 (SW. B0 fs, 1 kHz)

Polychro-
mator

| cool
Figure 1. Schematic of the UV-excited time-resolved HD-VSFG
spectrometer developed in the present study to perform the detection
and characterization of short-lived transient species at air/liquid
interfaces.

caused by the pump light was evaluated as the transient spectrum. The
pump—probe delay of the transient spectrum is determined by the
temporal separation between @, and @,,,, pulses, because the pulse
duration of @, (~100 fs) is much shorter than that of @, (~1 ps). This
temporal separation was adjusted by a computer-controlled delay
stage. The instrumental response was determined from the rising time
of Ay @ of a ZnO crystal, and the fwhm of the fitted Gaussian
function was 130 fs. Pump light intensity was adjusted to be 25 mW
for the air/water interface, and 5 mW for the air/indole solution
interface. At the air/water interface, the pump light was focused more
tightly than at the air/indole solution interface to make the two-
photon absorption more efficient. When the UV-pump light is used,
the accumulation of the photodegraded sample at the sample surface
becomes problematic. This was avoided by continuously flowing the
sample solution during the measurements while the sample surface
was kept at the same height throughout the measurement with the
accuracy of about 1 um, which is the requirement for a successful HD-
VSFG measurement.'®* The typical acquisition time of transient
spectra at each delay was ~10 min.

B RESULTS AND DISCUSSION

Air/Water Interface. The steady-state interface-selective
spectrum (where Im 7 is the imaginary part of the second-
order nonlinear susceptibility) of the air/water interface is
shown in Figure 2a. A positive band at ~3700 cm™ and a

regenerative amplifier (Spectra Physics, Spitfire Ace) was used as the
light source which generates 800 nm pulses (5 m], 80 fs) at the
repetition rate of 1 kHz. Of the output, 1 m] was attenuated by a
variable neutral density (VND) filter and spectrally narrowed by a
bandpass filter (center wavelength, 795 nm; bandwidth, 20 cm™) to
be used as the narrow band visible light, @, Another 2 mJ was
converted to a tunable and broadband infrared beam (w,) using a
commercial optical parametric amplifier with a difference frequency
generation unit (Spectra Physics, TOPAS-C). Using these @, and @,
beams, the HD-VSFG measurement was carried out in the following
way. First, @, and @, beams were focused into a thin crystal of y-cut
quartz (thickness, 10 um), where the local oscillator (@g) was
generated by the sum frequency mixing of @, and w,. A plano-convex
lens (f= 500 mm) and an off-axis parabolic mirror (f= 100 mm) were
used for focusing @, and w, respectively. The generated local
oscillator and the transmitted @, and @, beams were then refocused by
a spherical concave mirror onto the sample surface. The incident angle
and the polarization direction were ~40° and S for ), and ~50° and
P for w,. In this process, @y o was transmitted through a silica plate of
3 mm thickness, causing it to be delayed by about S ps with respect to
®, and @, beams. At the sample surface, VSEG took place and
generated the sum frequency light (ws). The S-polarized component
of w; and w, o was isolated by a Glan-Taylor prism, and the two beams
were collinearly introduced into a polychromator. Inside the
polychromator, @; and @, were frequency dispersed and detected
by a liquid nitrogen cooled charge coupled device (CCD; Princeton
Instruments, Spec-10). The interference pattern recorded on the CCD
was analyzed in a similar manner to that we previously reported to
obtain the complex second-order nonlinear susceptibility, 7*).'*® The
phase and amplitude calibration was done using quartz as the
reference.

In the time-resolved measurements, the remaining 2 m] of the
regenerative amplifier output was converted to the UV pump light
(@) 2t 267 nm, In this process, the fundamental fight at 800 nm
was first converted to the second harmonic light at 400 nm in a /-
barium borate (BBO) crystal (CASTECH, Type I, thickness: 1 mm).
The third harmonic light at 267 nm was then generated by sum
frequency mixing of the fundamental and the second harmonic beams
in another BBO crystal (CASTECH, Type 1, thickness: 1 mm) after
optimizing the temporal overlap between the two beams. The UV
pump light generated in this manner was focused onto the sample
surface using a plano-convex lens (f = 350 mm) with the incident
angle of 25° and with the P-polarization, and the change of #® (472)
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Figure 2. Steady-state Im ' spectrum (a) at the air/water interface
and (b) at the air/indole solution interface.

negative band at ~3450 cm™" are clearly observed, which are

assignable to the OH stretch vibrations of the free OH group
and the hydrogen-bonded OH group, respectively.”” ™' We
note that the positive band below 3200 cm™, which was
reported in previous HD-VSFG studies,'®*" does not appear in
this spectrum. In fact, our recent studies have shown that no
noticeable positive vibrational resonance exists in this region
within the S/N, and the previously reported band is likely an
artifact due to inaccurate phase calibration,****

When the sample surface is irradiated with 267 nm pump
light, electrons are generated through the two-photon
ionization of water,”

2, H,O
H,0 —>

OH® + H,O' + &~ (1)

Figure 3 shows the UV-pumped time-resolved interface-
selective spectra, Im Ay = Im[y®(f) — ((mo], in the OH
stretch region at the air/water interface. (¥*'(t) and %, are
the second-order nonlinear susceptibilities in the presence of
UV light at delay ¢ and in the absence of UV light, respectively.)
In these transient spectra, the 3050—3400 and 3400—3800
cm™! ranges were measured separately, and they are connected
using the same scaling factor for all the delays. As readily seen
in this figure, a very strong positive transient band at around
3260 cm™' and a broad positive offset appear with UV
irradiation, and they decay almost completely within 100 ps.
The decay is monotonic, and no appreciable change in the
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Figure 3. Time-resolved Im ¥ spectra (Im Ay{?) of the air/water
interface. The spectrum at —0.2 ps provides an estimate of the noise in
our spectra. The spectra in the low and high wavenumber ranges were
measured separately, and they are connected using the same scaling
factor for all the delays.

spectral shape is observed, indicating that the time-resolved
spectra are represented by only one component (Figure 4a).
The temporal change of this transient is obtained by plotting
the integrated intensity of the spectra at each delay, and it is
depicted in Figure 4b. The transient component rises almost
instantaneously and then shows a nonexponential decay on a
10 ps time scale. The intensity of the transient band is very
high, and is comparable to the OH stretch band intensity in the
steady-state spectrum. Actually, the transient signal appears
without any noticeable bleach of the steady-state signal, which
should give a positive broad bleach that is peaked around 3450
cm™' and disappears below 3100 cm™ as expected from the
steady-state spectrum shown in Figure 2a. Furthermore, we did
not observe any bleach signal due to the free OH band at 3700
cm™" either, which should appear as a sharp negative band. The
absence of the bleach signal implies that the observed transient
signal originates from a very small number of water molecules.
Thus, the time-resolved spectra clearly show that the UV pump
light generates a transient species exhibiting a very large VSFG
signal in the OH stretch region at the water surface.

In order to confirm that the transient species is generated by
eq 1, we evaluated the pump power dependence of the
transient signal intensity. Since eq 1 involves two-photon
excitation, we expect a quadratic power dependence. The filled
circles in Figure Sa show the experimentally determined

a b c
-
g g 52
~ = *|
] a4 v
Z ; ‘ 00051015
0t+——+1+—7— © —
3000 3300 3600 0 25 50 75 100

Wavenumber / cm’ Delay / ps

Figure 4. Analysis of the transient spectra at the air/water interface.
(a) Spectrum averaged over all the delay time, (b) temporal change,
and (c) assignment of the observed transient species.
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Figure 5. Power dependence of the transient signal intensity, which
was extracted by fitting the complex Ay® spectra with a complex
Lorentzian. (a) At the air/water interface. The intensity of the 3260
cm™" band at the delay of 0.2 ps was evaluated. (b) At the air/indole
solution interface. The intensity of the 3230 cm™ band at the delay of
10 ps was evaluated.

intensity of the 3260 cm™ band at each power, which was
extracted by fitting the complex z') spectrum with a complex
Lorentzian function. The data points are fitted well with a
quadratic function as shown by the solid curve, which is
consistent with eq 1. We stress that this transient signal is not
due to the heat generated by the two-photon absorption of the
UV-pump light. The transient spectrum of the water interface
due to the heating effect has been observed in IR-pump time-
resolved HD-VSFG studies.>”** In such a case, the transient
spectrum shows a negative band and a positive band in the
high- and low-frequency parts of the OH stretch region,
respectively. This spectral feature arises because the heat
induces a temperature increase of the water surface, which
weakens the hydrogen bonding of the interfacial water and
gives rise to a high-frequency shift of the negative hydrogen-
bonded OH stretch band. The intensity of this transient feature
is rather low; it is less than 10% of the steady-state signal
intensity. In sharp contrast, the transient spectra in Figure 3
only exhibit a clear positive band on a broad offset, and the
spectral feature is completely different from the transient signal
arising from the heating effect. Furthermore, the intensity of the
observed transient signal is very high ((0.5—1) X 107 m* V™',
depending on the experimental condition), and it is comparable
to the steady-state signal intensity, although it is expected that
the two-photon absorption of the 267 nm pump light used in
the present study is much less efficient than the one-photon
absorption of the IR pump light used in the IR-pump time-
resolved HD-VSEG study. Therefore, we can safely conclude
that the transient signal observed in this study is not due to the
sample heating but arises from transient species generated by
the two-photon ionization of water.

As shown in eq 1, two-photon ionization of water generates
not only an electron but also a hydroxyl radical (OH) and a
hydronium cation (H;0"). The contribution of the hydronium
cation to the 3260 cm™" band can be easily ruled out because
the observed spectrum is clearly different from the broad
negative spectrum of hydronium cation at the air/water
interface reported in the literature.”® In order to make an
unambiguous assignment, we carried out a time-resolved HD-
VSFG experiment at the air/indole aqueous solution interface
as described in the next section. The experiment clearly shows
that the transient band is attributable to the electron at the
water surface, not to the hydroxyl radical.

DO 10.1021/jacs 6b02171
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Air/Indole Solution Interface. The steady-state Im @
spectrum of the air/indole solution interface is shown in Figure
2b. The spectrum shows a high similarity to the spectrum of the
air/water interface (Figure 2a), indicating that the orientation
of water molecules at the interface is not drastically altered.
Nevertheless, the observed bands are broader at the air/indole
solution interface, suggesting that the interfacial water structure
is perturbed to a certain extent by the indole molecules at this
interface. More directly, a sharp negative band at ~3065 cm™
in the Im ¥ spectrum is assigned to an aromatic CH stretch
mode of indole,”* indicating a substantial population of indole
molecules at the surface. In fact, it is estimated from the surface
pressure measurement that as many as ~5 indole molecules
exist within every 1 nm® of the sample surface (Supporting
Information). We note that the water molecules can contribute
to the Im ¥ spectrum even if they are located below indole
molecules, provided that they have a particular alignment due
to the anisotropic environment at the interface. The positive
“free OH-like” band around 3600 cm™ can arise from such
water molecules because indole molecules do not have an OH
group and the water molecules cannot form a hydrogen bond
with them. Nevertheless, a small frequency shift or broadening
of such an OH stretch band is expected due to the weak
interaction between the OH group and indole molecules, and
actually, the “free OH-like” band at the air/indole solution
interface is broader than the free OH band at the air/water
interface. Such a “free OH-like” band is often called a
“hydrophobic” OH band in the literature.'®**

At this air/indole solution interface, the electrons are
generated through the one-photon ionization of indole:’

h
indole = S, indole — (indole cation)" + e~ 2)
Figure 6 shows the UV-excited time-resolved interface-selective
Im Ay® spectra in the OH stretch region at the air/indole
solution interface. In contrast to the simple transient spectra at

the air/water interface, complicated transient spectra are
observed: The spectra show a negative feature at around
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E
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0 M 0.2 ps

T
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Figure 6. Time-resolved Im #® spectra (Im Ay®) of the air/indole
solution interface. The spectrum at —0.2 ps provides an estimate of the
noise in our spectra. The broken line indicates the location of the
quickly decaying band.
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3230 am™' and a positive one at approximately 3500 cm ™.

Although the positive and negative features persist for more
than 300 ps, the time-resolved spectra show a significant
spectral change in the first 100 ps, i.e,, the low-frequency side of
the positive band disappears (as indicated by the broken line)
and the band becomes much narrower. After this initial spectral
change, the transient spectra show no further changes. This
spectral change indicates that the time-resolved spectra are due
to two transient species: the short-lifetime transient is depleted
in the first 100 ps whereas the other remains at the interface for
more than 300 ps.

Using singular value decomposition (SVD) analysis,*® we
determined the spectra and the temporal profiles of the two
transient species as shown in Figure 7, panels a, b, d, and e.
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Figure 7. Analysis of the transient spectra at the air/indole solution
interface. (a,d) Spectra, (b,e) temporal changes, and (c,f) assignments
of the short-lived and long-lived transient species, respectively,
observed at the air/indole solution interface.

SVD is a mathematical technique to decompose a set of
transient spectra into the linear combination of the products of
spectral basis functions and temporal basis functions that are
orthonormal to each other. This decomposition is a purely
mathematical process and those basis functions do not have
physical significance by themselves. However, we can convert
them into physically meaningful spectra and temporal profiles
of real chemical species by applying several assumptions that
add physical significance to this analysis. Figure 7a,b,d,e shows
the final results we obtained after this conversion. The details of
the analysis are given in the Supporting Information.

The analysis clearly shows that the short-lifetime transient is
depleted within 100 ps in a nonexponential manner (Figure 7b)
whereas the long-lifetime transient does not show a significant
decay up to 300 ps (Figure 7e). More importantly, the
spectrum and the decay process of the short-lifetime transient
(Figure 7a,b) highly resemble those at the air/water interface
(Figure 4ab): Both spectra show a positive and relatively
narrow band, and the kinetics are almost identical. These
similarities allow us to have a direct comparison between the
two systems, and they strongly indicate that the two spectral
components are assignable to the same transient species. To
confirm that the transient species at the air/indole solution
interface are generated by eq 2, we evaluated the pump power
dependence of the intensity of the transient band in the same
manner as for the air/water interface. As shown in Figure Sb, it
exhibits a linear power dependence, which unambiguously
indicates that the transient bands are due to the transient
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species generated by one-photon ionization of indole. This
means that the same transient species is generated by the two
different reaction schemes at the air/water and air/indole
solution interfaces. Because the electron is the only transient
species that is generated in both of the schemes, the two
transient bands, i.e., 3260 cm™ at the air/water interface and
3430 cm™! at the air/indole solution interface, are attributed to
the OH stretch vibration of the water molecules that directly
interact with the electrons at the interface. This is reminiscent
of the resonance Raman study of hydrated electrons in bulk
water, where the OH stretch vibration of the water molecules
that solvate the electrons is observed as a broad band centering
at 3170 cm™.”

We note that the frequency of the transient band assigned to
the hydrated electrons is noticeably different between the air/
water and air/indole solution interfaces. We consider that the
difference is caused by the presence/absence of indole
molecules at the interface. At the air/indole solution interface,
the interaction between the electron and the water molecules is
weakened by indole molecules, giving rise to a higher OH
stretch vibrational frequency (Figure 7c). In fact, a theoretical
study of the system comprised of indole, water, and electron
suggests that not only water molecules but also indole
molecules may exist in the first solvation shell of the electron.*®
Such indole molecules would perturb the distribution of the
electron in the vicinity of the water molecules. Thus, it is
reasonable that the indole molecules affect the strength of the
interaction between electrons and water molecules, which
results in the frequency shift of the OH stretch vibration. We
also note that transient band is accompanied by a broad
positive offset-like signal (Figure 4a and 7a). This broad feature
may be caused by the vibrationally nonresonant and electroni-
cally resonant SFG of the hydrated electrons. Although the
wavelength for the electronic transition of hydrated electrons at
the interface is not known, it is possible that the signal due to
the electronic transition is detected in the present measurement
because the w, and w,+w, wavelengths are close to the
electronic transition wavelength of the hydrated electron in
bulk water at 720 nm.” It is noted that an SHG study claims
that they detected hydrated electrons at the air/water interface
by probing the electronic transition at 700 nm."?

Another transient species with a long lifetime is observed at
the air/indole solution interface (Figure 7d,e). Because the
decay of the short-lifetime transient (i.e., hydrated electrons) is
not accompanied by the rise of this long-lifetime species, the
two transients are independently generated at the interface.
Remembering that the electron, the S, indole, and the indole
cation are generated at this interface (eq 2) and that the short-
lifetime transient is ascribed to the hydrated electron, the long-
lifetime component should be associated with the S, indole or
the indole cation. Actually, the transient spectrum of the long-
lifetime species is similar to the steady-state spectra of air/water
interfaces covered with a monolayer of cationic surfactant.'”
Therefore, this component is assignable to the water molecules
interacting with the indole cations at the interface (Figure 7f).

Electron Hydration at the Air/Water Interface. Time-
resolved interface-selective vibrational spectroscopy enabled us
to measure the vibrational spectrum of the hydrated electrons
at the air/water interface. By comparing this spectrum with the
spectra of water anion clusters in the gas phase and of hydrated
electrons in bulk water, we can discuss a molecular-level picture
of the hydrated electrons at the water surface.
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In the gas phase, water anion clusters have been intensively
studied as a model of hydrated electrons.*” Figure 8a shows the
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Figure 8. (a) IR spectrum of (H,O)s™ cluster.** [Reprinted with
permission from Hammer, N. 1, et al. J. Chem. Phys. 2005, 123,
244311. Copyright 2005 AIP Publishing LLC.] (b) Im Ay®® spectrum
of the hydrated electrons at the air/water interface obtained in this
study. (c) Raman spectrum of the hydrated electrons in bulk water.””
[Reprinted with permission from Mizuno, M.; Tahara, T. J. Phys.
Chem. A 2003, 107, 2411. Copyright 2003 American Chemical
Society.]

IR spectrum of (H,O)s  clusters.”” For this cluster, the
theoretical calculation shows that the excess electron is
hydrated by one water molecule at the cluster surface with
two OH groups pointing toward the electron. Because the two
OH groups of this water molecule are equivalent, the OH
stretch modes mix and give rise to the symmetric stretch mode
at 3265 cm™ and the antisymmetric stretch mode at 3376
cm™, Thus, the intrinsic frequency of the individual OH stretch
modes is estimated to be ~3320 cm™!. On the other hand, in
bulk water, it is considered that a hydrated electron consists of
one electron and the surrounding (about four to six) water
molecules that hydrate the electron.*""*> Resonance Raman
spectra of those hydrated electrons in bulk water have been
measured,””***¢ and they show a very broad band centering
around 3170 em™' (Figure 8c).”” This shows that the OH
stretch frequency observed at the water surface in the present
study (3260 cm™") is located in between the frequencies in the
gas phase (3320 cm™) and liquid phase (3170 cm™). The
relationship between the OH stretch frequency and the degree
of electron hydration is governed by two factors, ie., spatial
confinement and charge sharing. With higher degree of
hydration, the electron is confined into a smaller region.
Then, the higher charge density makes the OH group of water
molecules interact more strongly with the electron, and the
vibrational band shifts to lower frequency with respect to the
vibrational frequency in the gas phase. On the other hand,
higher degree of hydration also enables the charge of the
electron to be shared by many water molecules. Then, because
the charge experienced by each water molecule decreases, the
band shifts to higher frequency as compared with the frequency
in the gas phase. For the system consisting only of water
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molecules and electrons, the observed OH stretch frequency is
lower for the fully hydrated electrons in water (Figure 8c) than
for the surface electrons in the gas phase (Figure 8a). This
indicates that the former effect resulting from the spatial
confinement of the charge is predominant. Therefore, the
intermediate peak frequency (3260 cm™) observed at the air/
water interface (Figure 8b) is considered to indicate that the
electrons at the air/water interface are more hydrated than in
the gas phase cluster and less hydrated than in bulk water,
implying that electrons at the water surface are partially
hydrated. Assuming that the presence of an electron does not
change the sign of the hyperpolarizability, f, for the OH stretch
mode of water, the positive sign of the observed Im Ay band
indicates that the water molecules solvating the electron have
the hydrogen-up orientation.'® Consequently, we obtain a
picture of hydrated electrons at the water surface: electrons
exist on top of the water surface, and they are partially hydrated
from below (Figure 8).

We note that this picture of the hydrated electron at the
water surface is consistent with the very high intensity of the
transient OH stretch band we observed. Actually, intense OH
stretch bands have been reported in the infrared spectra of
small water anion clusters, (H,0),”.*" As already mentioned,
the excess electron is bound to the surface of the hydrogen-
bond network of water molecules in those clusters, and one
water molecule primarily interacts with the electron. The OH
stretching motion of this water molecule significantly
modulates the spatial distribution of the diffuse excess electron,
which leads to a large change of the dipole moment and results
in a very high infrared activity. In the VSEG process, y® is
proportional to the product of the infrared activity and the
Raman activity. Because a large change of the electron spatial
distribution can also induce a large change of the polarizability
(ie, Raman activity), it is expected that the OH stretch
vibration of the water molecule interacting with the excess
electron has very large #®. Therefore, the intense transient OH
stretch band in the Im Ay® spectra is expected for partially
hydrated electrons at the water surface because the spatial
distribution of the electron, in particular the part of electron
protruding into the air, can be largely modulated with the OH
stretch vibration of the water molecules that interact with the
electron.

The present study also shows that the hydrated electrons are
not very stable at the interface and disappear from the interface
within 100 ps (Figures 4b and 7b). Because the decay dynamics
of the hydrated electrons are almost the same at the air/water
and air/indole solution interfaces, and because the indole
cations stay at the interface for a much longer time than the
hydrated electrons (Figure 7e), the disappearance of the
partially hydrated electrons is not due to the recombination
between the electron and the cation. Rather, the partially
hydrated electrons escape into the bulk water to become fully
hydrated. This view is in excellent agreement with the
conclusion obtained by a previous molecular dynamics (MD)
simulation*” which predicts that electrons at the water surface
escape into the bulk on a 10 ps time scale. It is noteworthy that,
in another MD simulation study, Uhlig et al. claim that the
electrons are fully hydrated at the air/water interface."®
However, the simulated electron distribution actually shows
that some part of the electron distribution protrudes into the
air, which means that the electrons are “partially hydrated” in
our terminology.
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B CONCLUSION

Using novel time-resolved and interface-selective vibrational
spectroscopy, we obtained for the first time the vibrational
spectrum of hydrated electrons at the air/water interface. Based
on the obtained vibrational spectrum, we concluded that the
electron at the water surface is only partially hydrated.
Furthermore, we observed that this partially hydrated state of
an electron is not very stable and that the electron escapes into
bulk water within 100 ps to become fully hydrated.

Although the selective observation of short-lived transient
species at liquid interfaces is an experimentally challenging task,
we have demonstrated that UV-excited time-resolved HD-
VSFG spectroscopy can achieve this. The application of this
new method is not limited to hydrated electrons but can be
utilized to study the dynamics of various chemical processes at
liquid interfaces. UV-excited time-resolved HD-VSFG spec-
troscopy is a promising technique that provides new insights
into interfacial chemical reactions.
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2<—vH

IOy b7y 7Tk, HERD Ti:y 7 7 4 7HEHIES (A7 +5 74 Y7 A, Spitfire Ace)
%, 1kHz O 1R U EFESc 800nm d SV A (5mJ, 80fs) 2 FK4ET 3Rt e L THW,

RS BHE T, EEEESREDOE D d 2ml 28267nm @ UV R 7% (wpump) BN
720 TOBRT, 800nm DEANEIE, T3 8- FYE Y 7 A (BBO) f5& (CASTECH #84, %
471, BEX lmm) T400nm OFE _SFRE I E#EHINS,

Xic, Hlo BBO #& (CASTECH, ¥4 7' 1. EX lmm) CTERJ L B_FHAKE — 2 0MAKE
A2k D, 267Tnm OE=FRAF LA REI S, OB, Zo0E—-LA0RMNEZL ) 2&E(LL
7o ZDXIILTHRELLZUVRY S, L v X (f=350mm) ZAWT, ASA25°, P
RAETHRBERRICENRZIN, RV 7THICEE xQ)DEN (A x(2) »HBERARZ Pk LTEHEX
nr,

FARRMEIC 267 nm DR Y THEBETE L, KOZHKFA A MLITL > TEFHEEL,

2hv, H,0 . g -
H,0 — OH® + H,0" + e (1)



BAAFEH IENBRENK )

https://www.mech.kumamoto-u.ac.jp/Info/lab/fluid/FM-6.pdf

2014/11/22

83

6 EFARhOERLREEEAX

NNV X —A ORITTRAREEIZES S =
FNX—BENBD TNSWBEIIE L
50, FHEZII=RLVX—BLE2EET
DUBENRHD. ZOETIEZRLF—I8 RE-:..:_:__—___—__:_:_:.
KO—FETHIEERNZRNDITREE ||| T—=—=———=—
BEEL OMMEEBRBIZ LD =RV —HEK N
OFAMEZ R~ B . r75z%

=184

6.1 Bk LEL 7R Jaminar flow and turbulent flow)

J:%ﬂ®§$ﬁﬁ{£&i, {}ﬁﬂ?ﬁ‘%(ﬁf&)é?ﬁ’ k;éé,}(
AR THEINCE-TERD. LA /L
X (Reynolds) 1, —>DhdHHESE p ==
HERALNZTNLS, FAIIRTHED \

e A0 b (AN (alonnT) - A pm—
(=40Ind) B IRFEITHE L, MENLEAK
EEALTHNOBETEBE L. SETeTE

BARDEE

FORER, RN TEREShdLA /v
R A Rec =2300 (R LA /W XEK
HDHNTEER VA NV RE L FES)
EHBZDERNEENTREL %S o
3 HEMMICEBER T A EERA L.

L 6.1)
Y7, 1%
LT, pEE, GIEER, WTHERE, WIERMERRCH D

6.2 LA/ ILAEDYBHER

LA VAT B < B (BEXMEERDOT, pLlV/ T=
p LA HB)) L ¥EMES (FmREXBEEIS 172D T, LPuviIL=Luv) @
tbk2FRbT, 72770, LETIIREEIEREEFFETHB.

2.2
Re:ﬂ_zfﬂzﬂ (6.3)
Ly M v
LA VAT, B - BLIROHIE7Z T T, MEA V2L, Rk
RO RN N5 L TR CTEERBERTHTHS.




6.3 BiERMDEN

I
MWD EEREROXELZIT D L, B

DT THEDEL 72 55,
(Boundary layer) ,

NREETH. R
&N DIRE I ZRE| &?5&?(?1@@4

BENDREN D IZON TRE SRV IREIC

FirEL

SR TR
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HERESND DFEEITITD €=
Z LT, BREIITHIZEA PEES o 153 SR 7T —
15 IO TELS 25, \f;;‘!‘i _____________ o
ERNRTIIAOR L ER R = =
AT XD IERBIZRNT| [ sndome SNamm
BHLETETD. BEAAL ‘ B, [y
bFDHEE TS < S -
A DK &R, %@IZFEﬁW k BhLERN {57 R 72 Bl —
DU N O IREE 3 1L T I = é‘»f;-%‘i}_"
ANSIZONTERT20T| SR n s
1 Jtat (Developing { beg—igle—e—
flow) & PFEE. RFIAR MR AT
(b) &Lk
BEREZRE 7 b RESMITRAFIIAEELRRD,
L 7z¥idt (Fully developed flow) &72%.
EIRICBITDEAEIEL, ARfHEE  EFRETH DS, BB
ERT  ERBA~LELTH. FELLRLREIZENTH D,
IMERBAN ThH > THREICE LBV EITERIK TH 0 JEE

J& (Viscoussub-layer) X°  JEE (Laminar sub-layer) & FE5.

BEXKFOR S, Bt
T

L /d=0.06Re (6.4)
ELIE TIHERelZ K 5771
L/d= 25~40 (6.5)

EHEINLTWD




BhERRICRIT D EA DI
T, BAITRTESICAR
FETRHTHY, FEEL
THNICBIT B —E LIS
A b il AN T

ZHE, BEmIZER T HEE

F)fd i e
[[72> 5 IZ DN TREIT/I S \|

7 SO THhHEB. = =
BREPHETHD = =

fo— - ——— [, —————=

6.4 EiEEXx ﬁmi 1 Wi 2

TWREMDENTRAF—DOIETIEL, FiE LR TIIRE—BE
FIDHEGFFE S0 D X Al Xy (BREERE & HIE
iTNd) ko TELA.

BRILLDIEST=RINVF—DETIX EFEEH, EDARD
@, -p)IIRZFLIRNTII—ETHS.

P, =ftER= ThHY, W=IsOHEMEFO.

BEEERZEZR L Lo XVF—REXNIKKTHD.

2
ﬂ+v—'+zl=&+v—2+zz+Ahf (6.6) Ay
rg 2g rg 2g p1 -y
T, WhAKESRT, SEREs— |V & |
ETHIL, z,=2, v,=v, THDBDT \ e
Bl

(6.7)

et L)

E72%. ZOAMGTERBRK~y FEFETHh, BOERILEOH I
TR, MABBRTHEPEIMTHDINITE T, HEvDIE
IMZHESEMOESWRERS. +4bb, BETIE  HFIL,
i TIX B4 5.

MEBNBQTEEHERN’ Mp, (=pg 4h) OFWHEFRT2DITiT, KX
TEHEz BB EMEICEZDNERSBD.

P=Ap,O=pghh,Q  [W=Js] (6.8)
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0,08 i —H—=g B
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0.07 ! =
. [ e 0.04 T
0.06 ] == 0.03
[ o 3 L
0.05 N S 5 0.02
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N e ot
, 1 T
0.03f-—AN— \\§\~ N De
: JJ/ ‘ \\N-..__ T : 0.004
! " : 0.002
| Iy ~ N {
I o y
002+ i\' - = 1 .
' : | —.*~ \_j :
| 1 1 e Y 3 -
T Ik —
| "85 | —— i < 0.0002
| 2l | —~— ~ 2
i) | | 1 1 | — 0.0001
oLl L E ﬁ»wmb%m | e —s 0.00005
01 T ‘v‘L* + , - >~
i [ | | | = £0.000005
gggg [ il | [ . I 171 ‘ % 0.00001
6810 2 4 6810' 2 4 6810° 2 4 6B10° 2 4 68107 2 4 6810°
R
BEEE I~ R & U A X3y sn (Darcy - Weisbach) @
X CEHETE 5. . 2
\p lv
Any=—L=3—— (6.9)
rg  d2g

ZIT, IITEOES, dXBF0ER, vidWEEYEETHY, UIE
BEBREHTHD.

X, —MRENCIZ LA IV X Re = pvd/u & BEDFBXHE &
AT FHESNT, B EFESTKRDSD., LML, Re<23000
BT, TEICZHORDOEG I TRDD I ENTE A.

(6.10)

DRITBEDOH I eD B EIZEKLTHEHATE 5.

TIRAI VA J VRETE T Crla BEDOMERE S gdiTKTFT 573,
BEDSTRAR S FEHITIR B D> (ﬂé@iﬁ?ﬁt:%ﬁé*ﬂé&%@fgé Xy
H/hNEWEW S ERR) ThiuE



/7 =2.0log,[RevZ)-08  (3X10°<Re<32x109  (6.11)

A =0.3164/Re"*’ (3% 10° < Re < 10%) (6.12)

RETRDDZ LN TED. (6.1t 4
BEESMANHLENNTEY _

Nikuradse DR72 & EFEIILD DS, Re® 5 o
X TCARBOCRDB Z LB TEROKRE L 8
Bdbd. TIT, REEIEESA»DL  ° NG
7= R(6.12)D DRBEDND  om| % NE.
ZEHB. BlasisOREED &, AT SN
H(6.9) L VVSIZHBIT B Z L 3B, :

A~?4ﬁ@ﬂ£wf@ﬁ®i@%i®-wqi-
TR B TIE, M SRR :fz;
1

cl: D HHIBVICKE VWD TAUIReTIE ST
IZedDFHTHREY, Ahj&i—t(6 9) & D VAT oom0 -
B4 252 EBS05. aiBDEY HF TR 8

1002 4 @

0, SdIEETRD B &R Th . e

KEREETIZERDA (F o —BEEERE) ORb0IizxX(6.15T

EEIND BEEREIfELND Z EHBZ 0.
2
=f£vz_ (6.15), A=4f (6.16)
ZIZT, g iiBEmBABISHITHD. K6.3I28I1T 51 20 MA@
SEAZEIT K 2 Ap(pd?/4) FEEH BRI L D EDVBHIDT, R
HASEL Y L. d Ap,
=y 61D, (6.18)

6.6 AR LS O EEFO>OEHNDHN
(6.23)

(72720, miIMAEEHIRE, AIERE, wiiEngEX)

TEZIND FROWD &, BEBKRITELAICIINE & RE
RBEETROBZZENTES. LI, HIBROBEIZFOHET
ITREAZENRH 2 DT, « A b—27 20 FEREBEMRNT 70 & TfE

WTRDTE LV IEREREZRAWD Z EBZEE L.
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FRY T ED

NMR [CHFBEAEMET IV

2R EfE HEHrAFEER

EREHE (NMR) A7 b M EGBEENE OB
ELFEHFRFEELLT, BAXTETLOEERYRE
Ho0H5N. HOTIREE SRR ORBORKH
BAELHKEIHh, BEOHLBHRUATLESR B
K, DBEVRESETOL DRI ¥ TOLBERERR
BREERNCSRE IR X5k -7. Blabhi:
$5—D2DORATHLIREVE XL, HELLTHED
BITEE LI12V 5 b oD, WEHY L/ A FRERE
VWA ERSE NMR OB LBITOLA, fioE 05
HFNFELEREFLLSE LILT L2V X 5
i >TETW5.

ZDLSCHEDCEEMMBENKRETEMINTL S
&, FERILE D THISAFNEEECRNRICEERE LT
NMR A7 + VOBE, BITOEZIEHRTELT
BENRLTH-HERSES, BEANTLRE L ORI
XL TWBEWV2 X5, ABTEY BT HREA
K7 NABERTICIORACE VT, BRENCEER
BEXRICTZ EBBINDIFETHS.

EPLENERCEELRAIRICE LD, &
hoodsHT, A ys 12 o H, ¥C, BN, 3P i

X1 ZENLEARORUESH LERE - OHRK*

2 ey RARCHEEL SR
iH 1/2 99.985 100.0
H 1 1.5x10-0 15.35
1C — 98. 89 =
Y L11 2.14
1N 1 99.63 7.22
ON 1/2 0.37 10.13
50 — 99.76 .-
"0 5/2 3.7x10-2 13.56
50 = 0.204 -
ap 1/2 100.0 40.48

* FT-NMR & (1), {bLFEOFEK, 34, 75 (1980).

112

AGERTHRE L TCAEELLDOTH Y, NMR OJE
HELLTERDEL &V DITFHh%. H izD NMR
B L BBORERRY 52 52, BEXAFLHES AR
7 P AEEEFIE LT H-, ®C-NMR OIIC BAIK
Auvbha, V0, 180 ik LiXREMEHRIC X BE Y 7
FELERFIR T AEEOFRECERATHS. NMR A
7 P A LBLALBEELFHERIL, ZhLOEFO
TN, SFRECKT 5 HEMME, EFRE Etc
B353D0TH5. Licdi-T, AMNGETLICLDH
o7 Fe—FL, WRETLHFOERDEAIZ DU
T, BLOUEOERYMAMC LTHERLIBSZ &4
TEXANERERET L LS. A€ i F—REWWTX
EHELBELh TS DT, BHE LEBETIHAF
EERFICL ), NMR kit 5RAE7 <L EORED
FBAEDX S b DEBXIc\EES Y,

ERHOMEHR~OFHA

EHHEIIW 20 EEOT :  BRENORDESTY
BChHH0D, DREOCHECELDEF-1- NMR =
_7 Ak Y. ERSTRERO NIV (>20,000)
EHAETH-Th, ThHo NMR A<7 b vi3HE
FEORK -1ty 7 tEFOBCHEEX L T W 5.
IH-NMR A7 b AEZFVTIE, ThOLEEVOEO
ACVEARIDAHL, IOREEL LS. BC,
LN-NMR A7 P AZBWTH, AEVEEEIRH-57
By TV 7R IE>THEIPNB L, REHARZ PV
BHBECELDVE-TWBY. = D 41k 1C, ¥N-
NMR oRENEIbHD, EAHOBENR~NLED
EITFHE Tz, NMR 27 b A2 X% BEM 5D
LELhLBERIIEETEID - Th, XENCRBEHH
iEHRTHA. BEGOXBRERCEVLTR, 4FOL

tF £
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& DBFLYED BT, TRTOFFNFERD
EE AR ER IR S DX, NMR OfFolE
EEIBL - EEYETAOREIRIDEARLDHS.
—7F, BEHEDOE> NMR 27 trniE#E (77
ADERDNE, BERL (& 2 EEERMR L) ©H
¥+5 o 7 ONEER - RELYELSEHECT 3.
BT, Lrd—EORV~ 7> OB - REFE
ORIV BRIEELIh B0 OBHIZLS.
AETIE, BEEED NMR 27 b b OERMK
HMFEEOBI YD S LTRAINCESE  ORZHE T~
WEDIERADE D, RERCERLELZLLD WL
ORFEFEFLHENTD. ThHDT7 7 r—Fi,
DB HERF R E T D RME T SVERD D —ED
Ra— it ADITHN, EHEED DAL —2ODEH
BHB. D L, —EDOFHEE LTI ArEERN
THZ ERAHETTHMN, fi5, NMR A< b i
B RAMGE T S AVEDIGEY, BRI -T, LM
HOBENF EOBENERBET OB RET S &
Hiz k5.

1. BAR{EICED 'H-NMR <% b LOE#H{E
EAEZ Y b 'H-NMR X< 27 A X B L L5
ETBT7145 4 7k, EBHE®D 'H-NMR 227 +t 1D
HEVOHEMEITEHR L TWWic 20 £RETCEBI R

AL LTBBLEY, EEZOLORDLAEHLDTE
MTHD. 2Fbh, BB LELVEBEDOY 7 FLRER
T, B R TNTEAZE(ELT 'H-NMR 27t E
DHWELLS EWIFETHS. BAFE (H) LEK
% CH) o NMR ®BREEEVE-Ic{ BB L
EIEUAER, LHLRRAOETIELCRHE TS
5. 745 4 70X, Jardetzky 1%, BARPTEELL
BEEOBEAERE (WAAELREAELI R T W
%) Ok BYEFRLCHESYEEREL, EA0E
BEYBEAFRLTHEVI T e —FRRID, KEEE
BRI IB A L.
w1, BRI LW I BRES TS “BAE T
I BEERCEMPCHEMTA I LD, BRI
“BRFEL I h " EXFEI %72 v7 -+ (Staphylo-
coccal 2 7 L7 —¥) ZHEABLAL®. EIITZDX35 T
LA I -—HOBRNEARFE L 7 v 7 —€¥D5
b, FEKT I 2 BES 0 'H-NMR 27 + LRI
HRE—FxRT. BEOrI7LVv7—¥ @) LN, T
K (b)) BBLLEMEL->TWBI LN BICEBE
T& 3. BEAFE=2sv7—+¥Tik His (C,H), Trp
(CH), Tyr(CyeH) OB B. TOX S KE
AELTBE, EEED 'H-NMR 2<7 + LDERD
REBTELLUNCIE«DFRLE Y H 5. ik
X, BERE-ERE ERE-ESTHE (EE MHE
Fl, MEERLE) OHEFRAXZHR

(a)

THE ZEAREYEARERLTSHZL
b, HEfFADHEFORARY b
ADLZEBB TH LD T & ik
5. Katz 2 Crespiic X575 v
EOE ORI TH DO, B
DIXEKFRF THE LICRERND
SEERB L " BRI
hiczsevEREYACT, EH
BLoBEaBrsRLTW375K
v D 'H-NMR » 7+ 1% REE
2 L2 (@ D.

9.0 8.5 8.0 7.5
8+ms (ppm)

1 Staphylococcal X 4 L7 —+H 0L EHEEEHO '"H-NMR

AXY bJL (Markley &, 1968)

(a) BEOXZ7v7—¥, (b) BIRWEBEKELLILR /v T —¥

7.0 ELE NMR DRE O LB
HeRA bRz OO, L
s Ui s & DI ER FOFRE S
Di=HITIF LA ERAVWD T\ 7

IR : His, H~H, (ERBH—27i2 C, BRBUE—273 Ci 135

—A7r bv); Tyr, Y1~7 (2,6-7 0 +v) ; Trp, W(C, B = V). L.

Vol 22, No. 2

e, FEREGOHRD Y 7 F
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TMSP

] | | = | 1 | | ]
8 7 6 4 3 2 1 0
& (ppm)

B2 [H-75>XPLAFrz2REEER7
SECEARO 'H-NMR 245 L

(A) Hl-77 ¥ vERE, (B) Hl-75¢¥vEHE,

(C) (B) DR BMEDC7F ¥V R 7 vAF FREEM.

BE:1,2 AYT7TexyovED 6,9 17 v, 3 4,

JEFANEAFVY 5,6, BAFNTw FV;a~e, Wl

DZ7FEV/RIVvAF FiogR

AOEMbE, BAFE{ L7 His, Tyr, Trp, Phe A
BRHCERTEDLZ L0 LI LET tbh T 59,
HEYRE O BEAE, Thbbre Ve EBRETER
(Lcasei)®, SSI (Str. albogriseolus) iz ¥® Dz,
Y XFPPHY VF— 2R onWTHLERIRTWS. B
#BoflTix, ALHTEAKFLT : VBEXEATSZ
ERED Y VF— ADERFEETL->T 5.

2. BC-,BN-SNJLICLBDHEFE

EHE®D 'H-NMR A7 V2B TF VDA
NI PAD XS HEHETHE LATRETHDIEVIE
BRI, ERFICIAERENRITETHS. L Ligh
b, BABK L - T I —BFT ELVEE, 50
B F v FERDESTFEYEXHRT S0, EH
BZLABCHEELTWAERALEAD Y 7y F 4% FTRT
WETEENWD 7T e —Fi3, KEHCHROEFHE
THD. ZOBESAHLTHE, BC 2 5N 0 X3 XR
FREEO/PI VR BRI 7 <435 FHEIER T

114

5. ZOFHRLIIEL, RKREELOAR7 L TIE
WIZEHL D& - TEEEL T2 n, LBy S
FNDBEDRLYEET » THAIRELZ ENTES.

ZOMDT T e —FIIHENESALRLRTED, 7
AHYVHART »x—+ (E.coli) @ [y-13CJ-His 5~
A0 LY P LT L VvEREBEED a-Y T ==, b (B
coli) ® [CyBCl-His 5 ~nafp FUVkmiEoRa
B, = AD~xE 7 u ¥ v [CH-13C]-His 5
A LTB0? LB I hTw5b. ZoB&IE, [Cr
13C]-His %M LI ATEE T 12 WD=v 2% 65 HE
BFLTWA. thboficitBTaMERAL BRZh
teo VAL DRBIESHSB. NMR 0o 75 aniiEEhs
B7e—7¢7h 5501k ELVWRENITRFENFTS
D, BB 30 IBSFADERIEIH 2R FHIZ)
BULEEhwThsrd. 71EE LTEGRIRES
b, EREEETIS7 I/ BEERTRTH—K
SXAERTLES. L, 1BEOZLIEER T
TVWBRECOVWUL, BEOMBHRELSDZ Lkl
HEYREOL Y v rFT7 —X alytic T r 77—
¥ His e 12 EEhTEHT, BROZ
L o His (LEMSHA X BT % catalytic triad
DFRINETEEHDTEERBET H 5. Roberts
ik, Hisp4 3 £/ —LB% BN 5~ L1 alytic
FuF7—+¥0 BN-NMR ¥ 7 + @ pH &t (A
3) »b, His © pK, EXIERCHE L. EHIT,
13872 RB2legThsEE N, N #2FERH
BN 50352 L10XD, 7u t MEREORE D
Tl EMNTEL. 20X 5 hFEMATGBMBOFE
TIXBAIZ LA EEELEE2 LIS, 5L Lysobacter
enzymogens (Myxobacter 495) o His XL FHET
ki, SEO [PN]-His ¥ AT EK X <
[5N]-His 5 <1 a-lytic v 77 - ¥ ORBITRKII L
TN, 5B

A BRI O T ERALO 7 1/ BE EIRANT
FfrfE s <~ A+5 5%k, LEHRENICT SARAET
HEENECER TS, BHEDOH Y 75 FiEE{L
2P AR T A LIXRETH DA, RNase §' D S--~
T+ Ky @0-_FF 1) s BC-F<4 L, FHM
7 BC-NMR T XBHEx T s s. EH
BHEOLEN S <X, Wb BLEESHADO 7~
AELACDI L IDAETH Y, FRTEIH %

FEELEY



3-(x) pH5.0,1.7X1073 M
30,000 1.5-sec scans

(b) pH5.0,1.2X10-7M
3-(x) 1-(2) 50,000 0.6-sec scans

192.0ppm 203.4ppm

3-
200 (x)
TN E L pKa=T.0
T 180 ‘\‘ ;;o;,\}—(;f;p
= \
I 3
& \
E 1601 \
& \
z } N\
%5 \
\\ 1_(1‘)
L. el
140 1 | L | s
4 6 8 10
pH

3 BN-FXNJL a-lytic 7057 —+ @ 18.2 MHz
5N-NMR Z X% b JL (Bachovchin, Roberts, 1978) 1®
[z, v-15N;]-His (b), [#-1’N]-His (a). TRt a-lytic
ZuF7—+#0 His BN v 275+ 0fb¥ 7 + o pH 7
e

C intact /riEE YR - F CRMKBT AR 725
HRBATEEERS.

El, R, Trp 24V vBELTELIS N-&
LInFRr=vik Na¥CN MET5Z 212k Cp fir
% BC 51T 5FEYEIF L, native eJig Y V5 —
A6 ENS Trp RECKELYFEHALLY. XD
FER Trp-62 DA% FIRMIC BC 3 <1152 LTS
L, LS ZDOFEY VF—2XESYEDT, 5@
AN intact LFBEEXRHoTWBHILE B 5 D2
Ll B4rerT oK, BC-5<X1Y VF—aid
Trp-62 @ C, KT 57 BC-NMR v 7>+ % 4
U%. Trp-62 REHFNCHFETHIEELRETHS
DT, D BC-» 7 M EFIR LM AT A~
DEASRFIZ LR, BELHD, TOX5 gk
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B4 Trp-62 ® C, 2:J/Reyl= °C FN)L LI=HH
BYYYF—A0 50.1 MHz 5C-NMR X < %

FIL (shiR, 1982)4®
ptH 4.7, 37C. TR : ¥ 7+ 8T H v A LT
eI Jeg BRI NB. ER: H-F5» TV AR
7 b

)5 _~AFHLT AP EABNC= v b -V TE
Tt ki, FRATMELAEAELIRLOAD DT, —BE
BZLWEWHETS % 2 . Trp Cp fofiicd,
Met @ S~-2FLE¥ 5~ 2 FARCTIFEL 5 RIG
b EHVLREY, Met RENRZOEHEF TEER
BREYRI-TEEXOND r —ANDOERAARZ L\ &
Bbhzie,

BEHBEE Vv FEOHEFRAOWEL W 5800
i, VH Y FOS<ARMESE. TTR77EVE
BEOFAC BN LB Y, EXLELE LHEELIERE
LTV B REBOESTENEYELCHAEL IS £ T5
ebiE, BC-, BN-5 <At EAL IV, B EAE
DHFENEFELLEARRLS L, BAEEHFOBENR
LELIEELR2HBENEVOT, BRI LB
B8C~, BN-NMR v 7+ XA E Bbhb. —flE LT,
E.coi D715 3 vEARBEROWERLBAL X 507,

IR I VERBEIY 2=y b 12 @b ds
FE 60 FOEXLEAHTHS. Y7 ==, FOF
ERALIE Tyr 2 1BEEL, L LTTyr 07 =7 —
AEKEESY ATP IR X b 7F =20 Th XD,
BEEHEHYZF 0B EBgbh T35, DX
BEALEHE T, ThEHTFELV NMR HROXE
it b v, Villafranca 5, 2fL% 80% 1B3C 5~
AL7z ATP R\, 12 o4 T 2=y P E2TXT [2-
BCI-AMP L L7:U7, 2D X3 LCBbR T IAEE
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NH: 154ppm
NANAN, t
oo LD
SNTN
80Hz

230Hz

| ] i 7 ] ]
160 140 120
& (ppm)

5 [2-3C]-AMP-# )L 4 3 . AkEED °C-
NMR Z X% FJL (Villafranca &, 1978)4P
67.9MHz, 0.5 mm (BC-E/¥ F==v MAE), pH7.1.
TR 1.0mm @ MnCl, EEMLAb 0, HIFOEE

Wi Ebhs.

L L L

] J
200 180

%D BC-NMR A7 b AiX, BBEC7TF=vE0D C;
fRFCHKTH v 7+ArZRmlic (E5). #5iE, &
Dy I rnire—7ELT, 2HMERA + vIEAHAL
& AMP : OEMMEBERFRYH LI Lic.

EHRHED NMR =22 AR LD WHERFEL A
SRy FF L DO—BEDOH L RBHENFELTULL
DTELDEMPREETES. KEEEOHRAEREL
o, BC,BN-F7NF_NAE LD BAEEHE » v+
= BC-NMR DREFRIOWTHENTS.

3. BC-,SN-§TLFRLECLDEAREHEHILK
ZLOBEFE

EAHET v T 7 —¥1 v ¥ x— SSI (Streptomyces
subtilisin inhibitor) 13H$EE Streptomyces albogrise-
olys s-3253) WX WAEEI N D, ZOBHFEZT I/
BlL3 @Dy T==y P 2@ R B4 <=1 v
LEx—THH, HWEHRBEOTAN) TvFT—%
(F7FV i) HWLPAETS. SSI Kisy7
FV v v OFERBEEOSFEBEE, Tr7 7 —EDER
BEOB A b b BRI A T, 2E0y 7=
=y POERBRNY T F Y o v EHABEYR (2: 2
THAEB) THDT, £&TIX 78,000 L5 KEHTF
BLinb b FMsr EFRMRIIEETH -1 #
AEOXBREFRELD TERELEREEZ L LLL D
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-Met73-Val 74~
(0]

Ser221 g
~CH.0H + C—NH
vl ( i

‘//((“native")SSI(lV)
[ ~CH,0H : E —Nﬂj]
AT AREAER(T)

\\\ 0‘\ /OCH:“‘

C Ser221

: SNH

DO A B e R (1D)

7

0 OCH:~
S¢” HN
L_—j 7 2k (1)
N .

|
~CH,0H + C —~OH HzN]

H7F 1) 2> “modified”SSI(V)

6 vT7FVLOFEREY > (Ser-221) &,
SSI QyIFE4a (Met-73'-Val-74) LORS

OEXE (PHEEL, ERE B ES, 1982)1®

Cy

D, +7FY) o vOEEwY v (Ser-221) @ r-KEEZE
& SSI DOIEHIFEL (PL 1 F) Met-73' L OEHEL
DER LI R OBRERERE BB TL
LBEOFE LTV 2 7019, Ser-221 L Met-73' D
EFAIZE 6 DR D X 5 In 8 0 ik o Ml i
CTCRTZENTES, LichaT, SSI OFEMMA
Met-73 DM Th, BT H A K= VIREOREL LY
WETHC LN NMR OoFER BERAZ LN ER
TELX>., ZDDIE Met-73 OHAK=VRED
BC-NMR v 73 r% 7 e —7 LT 5MEFENRLE
EEHRY I -6oTTTh 5.

FeZ ke, SSI MAEHEREFEOEHETH 5 H
5, ST Met DA ALE=LREXFINTHT
EMTBETHS. B7 1%, SSI o—kigExREDH LT
vwh, 113 D7 /7BED 5B, Met 1373 FBLSTD
70%, 103FD2EWAAHFELTE b, Birs [1-1%C]-
Met 5 < SSI ((MI-SSI k#53) Tixzh b 3BE
ZHYTEI3EKDINE= A REY 7+ v b2 B,
FROHEDRBIRTEX W (B8-d). 2T, 3D
Met ORFI% 7 I 7 BEFICBEE IR THB T5Z
ExFELRLY. XIFVEER, ArE=AERT IV

tFEEED



8-1
1 5 10 15 20 25
DAPSALYAPSALVLTVGKGVSATTAAPER

p-2 B-3 a-1
30 35 40 45 50 55
AYTLT([ZAPGPSGTHPAAGSA?ADLAA\_/GG

B8-4
60 65 70 75 80 85
DLNALTRGED!@CP@XYDPXLLTKDG!WQ

8-5 a-2
90 95 100 | 105 110

GKRVSYERVFSNECEMNAHGSSVFAF

7 SSI Oo—ki& (b, 1974)
a, BIXFhEh X BEHTC X - THREIN a-bEA,
B-v— M EHRLTWBRS. AFA=v, ) YRALH
ETREZM L (KXB).
A :Ala, C:Cys, D:Asp, E:Gluy, F:Phe, G:Gly,
H:His, K:Lys, L :Leu, M : Met, N: Asn, P : Pro,
Q:Gln, R:Arg, S:Ser, T:Thr, V:Val, W: Trp,
Y : Tyr

ERIEERZELTHBH, i ZFEOREOILFE=2 L
ELEETHORX G+ BEEORED a-7 I 7 ETH
. BERERIEENCTRT YN Thbh, VC-UN
HoAE &8 YN R voFEWEFoi-»ic 8B
whdhbicw, & Z A8, BN xe v 12 ohw
2, TIVFEEEN LTEESEA LI E=118C ¥
ZFNEDEICAY vES (J=16Hz) BERIIIS.
Lfehie T, SSI o [1-18C]-Met * [Rsz [N ]-
Val ZIEMT52 &0k Dh, ThbrIhZERF<
Shic SSI([M, VI-SSD) #3@%L-3hi¥, Met-73 O
NFE=H BC v 7F DR BN kb A VEAS
Bl EhaZ licied (K 8a). F-o{AKKLT,
[M, CI-SSI it Met-70’, [M, B]-SSI (B it Asx) ¢
1% Met-103' 1= BN-2 v v O GEMN BRI D - &N
FHEh, FEESE-D, c DRRIRFZOTFHELE
S,
ZDXS3LT Met-78 D par=rv A% 8
L, 227 3 BEFICES-TC—BHCRETSF
BRI TAENTER. ZOFEIWLSH0EE
e e iEo. B, BC,BN-#7AL5<X1imX D
Met-73'" REZXZFXA LD ¥ ¥ 5 F, Met-73-
Val-74' © “RIF Vg% S T52 EATER
RThd. HeRRT I, oxXF+iES (HE
RELHEIND) REZTHE, BEAYL>5ATH
BATHY, EEBHRBFETCORBROHESEN LT
DAEVRES Jen) CXoTe=2—T5Z LM TX
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(a)

Met-73"
Jex=15.4Hz
o0 WA
®) f‘
Met-70
Jen=14.7THz
Ap st o Ve
© Met-103’

Sy I \nw\mjvkmf‘ ﬂm

UWM

c

J«M“"“f MW’I'\
J J ] ]
176 175 174 173
dvs (ppm)

H8 BapI7NXILSSIOAHLK=)L ¥*C-NMR X
A4 FIL (25.2MH2) (FgetE, s+, 1982)4®

(a) [M,V1-SSI, (b) [M,C]-S8SI, (c) [M,B]-SSI,

(d) [MI]-SSL. (BB OWTREAXE IR 7 0E*® &

).

5. TORMEZDTUETCIREL < B8,

HoR, AFFd=vsCchiBLALTRTODT I/
BEEXO I LE=L BC- 7+ A DR EN BEEMIIT
R A 5. B, EELIX SSI oFXFEh L=
WIRFRDBH, REZED, BohsE4D BC-NMR
5 2= x—% SSI OIZEEESL L OBEEOWT
CHAXTWS., CoXS5hERREOT—AZ, 737 BE
FIMBMO L2 LELHREBRE LTREIN S EH#H I L
A2y S bEAREOEEAEEYHETSH L
AVFITFO—OWITHS.

F=, FEIALR=ABC v XA BRIEEY S
LFILHDOEAER DT B Lt LY, REEXILETES
BRThd. fcbkzif, ZEFNV H—w¥C-5<1 1L
o7 I 2B E) TRAVWRE, 1BC-1¥C, BC-H /LoD
AEVESGIT LD AAE=1 BC-NMR BB L K
Y IFNERBEESTORDTHA S L, HIHEOEELE
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b, 7o & 20X pH T X % SRR DR EZE (LR L B fie
LeAnFE=nr7 VL ERFIAT A LAEAT
HBH. ZDOX5IT, BN, BC-F7 L3 _aEvkdigEe L
TOEEEYRAGLR®DZLIC L), BEAEOHEE
AENDF LVWHEFEOGRVBET D EAHES
fL%(%h

EREINHEOMEFR~OFHA

'H-NMR 12 X 2 BEEEEHE OMEREL, F&L
TKBRF TERSS (10~15ppm) CHEAIh HEED
13I77eb v Fe—~FLLTiThbhsrl, 20X
STeBRIEM s 7 7r b vy 7o (U) © NH, 7
7=v (G o NHiZhRTEH, o281 3/
et vOREL AU EERE G-C EENEXFT
LZUENL XD TEERELELZ LR TWA. Poulter, 7
FoeU i, BRI Ny BN S<a Lt E.coli
tRNAYS® 4R ARTHZ LT L b, v5vn
BEEEDS I/ Fr t vORBY —HHTHET S Z
ERTE. BEDEEDA 37 7n b /i UN LEA
LTkY, ACVREEGERILVA, BRNT Na%k 5
N Lk w5 AT A VEAERD 9OHz o X7
vy bEEZ2S. B 9-A 12 BN 5~ Lz tRNANe®
® 360 MHz 'H-NMR 27 + L THB. "N 5~
IV sonkIVESRBCY 7 v ricEkT 268
BEDA I /7 7e b vORZAY VEEVBBEIZRS.
FJRET BN BB LTFr» 7Y v7 (®N-H &
IBNHRIL D) LEAXRZ PALBEDART b
ADE (BC) EiuE, £1 17 7n v LEHERS
LTw3 BN ofbzs 7 b % MBS & k23 ThE
TH5bH. COEDOT7 7u—FDEKOHEB X BN 5
/v tRNA ORBBTH 52, EBEEEDIEHCE
RUEERBEXFETEIHELEL, EREALHLED
EL P2 BT EMNTRETHS.

RNA 73574 v OBAKIE, ULAMERRENC
BN 5 Lkch V) T=—%{LEAR LIE 5 2L 50
CEFTHAHS. CoXS3RGEELTZ ACHAD
7 FS5<=—, G*G-C-Up (G*: [BN]-7r7 /> v) %
&R L, %@ 'H-NMR 55 “G-U wobble 5t” © GH
13727 vERBLEAR DD, ZDX5k7S
v - 5L, BEMBOLZY BRI A TEDENS
AV bBBY, EERN T <AFERLAFOENLF
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200
QOOQQOPRAGH

ce, 3 Us CG.GCC
e N

CGA

CCALG™  GULCGG o€

U™ fa

“Foooaq

T 5 O 0 T T O G 0 D 1 B O G O
15 14 13 12 11 10 9
& (ppm)

B9 [N-BN]-py s 2&aKMCEYATHE
7= tRNA¥e: (E. coli) @ 360 MHz 'H-NMR

ARG b (EKF) (Poulter, FEkDH, 1983)@
(A) EBDOLETCRELARZ Py, 30C, (B) 177.8
ppm O YN E#RBS LAZE [SN]-H x<7 tn (TH
EOv 7FmE SU k), (C) 159.0ppm @ ¥N %
PR LE [BNJFH A=27 vv (¥ 7 F M ERSH
X b, U24, T54, U27, US0, ¢ 55 BEIANIL).

BEEieHH. ARDOLRT XL HY, DNA ) a<—
Dy 7 FLORBELBRRIEHCHE LIS Z L
#Ih5.

BB OEELFE~DORLG S <L EOILAIR, “N-'H
A VEEDRBE~OFIRAUACIEEL DR A H
5. vIZFADRBEVIBENDIR, PN LEHERHE
35 BC o rrADEELEREEY DD, VA~
ABRE C v rrrohTiEEER (PN) Loxy
VEEAEELBOIR C oA TH B Z L EHFIALT,
5-27vAFFOY 5 =AH4 vigiko B¥C-, H-
NMR DRBIAHEE LD T 0—FTH5 . BEAFE
B X5 7Y vIEXD CH v 7+ L DIREIR, #HY
PHOHILWIFETH D, Bk & O FHiL (RNA

LFELEY



DES3KEY X2 vAFFRLEHCAV-LRATWS,
LMy Ae e, EARMCEKREL LR E
ZHZADIE, CHUAD 7 v b vOIRBIZLIEENT
5.

13C-, "N-NMR OEZMHER b % OFEEN Hi-h
TEY, RIWZIBFELWEHNBWEE LB, &
TR =BT, EEBLORATR T HEY BT
5. VAR V77— T, (RNaseT)) 13177 = BRE
CERHRR=V IR 2L 7 —X¥ThHh, FOEREED
BELEAMENEA T b T 5. Heitkt i
feh T B So—oie, BHEA 3-GMP oBBEH &
RNaseT, X DEEEAZRD D, ChHLOWEXBUT,
BEVARR V7 - EnEEBEREYRHD 5 2008 R
BELhBZPDOLMBEINS. 20X 5 ERDRDIC

BEOMHEERTMI THLEROERCERTRE
Thy, DK “N-NMR RELEENTHS. ZE
I, 77 =vEROEFELTT 95% BN 5~ L
3-GMP #HV3Z LItk b, HERERLECHS TR
ETARZ pAHRE TGN SS. = DE, RNase
Ty L DHET T BN-2=7 + LDE{LA RS T,
KDL OIEHRDO—2THB Ny DFm b v{LDOTEE
LA RET 5 & L AT T EA@),

LLER~R?- X 51, NMR kit s RS <%k
% 31 NMR B0 hL T FLE LT oMY T
LTWBERLBNRETHALS. Thdx, “RfkEs<
NEIZDOWTORWENR” B0 55ETHHbIE, *
HiFER “E4% NMR ORBWRHL” LB THA 5.
APLE 5 THZ OEM L % S DO TR, RS
RICHEy 72 RAZDCTDRBA LR FEE, BEDZE
FEONLELHRTEENRD LB E L TREEINDLE
5(1).
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Observation of Large
Water-Cluster Anions with
Surface-Bound Excess Electrons

). R.R. Verlet,” A. E. Bragg," A. Kammrath,’
O. Cheshnovsky,” D. M. Neumark>*

Anionic water clusters have long been studied to infer properties of the bulk
hydrated electron. We used photoelectron imaging to characterize a class of
(H,0), and (D,0), cluster anions (n < 200 molecules) with vertical binding
energies that are significantly lower than those previously recorded. The data
are consistent with a structure in which the excess electron is bound to the
surface of the cluster. This result implies that the excess electron in previously
observed water-cluster anions, with higher vertical binding energies, was in-
ternally solvated. Thus, the properties of those clusters could be extrapolated

to those of the bulk hydrated electron.

The hydrated electron (/), which is localized
and supported within a cavity formed by
surrounding water molecules, plays a prom-
inent role in many areas of condensed-phase
science such as radiation physics. biological
activity, electron transfer, and charge-induced
reactivity. Gas-phase clusters of solvent mole-
cules have also been observed to carry an extra
charge (2), and they represent microscopic
analogs to their bulk counterparts, assuming
that sufficient solvent molecules are present.
For water clusters. however, the critical size
beyond which the cluster anion resembles the
bulk hydrated electron has remained a contro-
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versial issue. Specifically, there are believed to
be two localization modes for an excess elec-
tron in a water cluster: an internally solvated
electron, akin to the bulk; and an electron
localized on the surface of the cluster (3).

Significant theorctical effort has been
devoted to understanding the nature of the
excess electron in water clusters, (HZO)”'.
Path-integral molecular dynamics simulations
found that surface states are more stable at
sizes up to n = 32 molecules, whereas the
internal electron is more stable for n > 64 (3).
Electron vertical binding energies (VBEs),
which correspond to the minimum amount of
energy required to remove the electron from
the cluster anion with no molecular re-
arrangement, were predicted to be considera-
bly lower for the surface states than for the
internal states. Thus, photoelectron (PE)
spectroscopy of (H,0),” clusters should yield
the size at which the surface-to-internal
structural transformation occurs.
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time step. In this way, energy
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axial direction was adsorbed, b

flows in the tube radial or circumferential directions.
Saito et al. (2) reported on the strong diameter
dependence of the squash mode. By using their
calculated squash-mode frequency for a (10,10)
tube, we estimate that the squash-mode frequency
for a (10,0) tube is 29 cm~' In our molecular
simulations we observe 43 cm . The short length of
the nanotube which is clamped at the ends may
upshift the squash-mode frequency relative to that
obtained for an infinite tube.

26. We also found that the slopes of theoretical lines of
the average tube energy and the maximum radial
displacement as a function of the colliding mass
decrease with time.
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28. C.-). Park, Y.-H. Kim, K. J. Chang, Phys. Rev. B 60,
10656 (1999).

29. The authors gratefully acknowledge many helpful
discussions with G. D. Mahan. This work was
supported by NSF (P.C.E.), Pennsylvania State Uni-
versity (P.C.E. and H.R.), and the Swedish Foundation
for Strategic Research (A.R. and K.B.).

2

wn

25 Jjune 2004; accepted 1 December 2004
10,1126/science.1102004

However, PE spectra measured by Coe et
al. (4) showed no evidence for a surface-to-
internal transition in the predicted size range.
Instead, the measured VBEs from (H,0),; up
to (H,0),, scaled linearly with the inverse of
the cluster radius or, equivalently, as n~'%.
Such a correlation is expected for an internal-
ly solvated electron within a simple dielectric
model (5). which recovers the observed
gradient using the known dielectric constants
of bulk water (4, 6). Furthermore, extrapola-
tion of the VBE to infinite size (the bulk)
yielded a value of 3.3 eV, which is close to the
photoelectric threshold of water, 3.2 eV,
estimated by Coe er al. (4). This result supports
the idea that there is an internally solvated
electron in these clusters, However, the
measured VBEs are in good agreement with
VBEs calculated for surface states (3).
providing the alternative interpretation that
surface states were observed in the ex-
periments. There is a similar inconsistency in
the electronic absorption spectra of (H,0),”
(15 £ n < 50) (7), in which the maxima also
scale linearly with n~!'/3 and extrapolate to the
observable bulk value (/). But, those spectra
were also found to be in agreement with the
calculated values for surface rather than
internal states (&). Finally, even though PE
spectra of I (H,0), clusters showed a VBE-
versus-n~'"3 correlation with the same gra-
dient as (H,0),” clusters (9), there is con-
sensus that the iodide resides on the surface
of small- to medium-sized clusters (/0. 11).

The issue of internal versus surface struc-
tures has reemerged in the context of two recent
time-resolved PE spectroscopy studies focusing
on the dynamics of (H,0), clusters after
electronic excitation (/2, 13). Measurement of
the internal conversion lifetime of (H,0), " as a
function of size (1 = 25 to 50) extrapolated to a
bulk value of 50 fs. supporting a nonadiabatic
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relaxation model for the bulk hydrated electron
(/4). However, extrapolations to the bulk as-
sume that cluster anions are akin to the hy-
drated electron. Without direct evidence, the
question of electron localization in (H,0),
clusters has remained open.

The nature of electron binding in water-
cluster anions can be clarified by locating
(H,0), isomers with either higher or lower
VBEs in the size range studied by Coe et al.
(4). Here, we report observation of a class of
water-cluster anions with significantly lower
VBEs than those previously reported and as-
sign them to clusters with surface-bound
electrons. These clusters were generated by
means of a new pulsed valve (/5) capable of
producing very cold molecular beam condi-
tions, and the clusters were characterized using
one-photon and time-resolved PE imaging.

Our PE imaging apparatus has been de-
scribed in detail elsewhere (/6). Clusters were
generated by passing Ar-carrier gas over water
(H,O or D,0) at 20°C and were injected into
the vacuum chamber by means of an Even-
Lavie pulsed valve. operated at 100 Hz (/3).
The gas mixture was crossed by high-energy
electrons (~500 eV), generating anions through
secondary-electron afttachment near the throat
of the expansion. Anion clusters were then ex-
tracted and mass-selected by their time of flight
before the laser mteraction. Electrons were de-
tached from the cluster by a ~ 100-fs laser
pulse centered at a wavelength of 398 nin (hv =
3.11 eV, where 4 is Planck’s constant and v is
the frequency of the laser pulse). The ejected
PEs were analyzed by velocity-map imaging
(17), in which an electrostatic lens projected
the three-dimensional (3D) PE velocity distri-
bution onto a focal plane. On this focal plane, a
70-mm multichannel-plate detector coupled to a
phosphor screen provided a visual display of the
emitted electron cloud, and we captured these
images on a charge-coupled device (CCD) cam-
era. PE spectra were then reconstructed from
the 2D images using standard methods (/8).

The one-photon experiments revealed the
existence of water-cluster anion isomers with
low VBEs. The dynamics of these isomers
were characterized by pump-probe exper-
iments, in which an initial pulse of ~100 fs
duration and centered at a wavelength of
1650 nm (0.75 eV) pumped the population
into an excited state, which was then probed
with a delayed probe pulse at a wavelength
of 790 nm and of similar time duration.

We acquired PE spectra of a number of
(H,0), and (D,0)," clusters, where n = 11
to 200. The effect of varying source backing
pressure is shown for (D,0),, in Fig. 1. The
black line shows a typical PE spectrum with
VBE = 1.78 eV, in agreement with the re-
sults of Coe et al. (4). By gradually increasing
the source backing pressure, which generally
correlates to cooling of the cluster ensemble,
we observed a new feature at lower VBE., At

a backing pressure of 70 pounds per square
inch (psi), this feature dominates the PE
spectrum, and it has a maximum at VBE =
0.97 eV. This observed transition confirms
the presence of two distinct species in the
molecular beam, labeled as isomers [ and I1.

A series of PE spectra for (D,0), withn =
11 to 150 was collected both at low (30 psi)
and high (70 psi) backing pressures (Fig. 2).
For clusters with n > 50, the PE spectra taken
at higher pressure have a single broad
asymmetric feature, attributed solely to isomer
[I. For n < 50, isomer 1 cannot be completely
removed in the pressure range studied (30 to
70 psi), and its PE signature increases relative
to isomer [l as the size is decreased. For these
smaller clusters, an additional feature was
observed at very small VBE indicated by
asterisks in Fig. 2 (isomer III). PE spectra for
(H,0),” are similar to those of (D,0),” for
sizes n > 50. Smaller clusters of (H,0),” do
not appear to form isomer 11 and I1I as readily,
and neither isomer was observed below n = 27.

In Fig. 3, we compare the VBEs of these
differing isomers with previously reported
VBEs and their »~'3 dependence (4. /9). Our
measurements for isomer I are in agreement
with those obtained by Coe er al. (4). Isomer
Il clusters show consistently smaller VBEs
than isomer [ clusters, and they scale linearly
with #='3 for 11 < n < 20 and for n > 50,
with a steeper slope for the set of larger
clusters. The VBEs for both isomers II and
[T appear to connect smoothly, toward
smaller sizes, with those previously reported
by Kim et al. (/9), who observed two iso-
mers for several (HZO)"_ clusters with n <
11. Figure 3 also includes results from
molecular dynamics simulations (3), illus-
trating the apparent agreement of the calcu-
lated surface VBEs with isomer 1.

- 30 psi
I ~ 42 psi
P === 50.psl
5 II s 70 psi
o
(1)
4
2
°
]
Q
2
°
£
. hy
L] L] L L
0 1 2 3

VBE (eV)

Fig. 1. PE spectra of (D,0)s,~ under varying
cluster source conditions. The peaks assigned
to internally solvated and surface-localized
electron isomers are labeled as | and Il,
respectively. Different line colors represent PE
spectra taken at various backing pressures.

The observation of different isomers over
a large range of cluster sizes suggests
differing modes of electron localization.
Theoretical studies find that the isomer with
a lower VBE has its electron localized near
the surface of the cluster (3), which leads us
to assign isomer II to surface states; isomer I
is assigned to clusters with internalized
electrons. Scaling the VBEs that were cal-
culated from molecular dynamics simulations
by 60% for both surface and internal states
yielded good agreement with the experimental
VBEs for isomers II and [, respectively (Fig. 3).
This result implies too strong an electron-
water interaction in the mode! potential used
to calculate the VBEs (20). The assignment
of isomer | to clusters with an internally
localized electron agrees with the original
assignment by Coe et al. (4) and validates
our extrapolation of the excited-state dynam-
ics in (H,0), clusters to those of the bulk
hydrated electron (/2).

Time-resolved pump-probe experiments
provided further characterization of isomer II.

n n=11
: n 13 ‘l
15
n 17
- 18

30 [100
35 [|125
50/(150
s __//
210123 40123 40123
VBE (eV) VBE (eV) VBE (eV)

Fig. 2. PE spectra of (D,0) -~ with 11 <n <150
at 30 psi (gray) and 70 psi (black). The peaks
marked with asterisks show the presence of a
second surface state, isomer Ill. For n = 11 to
50, the PE feature caused by the internally
solvated isomer (gray) is scaled to highlight its
contribution to the total PE spectra collected
at 70 psi. For n = 60 to 125, there is virtually
no contribution from the internally solvated
isomer, and the PE spectra for these are scaled
to the intensity of the PE spectra from the
surface-bound isomer,
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[n particular, clusters with surface-bound
electrons were predicted to support excited
states (&), and their relaxation rates may thus
be quantified by measuring the PE signal at
highest electron kinetic energy, corresponding
to the time-dependent pump-probe signal
(27). We measured excited-state lifetimes for
(H,0),” and (D,0),” clusters with 60 < n <
100 under conditions where only isomer II
was present, and compared them to those pre-
viously obtained for isomer I (Fig. 4) (/2). The
lifetimes for isomer LI were longer and were
nearly size-independent. This size invariance
suggests a significantly weaker coupling of the
electron to the solvent network, compared to
the 1/n dependence observed for isomer I
clusters (/2). The results in Fig. 4 reinforce our
assignments of isomers I and II, because a
surface-bound excess electron is expected to
be less strongly coupled to the solvent network
than an internally localized electron.

The VBEs measured for isomer [I of
(D,0),” with 11 < n < 20 merge with those
measured by Coe et al. (4) and Kim et al.
(19) for (H,0),” with n < 11. This suggests a
common structural motif in the two size
ranges. Recent theoretical and experimental
work (22-24) indicates that for clusters with
n <7, the lowest energy anion structure is one
where a double hydrogen-bond-accepting

(AA) water molecule acts as the binding site
for the excess electron. The electron is bound
by a combination of high dipole moment of
the overall solvent network and, more locally,
by the two dangling H atoms from the AA
water. Our results support a similar electron-
binding scheme for isomer II with 11 < n <
20. The evolution of isomer I VBEs for
larger cluster sizes, however, suggests a tran-
sitional region for 20 < n < 50, as a new
electron-binding muotif is established for n >
50, characterized by stronger binding and a
more pronounced dependence on cluster
radius. Only at these large cluster sizes does
the surface-bound motif for (H,0), clus-
ters become prominent at colder conditions,
providing further evidence for a qualitative
change in the electron binding once this size
is reached. The nature of electron binding to
clusters with n > 50 is likely to be similar to
those observed in simulations (3). A local en-
vironment involving single acceptor H atoms
from a small number of solvent molecules binds
the electron on the cluster surface. The electron
is further stabilized by the long-range polar-
ization energy induced in the solvent net-
work. The latter effect is demonstrated by the
larger gradient in the VBE versus n—'/3 plot.

Analogous arguments suggest that isomer
IT1, seen for (D,0),” with 11 < n < 35, may

Fig. 3. Plots of VBEs for water-cluster 100 30 15
anions versus n~'/3. VBEs for isomer | _2|00 50 20 11 6 2
were obtained under conditions similar 0.0 - R L ;
to those used in previous studies. VBEs Sl | 11 L AT
for isomers Il and Il of (D,0) - were 08 L Cheo ipD SR
extracted from Fig. 2. Isomer |l dataalso ~  |.-----"""7"
include VBEs obtained for (H,0),~ with 1.0 o
60 < n < 200. The linear fit to data from I /
Coe et al. is taken from (6). Data from < .154 -~ < Geatiy
Kim et al. (19) for clusters withn <11 2 ¢ lsomer!
are also shown. Data labeled “internal @& 50 ® amesll
calculated” and "surface calculated” are = " Isomerlll
from molecular dynamics (MD) simu- 2.5 o218, Kiyeral
lations (3); also shown are MD binding e T
energies scaled by 60%. -3.0 A v Internal scaled
v & Surface calculated
.35 & 4 Surface scaled
—
0.0 0.2 0.4 0.6 0.8 1.0
n-13
Fig. 4. Pump-probe results for surface 600
angd interna‘i Ztates. Relaxation time 0 (B0 surlace
scales are given after electronic excita- 500+ O (HzO)y" surface
tion of the surface isomers at 0.75 eV
(open symbols) and internal isomers at %%
1.0 eV (solid symbols) of (H,O) - 5 4007 +
(circles) and (D,0),~ (squares). Relaxa- < *
tion dynamics of the internal states fol- g 300+
low a 1/n size dependence (72), whereas g % +i
dynamics of the surface states are 35 % (}*é
slower and show no size dependence. 200+ e T
3 . ) &
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have similar electron-binding motifs to the
lower-VBE isomers observed by Kim et al.
for (H,0), with n < 11 (/9). By measuring
photodetachment cross-sections of the two
isomers of (H,0), , Bailey and Johnson
concluded that the electron distribution for the
lower-VBE isomer is significantly more diffuse
(25). This conclusion is supported by ab initio
calculations (23), predicting a book-like sol-
vent structure for the lower VBE isomer for
which the dipole moment of 5.5 D is about half
that of the (H,0), structure with the AA water
molecule. The evolution of the isomer III VBEs
thus suggests a more diffuse surface-electron
bound by a number of dangling H atoms. The
very weak size dependence of this isomer also
suggests that the collective network provides
little stabilization because the electron is de-
localized over much of the surface.

Regarding the mechanism by which the
differing isomers are formed, the considerably
higher VBEs for isomer I indicate that it is the
more stable anion for n >11. However, isomers
II and I1I are favored by higher source backing
pressure, which is generally associated with
forming colder and more stable clusters. It
appears that isomers II and IIT are metastable
species whose formation is enhanced under
colder expansion conditions. These results can
be rationalized, given that water-cluster anions
are most likely formed in the pulsed jet by the
attachment of relatively low-energy electrons
to neutral clusters, which then continue to grow
as the expansion progresses. As the backing
pressure increases, the neutral clusters should
be larger and colder in the region of expansion
where electron attachment occurs. Hence,
under normal conditions similar to those used
by Coe et al. (4) (30 psi in our experiment), we
propose that the electrons are attaching to
relatively warm, liquid-like clusters, and fur-
ther solvent molecules may condense onto the
cluster after attachment. Furthermore, solvent
rearrangement to form the lowest energy anion
configuration occurs readily because of the
high internal energy available in the solvent
network. On the other hand, formation of large
anions with surface-localized electrons occurs
under much colder conditions, where a small
local reorganization can bind the electron on
the surface, but the overall low internal energy
inhibits the large solvent reorganization neces-
sary to form the internally solvated electron. In
that sense, the binding process of the large
clusters (n > 50) may be viewed as electron
attachment to an ice nanocrystal.

For smaller clusters, where 11 <»n < 20, the
situation is less clear. No neutral (H,0),
clusters with AA water molecules have been
observed experimentally (26). Assuming that
the isomer II cluster anions involve an electron
binding to an AA water molecule, it appears
that these species cannot be formed by simply
adding an electron to a neutral cluster; a
substantial amount of solvent rearrangement is
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required even for a surface state. The observa-
tion of isomer II clusters in this size range only
for (D,0), attests to the fragility of these
isomers. They are most likely associated with
shallow local minima on the overall potential
energy landscape and exist only because of the
lower zero-point energies and tunneling rates
associated with D,0 as compared to H,O (27).
These considerations may explain why, even
for larger clusters where we see isomers I and
1T for both isotopomers, it is easier to make the
surface-bound isomer II for (D,0),~ clusters.
The preference for isomer I in (H,0),~
clusters could also be a manifestation of the
greater stability of the hydrated electron in
liquid H,O than in D,O (28).
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Liquid Crystalline Networks
Composed of Pentagonal, Square,
and Triangular Cylinders

Bin Chen,’ Xiangbing Zeng,? Ute Baumeister,?
Goran Ungar,? Carsten Tschierske'*

T-shaped molecules are designed in such a way that they self-organize into
nanoscale liquid crystalline honeycombs based on polygons with any chosen
number of sides. One of the phases reported here is a periodic organization of
identical pentagonal cylinders; the other one is a structure composed of
square-shaped and triangular cylinders in the ratio 2:1. These two different
packing motifs represent duals of the same topological class. The generaliza-
tion of the concept applied here allows the prediction of a whole range of
unusual complex liquid crystalline phases.

One of the fascinating aspects of beehive
honeycombs is their nearly perfect hexagonal
structure. Although it is intuitively “obvious”
that this is the way to pack cylinders with the
minimum wall area, the mathematical proof
came only recently (/). Whether we look at
living tissue or the organization of nanoparticles,
molecules, or atoms, one can find numerous
examples of hexagonal patterns. The situation
is different for pentagons. In contrast to hexa-
gons, regular pentagons, whose edge lengths
and angles are all equal, fail to tile the plane, a
fact that has intrigued humans since ancient
times (2. 3). However, snugly fitting penta-
gons can tile the sphere, either by themselves

"Institute of Organic Chemistry, %institute of Physical
Chemistry, Martin-Luther-University Halle-Wittenberg,
Kurt-Mothes-Strasse 2, D-06120 Halle, Germany.
3Department of Engineering Materials and Centre for
Molecular Materials, University of Sheffield, Sheffield
S1 3D, UK.

*To whom correspondence should be addressed.
E-mail: carsten.tschierske@chemie.uni-halle.de

(pentagona! dodecahedron) or in combination
with hexagons [e.g., fullerenes (4) or supermol-
ecules like polyoxometallates (3)]. In contrast,

18. V. Dribinski, A. Ossadtchi, V. A. Mandelshtam, H. Reisler,
Rev. Sci. Instrum. 73, 2634 (2002).

19. ). Kim, I. Becker, O. Cheshnovsky, M. A. Johnson,
Chem. Phys. Lett. 297, 90 (1998).

20. D. M. Bartels, J. Chem. Phys. 115, 4404 (2001).

21. A.E.Bragg, J. R.R. Verlet, A. Kammrath, O. Cheshnovsky,
D. M. Neumark, unpublished data.

22. H. M. Lee, S. B. Suh, K. S. Kim, /. Chem. Phys. 118,
9981 (2003).

23. H. M. Lee, S. Lee, K. S. Kim, J. Chem. Phys. 119, 187
(2003).

24, N, |, Hammer et al., Science 306, 675 (2004).

25. C. G. Bailey, M. A. Johnson, Chem. Phys. Lett. 265,
185 (1997).

26. U. Buck, F. Huisken, Chemn. Rev. 101, 205 (2001).

27, F. N. Keutsch, R. ). Saykally, Proc. Natl. Acad. 5ci
U.S.A. 98, 10533 (2001).

28. P. Han, D. M. Bartels, /. Phys. Chem. 95, 5367 (1991)

29. This research is supported by NSF grant no. CHE-
0350585. Additional support from the United
States—lsrael Binational Science Foundation is grate-
fully acknowledged.

25 October 2004; accepted 22 November 2004
Published online 16 December 2004;
10.1126/science. 1106719

Include this information when citing this paper.

tiling of a flat plane by identical pentagons can
be achieved only if regular pentagons are
mixed with other polygons in a nonperiodic
arrangement [Penrose tilings (6, 7)] or if they
contain at least two different angles and side
lengths (8, 9). The latter is difficult to realize
on a molecular scale with the rather strongly
fixed angles and distances dictated by covalent
bonding and coordination of standard chem-
ical building blocks. Hence, only a nonplanar
two-dimensional (2D) net of pentagons has been
realized with a coordination polymer (/0). We
show that the liquid crystalline state (//),
which combines order and mobility, provides
the necessary degree of flexibility for the re-
alization of pentagonal honeycombs.

Liquid crystals (LCs) are known as ma-
terals for flat, low power—consuming displays
in computing and telecommunication devices.
The self-organization within the liquid crystal-
line phases is driven by the molecular shape,
leading to long-range orientational order, and by
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Table 1. Phase transition temperatures (T} of compounds 1 and 2 (78) and the volume fractions of polar
side chains (f,) and nonpolar end chains (f,). Abbreviations: Cr, crystalline solid state; Col,_ /p4gm, square
columnar phase of the plane group p4gm; Col,  /p4mm, square columnar phase of the plane group p4mm;
Col, . /p6mm, hexagonal colummnar phase of the plane group p6mm; Iso, isotropic liquid state.

Compound T [°0) I 5
1 Cr 50 Col,_ /p4gm 105 Col, . /p6mm 118 Iso 0.29 0.44
2 Cr 21 Col, /p4gm 30 Col . /p4mm 31 Iso 0.41 0.30
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