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Abstract

Recent studies with the incoherent inelastic neutron scattering (INS) technique of proton dynamics in various solids are
reviewed. Simulation of spectral intensities reveal that vibrational dynamics for protons are better represented with localised
modes, rather than with conventional normal modes. Tunnelling transitions are observed for proton transfer along hydrogen
bonds in various systems, either ionic in nature, like KHCO3, or molecular, like polyglycines. The phonon assisted tunnelling
model is not confirmed. Free recoiling entities with proton mass have been observed in different solid-state protonic conductors.
Electric charges of these entities and interaction with electrons of the host lattice are tentatively related to protonic and
electronic conductivity. New protonic species have been characterised. Ing-MnO2, charge-compensating protons in Mn41

vacancies form (H1)4 entities, with tetrahedral structure, rotating freely inside oxygen octahedra. Inb-alumina, protonic entities
are amenable to tetrahedral structures instead of the trigonal structure anticipated for oxonium ions.q 1999 Elsevier Science
B.V. All rights reserved.

Keywords:Inelastic neutron scattering; Vibrational spectroscopy; Free protons; Manganese dioxides; Coals; Graphite intercalation compounds;
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1. Introduction

A detailed view of proton dynamics in solids is of
primary importance for a better understanding of the
complex relationship between chemical composition,
structure, and proton mobility in materials (proton
transfer, phase transitions, proton conductivity, etc.)
[1–7]. These dynamics are observed over a very broad
range of time scales with various experimental tech-
niques: diffraction, NMR, NQR, quasi-elastic neutron
scattering (QENS), vibrational spectroscopy, etc.

Protons moving fast play a key role in proton
transfer and transport processes. They are best

observed with vibrational spectroscopy techniques
on a time-scale shorter than 10210 s. The infrared
and Raman techniques frequently used in fundamental
and applied research on materials suffer from limita-
tions due to the nature of the interaction of photons
with matter. Most of these limitations are irrelevant if
neutrons instead of photons are used to perform inco-
herent inelastic neutron scattering (INS) experiments.

1.1. Intensities

For optical techniques, intensities are related to the
derivatives of either the dipole moment in the
infrared, or the polarizability tensor in Raman.
These quantities, which are very sensitive to the
hybridisation state of valence electrons, are largely
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unknown. They cannot be measured directly and
quantum calculations are not yet able to provide reli-
able values. Therefore, measured intensities cannot be
fully exploited. With INS, the neutron scattering
process is entirely attributable to nuclear interactions
and cross-sections are independent of chemical
bonding. Transition moments can be calculated accu-
rately and directly compared to measured intensities.
In addition, there is no symmetry related selection
rule.

1.2. Contrast

Because the proton cross-section for INS is one
order of magnitude greater than that for any other
atom, proton dynamics can be studied in many
different non-hydrogenous environments, even for
rather low concentrations in protonic species. This
proton selectivity can be further exploited because
the deuterium atom (2H or D) has a very much smaller
cross-section than the proton. For a system with
several protons, specific deuteration of some sites
therefore simplifies the observed signals. As a result,
INS intensities provide information on proton
dynamics that can be analysed with greater confidence
than the corresponding infrared and Raman spectra.

1.3. Momentum transfer

INS spectroscopy offers the unique opportunity to
measure vibrational spectra over a broad range of
energy and momentum transfer (Q � k i 2 kf with
wave-vector amplitudesuk iu � 2p/l i and ukfu � 2p/

l f, wherel i and l f are the incident and scattered
wavelengths, respectively). The intensity for inco-
herent scattering by protons can be represented with
the scattering function [8]

S�Q;v� � ukCf �r �u exp�iQr �uCi�r �lu2d�Eif 2 "v�; �1�
C i(r ) andC f(r ) are the wave functions, in the initial
and final states, respectively, depending on the spatial
coordinater . Eif is the energy of transition and"v is
the neutron energy transfer. For each vibrational
mode, the INS spectral profile inQ is the Fourier
transform of the self-correlation functionuCiCf u that
contains spatial information on the wave functions.
For optical techniquesQ < 0.

1.4. Free particles

For free particles with massM, energy transferred
from neutrons is totally converted into kinetic energy
according toE � "2Q2

=2M ( , 16Q2/M with E, Q and
M in cm21, Å21 and amu, respectively). Free particles
give a continuum of intensity that is a maximum in
(Q,v ) space along the “recoil” line for massM (Fig.
1). It is of great importance to stress that free particles
(e.g., protons) cannot be directly observed with
optical techniques.

1.5. Penetration depth

In many materials, photons are strongly absorbed or
refracted over wide frequency ranges. Only an extre-
mely thin layer at the surface can be observed. In
contrast to this, neutrons can penetrate most media
and probe proton dynamics in the bulk.

With the MARI spectrometer at the ISIS pulsed
neutron source (Rutherford Appleton laboratory,
Chilton, UK) we can measure the scattering function
over large domains of energy and momentum transfer
to obtain detailed information on proton dynamics.
With the TFXA spectrometer, only the narrow slice
of (Q,v ) space along the recoil line for mass 1 amu
(Fig. 1) is probed. This corresponds to the maximum
intensity for proton oscillators. Measurements are
easier and faster than when using the MARI instru-
ment but the TFXA spectrometer provides less infor-
mation.

Vibrational spectroscopy with neutrons already has
achieved interesting results in most of the classic
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Fig. 1. Recoil lines in (Q, v ) space for free particles.



disciplines of physics, chemistry and biology. INS
appears more and more complementary to optical
techniques. New results obtained with INS provide a
better understanding of infrared and Raman spectro-
scopies and consequently lead to a more effective use
of these techniques. However, the INS technique is
rather novel. It can be used only at a very limited
number of places and requires quite large amounts
of samples (typically several grams). Consequently,
the number of problems which has been tackled so
far is still rather modest compared to the huge amount
of knowledge accumulated over several decades with
infrared and Raman techniques.

In this paper, the main impacts of INS on force-field
calculations, quantum proton transfer along hydrogen
bonds and recent evidence for free protonic entities, or
new protonic species are presented. These results

open up further prospects for new concepts that
could be relevant for the tailoring of new materials.

2. Force-fields calculations: normal versus
localised modes

It is widely accepted that vibrational dynamics of
atoms and molecules are reasonably well represented
with harmonic force fields. The resolution of the
secular equation transforms a set of (sayN) coupled
oscillator into (N) independent oscillators along ortho-
gonal (normal) coordinates. Eigenvalues of the dyna-
mical matrix are normal frequencies and eigenvectors
give atomic displacements for each normal mode [9–
14]. If band intensities cannot be fully exploited, these
vectors are unknown and force fields refined with
respect to observed frequencies only are largely
under-determined. For complex systems, symmetry
consideration or/and isotopic substitutions may
remove only partially this under-determination.

With the INS technique, force fields can be refined
with respect to the full spectral profiles including both
frequencies and intensities [15–20]. This technique is
most powerful for hydrogenous samples for which
intensities are dominated by modes involving large
proton displacements. However, contributions from
other atoms are difficult to estimate precisely and
can be easily ignored.

When harmonic force fields are used to represent
local atom–atom interactions in molecular crystals,
the mean positions of the protons that oscillate at
high frequencies (internal modes) follow the slow
lattice vibrations adiabatically. This proton riding
effect should give rise to large intensities for lattice
modes at low frequency. Moreover, intensities for
internal molecular vibrations should be depressed
dramatically by an exponential term referred to as
the Debye–Waller factor, exp�2k�Q·u�2l�, where u
is the displacement vector for atoms andk l means
averaged over the density of states. Consequently, it
has been speculated that internal modes at a high
frequency (say above, 1000 cm21) and momentum
transfer values should be almost invisible with INS.
However, this is largely in error. For example, CH
stretching modes were observed at, 3000 cm21

and the role of the Debye–Waller factor had to be
reconsidered.
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Fig. 2. Comparison of the observed (error bars) and calculated
(dark) INS spectra of KHCO3 at 20 K. (A) normal modes; (B)
localised modes, after Ref. [21].



It has been shown recently that the INS spectrum of
potassium hydrogen carbonate (KHCO3) cannot be
represented with conventional harmonic force fields
[21]. The observed intensities for lattice modes are
smaller than the calculated ones by at least one
order of magnitude (Fig. 2(A)). It was concluded that
there is virtually no riding effect. Protons are almost
totally decoupled from the surrounding heavy atoms
and their dynamics are better represented with localised
modes in a “fixed” (laboratory) referential frame (Fig.
2(B)). From the standpoint of the INS technique,
KHCO3 can be regarded as a crystal of protons so
weakly coupled to the surrounding atoms that the frame-
work of carbonate and potassium ions can be virtually
ignored. Dynamical models are thus greatly simplified.
Besides, thisview isnot specific to the ionic nature of the
crystal. Similar conclusions were obtained with a mole-
cular crystal (theN-methylacetamide molecule [22], see
below Fig. 5) and a polymer (polyglycine [23], see
below). These results severely undermine the represen-
tation of vibrational spectra with usual normal modes.
However, the phenomenological approach proposed
so far lacks contact with physics. It has been recently
suggested that the peculiar proton dynamics could be
a consequence of the non-local nature of quantum
mechanics [24].

3. Proton transfer

Another highlight of the INS technique concerns
proton transfer along pre-existing hydrogen bonds
[25].

3.1. Potassium hydrogen carbonate

KHCO3 is a prototypical system for proton transfer
dynamics. The crystal contains centro-symmetric
dimer entities�HCO2

3 �2 and this structure remains
unchanged from 298 to 98 K [26,27]. (We are not
aware of any diffraction work at a lower temperature.)
The hydrogen bond with length O…O � 2.59 Å
(2.61 Å for KDCO3) is moderately strong. At 298 K
protons are disordered between two sites located at
, ^0.3 Å off-centre of the hydrogen bond, with a
population ratio of,1:4. However, diffraction studies
cannot distinguish statistical and dynamical disorders
easily.

The OH-stretching vibration of KHCO3 is of parti-
cular interest as quantum proton transfer (tunnelling)
is best observed for vibrations along the reaction path.
In the infrared and Raman spectroscopies this mode
gives broad bands, with several sub-maxima between
1800 and 3500 cm21 [28–30]. Although various
models have been proposed for hydrogen bond
dynamics, and extensive quantum-mechanical calcu-
lations have been performed [31,32], a detailed under-
standing of the band shaping mechanism is still
lacking. In spite of these limitations, a quasi-
symmetric double minimum potential along the
proton stretching mode coordinate was proposed
(Fig. 3) [33]. The “tunnelling” transition associated
with quantum transfer of a single proton was calcu-
lated at 213 cm21. Thanks to the great sensitivity of
the INS technique to proton displacements with large
amplitudes, this transition was observed at 216 cm21,

F. Fillaux / Journal of Molecular Structure 511–512 (1999) 35–4738

Fig. 3. Double minimum potential functions for proton (deuteron)
transfer dynamics derived from the infrared and Raman band shape
analysis of the OH (OD) stretching modes in KHCO3 (KDCO3)
crystals, after Ref. [33].

Fig. 4. The INS spectrum of KHCO3 at 20 K in the proton tunnel-
ling region, after Ref. [21].



close to the O…O stretching bands (Fig. 4) [21]. The
dynamical nature of the proton disorder was thus
established.

Surprisingly, the “tunnelling” band is rather sharp.
The measured full width at half maximum of
,10 cm21 is probably greater than the real band-
width. On the one hand, this confirms that proton
transfer is totally decoupled from heavy atom
dynamics, in line with the remainder of the spectrum.
On the other hand, this is in contrast to the “phonon
assisted tunnelling” model [34] that supposes a large
modulation of the double minimum potential by
(O…O) low frequency modes. Tunnelling transitions
observed in various hydrogen bonds are quite similar
[35–37]. These potentials correspond to the local
transfer of a single proton. Clearly, the opportunity
to observe tunnelling transitions with INS is an impor-
tant step torwards a better understanding of proton
transfer dynamics. Further improvements in the spec-
trometer resolution should allow us to analyse tunnel-
ling band shapes in more details.

3.2. Proton transfer in amides and polypeptides

TheN-methylacetamide molecule (CH3CONHCH3)
and polyglycine (–CO–CH2–NH–)n are simple
models for the peptide unit, which is of central impor-
tance to many biological structures and processes. The
heavy atom skeleton of this unit (C, O and N) is
almost planar, with the CO and NH bondstrans to
each other across the central CN bond [38,39]. Reso-
nance between two mesomeric forms, namely amide-
like (OyC–N–H) and imidol-like (O2–CyN–H1),
was proposed by Pauling [39] with the amide-like
form being dominant. In the crystalline state, the
NH group of one molecule links to the CO group of
a neighbour to create infinite chains of hydrogen-
bonded NH…O bridges, with N…O distances of
,2.8 Å, which are similar to those observed for
proteins. In the solid state, polyglycine may adopt
two secondary structures: the antiparallel chain
rippled-sheet (I) [40] and the triple helix, collagen-
like form (II) [41].

INS spectra of partially deuterated analogues
CD3CONHCD3 and (–CO–CD2–NH–)n have been
studied to investigate proton dynamics in hydrogen
bonds. Surprisingly, force-field calculations of INS
intensities confirm most of the conclusions previously

obtained for hydrogen-bonded dimers in ionic crys-
tals, although these systems are molecular in nature
(Fig. 5) [22,23]. Proton dynamics are largely isolated
from the molecular backbones. Besides, in addition to
the proton bending modes at,770 cm21 (out-of-
plane) and,1330 cm21 (in plane) and their overtones
and combinations, a band is observed at 1575 cm21

with a rather large INS intensity corresponding to that
anticipated for a pure proton mode. This band is not
compatible with previous assignment schemes and
must be logically regarded as the NH stretching
mode (Fig. 5). Therefore, the previous estimate for
the vibrational frequency of this mode
(,3000 cm21), based on the optical techniques, is
higher by almost a factor of 2. This new assignment
scheme was further confirmed with neutron Compton
scattering measurement [42]. Consequently, the
infrared and Raman spectra were re-assigned.

These results are obviously in contrast to the
normally accepted view and imply a significant weak-
ening of the covalent bond between the N and H atoms
compared to what was thought previously. Instead of
the covalent representation of the hydrogen bond
(NH…O), the ionic model (Nd2…H1…Od 02) appears
to be more realistic with regard to the low frequency
and large intensity in the infrared of the proton
stretching mode.

In order to get an insight into proton dynamics at
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Fig. 5. Comparison of the observed (with error bars) and calculated
(dark) INS spectra of the partially deuteratedN-methylacetamide
molecule (CD3CONHCD3) at 20 K, after Ref. [22]. The proton
dynamics is virtually decoupled from the heavy atoms and the
proposed assignment scheme is shown.



room temperature, it is necessary to measure tempera-
ture effects. Unfortunately, INS spectra are best
observed at low temperatures where contributions of
phonon wings are a minimum. The infrared and
Raman techniques can be used more routinely to
observe temperature effects. All spectra are amenable
to the new assignment scheme where the proton
stretching modes are in the 1500–1600 cm21 region
and the overtones between 2900 and 3300 cm21.
Similar conclusions have been drawn from the spectra
of polyglycine I and II [22]. However, in contrast to
the case ofN-methylacetamide, dynamics are almost
insensitive to temperature effects.

According to the new assignment scheme for
amides and polypeptides, the proton stretching
modes split into two components in the fundamental
and overtones region with relative intensities chan-
ging dramatically with temperature in the case ofN-
methylacetamide. At first sight, this can be interpreted
along two different lines. First, the two components
for each mode may correspond to a thermal equili-
brium between amide-like and imidol-like forms
which are schematically represented as

–H1…Od2…C…Nd 02–H1…

O …H1–Od2…C…Nd 02…H1– �2�
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Fig. 6. INS spectra of the partially deuterated polyglycines (–CO–
CD2–NH–)n I (top) and II (bottom) at 20 K.

Fig. 7. Symmetric double minimum potential for the stretching proton mode of polyglycine II:V� 21 623x4 1 4323 exp(2 101x2) V andx are
in cm21 and Åunits, respectively.



The two forms should be almost equiprobable at room
temperature whilst only one of them dominates at
20 K.

An alternative interpretation is a double minimum
potential, close to symmetry, along the hydrogen bond
and tunnel splitting. The infrared and Raman spectra
are amenable to this model [21,22]. However, because
a multitude of effects control intensities in these spec-
troscopies, it is impossible to characterise the double
minimum unambiguously. The most convincing
evidence for the symmetric double minimum poten-
tial is to observe the tunnelling transition at low
frequency corresponding to the removal of the ground
state degeneracy. Only the INS technique can provide
this information.

INS spectra of the partially deuterated polyglycine I
and II are quite similar, apart from a very intense band
at , 40 cm21 for polyglycine II which has no coun-
terpart for polyglycine I (Fig. 6). Because of the great
sensitivity of INS to proton displacements, this band
should correspond to proton tunnelling. This is
confirmed by theS(Q,v ) map of intensity obtained
with the MARI spectrometer at ISIS (Rutherford

Appleton Laboratory) [43]. The large intensity and
the Q dependence of the signal at, 40 cm21 are
not amenable to any vibrational mode of the chains.
In contrast, theQ profile corresponds to that antici-
pated for a symmetric double minimum potential with
two minima separated by,0.5 Å. The potential func-
tion consistent with the observed spectra has a barrier
height of 4230 cm21 (Fig. 7). In this case, amide-like
and imidol-like forms cannot be distinguished as the
proton is delocalized. Proton transfer occurs at any
temperature as a direct consequence of the hydrogen
bond formation.

The symmetric double minimum potential for poly-
glycine II is in conflict with intuitive ideas about
proton transfer. Double minimum potentials close to
symmetry are anticipated for rather strong and
symmetrical hydrogen bonds, whilst hydrogen bonds
between amides and peptides are normally regarded
as moderately strong and, obviously, non-symmetric.
Another remarkable aspect of proton tunnelling in
polyglycine II is that there is no evidence for collec-
tive effects. Consequently, proton tunnelling is purely
a local dynamics.
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Fig. 8. Schematic view of the model structure proposed by Ruetschi [47] for nsutite.X: Mn(III) defects.



The main limitation of vibrational spectroscopy is
that it does not provide any information on the proton
location along the hydrogen bond and we are not
aware of any diffraction work confirming the double
minimum potential for amides or peptides. In contrast
to this, recent neutron diffraction work on acetanilide
do not provide any evidence for proton delocalisation
along the hydrogen bond [44,45]. This apparent
conflict is one of the most fascinating challenges.
Further measurements with complementary tech-
niques are necessary.

4. Free protons

The existence of free protons in solids has long

been regarded as unlikely, owing to the high chemical
reactivity of this atom. In addition, free protons cannot
be observed with the infrared and Raman techniques
and cannot be characterised unambiguously with
diffraction, NMR or QENS. Evidences for free
protons obtained with the INS technique raise funda-
mental problems in solid-state physics. Are these free
protons real charge carriers in proton conductors? Do
they form energy bands similar to electrons? How do
free protons correlate with the electronic structure of
the host?

Free protons were first reported for nsutite (g-
MnO2), a material commonly used for electrodes in
alkaline batteries [46]. This electrochemically active
material is an intergrowth of pyrolusite and ramsdel-
lite structures, composed of oxygen octahedra (Fig.
8). It contains structural defects, mainly Mn(III)
atoms, Mn41 vacancies and protons [47]. It has been
suggested that protons are either associated to defects
or form structural water. However, the size of the
water molecule is much greater than the structural
channels and it has been supposed that protons should
be more likely bound to oxygen atoms in the structure.

The INS technique provides the clearest view of
proton dynamics as scattering cross-sections for Mn
and O atoms are negligible. Two different types of
protons can be distinguished in the TFXA spectrum
along the proton recoil line in (Q,v ) space (Fig. 9).

• Protons bound to oxygen atoms, either in the bulk
or at the surface give a broad band between 500
and 1000 cm21 (and an overtone between 1000 and
2000 cm21). These bands correspond to libration of
water molecules and surface OH groups.

• Free protons give the continuum intensity, under-
neath the bands, extending itself over the whole
spectral range (and beyond 4000 cm21). These
protons scatter neutrons at any energy transfer
because they are not chemically bound to any
atom. There is no visible intensity cut-off at low
frequency. Therefore, the binding energy is negli-
gible (,20 cm21/30 K) and protons are totally
free, even at low temperature.

Because the neutron has no electric charge, it is not
possible to distinguish H1, H0, H2 or any intermediate
entity. Therefore, “free protons” refer to the scattering
process by nuclei, rather than to effective electric
charges.
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Fig. 9. INS spectrum of nsutite along the recoil line for mass 1 amu
measured with the TFXA spectrometer, after Ref. [46].

Fig. 10. Iso-contour map of intensity ofS(Q, v ) for nsutite at 30 K,
after Ref. [48]. The recoil lines for various nuclei are superimposed.



Free protons in solids, like electrons, should give rise
to energy band structures. However, the proton density
(0.08 proton per MnO2 entity) and thus the Fermi energy
(,0.4 meV/3 cm21/4 K) are very low and quantum
statistics for fermion gas cannot be observed.

The full scattering functionS(Q,v ) gives a more
detailed view of the free proton dynamics (Fig. 10)
[48]. The maximum of the continuum intensity
closely follows the “recoil line” for free particles
with mass 1 amu. In principle, the width of the recoil
signal should be determined by the distribution of
kinetic momentum for free protons. For an isolated
ideal gas at 30 K the width should be,0.4 Å21.
However, the observed width is more than one order
of magnitude greater and corresponds to an effective
temperature of,800 K. This broadening is related to
the zero-point energy of the host matrix and can be
compared to the Doppler effect. The observed width is
the convolution of the kinetic momentum distribution
for protons (very narrow) with that for the lattice
density-of-states [48]. In accord with the theory, the
continuum intensity is a constant along the recoil line
and the width is half that of the elastic peak.

Free protons have been observed in various manga-
nese dioxides, including lamellar (d-MnO2) and Bi
doped analogues [49–52]. All these materials are
electrochemically active. In contrast, there is no
evidence for free protons in the non-electrochemically
active ramsdellite or groutite variety.

Free protons have been observed in various coal

samples [53–55] andS(Q,v ) maps of intensity are
very similar to that presented before for nsutite. The
recoiling particles are protons and the distribution of
kinetic momentum is broadened by the lattice density-
of-states. There is no evidence for molecular
hydrogen (H2), despite the great sensitivity of the
INS technique. Free protons have also been reported
in some carbon blacks [56].

In the graphite–nitric acid intercalation compounds
G-HNO3 (C15HNO3) the carbon hexagonal network
behaves as a macrocation. These materials are good
p-type conductors and can be regarded as “synthetic
metals”. The INS spectra of thea form third stage at
30 K (F. Fillaux et al., unpublished) revealed the
continuum of intensity anticipated for the recoil of
free protons. According to the ratio of free to bound
protons (,1:3) the intercalated species correspond to
oligomer-like entities (NO3HNO3HNO3HNO3)

2. The
p-type electronic conduction suggests that electrons
are withdrawn from graphite to form H0-like species.

Free protons in polyanilines or polypyrroles have
been recently observed ([57] and F. Fillaux et al.,
unpublished). Polyanilines obtained from mild oxida-
tion of aniline in acidic media are unusual members of
the class of conducting polymers. Their electronic
properties are not related to their conjugated carbon
backbones in a simple way. Several derivatives with
changes of electronic conductivity over 10 orders of
magnitude can be obtained, depending upon the
oxidation level, the protonation degree and the hydra-
tion state. The INS spectra of the emeraldine-base and
salt and their ring-deuterated analogues evidence
recoiling entities with mass,1 amu [57]. The N–H
band intensity is far too weak to be compatible with
the sample stoichiometry. Most of the corresponding
protons are delocalized and contribute to the conti-
nuum intensity. Free protons shed a new light onto
the microscopic mechanisms that could determine
electronic and protonic conductivities of these poly-
mers. Similar conclusions can be drawn for polypyr-
roles (F. Fillaux et al., unpublished).

5. New protonic entities

5.1. (H1)4 in g -MnO2

The Mn41 vacancies ing-MnO2 proposed by
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Fig. 11. INS difference spectrum for nsutite at 200 and 30 K.B is
the rotational constant of the spherical top andJ is the rotational
quantum number.



Ruetschi [47] were supposed to be co-ordinated to
four charge compensating protons which should play
a major role as gateways between the structural chan-
nels for proton diffusion in three dimensions. Unfor-
tunately, most of the experimental techniques
(diffraction, NMR, QENS, infrared, Raman, etc.) are
unable to provide direct information on the location
and dynamics of these protons.

INS is unique to characterise charge compensating
(H1)4 species [49–52]. The difference INS spectra
obtained for various sample temperatures (e.g., 200–
30 K in Fig. 11) are amenable to freely rotating
spherical tops. This can be attributed to (H1)4 species
with a tetrahedron structure at the centre of oxygen
octahedra surrounding the Mn41 vacancies. At low
temperatures (e.g., 30 K) the charge compensating

protons are outside the vacancies (Fig. 12(a)),
and presumably contribute to the continuum inten-
sity. As the temperature increases, these protons
enter the vacancies to form freely rotating tetra-
hedron entities (Fig. 12(b)). The energy difference
of ,100 cm21 between the two configurations is
compatible with the gateway effect at room
temperature. The rotational constant (B � 25 cm21)
gives a radius of gyration (0.5 A˚ ) very similar to
the Mn41 radius (0.53 A˚ ). (H1)4 and Mn41 species
are virtually equivalent with regard to the local
structure.

From the spectroscopy viewpoint, this is a unique
example of tunnelling frequency (,40 cm21) for the
inversion of the tetrahedron structure through the
unstable square planar configuration.

5.2. H4O
21 in b -alumina

b-(or b 00-)-alumina is one of the first protonic
conductors that has been studied with many
techniques. The electrical conduction is purely ionic
and is in two-dimension. Conduction mechanisms in
terms of jump diffusion of oxonium (H3O

1), hydrox-
onium �H5O1

2 � or ammonium�NH1
4 � ions or protons

have been proposed. Vibrational spectroscopy is
necessary to characterise such disordered conducting
entities. However, the spinel block matrix is opaque
in the infrared region except above,1200 cm21.
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Fig. 12. Schematic view of the charge compensating protons (H1)4

associated with a Mn41 vacancy in nsutite. (a) External configura-
tion; (b) internal configuration.

Fig. 13. Observed (with error bars) and calculated (for the tetra-
hedral structure of H3O

1) INS spectra ofb-alumina: (p) Band attrib-
uted to isolated H3O

1.

Fig. 14. Observed (with error bars) and calculated (for the tetra-
hedral structure of H3O

1 perturbed by ion–ion interactions) INS
spectra ofb-alumina: (p) Band attributed to isolated H3O

1.



Therefore, only hydrogen bond free entities have been
tentatively identified. With INS, the alumina matrix is
virtually transparent and the vibrational dynamics of
protonic entities can be observed over the whole spec-
tral range. The high crystallinity of the host matrix
and weak interactions between species inserted in
the conducting planes yield well resolved spectra
that can be analysed in detail with model force fields
(Figs. 13 and 14).

The spectrum of the less hydrated sample 11Al2O3–
1.3(H3O)2O is normally supposed to be dominated
by nearly isolated H3O

1 entities (Fig. 13). Surpris-
ingly, the simulation did not confirm the C3v or
D3h symmetry [58]. Instead, the spectral profile is
amenable to a tetrahedral structure. However, it is
quite unlikely that three protons could be delocal-
ized over four sp3 orbital in H3O

1. H4O
21 entities with

tetrahedral symmetry could be more in line with the
strong acidity ofb-alumina. The remarkable sharp-
ness of the translational modes suggests these entities
be trapped in well-defined sites. As there is no site
symmetry related to Td, the tetrahedron structure is
not imposed by the environment. These entities are
isomorphic to NH1

4 , which are known to form regular
networks inb 00-alumina, and can play almost identical
roles.

The spectrum of the hydratedb-alumina
11Al2O3·5H2O is not amenable to hydroxonium
entities H5O1

2 (Fig. 14). These entities are normally
regarded as two water molecules linked by a rather
strong hydrogen bond. They are supposed to be planar
with a centre of symmetry. The INS spectrum is better
represented with entities, still with Td symmetry,
whose translational and rotational degrees of freedom
are shifted upwards, compared to the less hydrated
sample. Presumably, the consequence of hydration
is the formation of a dense packed layer of Td entities
perturbed by ion–ion interactions.

The continuum intensity inb-alumina reveals that
free protons may also contribute to the conductivity.
This continuum is very little affected by the hydration
degree.

6. Conclusion

The full analysis of the INS vibrational spectra with
the use of spectral intensities and momentum transfer

dependence provides a totally new view of quantum
dynamics for proton transfer along hydrogen bonds.
The double minimum potentials derived from vibra-
tional spectra are quite different from those proposed
from previous NMR and QENS works. Further, there
is virtually no coupling of the proton dynamics with
heavy atoms and the vibration assisted tunnelling
model is not relevant.

The previous picture of hydrogen bonding in
amides and polypeptides is seriously in error. The
valence bond representation of the force field is not
adequate. The proton stretching mode is at
,1575 cm21 instead of ,3300 cm21. The intense
INS band observed at 40 cm21 for polyglycine II is
assigned to proton tunnelling in a symmetric double
minimum potential. In the picture that can be extra-
polated for amides and polyglycines at room tempera-
ture, hydrogen bonds form a network, with protons
being delocalized between two virtually equivalent
sites. The structure of the peptide unit is intermediate
between amide-like and imidol-like structures. Proton
transfer, an essential process in biology, is achieved
naturally as a result of hydrogen bonding. Moreover,
rather weak perturbations can localise the proton in
one of the potential wells, favouring either amide-like
or imidol-like structures.

Free protons are observed in many different
systems and could play a key role in protonic conduc-
tion mechanisms. This discovery is still rather new
and only the most straightforward consequences
can be tentatively presented. The density of free
protons is too small to give rise to measurable
Fermi band structures. Free entities could be H1

in g-MnO2 or coals, H0 in HNO3 intercalated graphite,
or various mixtures of both in polyanilines. Unfortu-
nately, the INS technique cannot determine effective
charges. This strong limitation precludes a complete
view of the subtle exchanges between free protons and
electrons of the host. Complementary approaches are
necessary.

Detailed characterisations of (H1)4 entities in g-
MnO2, or of the tetrahedron structure of protonated
water inb-alumina are also outstanding contributions
to the mechanisms determining the electrochemical
activity of these materials.

INS spectroscopy is still in its infancy. However, it
reveals new fields of investigation for proton
containing materials.
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