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Stabilization of Atomic Hydrogen in Both
Solution and Crystal at Room Temperature

Riichi Sasamori, Yoshihiro Okaue, Toshiyuki Isobe,
Yoshihisa Matsuda*

Atomic hydrogen has been stably encapsulated in both solution and crystal at room tem-
perature. Upon vy-ray irradiation of [[CH,),Si]sSigO.,,, Which is the trimethylsilylated derivative
of the silicate anion with a double four-ring (D4R) cage, electron spin resonance (ESR) spectra
revealed that a single hydrogen atom is encapsulated in the center of the D4R cage and is
stable for periods of many months. Attack by chemically reactive species such as oxygen was
prevented by the D4R cage, but the ESR signal of the hydrogen atom was sensitive to the
magnetic interaction caused by the presence of the O, molecule near the cage.
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Fig. 2. (A) ESR spectrum of atomic hydrogen in
y-irradiated polycrystalline [(CH3);SilgSigO,, at
room temperature (microwave frequency, v, of
9.2185 GHz). (B) ESR spectrum for diethyl ether
solution of ~y-irradiated specimen (v = 9.4128
GHz).

dipole interactions. The Zeeman splitting
factor (g value) and hyperfine splitting
constants, A, were obtained from the
strict calculations (7) of g = 2.0022 and A
= 1415.3 MHz. There is only a small
difference in the parameters from the
free-atom values (g = 2.002256 and A =

1420.40573 MHz) (8), perhaps due to van
der Waals effects. The spin density was
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Let’s consider part of the environment explicitly
Since environment 1s composed of atoms and
since atoms are composed of electrons and
nucle1 the Hamiltonian of the large system 1s:
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effective system environment
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environment = ghost identity

small system = subsystem = ?
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Are there examples of quantum subsystems?

The 1dea of decoupled degrees of freedom may serve as an example (Born-
Oppenheimer approximation, etc.)
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Although everything fits properly
A A A with what we know previously, let’s
H system = H H T H rest—of —atoms T Vint consider all these in more detail...
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Let’s assume because of diffusion
there are two hydrogen atoms 1n the
cavity and reconsider the spectrum

Atoms begin to interact Sufficiently far apart
as they move closer together to have no interaction

o
|
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energy of system
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Obviously, the new spectrum is : :
not a simple shift of hydro gen Trolybomenons
atom’s spectrum and whole idea i)

Of USIHg V falls . ? Internuclear distance (pm)

environment . (H—H bond length)
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The same general strategy of dividing into
system plus environment works but now system (H, +atoms) = quantum identity

the system is the trapped hydrogen molecule @ environment = ghost identity
and the whole analysis could be redone quantum subsystem = H,

H trapped —H , = H + Venvn ronment

ionisation

“w .« [l Clearly, there is no trace of the

eV

'sf]r'_z—‘?__})/ ases . M H atom’s energy spectrum within

the H> molecule’s energy spectrum 3,39 eV

and seemingly no “effective Energy (eV)
=== . Ml Hamiltonian” may be constructed
using the H atom Hamiltonian

For all practical purposes the H
atoms lost their quantum identity!
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Under hydrostatic pressure new phases
of solid and metallic hydrogen emerges

Take home lesson: As far as 1t goes,
it seems that discerning the system,
environment and subsystem in
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How many electrons and
protons must be taken into
account for the Hamiltonian
of the metallic phase? 102,
10° or maybe 10%° particles?
] =H,+V,

trapped —hydrogen diamond anvil

However, and 1n contrast to empirical success
of this scheme, the enigma of the lost

real-life situations is not a trivial identities of atoms 1s annoying and against
act and is more or less driven by the phenomenological atomic theory...

“empirical” facts rather than “theory”
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The common reaction of most theoreticians toff?("
this enigma is dismissing the atomic theory
and claiming that indeed atoms in molecules
lost their quantum identity and only real
physical systems are those having their own
Hamiltonian and Hilbert space/subspace

Generalized = Mmolecule (V) ~ ZMfaﬁ”@@—am’” (I/')
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The only problem with this viewpoint is that it
1s against experimental facts!

Indeed, experimentalists are able to discern the
atomic composition of matter using various
spectroscopic, thermodynamic, chemical, etc.
measurements and interpreting them with
atomic models
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Let’s have a gedanken experiment

If the two hydrogen atoms are sufficiently
+H, +V,(4,B), while in the

ap art: ﬁqutem = ﬁ H
vicinity of equilibrium distance: #, =

When this transition 1s taking place?

Repulsion

Mo overlap:
no attraction

=

Potential Energy

constructive combination

Some overlap:
some attraction
— waves reinforce
Internuclear distance each other, resulting
. .. < in bondin
Clearly, there is no sharp transition! zZ il D i = e o ' SR
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If a certain degree of freedom or a cluster of particles is
“sufficiently” uncoupled from the rest of system it deserved
to have its own Hamiltonian and Hilbert space and so also
deserved to be called a quantum subsystem

4

However, the word “sufficient” has a more or less

“subjective” nature and it 1s usually possible to conceive
“continuous” transitions that the subsystem lost its identity

Losing the i1dentity as a quantum subsystem does not imply
that the corresponding degree of freedom or the cluster are
unrecognizable within the system

Usually, the property densities and the expectation values
of the observables of the system 1s re-constructible from the
free subsystems:

M system (]”' ) ~ z :M i, free—subsystem (l’ )’ <M system ) ~ z :(M i, free—subsystem >
i

i
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Vorticity
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Evidently, these subsystems do not obey the variational
principle of the system, but yet there are distinct because of
the non-zero “surface” term; they are called real-space
open quantum subsystems
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no Hamiltonian or independent Hilbert space,
Hamiltowian of subsystem + patterns in real-space densities, share of
environment (effective expectation values and non-zero currents

| Hamiltonian, Hilbert space  potenetial or bath), Hilbert space  at real-space boundaries
Isolated Open A A N
4 A\

Three Tipesof Systens isolated system = closed subsystem = real-space open subsystem

\

The fact that the real-space open
subsystems do not have their own
variational principle points to the
fact that their state 1s dictated by
the variational principle governed

the system, in other words,
subsystems are exchanging energy
and particles to make the energy of Scoundinas
the whole system minimized and
this is different from the idea of T N—

infinite bath which is not affected Urivecse
by encompassing subsystem
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Let’s just ask some questions at the end!

Does every system 1n nature 1s governed by a variational
principle?

Does every system 1n nature 1s describable by a
Hamiltonian or a Lagrangian?

Is there a sound theoretical route to a universal definition of
system, environment and subsystem?

What 1s a system?
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Thanks for your attention
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