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Proton Cloud
- The Wave Nature of Proton and
Its Consequences in the Properties of Crystals -

Takasuke Matsuo

(Received April 3, 2004; Accepted May 31, 2004)

This paper reviews structure and properties of crystals related to quantum mechanics of
nuclear motion. The basic quantum theory of the harmonic oscillator and free rotor formed by
atoms in molecules is briefly reviewed. It is extended to include tunnel states as explicit indication
of the wave-like property of the nucleus. The term proton cloud is introduced to describe the
delocalized proton. Deuteration-induced phase transitions in bromohydroxyphenalenone is presented
as evidence for the quantum nature of the nuclear motion. Direct observation of the tunnel
level by far infrared spectroscopy is described along with the potential energy curve for the
proton derived from the spectroscopic data.

| sotope-dependent properties are further reviewed for deuteration induced phase transitions
in tri-alkali hydrogen disulfates and similar diselenates studied by calorimetry and neutron
diffraction. Neutron diffraction at low temperature shows a delocalized proton in ground state
of these crystals. In chromous acid an even stronger isotope effect occurs and has been
discussed in terms of the crystal structure of this particular compound. Rotational tunneling of
ammonium ions and its consequences in the phase behavior and structure are then discussed for
diammonium hexachloroplatinate and isomorphous cubic crystals. Neutron diffraction combined
with the low temperature heat capacity has revealed that the hydrogen nuclei in these crystals
are delocalized in tori of 0.8 angstrom in diameter which surround tetrahedrally the nitrogen
atom at the center of the ammonium ion. Finally, the relation of the wave-like properties of
nuclear motion to chemical reaction and proton polarizability is discussed.
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Fig.1 The double minimum potential for a proton
(deuteron) on a symmetric hydrogen bond19 The
energy and length scales are adjusted to reproduce
spectroscopic data.
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Fig.2 The eigenfunctions of a harmonic oscillator (left)
and a double harmonic oscillator.1)

Fig.3 The eigenvalues of the energy of a tunneling
particle on a dounle minimum potential as a
function of the potential barrier.1)
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Fig.4 The heat capacity curves of bromohydroxy-
phenalenone and its deuterated analogue.22
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Fig.5 Far Infrared Spectra of bromohydroxyphenalenone
and its deuterated analogue.?d)
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Fig.6 Best-fit Gaussian functions of the tunneling
and vibrational spectra of bromohydroxy-
phenalenone at 5 K.29)
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Fig.9 The heat capacities of RbsH(D)(SeO4)2. M. Fukai,
Ph. D thesis, Osaka University and refs.39-41).
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Fig.16 The maximun entropy reconsrtruction of the
structure of the ammonium ion in (NH4)2PtCls
by single crystal neutron diffraction.945.58)
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