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Stabilization of Hydrogen Radical Anions in Solid Hydrogen
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The electron spin resonanggfactor of H,~ in y-irradiated crystalline Hwas found to be not 2.003 but
2.0023. A novel model has been proposed for explaining the formation and stabilizatign iof ¢dystalline

H,. The model assumes;Hto be located at the center of a cavity that has previously been occupied by a
trapped electron. The excess electron ef i$ forced to be attached on one  the cavity due to strong
repulsive interactions between the excess electron anchdfecules surrounding the cavity. A quantum-
mechanical calculation shows that an electron trapped in the vacancy of crystalkarhatically converts

to Hy~ by drawing one of the surrounding;tholecules into the center of the vacancy.

Introduction

Although H,~ and H* are the simplest molecular ions,
because of their instability, the molecular properties of these
ions have not been extensively studied,”Hnay have two
electrons in a bonding d orbital and one electron in an
antibonding &, orbital, so that it is expected to be stable. _ _ _
However, because of strong repulsive interactions among Figure 1. Schematic representation of the process gf férmation

A . . and stabilization in crystalline HA free electron generated by ionizing
electrons, His highly electrorepulsive andH in the gas phase radiations is first trapped in a vacancy. One of the adjacemélecules

Free electron Vacancy Trapped electron H:™ in a cavity

releases its excess electron within¥0s2 Contrary to H-, the picks up the electron to convert toH

H," is stable and is detectable in the gas pldséiowever, in

a condensed phase it reacts very rapidly withtéiconvert to The other difficulty is the stability of k. H,~ embedded

Hz* and H>® in crystalline H as a substitutional-type impurity may give its
Recently Miyazaki et al. proved the presence of stable ortho- excess electron to one of nearby kholecules very quickly.

and para-t~ in a y-irradiated solid para-pcrystal’® They The hopping rate of the excess electron and therefore the decay

succeeded in detecting the singlet electron spin resonance (ESRjate of B~ are expected to be very fast even when the electron

line of ortho-H~ with the g-factor of ca. 2.003 and the triplet  is occasionally trapped on a&lHholecule. The lifetime of b

ESR lines of para-bt with the hyperfine coupling constant of  in neat parahydrogen at 4.2 K is, however as long as 10 h.

20.3 mT, which is in good agreement with that predicted by  In this paper, we would like to report that the observed

Symons? The observed hyperfine coupling constant is smaller g-factor is not 2.003 but 2.0023, and to propose that the observed

than a half of that of H (50.8 mT), which shows the expansion singlet and triplet lines are due to,H which is stabilized at

of 1s orbitals due to the excess charge ef H the center of a cavity in crystalline ;Hdue to very strong
A|though the observed ESR hyperfine structure Strongly repulSiVe interactions between the excess electl’ongof&ﬁd

suggests the formation ofH, there are two pieces of evidence Hz2 molecules surrounding the cavity.

that do not support the presence of H One is the discrepancy

between the observed and the theoretigdiactors. The Determination of the ESR g-Factor

observed hyperfine coupling suggests that the unpaired electron o )

of Hy™ is in a 1o, orbital composed of 1s-like atomic orbitals. The ESR g-factor of bf" in y-irradiated parahydrogen at 4.2

The positive shift of the g-factor from that of the free electron K Was determined with a X-band ESR spectrometer equipped

(2.0023) indicates that the excited spin state inducing the positive With @ calibrated Gauss meter and a microwave frequency meter.

shift is generated by the excitation of one electron frogib The obtained g-factor was 2.0023, which agreed well with the

lo,. However, since the states have no angular momentum, expected g-factor of H The error in the pr(_avious measure-
no spin-orbit coupling is expected by the excitation. The ment was _found to arise mainly from the inaccuracy of the
g-factor of H,~ should therefore be very close to 2.0023. magnetic field.

Recently Bruna et al. made an ab initio calculation on the ESR )

g-factors of free H~ and found a large discrepancy between Model and Calculation

the calculated and the observed g factérs. Figure 1 shows our model on the formation and stabilization

of Hy™ in crystalline H. Crystalline H generally contains many

¢JH§;:§IdA?o%?éVELse%y Research Institute vacancies. Vacancies or cavities with enough potential depth
$ Nagoya University. ’ and radius can trap free electrons to generate trapped electrons.
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2m{U(ro) + E} —26
Vo= E = —Uy(r) + cot[ +rC )
whereVy is the minimum energy of free electrons in a medium,
re is the radius of a vacancy or cavity and is 0.218 nm for _ogt
crystalline H, andUp(r¢) is the polarization potential arising >
from dipole interactions between the electron and the medium = B
and is approximately given by g
o
L
y ( C) eZ(DOp _ 1) (2) "30_
r)=——ms—
P 2D, i
HereDyp is the optical dielectric constant of the medium and is
1.34 for crystalline H. The value ofV, for liquid H, has been 30l . ‘ .
estimated by a photoelectron emission study to be larger than 0o 02 0.4

2 eV13 AssumingVo = 2 eV for crystalline H, the zero-point R(H~H)/nm
energy of a localized electron in a vacancy of crystallinesH . .

estimated to be 1.82 eV. Conversion of free electrons into Figure 2. Potential curves for free H and free H + free electron
trapped electrons, g is therefore a spontaneous exothermic With Zero kinetic energy.

reaction.
The observed anionic specimen is, however, gobat H,™. 30r
H,~ can be generated fromeby transferring a KW molecule
from the wall of the vacancy to the center of the resultant cavity. — L
Although H™ in vacuum automatically dissociates intg &hd £
a free electron, bt in crystalline H can be stabilized in the E o0l
cavity due to very strong repulsive interaction between the L .
excess electron of the anion and surroundingndlecules. The ‘g L
heat of B~ formation,E;, from &~ is defined as the difference t= i o
of total energies between the,H e~ state and the trapped 3 Q
H,~ state B, as g 10
(0]
E =Ep. — (Epp+1.82€V) 3) L
The total energy of ki~ depends on the potential curve.
Assuming H~ to be trapped in a spherical cavity with a volume 00_ e 0'2 —L— 62
corresponding to two Hmolecules, the potential energy for ) )
H, is estimated by a first-order perturbation method, as R(H-H)/nm
. Figure 3. Fermi contact term and the density of the excess electron
U (R) = U, (R) — LCU)(RJ) Up(rc) P(Rr) & + of free K™, p(Ryrc), within the radius ofc = 0.275 nm.

Oer(R,r)Vow(R,r) dr curves of B and K~ as calculated with the double substituted
coupled cluster (CCD) method with the 6-31+G(3d,3p) basis
= Upp-(R) = [U(ro) + Vilpe(Rro) + 1V, 4 set?2 The Fermi contact term and the valuep@R ro) are shown
in Figure 3 for representing the characteristics of the wave
HereR is the bond length of b, r = 0.275 nm is the radius ~ function of the excess electron of;H The Fermi term
of the cavity,Un,(R) is the potential energy of # in vacuum, increases witiR and approaches a plateau value of about a half
y(R,1) is the wave function of the excess electron of Hand of that of the H atom, which implies that,H becomes H +
p(R,r) is the density of the negative charge of Hin the cavity. H atR = . As shown in Figure 2, bt is more stable than
The energies and the wave functions of Have been the H, + free electron state & = o, because the H atom has
calculated quantum-mechanically by using several types of basisan electron affinity of 0.754 e¥® The H™ + H state, however,
setsl421 One of the fundamental difficulties for the calculation has the highest potential energy. With decreagtrije H™ +
is that the result strongly depends on the basis set. Siace H H state gradually converts to the;H- free electron state,

has negative electron affinity, the most stable state for id accompanying the expansion of the or_bital of the excess electron.
obviously a ground-state neutrab tholecule with a ground-  Although the most stable state o His H, + free electron,
state free electron. For preventing the dissociation of iHto the calculated potential energy of the most stabie i higher

H, and a free electron, it is necessary to eliminate a free electron-than that of H + free electron. This is simply because the
type basis set and to use only an atomic orbital-type basis setWwave function of a free electron is not included in the ab initio
This very artificial confinement of electrons around two protons calculation of H™.

inevitably causes a strong dependence of the calculated result Figure 4 compares the potential curves foriHand H +

on the basis set. The purpose of the present study is, howeverg~. The potential curve for bk~ was obtained by substituting
not to calculate the correct energy of Hout to know whether the value ofp(Rr¢) in Figure 3 into eq 4. The potential curve
H,~ can possibly be trapped in crystalline.HSelection of for the H, + &~ state was obtained simply by adding 1.82 eV
a basis set is not so critical for this purpose as long as a waveto the potential energy of H It is evident from the figure that
function obtained satisfies the criterion of excess electron H, is potentially more stable than,H+ &~. Since the
localization on a H molecule. Figure 2 shows the potential curvature of the potential energies near the equilibrium bond
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Figure 4. Comparison of the potential curves ot H &~ (trapped
electron) in a vacancy with a radius of 0.218 nm angd Htrapped
H,™) in a cavity with a radius of 0.275 nm.

length is similar for H and H ", it is reasonable to assume
that the zero-point vibrational and probably the rotational
energies of K~ in the cavity are approximately the same as
those of H. The heat of H;~ formation is then positive and
the conversion ofie to Hy . becomes a spontaneous exothermic
process.

Discussion

The simple quantum-mechanical calculation shows that H
is generated and trapped in crystalling by the exothermic
reaction of the trapped electron ang H'he actual heat of -

formation is probably much higher than the calculated one, since
the wave function used is not accurate enough for expressing

the observed b}~ state. The observed Fermi contact term for
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Radiation-chemical reactions taking place)birradiation of
crystalline H are

H,+y—H, +e, H"+H,—H;"+H,
e +H;"—H,+H, e +®—¢,
g tH,—H;

where® denotes a vacancy. The stability of thus generated
H, depends on the rigidity of a cavity trappingH Ha
may dissociates into Hand ¢~ if the medium is soft enough
for allowing the expansion of the cavity, since the stability of
&~ increases with increasing cavity radius.

Acknowledgment. This work was supported by a Grant-in
Aid for Scientific Research from the Ministry of Education,
Science and Culture, Japan.

References and Notes

(1) Buchelkinov, N. SUsp. Fiz. Naukl958 65, 351.
(2) Schulz, G. LRev. Mod. Phys1973 45, 423.
(3) Stephen, M. J.; Auffray, J. B. Chem. Phys1959 31, 1329.
(4) Jefferts, K. B.Phys. Re. Lett. 1969 23, 1476.
(5) Oka, T.Rev. Mod. Phys1992 45, 1141.
(6) McNab, I. R.Adv. Chem. Phys1992 96, 3702.
(7) Miyazaki, T.; Yamamoto, K.; Aratono, YChem. Phys. Letl995
232 229.
(8) Kumada, T.; Inagaki, H.; Nagasawa, T.; Aratono, Y.; Miyazaki,
T. Chem. Phys. Lettl996 251, 219.
(9) Symons, M. C. RChem. Phys. Lett1995 247, 607.
(10) Bruna, P. J.; Lushington, G. H.; Grein,Ehem. Phys. Let996
258 427.
(11) Kumada, T.; Inagaki, H.; Kitagawa, N.; Komaguchi, K.; Aratono,
Y.; Miyazaki, T.J. Phys. Chem1997 101, 1198.
(12) Ichikawa, T.; Yoshida, HJ. Chem. Phys198Q 73, 1540.
(13) Halpern, B.; Lekner, J.; Rice, S. Rhys. Re. 1967, 156, 351.
(14) Van der Hart, J. A; Mulder hem. Phys. Lettl979 61, 111.
(15) McCurdy, C. W.Phys. Re. 1982 A25 2529.
(16) Senekowich, J.; Rosmus, P.; Domcke, W.; Werner, HChkEm.

Ho is 20.3 mT, which indicates that the excess electron is phys ‘Lett1984 11, 211.

mainly in the 1s orbitals of two H atoms. However the orbital
used for the calculation of H~ at the optimum configuration

is not s-type, since the calculated Fermi term at the optimum

configuration is zero. The heat of,k formation can be

(17) Sabelli, N. H.; Gislason, E. Al. Chem. Physl984 81, 4002.

(18) Derose, E.; Gislason, E. A.; Sabelli, N. #.Chem. Phys1985
82, 4577.

(19) Roach, A. C.; Kuntz, P. J. Chem. Phys1986 84, 822.

(20) Derose, E. F.; Gislason, E. A.; Sabelli, N. H.; Sluis K.MChem.

increased by using a variation method instead of the perturbationPhys 1988 88, 4878.

one. However, the calculation becomes more complex.

Our model also answer the question why the excess electron;

of H,~ does not migrate freely in crystalline,H The excess

(21) Shalabi, A. SMol. Phys 1995 85, 1033.
(22) Ab initio MO calculation program, Gaussian 92, Revision F.3:
sch, M. J.; Trucks, G. W.; Head-Gordon, M.; Gill, P. M. W.; Wong, M.

W.; Foresman, J. B.; Johnson, B. G.; Schlegel, H. B.; Robb, M. A.; Replogle,

electron can migrate freely if it is located in the homogeneous E. S.; Gomperts, R.; Andres, J. L.; Raghavachari, K.; Binkley, J. S.;

(defect free) region of crystalline - However, since b is

stabilized in a cavity, migration of the excess electron needs

the migration of the cavity.

Gonzalez, C.; Martin, R. L.; Fox, D. J.; Defrees, D. J.; Baker, J.; Stewart,
J. J. P.; Pople, J. AGaussian 92Revision F.3; Gaussian, Inc.: Pittsburgh,

PA, 1992.
(23) Peckeris, C. LPhys. Re. 1962 126, 1470.



