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Experimental determination of the mechanism of the tunneling diffusion of H atoms
in solid hydrogen: Physical exchange versus chemical reaction
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The pressure effect on the recombination rate constant of H atoms in spliddbeen studied by electron
spin resonance spectroscopy. It has been found that the rate constant was independent of pressure up to 13 MPa
in the temperature range below 4 K, while it significantly decreases with an increase in pressure in the range
above 5 K. The low temperature behavior observed indicates that H atoms diffuse in sdttiémically”
through the H-H,—H,+ H reaction not by the physical exchange mechanism.
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[. INTRODUCTION MPa, and applied this technique to the study of the thermally
activated diffusion of H atom above 5.5 K; however, we
It is well known that H atoms diffuse in solid Hvia ~ could not extend the measurement in the range below 4 K,
quantum mechanical tunneling in the temperature range bdecause the concentration of H atoms produced by our x-ray
low 4 K (Refs. 1—6; however, fundamental mechanism of irradiation system was too low to measure the tunneling dif-
this has not yet been understood. In particular, it is quitdusion coefficient of H atoms in solid +by quantum tunnel-
difficult to distinguish whether the H atoms migrate throughing- Very recently, we have found that the yield of H atoms
“chemical diffusion” or “physical diffusion.” Here, chemi- Produced by the ultraviolet photolysis o,@oped solid H

cal diffusion means that the H atom moves from the previoudS Much IgrgerfthaG that tr’]Y x-raK irradiation ofdsfoloilqu]ﬂe .
rapping site to the next trapping site by thetH, - H, ave used so far. Using this technique, we studied the effect

+H chemical reaction between H and one of its surroundin pf pressure on the tunneling diffusion of H atoms in solid
H, molecules, while physical diffusion corresponds to the 2

normal diffusion of H atom by exchanging its position with 1. EXPERIMENT
neighboring H molecules in solid K. In 1980s, both ) o .
Nagoya’s group’ and Moscow's group experimentally The experimental procedure is similar to that used in our

showed that the BDH—D,+H and D+H,—DH+H Previous ESR study of Odoped solid B and HD
chemical reactions occur by quantum tunneling in low-Normal-H, (n-H;) gas containing ©(500-1500 ppmwas
temperature solid HD and Dcontaining H, independently: slowly (10-100 sccmintroduced into the quartz sample cell
however, these two groups derived totally different conclu-Whos€ bottom tip was cooled down to 4.5 K using the He-
sions for the tunneling diffusion of H atoms in solid, H flow cryostat(Scientific Inc. quel 965D The gas was con-
Nagoya’'s group stated that the-+HH,—H,+H reaction densed to pe anzaio_ped h sol[q atthe botto_m tip. Because
should be the dominant mechanism for the H atom diffusior®f @ 1arge difference in both boiling and melting temperatures
in solid H,. On the other hand, Moscow’s group concluded?€tWeen Hand G, alot of , clusters are probably formed

e ; ; the solid. Then, the solid was pushed down to the cavity
that the H atom diffusion is completely due to physical dif- in
fusion. The purpose of the present study is to put a period tgenter of theX-band ESR spectromet&fEOL JES TE-200

this controversial subject and irradiated with a low-pressure mercury lamp for 3—7 h
As the simplest and typical physical diffusion, the tunnel-through the cavity window. The time evolution of the H atom

ing diffusion of ®He atoms in solifHe has been extensively concentration in the UV-irradiated solid;8ample was mea-

studied in the pa§t9 Using various experimental sured using the ESR spectrometer in the temperature range

techniqued®23it has been well established the atoms between 3.4 and 6.5 K. In a high-pressure measurement, ex-

diffuse through three- and four-atom cyclic exchange mechang;?e ?r?as d\i/;?if) nada(ljr? dd [;rqeézlulrjigegsvi?ﬁtlt—loemggg of the cell

nisms in*He solid. Notice that the three- or four-atom ex-
changes require the least disturbance for the surrounding at-
oms. One of the most important experimental findings in the
solid ®He system is that the tunneling exchange rate is After the UV photolysis of the @doped solid H sample,
strongly dependent on the pressure. In fact, it is well knowrESR signals of H, HQ, and unassigned small signalscat
that the tunneling exchange rate significantly decreases witk-2 were observed. Since both the ESR linewidth and power
an increase in pressure. This finding simply implies that thesaturation behavior of the H signal were very similar to those
effect of pressure on the H atom diffusion coefficient in solidmeasured iny- and x-ray irradiated pure-H, solid?3 H
H, should give a definitive evidence in determining whetheratoms produced in this £&doped H solid are well separated
H atoms diffuse via chemical diffusion or physical diffusion. from other paramagnetic species such asa@d trapped in
Recently, we have developed a high-pressure handlingubstitutional sites of solid H fully surrounded by H
system designed for electron spin resonaift®R measure- molecules® The H atoms are produced by the following
ment. We have succeeded in pressuring solidud to 22 scheme—18

Ill. RESULT AND DISCUSSION
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FIG. 1. Relative concentration of H atonisi(t)], HO, and FIG. 2. Relative concentration of H atoms produced by the UV

unknown species observed arougs 2 produced by the UV pho- photolysis of Q-doped solidn-H, measured at 3.4 K and 0-13
tolysis of O,-doped solich-H, measured at 3.4 K and 0 MPa. The MPa. The solid line represents the fit[dfi(t)] to Eq.(1).

solid line represents the fit ¢H(t)] to Eq. (1). The dashed line

shows the fit offH(t)] at t<200 min to the exponential decay It is known that the rate-determining step of the H atom

function.
O,+hr(A=184.9 nm—O(3P)+0(3P),
O(®P)+0,—0;,
O3+hr(A<310 nm—O('D)+0,,
O(*D)+H,—OH+H,

decay is the diffusion of H atoms in solittH,. Then, the
sharp increase ik, with T abowe 5 K isindicative of the H
atom diffusion by thermally activated processes. The de-
crease irk,. with the increase ifP was found to be due to
the decrease in the number of thermally produced vacancies
which assist the H atom diffusion in solid,H® On the other
hand, the small temperature dependencekgf for T
=4.2 K shows that the H atoms diffuse in solig By quan-
tum tunneling*® In particular, it is theoretically explained
that thek,..> T relation is due to the one-phonon quantum
tunneling mechanisrh.Therefore, the absence of the pres-

Figure 1 compares the concentrations of H atdmigt)],  sure effect onk... below 4.2 K shows that the tunneling
HO,, and unknown species observedgat?2 as a function Probability of H atoms in solid b does not depend oR.

of the timet after UV irradiation at 3.4 K[H(t)] does not What does the result imply about the tunneling diffusion
decrease logarithmically but can be well reproduced by thénechanism of H atoms in solid

second-order decay kinetics as

Now, let us discuss the above-mentioned experimental
findings by assuming that the tunneling diffusion is com-

1
[H (t)] = 17 ) (1) - B T T T T T ™3
[F(0)] K 28 i
wherek,. is the second-order recombination rate constant. 128 ' I _o.: 103'\,3?3(32?38;&‘1& '
On the other hand, the concentrations of f#hd unknown o 64E I X OMPa (Ref. [4]) E
species were found to only slightly increase. This result in-e 5, F T ”:XX : 103'\:,"? (?2[1193) 3
dicates that the main channel of the H-atom decay is not dué&, I . a (Ref. [19)
to H+ O,—HO, but to the recombination HH—H,. xg 16 F 4 X 3
Figure 2 shows the time evolution of the H atom concen- D sk \ ¢ 3
tration measured in a pressurized solid at 3.4 K. No pressur&, y s

effect was observed up to 13 MPa. Figure 3 plots~<® 4F \ o x 3
Kroc(P,T)/K;oo(0 MPa,3.4 K) at the pressufe=0 MPa and 28 e o E
13 MPa determined by fittingH (t)] to Eq.(1) as a function N (xr """"" s = o 3
of temperaturel. As reported in Ref. 4k,.. at 0 MPa was e X3

found to be proportional td in the range between 1s3T 0~5é : ; t é : é : "‘ . é

=<4.2 K, and to exponentially increase with an increase in

Temperature (K)

in the range above 5 K. is independent of pressure up to
13 MPa below 4.2 K, whereas it remarkably decreases with FIG. 3. Arrhenius plot ofk,.. at 0 and 13 MPa normalized to

an increase in pressure foe5 K.

that at 0 MPa and 3.4 K.
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O,-doped solid HD. Both of the decrease in D and increase
in H concentrations are due to the tunneling reaction of the D
atom with one of the neighboring HD molecules;+DH
—D,+H. The reaction rate constant obtained here (2.53
x10 2" cm®*molecule s 1) is consistent with that re-
ported in x- andy-irradiated solid HD:"?°We have found
that the reaction rate constant is independent of pressure up
to 13 MPa. This result strongly suggests that the pressure
effect on the H-H,—H,+ H reaction in solid H is not ex-
pected either. Thus, the absence of pressure effektQrin

solid H, observed in the low-temperature region indicates
that the tunneling diffusion of H atoms in solid, froceeds

by chemical diffusion.

The barrier height for the HH,—H,+H reaction is
known to be 4600 K! which is significantly larger than
that for the physical diffusion of H atoms in solid
H, (~100 K).?> Why does the tunneling diffusion of H at-
oms in solid B proceed by chemical diffusion instead of

FIG. 4. Time evolution of the concentrations of H and D atOmSphySK:al d|ﬁus|0n') Th|S |S S|mp|y because both reduced
produced by the UV photolysis of loped solid HD measured at  yassm and barrier widthL for the H+H, reaction are re-

3.4 K and 0 and 13 MPa. The solid lines show the fit of the H and

D concentrations to the exponential decay and association fun
tions, respectively.

pletely due to physical diffusion. Here, we apply the mode
of the physical diffusion, which is well established in the
solid ®He system, to the tunneling diffusion of H atoms in
solid H,. It is known that the rate-determining step of the
physical diffusion is the free volume formation required for
exchanging particles
surrounding€:® The free energysE to produce the free vol-
umeAV can be written as

SE=PAV ! (AV)2
ATV,

2

where B is the compressibility of the solid and, is the
equilibrium volume of exchanging particles. When the pres
sure of hep solid®He increases from 11.8 to 18.8 MPSE
increases by 23 K49% of SE at 0 MPa and the diffusion
coefficient of the®He atoms is reduced te-1/20. Delriieu
and Sullivar established in the solitHe system, that when
solid H, is pressurized from 0 to 11 MP&E increases by 73
K (51%), and the diffusion coefficient of Hmolecules is
reduced to be 1/80. If we apply the same model to the
atom diffusion in solid H, the physical diffusion coefficient

markably smaller than those for the physical exchange. The

%unneling probabilityP, e With kinetic energyE depends

on m andL as Pynnerce€xp(—/v2m(U—E)dL/A) within
the WKB approximatiorf> whereU is the barrier height and

I, is Plank’s constant. The HH, reaction system has an
=2/3 atomic mass unigamu andL=1.14 A ?* On the other
hand, as®He atoms in hcp’He solid diffuse by the cyclic
exchange of three neighboriride atoms, one H atom and
its neighboring two H molecules in solid K should cycli-

in solids by compressing theirc,)y exchange their positions together with the displacement

of at least three surrounding,Hnolecules to produce a free
volume for the physical exchange. For example, the value of
mY? L for the H,-H,-H, exchange is calculated to be 6.4 in
units of amd2A.° Since total mass of exchanging particles
for the H-H,-H, exchange is 5, the value ofi*? L is esti-
mated to be 5.9. Consequently, although the barrier height
for the H+H, reaction is much larger than that of physical
exchange, the value of{U)*? L for the H+ H, reaction can

be even smaller. Of course, this estimation may be too crude
to determine the diffusion mechanism of H atoms in solid
H,; however, we can point out the possibility that chemical
diffusion could be the dominant process for the tunneling
diffusion of H atoms in solid K, even though the barrier
height for chemical diffusion is much higher than that for

I_Physical diffusion.

IV. CONCLUSION

of H atoms in solid H is also expected to decrease drasti-
cally with the increase in pressure. Our experimental data, We have studied the effect of pressure on the recombina-

however, do not show any pressure effect lgg. at T
<4 K, strongly indicating that the tunneling diffusion of the
H atoms in solid H is not due to the physical exchange.

If H atoms diffuse by chemical diffusion in solidK how

tion of H atoms produced by the UV photolysis of-@oped
solid H, in order to determine whether H atoms in solid H
diffuse by the physical exchange of positions with neighbor-
ing H, molecules, or by the HH,—H,+H tunneling

does the diffusion coefficient depend on pressure? In order tohemical reaction. The rate constant for the H atom recom-
understand the pressure effect on the tunneling reaction, Hination in solid H was found to be independent of pressure
+H,—H,+H, in solid H,, we measured the rate constantup to 13 MPa, especially in the low-temperature region be-
for the D+DH—D,+H reaction in solid HD at 0 MPa and low 4 K. This result indicates that the H atoms diffuse
13 MPa. Figure 4 shows the time evolution of the concenthrough the repetition of HtH,—H,+H tunneling reaction
tration of D and H atoms produced by the UV photolysis ofin solid H, in the temperature range @4 K.
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