increasing part of our model, and so the
maximal x-ray flux is not yet reached after 2
days. Expressed in physical units, the shell
velocity depends on the mass loss rate, M,
the wind velocity, v, 4, in the x-ray—emit-
ting region, and the energy-dependent ab-
sorption coefficient, o, of the absorbing
wind material.

For r__,/R. = 7.5, which is the mean
radius of optical depth unity for the wind
properties of { Orionis (8) in the energy range
of 0.6 to 1.0 keV, where the enhanced x-ray
emission appeared during the first 2 days, we
derive a best-fit shell velocity of 570 km/s.
From the analytical velocity field v(r) =
V(1 — R./r)®, which describes the velocity of
the smooth wind in an O-type star, we deter-
mine a wind velocity of 1600 km/s in the
vicinity of the shell after 2 days. Therefore, in
the star’s frame the post-shock gas moves
outward but more slowly than the ambient
wind (reverse shock). Using again 1600 km/s
(in the star frame) as the characteristic speed
of unshocked wind material entering the
shock, we deduce a shock velocity of ~1000
km/s (in the star frame), which is consistent
with the temperature of the x-ray—emitting
material derived from a spectral fit of our
PSPC data, given the errors of the deduced
shock velocity.

We emphasize that a model of a shell
propagating with the velocity of the ambi-
ent wind (thin dotted line in Fig. 2) cannot
fit the observed increase in x-ray count rate.
Such a model would lead to an increase and
a disappearance of the shell’s x-ray emission
that are much faster than those observed.
With our model of a propagating shock in
the wind, we can explain the observed in-
crease in x-ray count rate observed for {
Orionis. The result of our calculations for
the flow of the post-shock gas in the stellar
wind of { Orionis confirms the results of the
wind models that predict that reverse
shocks in stellar winds are much stronger
than forward shocks. Our ROSAT observa-
tions of { Orionis provide the first direct
observational evidence for the existence of
propagating shock waves in the winds of
hot stars.
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Stabilization of Atomic Hydrogen in Both
Solution and Crystal at Room Temperature

Riichi Sasamori, Yoshihiro Okaue, Toshiyuki Isobe,
Yoshihisa Matsuda*

Atomic hydrogen has been stably encapsulated in both solution and crystal at room tem-
perature. Upon y-ray irradiation of [(CH,),;SilgSizO.,4, Which is the trimethylsilylated derivative
of the silicate anion with a double four-ring (D4R) cage, electron spin resonance (ESR) spectra
revealed that a single hydrogen atom is encapsulated in the center of the D4R cage and is
stable for periods of many months. Attack by chemically reactive species such as oxygen was
prevented by the D4R cage, but the ESR signal of the hydrogen atom was sensitive to the
magnetic interaction caused by the presence of the O, molecule near the cage.

The hydrogen atom, the simplest of atoms
and free radicals, is difficult to trap at am-
bient temperature because of its high activ-
ity and small size. Electron spin resonance
has been used to study hydrogen atoms in
several matrices, including KCl, CaF,,
quartz, rare gas ices, and acid ices (I). In
these matrices, the ESR signals of atomic
hydrogen were observed only at low tem-
peratures such as 4.2 and 77 K because the
trapped hydrogen was unstable. In some
cases, after the matrix was warmed to room
temperature for a few minutes and cooled
again, the signal disappeared (2). On the
other hand, there is an example of an x-ray—
irradiated human tooth in which atomic
hydrogen is stabilized at room temperature
in an inorganic medium (3). However, the
above hydrogen radical centers have not
been made in a compound with a cage
structure, which can encapsulate a single
hydrogen atom and protect it against the
reactive surroundings. In our study, we suc-
ceeded in stably trapping atomic hydrogen
at room temperature upon <y-ray irradiation
of [(CH,),SilgSigO,q, which is the trimeth-
ylsilylated derivative of silicate anion with a
D4R structure. The ESR spectra revealed
that atomic hydrogen was present. This hy-
drogen atom is most likely encapsulated in
the center of the D4R framework structure
in both solution and crystal for a long time.

The above compound was synthesized by
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trimethylsilylation of tetramethylammoni-
um silicate, [(CH;),N]gSigO,, « XH,O (4).
The crystals obtained were analyzed by in-
frared spectroscopy, elemental analysis, and
gas chromatography. The single-crystal x-
ray structure analysis, which was performed
at room temperature, revealed that the mol-
ecule crystallized in the space group PT with
one equivalent molecule in the unit cell
(observed density, D, of 1.181 g cm™?).
Although the R values, as expected, did not
become smaller because of the large tem-
perature factors of the terminal methyl
group (5), the core structure of the
[(CH};);SilgSigO,o could be determined.
Figure 1 illustrates the cube-like structure
with a cavity at a center in the D4R frame-
work. The average packing distances for
neighboring and diagonal Si-Si atoms in
the D4R framework are 3.079 *+ 0.004,
4.355 = 0.004, and 5.329 *+ 0.007 A, re-
spectively. Similarly, the O-O packing dis-
tances are 2.607 * 0.009, 3.687 = 0.008,
and 5.197 = 0.013 A, respectively. A
space-filling representation of the structure
made by use of the van der Waals radii of
silicon and oxygen reveals that a cavity in
the D4R cage can encapsulate a hydrogen
atom and that the meshes of the D4R cage
are much smaller than that of a hydrogen
atom.

An ESR spectrum of atomic hydrogen en-
capsulated in polycrystalline [(CH;);SilgSigO50
by irradiation with €°Co -y-rays [10° Grays
(Gy)] at room temperature is given in Fig.
2A. The ESR spectral feature is similar to
that of irradiated quartz at 77 K (2). Two
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sharp, hyperfine lines due to atomic hy-
drogen are separated by 50.804 mT ac-
companied with two weak satellite lines,
respectively. The satellite lines are attrib-
utable to super hyperfine splitting on the
basis of 2°Si with a nuclear spin, I, of 1/2
and a natural abundance of 4.67%. There
is another possibility for the origin of the
satellite lines. The dipole-dipole coupling
of the trapped hydrogen with protons of
peripheral methyl groups can cause the
satellite lines (spin-flip satellite lines) to
arise (6). The satellite lines were possibly
caused by both hyper-fine and dipole-
dipole interactions. The Zeeman splitting
factor (g value) and hyperfine splitting
constants, A, were obtained from the
strict calculations (7) of g = 2.0022 and A
= 1415.3 MHz. There is only a small
difference in the parameters from the
free-atom values (g = 2.002256 and A =
1420.40573 MHz) (8), perhaps due to van
der Waals effects. The spin density was
4.3 X 1073 spins per [(CH;),SilSigO,0
unit. The angular dependence of ESR
spectra for a single crystal revealed that
the g value and the hyperfine coupling
constant are isotropic. These signals can
be observed at room temperature even
after 2 years from the time of irradiation.
Therefore, the size of the cavity in the
D4R cage is suitable for the hydrogen
atom, and the degree of chemical effect
from the outside through meshes of the

=

D4R cage is negligible. Furthermore, the
above compound with a D4R cage is sol-
uble in some solvents. Consequently, it is
possible to prepare a solution, polycrystal
and single-crystal, that includes the single
hydrogen atom. In fact, even in a dichlo-
romethane or diethyl ether solution of an
irradiated specimen, the ESR signals of
atomic hydrogen can be observed at room
temperature for a period longer than 1
year (Fig. 2B). To our surprise, the poly-
crystal obtained again from the above so-
lution showed the ESR signals of atomic
hydrogen at room temperature. No ESR
signal caused by the hydrogen was detect-
ed for a D3R cage with a smaller cage size
than the D4R cage. We concluded that a
single atomic hydrogen is fitted in size
and stably encapsulated at a center in the
D4R cage structure at room temperature
in both solution and solid.

The ESR spectrum was reproducible
upon iterative cooling and warming in the
range of room temperature to 77 K. The
atomic hydrogen exists stably in the low-
temperature range. At the high-tempera-
ture range, atomic hydrogen remains until
100°C. However, after heating up to
150°C, the ESR signals disappeared and
did not reappear upon cooling to room
temperature. Atomic hydrogen probably
escapes from the D4R silicate cage at high
temperatures.

The pressure dependence of the ESR

A v" == ;-’

= T

Fig. 1. Structure of the [(CH,);SilSigO,0.
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signal intensities of atomic hydrogen was
measured in the pressure range of 2 Pa to
atmospheric pressure at room temperature
(Fig. 3). There was little variation in
signal intensities under high vacuum, in-
dicating that atomic hydrogen does not
come out of the D4R cage and stably
exists even under the high vacuum. Mea-
surements of ESR were also carried out
under these pressures of air, oxygen, or
nitrogen. The pressure dependencies of
the apparent ESR signal intensities under
the atmospheres of air, oxygen, or nitro-
gen with constant microwave power are
shown in Fig. 3. The signal intensities
under the nitrogen atmosphere were con-
stant independently of the degree of vac-
uum. However, the signal was reduced in
its apparent intensity upon evacuations
under both the air and oxygen atmo-
spheres. The signal intensities under the
oxygen atmosphere were several times as
strong as those under the air at the range
of 3 X 10* to 1 X 10° Pa. This reduction
in apparent intensity was due to satura-
tion in microwave power because of the
increase in the spin-lattice relaxation
time, T,. The signal intensities were in-

A —J\F
YT

301.615 352.419
300 320 340 360

308.518 359.305
300 320 340 360
Magnetic field (mT)

Fig. 2. (A) ESR spectrum of atomic hydrogen in
y-irradiated polycrystalline [(CHZ);SilgSig0,, at
room temperature (microwave frequency, v, of
0.2185 GHz). (B) ESR spectrum for diethyl ether
solution of «y-irradiated specimen (v = 9.4128
GHz).
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Fig. 3. Effects of pressures of air, oxygen, and
nitrogen on apparent signal intensities.



fluenced by paramagnetic oxygen gas, and
the hydrogen atom was stable with respect
to the oxygen molecules near the D4R
cage. The fluctuation of the local magnet-
ic field at the encapsulated atomic hydro-
gen is induced by triplet oxygen and af-
fects spin-lattice relaxation. The satura-
tion power depended on the O, pressure
in a manner quite similar to the way the
appatent intensity does. These observa-
tions show clearly that the hydrogen atom
is encapsulated in the D4R cage and can
experience the magnetic field induced by
O, molecules outside the cage without
chemical attack by the latter. The D4R
cage in the crystalline state has free space
around itself. In that space, oxygen mol-
ecules can reach near the cage. The free
space is maintained by bulky trimethyl-
silyl groups.

Relaxation times were determined by elec-
tron spin echo (ESE) for the main lines that
are split only by the hydrogen nucleus. Echo
signals were not obtained at room tempera-
ture because of their fairly small relaxation
times, so the measurement was performed for
the degassed sample at 77 K. From two-pulse
and three-pulse ESE decays of the atomic
hydrogen sample (Fig. 4), the phase memory
time, ty;, of 0.87 ps and the spin-lattice relax-
ation time, ¢, of 13 ps were obtained. Thus,
the phase memory time is considered to be
constant because the line shape of the ESR
signal was invariable with respect to temper-
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Fig. 4. Envelopes against the interval between the
first and second pulses, 7, of (A) two-pulse spin
echo and (B) three-pulse spin echo for atomic
hydrogen in y-irradiated [(CH,4),Si]SigO,, at 77
K. Conditions: (A) v = 8.952155 GHz, magnetic
field (H) = 342.733 mT, pulse width = 40 ns; (B) v
= 8.95167 GHz, H = 342.711 mT, pulse width =
40 ns, interval between the second and third puls-
es (1) = 400 ns.
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ature, degree of vacuum, and exposure gas.
The spin-lattice relaxation time likely has a
relatively large temperature dependence, be-
cause echo signals were not obtained at room
temperature. This temperature dependence
probably arises from the motion of the termi-
nal methyl group and, accordingly, corre-
sponds to the large ellipsoids for methyl car-
bon in the crystal structure analysis.

We could not encapsulate hydrogen at-
oms in D3R silicate cages as mentioned
earlier and we have yet to study the larger
D5R, D6R, and D7R silicate cages (9).
These cages provide a chemically shielded
space in which an atom or atoms can be-
have just as in the free state. The construc-
tion of new cages should lead to novel
developments in the study of atoms and
atom-cluster interactions.
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Stern-Volmer in Reverse: 2:1 Stoichiometry of
the Cytochrome c-Cytochrome ¢ Peroxidase
Electron-Transfer Complex

Jian S. Zhou and Brian M. Hoffman*

A reverse protocol for measurements of molecular binding and reactivity by excited-
state quenching has been developed in which the quencher, held at a fixed concen-
tration, is titrated by a photoexcitable probe molecule whose decay is monitored. The
binding stoichiometries, affinities, and reactivities of the electron-transfer complexes
between cytochrome ¢ (Cc) and cytochrome c peroxidase (CcP) were determined over
a wide range of ionic strengths (4.5 to 118 millimolar) by the study of photoinduced
electron-transfer quenching of the triplet excited state of zinc-substituted Cc (ZnCc)
by Fe®*CcP. The 2:1 stoichiometry seen for the binding of Cc to CcP at low ionic
strength persists at the physiologically relevant ionic strengths and likely has func-
tional significance. Analysis of the stoichiometric binding and rate constants confirms
that one surface domain of CcP binds Cc with a high affinity but with poor electron-
transfer quenching of triplet-state ZnCc, whereas a second binds weakly but with a

high rate of electron-transfer quenching.

Measurements of excited-state quench-
ing have been important for no less than
the 75 years since the original Stern-
Volmer report (1) and have been used to
study the binding of one biomolecule to
another for nearly half a century (2-6).
In particular, recent quenching studies of
protein-protein  electron-transfer com-
plexes, which are representative of even
more complicated assemblies in photosyn-
thesis and respiration, give information
about binding (7, 8) and interfacial dy-
namics and recognition (9—-12) as well as
the electron-transfer process itself (13,
14). Despite the wide use of quenching
methods, the basic experiment has re-
mained unchanged: A probe molecule at
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fixed concentration is examined while be-
ing titrated with the quencher. Even our
recent study (8), which showed that CcP
can bind two molecules of Cc under low-
salt conditions, although unusual in that
it involved a titration of a “substrate,”
Cc, with an enzyme, CcP, used this basic
procedure. Here we describe a “reverse”
quenching experiment: The quencher at
fixed concentration is titrated by the
probe molecule. Through the use of this
protocol, we demonstrate that the 2:1
stoichiometry seen for the binding of Cc
to CcP at low ionic strength persists at
the physiologically relevant ionic
strengths and thus is likely to have func-
tional significance. The results further pro-
vide the means for analyzing the dependence
of the electron-transfer rate constant on ionic
strength in terms of changes in the distribu-
tion among multiple structures of a complex.
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