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The irradiation of solid substances using60Co γ-rays generates
H atoms, a process that has been studied physicochemically
through electron spin resonance (ESR) spectroscopy.1 We have
trapped a H atom inside a silicate cage with the double four-ring
(D4R) structure of octasilsesquioxane, Q8M8 ([(CH3)3SiO]8Si8O12),
following 60Coγ-ray irradiation of crystalline Q8M8.2 The H atom
is difficult to trap in solid materials at ambient temperature
because of both a high reactivity and a small size. The H atom
becomes stably encapsulated at room temperature and remains
inside the D4R structure for months. Pa¨ch and Sto¨sser have
reported similar phenomena utilizingh72-Q8M8 andd72-Q8M8 as
well as other derivatives of the D4R silicate cage.3 They
synthesized deuterated silsesquioxanes such as DT8 andd72-Q8M8

to serve as the D source. We are interested in the results of their
γ-ray irradiation of EtT8/C6D12/I2 experiments. This group also
recently reported ESR data on D atoms in deuterated Q8M8 and
EtT8 cages.4 H and D atoms can be conveniently generated by
pulse radiolysis of H2O and D2O, respectively.5 Liquid-phase and
gas-phase radiolyses of alkanes and olefins also yield H and D
atoms.1a ESR experiments on single H or D atoms may have
applications resulting from the sensitivity of hyperfine coupling
constant to environmental conditions.4,5 In addition, as the signal
intensity of the trapped H atom is sensitive to the local
paramagnetic environment,2 these techniques may be applicable
to magnetic sensing technology.

Previous research on stably encapsulated single H atoms,
utilizing γ-ray irradiation in trapping reactive hydrogen atoms
inside Q8M8 crystals,2 has not completely elucidated this encap-
sulation behavior in organic solvents. We have adoptedn-hexane
andn-hexane-d14 as an organic solvent for our experiments. To
investigate the influence of the solvent, severalγ-ray irradiation
specimens addingn-hexane or deuteratedn-hexane to Q8M8

crystals were prepared. After irradiation, ESR detected the
presence of the encapsulated atoms; the spin concentration was
determined using TEMPO and Mn2+/MgO as the primary and
secondary standards, respectively.6 Following irradiation of Q8M8

crystals suspended in deuteratedn-hexane (n-hexane-d14) at room
temperature or of a frozen Q8M8 solution inn-hexane-d14 at 77
K, we observed both single H atoms and single D atoms on an
ESR spectrum simultaneously (Scheme 1).

Table 1 details the amount ofn-hexane orn-hexane-d14 utilized,
the states of each specimen, the irradiation conditions, and the
results of ESR measurements. We did not obtain any H atom

encapsulation for the solution state entries, 6-8. Small differences
in the amount ofn-hexane present (0.2 mL) had a profound effect
upon encapsulation behavior, as seen by the comparison of entries
5 (suspension state) and 6 (solution state), likely resulting from
the solubility of Q8M8 in n-hexane. We detected the ESR spectra
of H atoms for entries 3-5 (suspension states); the spin
concentration displayed that the value determined was lower than
the solvent free, crystalline specimen (entry 1). We did not observe
a significant difference in spin concentration between the two
frozen solutions (entries 12 and 13) and a crystalline specimen
(entry 2), following γ-irradiation at 77 K. Therefore, the
encapsulation behavior does not appear to correlate with the
amount of solvent added in frozen solution.

We obtained more informative results for the irradiation of
Q8M8 suspensions using the deuterated solvent,n-hexane-d14.
Under these conditions, we detected both single H atoms and
single D atoms simultaneously on an ESR spectrum (entries 9-11
in Table 1 and Figure 1a). Each room temperature ESR spectrum
displayed a hyperfine doublet for the H atom (I ) 1/2) and a triplet
resulting from the D atom (I ) 1). The calculatedg value and
the hyperfine splitting constant,A, of atomic hydrogen were
2.0028 and 1415.02 MHz, respectively. For atomic deuterium,g
is equal to 2.0029 andA is equal to 217.6 MHz. Although Q8M8

crystals were recrystallized withn-hexane-d14 and thenγ-irradi-
ated, only H signals were observed; D signals were not detected
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by room temperature ESR. D atoms are not likely to be exchanged
with H in the Q8M8 structure prior to theγ-irradiation of the
samples. These results suggest that the encapsulated H atoms and
D atoms must be derived from either substituents attached to the
D4R cage or the deuterated solvent, respectively. The H atom

spin concentration decreased as the amount ofn-hexane-d14

increased; in contrast, the spin concentration of the D atom
increased with increasingn-hexane-d14. This decrease in spin
concentration [entries 3-5 (suspension states)] suggests that the
encapsulation of H atoms, generated from the cage substituents,
decreases with increasingn-hexane. Intense hydrogen signals and
weak deuterium signals, however, were detected in an ESR
spectrum for aγ-irradiated, frozen Q8M8 solution ofn-hexane-
d14 (Figure 1b).

The ESR spectra (Figure 1) indicate that the encapsulation of
hydrogen or deuterium may differ greatly depending on the
temperature ofγ-irradiation, performed either at room temperature
for suspension samples or 77 K for frozen solutions. It will be
necessary to examine other organic solvents; we hope to evaluate
encapsulation mechanisms in later reports. Herein, we com-
municate a simple and convenient method for the simultaneous
encapsulation of single H atoms and D atoms in the different
D4R cages of Q8M8 without the laborious synthesis ofd72-Q8M8.
This method will be very useful in the relevant field and may
prove to be a potential pathway for the encapsulation of atomic
tritium without irradiation.7
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Table 1. Experimental Conditions and Encapsulation Behavior for H and D Atoms in Q8M8
a Using n-Hexane or Deuteratedn-Hexane

γ-ray irradiation spin concn× 105 per Q8M8 unit

entry solvent
amt of solvent,

added (mL)
states of
specimen temp dose (kGy) encapsulation? hydrogen deuterium

1 b 0 crystal rt 73.5 yes 3.13 c
2 b 0 crystal 77 K 73.5 yes 2.28 c
3 C6H14 0.1 suspensiond rt 73.5 yes 3.08 c
4 C6H14 0.4 suspensiond rt 73.5 yes 2.45 c
5 C6H14 0.8 suspensiond rt 73.5 yes 2.62 c
6 C6H14 1.0 solution rt 73.5 no c c
7 C6H14 2.0 solution rt 73.5 no c c
8 C6H14 4.0 solution rt 73.5 no c c
9 C6D14 0.1 suspensiond rt 120 yes 5.42 0.0751

10 C6D14 0.4 suspensiond rt 120 yes 3.05 0.618
11 C6D14 0.6 suspensiond rt 120 yes 0.991 1.07
12 C6H14 1.5e frozen soln 77 K 73.5 yes 2.13 c
13 C6H14 1.25e frozen soln 77 K 73.5 yes 2.19 c

aPreparations of entries 1 and 3-11 were performed with 40 mg of Q8M8. Preparations of entries 2, 12, and 13 were performed with 50, 60, and
25 mg of Q8M8, respectively.b The sample was irradiated in the solid phase without solvent.c Not detected.d Crystals remain in solvent.e The
concentrations of entries 12 and 13 were the same as those of entries 6 and 7, respectively.

Figure 1. ESR spectra at room temperature forγ-irradiated Q8M8.
Irradiation specimens:(a) Q8M8 suspension in C6D14 (entry 11, room
temperature irradiation) or(b) frozen Q8M8 solution in C6D14 (the precise
data were not shown in Table 1 for 77 K irradiation).
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