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We demonstrated that rare gas (RG) occluded in the Cgy lattice has a chemical
interaction with Cgg. In order to evaluate the interaction between RG and Cgy,
we calculated the electronic state of Cgo(RG),, (n=1,2,3) crystals. RG atoms in
Cso(RG) (RG = He, Ne, Ar) are neutral, whereas those in Cgy Kr and Cgy Xe have
positive Mulliken charges of 0.99 and 1.04, respectively. For Cgy(RG)s and
Cso(RG)3, a slightly positive charge of 0.02 appeared on Ar atom in CgpArs and
CgoArs. The chemical reaction such as a hydrogenation of CO to CH, was
found to occur in the nanospace of Cgo-sodium-hydrogen.
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INTRODUCTION

In the measurement of thermal desorption (TD) for Cgg-sodium-hydrogen
ternary superconductor, we noticed that the samples include a trace of
argon because of a handling in a glove box filled with argon gas. Then we
detected stoichiometric amounts of RG in Cgy powders exposed to RG
under ambient pressure at 473 K. Interestingly, RG seems to chemically
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interact with Cg from the experimental results of gas desorption peak at
high temperature by TD, large chemical Shift of Ar2p band by XPS and
weak signal by ESR for the Cgo-Ar compound [1,2]. On one hand, Cgo-
sodium-hydrogen compound includes catalytic sodium ion and chemically
active hydride ion in the octahedral site [3]. We thought that a chemical
reaction would occur in this nanospace by introducing various gases.

In this paper, we present the results of the electronic state calculation of
Cgo(RG), (n=1,2,3) crystals to evaluate the interaction between RG and
Cgo. The results of a chemical reaction using Cgp-sodium-hydrogen system
is also presented.

EXPERIMENTAL

Cgo and Cgo-RG crystals were built by Crystal Builder in a Cerius2 software.
They were geometrically optimized and their electronic states were cal-
culated by CASTEP in the Cerius2 with a first principle theory based on a
density functional method within a local density approximation using an
ultrasoft pseudopotential.

Cgo-sodium-hydrogen compound was prepared by direct reaction of Cg
and sodium hydride (NaH) [4]. Cgo-Na-H powders were exposed to 0.1 atm
CO or Ny gas at 473K for three days. The gases after reaction were ana-
lyzed by thermal desorption apparatus equipped with mass-spectrometers
and pressure gauges.

RESULTS AND DISCUSSION

1. Interaction Between RG and Cg

Cgo crystal with a lattice constant a = 14.16 A and a space group Fm3 was
built using three atomic coordinates of C1 (0, 0.049, 0.245), C2 (0.217,
0.080, 0.094) and C3 (0.184, 0.151, 0.052) which were refined by Reitveld
analysis for CggNaggH superconductor [5]. a of the optimized Cgq crystal
was 14.207 A. In the same way, we built Cgo(RG),, (n=1,2,3) crystals. They
are Cgo(RG) in which one RG atom is placed at an octahedral (O) site,
Cg0(RG)2 with one RG atom at a tetrahedral (T) site and Cgo(RG)3 with
each one RG atom at both sites. Table 1 listed total energy (TE), a and
charge (p) on RG atom obtained by Mulliken population analysis for the
geometrically optimized Cgo(RG),, (n=1,2,3) crsytals. As for C¢o(RG), RG
atoms in CgoHe, CgoNe and CgpAr are neutral, whereas those in CgoKr and
CgoXe have positive Mulliken charges of 0.99 and 1.04, respectively. As for
Cg0(RG)3, a slightly positive charge of 0.02 in CgoArs appears and positive
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TABLE 1 Calculated Values of Total Energy (TE), Lattice Constant (a) and
Mulliken Charge (p) on RG Atom for Cgo(RG), Ceo(RG)s and Cgo(RG)3

Compounds TE (eV) a (A) p
CgoHe —9383 14.208 0.00

CgoNe —10261 14.207 0.00

CgoAr —9881 14.207 0.00

C(;()KI' —9810 14.214 0.99

CgoXe —9734 14.221 1.04

CgoHes —9459 14.210 0.00

CegoNey —11214 14.278 0.00

CgoArs —10456 14.386 0.02

CeoKra —10313 14.521 1.24

CegoHes —9535 14.234 0.00, 0.00™
CeoNeg —12167 14.298 0.002, 0.00*
CeoArs —11029 14.305 0.00%, 0.02"
CeoKrs —10815 14.484 0.95%, 1.50"

¢ charge on RG atom in the O-site.
b charge on RG atom in the T-site.

charges in CgoKry and CgpXeg increase to 1.24 and 1.28. As for Cgo(RG)s3,
the charges on RG atoms in the O-site and the T-site correspond to those of
CﬁO(RG) and Ceo(RG)g.

Although we must consider the ambiguity in ultrasoft pseudopotential
method and Mulliken population analysis, the positive charge on RG atom
increases in the sequence He, Ne < Ar < Kr < Xe. The positive charge on
RG atom and the negative charge on Cgy molecule indicate the charge-
transfer (CT) state between RG and Cgy. According to the theory of
CT between a donor and an acceptor [6], the degree of CT depends on
the difference (Ip-E,) between an inonization potential (Ip) of RG and an
electron affinity (E,) of Cgo. A smaller value of (Ip-E4) gives a larger degree
of CT. In the present system, E, is constant and Ip decreases in the
sequence He > Ne > Ar > Kr > Xe. The magnitude of Mulliken charge on
RG atom in Cgo(RG),, (n=1,2,3) is qualitatively explained with (Ip-E,).

The calcualtion predicts the observation of strong ESR signal in CgoKry
and CgoXe,. We are now in progress to prepare these compounds under
high temperature and high pressure to enhance the content of RG.

2. Chemical Reaction

Figure 1(a) shows the mass spectrum at 650 K of the desorbed gases
from the sample of Cgy-Na-H exposed to CO. The species corresponding to



Downloaded by [University of Haifa Library] at 20:30 13 August 2012

118 K. Imaeda et al.

150~
g 100
B
=
50
0 1 T I llll ] | III I|| I 1-I- I|l
0 5 10 15 20 25 30 35 40 45 50
m/e
(@
T T T T T T T T T T T
T 10 -
g
e
Y
3 05F -
5
W
0.0 T | & 1 | 1 |

0 200 400 600 800 1000 1200

Temperature (K)
(b)

FIGURE 1 Analyses of the desorbed gases from the sample of CO/Na-H-Cg, ((a):
mass spectrum at 660 K, (b): thermal desorption spectrum).

m/e=2, 16, 28 and 44 can be assigned to Hy, CH4, H;O, CO and COs. The
species of m/e=1, 12 and 15 are H, C and CHj; as fragments of CH,.
Considering the products of CH,, H5O and COs, the following hydrogen-
ation occurs:
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CO + 3Hy — CHy4 + H50

2C0 + 2Hy — CHy + COg.

Figure 1(b) shows the TD spectrum of CHs (m/e = 15) as a fragment of
CH4. The peak temperature (Tp) of desorption is observed around 720 K.
The desorption at high temperature suggests that the hydrogenation reac-
tion of CO to CHy4 occurs not on the surface but in the octahedral nanospace
including hydrogen in the Cgq lattice, because for the surface reaction, Tp
should be low due to the desorption of physically adsorbed CH,.

Next we prepared the sample of Cgo-Na-H exposed to Ny and analyzed
the desorbed gases upon heating. The parent peak of m/e=17 corre-
sponding to NHs and its fragmentation from m/e =14 to m/e =16 were
observed in the mass spectrum at 6560 K, Thus, in the N5/Cgo-Na-H system,
the following NHj3 synthetic reaction occurs:

N 4+ 3Hgo — 2NH;

Tp of NH (/e = 15) as a fragment of NHs in the TD spectrum was observed
around 650 K. Since this temperature is also high, NH3 will be synthesized
in the nanospace.

The nanospace in Cgp-Na-H gives a chemical reaction field. One can
apply this method to other various reactions such as the reduction of COs,
NO, NO, etc. and the synthesis of CHsOH, CH3CHO, CH3COOH etc.
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