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H atoms produced by theray irradiation of solicbara-H, (p-Hz) and solidnormatH; (n-Hy) decay gradually
when the irradiated sample is stored at 4.20ktho-H, (0-H,) molecules at the sites nearest an H atom in
solid n-H, convert top-H, molecules by interacting with the H atom. H atoms in soligldécay by the
process of tunneling diffusion H p-H, — p-H; + H and finally recombine with other H atoms. The rate
constants for the tunneling reaction were obtained from the decay rates of H atoms in salidvdtious
concentrations ob-H,. When solidn-H; is stored for 10 h at 4.2 K after-ray irradiation, a number aj-H,
molecules change inte-H, molecules by a catalytic chain reaction induced by mobile H atomsGlvedue

of the o-H; yields from H atoms amounts to-2.6 x 10% The rate constant for the tunneling reactiortH
p-H.— p-H, + H decreases drastically with increasing numbers-Bf molecules, which exist as orientational
defects in solidp-H,. It was concluded that a very small amount of energy (ca. 2 cat¥nalfects the
tunneling reaction at very low temperatures.

Introduction irradiated in the solid phase withrays at 4.2 K, the H atoms
Generally, a chemical reaction takes place if the reac'[an'[sdecay gradua}lly af'ter the irradiated sample is sFored.at 42K
pass over the potential energy barrier for the reaction, the barrierTh(_':‘ H atoms in soligh-H, decay faster than those in sofieH,
height of which is greater than about 10 kcal mo{=5000 which consists of 75%-H; (ortho-hydrogen) and 25%-H,.°
K). Thus, strong interaction with reactants is necessary for AS discussed in detail previoustyi atoms do not migrate by
controlling the reaction. A tunneling reaction that takes place trap-to-trap tunneling of H atoms but by repetition of the
by passing through the potential energy barrier via quantum tunneling reaction Ht- H, — Hz + H. This mechanism was
mechanical tunneling, however, occurs at a low temperature, determined from the facts that H atoms are trapped in the
such as 4 K. It is expected that a small interaction energy would substitutional sites of hydrogen crystals and that the rate constant
affect the tunneling reaction significantly at cryogenic temper- for the tunneling reaction H- H; obtained from the decay rate
atures. Most of the previous studies on tunneling reactions haveof H atoms in solid H is similar to that calculated theoretically
been limited to tunneling reactions at low temperature. The from the reliable potential energy surface for the reaction. In
controlling factors of tunneling reaction have seldom been the previous papérthe difference in the decay rates of H atoms
studied except for tunneling reactions in solid hydrogen. betweerp-H, andn-H, was interpreted in terms of the difference
Since the reaction of a hydrogehydrogen molecule canbe i the rate constants between H p-H; (rotational quantum
con3|dereq as a prototyplpal plmolegular reaction, the study of , ,mperJ = 0) and H+ o-H, (J = 1). Recently, the ENDOR
the tupnellrjg O.f this rgactlon IS verwmportant to the thgory of spectra of H atoms im-H, indicate that almost alb-H,
chemical kinetics. Solid hydrogen is a maitrix of great interest molecules at the sites nearest an H atom converp-t,
that shows remarkable quantum phenorrietfaince the reaction molecule’ This result indicates that almost all of the H atoms
of the hydroger-hydrogen molecule in solid hydrogen is a . ; . .
simple system, the controlling factors of the tunneling reaction in solid n-H, cﬁffusg by the same reaction, # p-Hy, as that
can be elucidated in this system. New studies on the temperaturd®’ H atoms in solidp-H,. Therefore, we cannot ascribe the
effects on tunneling reactions suggest that the vacancy formationdifférence in the decay rate of H atoms between sitd; and
and the local motion of reactants play important roles in solid n-H; to the difference in the rotational quantum states of

tunneling reaction The inverse temperature dependence of the Hz. The amount of H atoms produced bpyray irradiation of

rate constant for the tunneling reactioaH+ Hy — Hy + Hy™ solid p-H, decreases to roughly half the initial yields at 10 h

in solid parahydrogen indicates that phonon scattering affectsafter the irradiation, but available data on the impact of storage

the tunneling reactiof. times less than 10 h were very lacking in the previous study.
Whenn-H; (normakthydrogen) orp-H, (para-hydrogen) is In this study, we have re-examined the decay of H atoms in

p-Hz and n-H, in more detail after the irradiated samples are
* Corresponding author: T. Miyazaki, Nagoya University. Fax: 81 52 stored for 10 h. It will be concluded here thatH, molecules

78? N“gég)',aE [Jn:,?\'llérsmg_am'ya@apmem'nagoya_u'ac'lp' at the second and third nearest sites around an H atom affect
* Japan Atomic Energy Research Institute. the tunneling reaction H p-Ha.
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Figure 2. ESR line widths of H atoms at 4.2 K against storage time
after y-ray irradiation of four samplesy, O, A, v) of solid n-H; at
4.2 K..

Figure 1. ESR line widths of H atoms at 4.2 K against storage time
after y-ray irradiation of solidp-H, at 4.2 K. @, ®, A, v, &, H, ®)
p-Ha, (O) p-Hz—0-H; (6.3%) mixture, ©) p-Hz—0-H; (12.2%)mixture.

TABLE 1: ESR Line Widths at Maximum Slope of H

Experimental Section Atoms after 400 min of Storage ofy-Ray-Irradiated Solid H »

Normal hydrogenr{-H») was more than 99.999 mol % pure. ata.2K _
n-H, consists of 75%-H, and 25%p-H,. p-H, was synthesized sample line widths, mT
by passingn-Hz liquid through a column of iron(l11) hydroxide p-HzA 0.023% 0.0015

p-Hza_O-Hz (63%))
p-H2—0-H, (12.2%) 0.027
n-Hx* 0.019+ 0.0008

ap-H, contains~8% 0-H,. © 6.3% or 12.2%p-H, was added t@-H,.
¢ n-H; contains 75%0-H.

(FeO(OH)) at 14 K.p-H2 contains about 3%-H, just after 0.025
synthesis; this was measured by Raman spectroscopy. When
p-H, gas is sealed in an ESR tube and stored at room
temperature, the concentration of tbd1, impurity increases

gradually byp-H, — o-H, conversion. The real concentration
of 0-H during the ESR measurement of the sampld is Figure 2 shows the effect of storage time on the ESR line
roughly 8%. widths of H atoms iny-ray-irradiatedn-H, at 4.2 K. The line
Hydrogen, sealed in a fused quartz sample tube, was solidifiedyigths are narrowed significantly after 200 min and then
by rapidly cooling the sample tube from room temperature t0 decrease gradually. The final line widths after 400 min in the
4.2 K. The sample was irradiated at 4.2 K wﬂhayg from a n-H, containing 75%o-H, are 0.019+ 0.0008 mT at 4.2 K,
®Co source to a total dose of 0:18.8 kGy, which was  hich is slightly narrower than those in theH, containing
measured by the Fricke dosimetry. The H atoms, produced by o, at about 8% as an impurity. The ESR line widths after
radiolysis, were measured at 4.2 K by the JEOL JES-RE1X 400 min of storage of the irradiated sample are summarized in
ESR spectrometer at a low microwave power level that does Tgpje 1.
not result in saturation of the signals of the hydrogen atoms. Figure 3 shows the effect a-H, on the decay of H atoms
The amounts of the hydrogen atoms were obtained by doublejn solid H, at 4.2 K. The H atoms decay quite slowly in solid
integration of signals using the ES-PRIT425 computer system n_p, which contains 75%-H,, denoted by the closed symbols
(JEOL). The amount gb-H, was measured by a gas chromato- (M, ®, 4). When 12.2%0-H,, denoted by the symbow), and
graph, which consisted of a thermal conductivity detector and g 3940-H,, denoted by the symbo#), are added, the H atoms

example of a gas chromatogram was shown in the previoussymnols [, O), decay quickly.

paper? Table 2 shows the amount pfH, in y-ray-irradiated solid
n-H, at 4.2 K after a dose of 2.8 kGy. SinceH, originally
Results contains 25%p-H,, the difference of the measured value from

25% corresponds to the yields .. In sample A, solich-H;

Figure 1 shows the effect of storage time on the ESR line was stored for 0.6 h at 4.2 K befogeray irradiation and was
widths at the maximum slope of the H atom signals in solid then irradiated at 4.2 K for 1.4 h. Since the concentration of
p-H2 at 4.2 K aftery-ray irradiation. The line widths are constant p-H; is 26.7%, the yields op-H, produced by this treatment
during the storage of the irradiated sample. The average lineare 1.7% (26.725). Thisp-H, was formed by the conversion
width after 400 min is 0.023 0.0015 mT. The ESR line widths ~ from o-H,. The amount (26.6%) gb-H, in sample B, which
of H atoms inp-H, containing 6.3% and 12.2%-H, are also was stored at 4.2 K for 2.0 h withoyt-ray irradiation, is
shown here. approximately the same as that (26.7%) in theay-irradiated
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Figure 3. Effect of 0-H, on the decay of H atoms in solid,Ht 4.2

K aftery-ray irradiation at 4.2 K. The initial concentration of H atoms
in all samples are aroundx 10~” mol cnT3. (W, @, A) n-H, containing
75% 0-Hz, (¥) p-Hz—0-H; (12.2%) mixture, #) p-H—0-H, (6.3%)
mixture, @, O) p-H..

TABLE 2: Amounts of p-H, from y-Ray Irradiation of Solid
n-H, at 4.2 K to a Dose of 2.8 kGy

sample, experimental condition p-Hz, %
A, stored for 0.6 h at 4.2 K and then 26.7+ 0.4
y-irradiated for 1.4 h
B, stored for 2.0 h at 4.2 K withoyt-irradiation 26.6+ 0.5
C, stored for 0.6 h at 4.2 K before irradiation, 36.2+ 0.4

y-irradiated for 1.4 h, and then stored for 10 h at 4.2 K
D, stored for 12 h at 4.2 K withoyt-irradiation 34.3+ 0.4

an-H, contains initially 25%p-H,. ® Standard deviation obtained
from 4 runs.c Standard deviation obtained from 6 ruAsStandard
deviation obtained from 10 runs.

sample A.o-H; in the sample without irradiation converts to
p-Ha interacting with othep-H, molecules which have nuclear
magnetic momentsThe amount (36.2%) in sample C, which
was stored at 4.2 K for 10 h afterray irradiation, is higher
than those (34.3%) in sample D, which was stored at 4.2 K for
12 h withouty-ray irradiation. The difference in the amounts
of sample C and sample D is due to the conversioa-bf, by

the interaction of mobile H atoms during storage for 10 h (cf.
Discussion).

Discussion

Local Environment around H Atoms. The previous studies

J. Phys. Chem. A, Vol. 104, No. 42, 2008405

of 0-H, molecules around the H atoms. Since the nuclear
magnetic moment of-H, is zero, p-H, molecules do not
contribute to the ESR line width. The initial ESR line width of
H atoms just aftely-ray irradiation ofn-H, at 4.2 K is 0.043
mT, but it decreases to 0.019 mT after 400 min (cf. Figure 2,
and Table 1). The results indicate that the local concentration
of o-H, molecules near H atoms in solidH, decreases during
the storage at 4.2 K. Table 1 shows that the ESR line (0.019
mT) of the H atoms in solid-H, consisting of 75%0-H; is
slightly narrower than that (0.023 mT) in solj@H,, which
includes about 8%-H, as an impurity. The narrower line in
solid n-Hy indicates that the local concentration ofH,
molecules near the H atoms in sofieH; is slightly lower than
that in solid p-Hy, though the total concentration afH,
molecules inn-H; is of course much higher than that jpaH,.
The orthe-para conversion of fHimolecules is induced by the
interaction of electron spins of H atoms. As will be discussed,
the H atoms in solieh-H, decay more slowly than those in solid
p-H,. H atoms in solidn-H; stay at the same site for longer
times than do H atoms in solipg-H,. Thus, the orthe-para
conversion ofo-H, molecules near an H atom in solidH,
takes place efficiently.

Catalytic Chain Reaction of o-H,—p-H, Conversion by H
Atoms. o0-H, molecules in soliah-H, convert top-H, molecules
by two processes: interacting with othei, molecules and
interacting with the H atoms produced kyray irradiation.
When solidn-H, consisting of 25%p-H, and 75%0-H; is stored
for 12 h at 4.2 K withouty-ray irradiation, the amount gi-H;
in sample D of Table 2 increases to 34.3%. The orthara
conversion in this case is caused by the nuclear magnetic
moment of othero-H, molecules. The rate constant for the
conversion was estimated at 4.82610-6 (mol fraction) s71,
which coincides with the reported value (4.%210°% (mol
fraction)™* s71).1

When solidn-H; is irradiated withy-rays and stored for 10
h at 4.2 K, the amount of-H; in y-ray-irradiated sample C
becomes 36.2 0.4%, which is~1.1-2.7% larger than those
(34.3 £ 0.4%) in sample D withouy-ray irradiation. When
the irradiated sample is warmed to room temperature just after
y-ray irradiation, the amount @fH, in y-ray-irradiated sample
A is the same as that in sample B withgutay irradiation.
Therefore, the orthepara conversion does not take place during
y-ray irradiation, but by the storage of the sample after the
irradiation.

The ENDOR and ESR spitflip lines of H atoms in solid
n-H, show that almost alb-H, molecules at the sites nearest
an H atom convert tp-H, molecules, whileo-H, molecules at
the second, third, and fourth sites do not chahg&o it is
expected that H atoms will convert a numbeoefl, molecules
to p-H, molecules during their migration when the sample is
stored after irradiation.

The G value (which is defined by the number of molecules
formed from the absorption of 100 eV of radiation energy) of
p-H2 molecules iny-ray-irradiated solidh-H, was estimated by

concluded that H atoms are trapped in substitutional sites of the following procedure. When soli@H; is irradiated byy-rays

the H; crystal®” The ENDOR spectrum of H atoms jnray-
irradiatedn-H indicates thab-H, molecules at the sites nearest
to the H atom convert tp-H, molecules, while-H; molecules
exist at the second and third nearest sit€be analysis of ESR
spin—flip lines of H atoms in solidn-H, shows that most of
the o-H, molecules at the nearest sites convert g,
molecules’.

The ESR line width of H atoms is determined by the

to a dose of 2.8 kGy measured by the Fricke dosimetiyl,
absorbs the radiation energy of 3.%410% eV gL Since the
yields (~1.1-2.7%) of p-H, molecules correspond te3.3—

8.1 x 10** molecules g2, G values for the production qf-H;
were estimated as 1-2.6 x 10*[3.3—8.1 x 10?* x 100/(3.14

x 10'9)]. Since an H atom is trapped in a substitutional site
and surrounded with 12 Hmolecules, the number of initial
0-H, molecules surrounding the H atom is 9 (%20.75) in

superhyperfine interaction with the nuclear magnetic moment solid n-H,, which consists of 75%-H,. If H atoms do not
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migrate at all and convert the-H, molecules in the nearest
neighbors top-Hy, the G value for the production op-H; is
expected to be only 21.6 (2.4 9). Here, theG value of H
atoms produced by the-ray irradiation of solidn-H, dosed
with 2.8 kGy is 2.48 The very largeG values (1.12.6 x10%
obtained experimentally indicate that the orttpara conversion
is a chain reaction caused by the migration of H atoms.

When an H atom hops to the next site, it encounters seven
new H, molecules. Thus, the H atom meets 5.25X7.75)
0-H, molecules in one jump and converts themptdl,. The
jump frequency of H atoms in soliokH, is 1.0 s1,5 and thus,
H atoms jump 3.6x 10* times (1x 10 x 60 x 60) during the
storage of irradiated solich-H, for 10 h. If all H atoms
effectively converto-H, molecules in the nearest neighbors
during their migration, thé& value for the production gb-H,
is expected to be 4.5 10° (2.4 x 5.25 x 3.6 x 10%, which
is much larger than the experimen@balues (1.32.6 x 10%).
The difference between the experimen@lvalues and the
expected ones is probably due to the migration region of H
atoms. A portion of H atoms diffuse through the region rich in
0-H, and converto-H; efficiently to p-H,. The rest of them
diffuse through the region rich ip-H, without convertingo-Hs.
Thus, the experimentab values are smaller than the value
estimated by the model anticipating all H atoms to conwéith
to p-Hz during their migration.

Effect of o-H, Impurity on the Tunneling Reaction H +
p-H2 — p-H2 + H. Though H atoms decay fast in solid ldt

Miyazaki et al.

TABLE 3: Rate Constants for Tunneling Reaction H +
p-H, — p-H2 + H in Solid Hydrogen at 4.2 K&

sample rate constant, émmol-1s!
p-Hz° 1104 20°
p-H2b—0-H (6.3%) 84
p-sz—o-H2(12.2%) 68
p-Hz—0-Ha (75%) 24

aThe errors of the values are about 20%-H, itself contains about
8% 0-H,. ¢ Mean value of 7 runs! The sample is1-H,. ¢ Mean value
of the previous results (ref 5). The previous paper assumed that the
rate constant obtained in solidH, consists ofk(H + o-H) andk(H
+ p-Hy). Since the nearest neighbors around an H atom in sekid
are p-H, molecules, the rate constant in sotieH, represent&(H +
p-Hz) (see text). Thus, thk(H + o-Hy) in ref 5 was incorrect.

temperatures above 4.2 K by a thermally activated process, they

decay slowly by a tunneling process below this temperature.
As discussed in the Introduction and the previous pagér,
atoms migrate in solid by the repetition of the tunneling
reaction H+ H, — H, + H below 4.2 K. Since the neighbors
nearest an H atom amH, molecules in both solia-H, and
solid p-Hz, the H atom reacts with the-H, molecule. The rate
constant for the tunneling reaction can be obtained by the
following process, the details of which were discussed in the
previous papet.The H atoms diffuse through the solid End
recombine with other H atoms through second-order kinetics
when the matrix can effectively remove the recombination
energy. The rate constankyj for the decay of H atoms is
expressed as

ky = 47r(Dy, + D) (1)
whereDy andr are the diffusion coefficient of H atoms and
the contact distance between two H atoms in a recombination
reaction, respectively. Then the rate constéa(i (+ p-Hy)) for
the reaction H+ p-H, — p-Hy + H is related to the jump
frequency ¢) and concentration gb-H;, (Cp,)

k(H + p-Hy) = v/Cy, @)

v = 6D,/I? ©)
| is the trap-to-trap distance for H atoms in a substitutional site.
The rate constants for the tunneling reactior-Hp-H, — p-Ha

+ H are summarized in Table 3. The rate constam-éf, in
which the concentration a¥-H; is 75%, is also shown, taken
from ref 5. The value ok(H + p-Hy) obtained in solid-H; is

110 cn? mol~t s71, which is larger than the value (43 émol™!

s™1) reported previously.Though the amount of H atoms in
solid p-H; decreases drastically during storage for 10 h to half
the initial yield, only two data were previously obtained during

before tunneling
&
2 H
11}
Distance a
l fast
after tunneling
)
@ H
[T}
Distance
before tunneling
>
f=d
g H
w
Distance b
l slow
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Figure 4. Schematic diagram of the potential energy around an H
atom and a visual model of the multidimensional tunneling reaction in
(a) solidp-H; and (b) solidn-Ha.

10 h aftery irradiation, the rate constant in this study is more
reliable than the value in the previous paper.

Table 3 shows that the rate constants for the tunneling reaction
H + p-Hz — p-H2 + H at 4.2 K decrease with the increasing
concentration ofo-H, thougho-H,; molecules do not interact
directly with H atoms.p-H, molecules are in the rotational
guantum state ofl = 0 that has spherical symmetrg:-H,
molecules, however, are in the stateJef 1 and rotate in some
direction. Thus, when-H, molecules exist in pure crystpiH,,
they disturb the periodicity of the crystal as the orientational
defects. The tunneling reaction in the solid phase should be
considered as a multidimensional tunneling process, accompa-
nied by the local rearrangement of the surrounding molecules.

Figure 4 shows a schematic picture of the multidimensional
tunneling reaction of an H atom in solid hydrogen. Figure 4a
shows tunneling in pure crystagtH,. An H atom trapped in
the hydrogen crystal causes some distortion in the lattice, which
was pointed out by ENDOR spectroscépgnd theoretical
calculationt® The potential energy around the H atom in pure

storage times less than 10 h. Since many data were obtainectrystalp-H, is periodic and symmetrical, bearing some distortion
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near the trapping site (cf. Figure 4a). When an H atom jumps shift (§) caused by the orientational defects in solid ¥
to the next site by tunneling reaction, the distribution of the estimated to be abod K (2 cal molY); it affects drastically
potential energy shifts to the next site. Since the shape of thethe rate of quantum diffusion of muonium below 2GKThough
potential energy in the purp-H, crystal before tunneling is little information on the energy shift due to the orientational
the same as that at the next site after the tunneling, the tunnelingdefects ofo-H, in solid p-H; is available, it may be estimated
takes place fast, as shown in Figure 4a. Figure 4b showsat abot 1 K (2 cal molY), since the orientational energy of

tunneling in crystaln-H,, which contains 75%o-H,. o-H» o-H, molecules from the electric quadrupelguadrupole
molecules disturb the periodic distribution of the potential energy interaction in solidp-H; is 0.8 K2 It is a new and surprising
near an H atom. The tunneling reaction in the presencehf example of a chemical reaction wherein an amount of energy

molecules is accompanied by the shift of the asymmetrical as small as 2 cal mot can affect a rate of reaction whose barrier

distribution of the potential energy, resulting in the retardation height amounts to 10 kcal midl.}* When a reaction occurs at

of the tunneling reaction (cf. Figure 4b). room temperature by the reactants passing over the potential
The quantum tunneling diffusion of muonium in solid is also  energy barrier, an interaction energy of above ca. 1 kcatol

a multidimensional tunneling phenomenon and is affected is necessary for controlling the reaction. Since a tunneling

significantly by the presence of impurities. The hopping rate reaction takes place at ultralow temperature, the extremely small

of muonium in KClI crystal is suppressed by the addition of Na energy affects the rate of the chemical reaction.

as an impurityt! The orientational defects in solid,Netard .

the muonium hopping ra& The muonium hopping rate in solid Acknqwledgment. The authors thanll< Prof. Y. Fukai of Chuo

N, is also suppressed by the presence of ilpurities!? University and F_’rof._ R. Kado_no o_f H|g_h Ene_rgy Accelerator

Theoretical studies of the impurity effect on the tunneling Research Organization for their fruitful discussions. The authors

thank Prof. F. S. Howell of Sophia University for his reading

diffusion were conducted by Kagan et'&f3 The hopping rate -
of the manuscript.
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; [P wherewp is Debye temperaturé? in solid hydrogen 84 K is about 2.6
Iowe_r than that n S(.)“(p Ha. x 1075 K (10% x 100(4/1009), which is much smaller than the energy
It is very interesting that the presence @H; affects the shift (about 1 K) due to orientational defectsaH in solid parahydrogen.
rate of the tunneling reaction # p-H, — p-H, + H. The energy Thus, the temperature 4 K does not affect tunneling reaction.



