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Abstract

A quantum rationale is formulated for proton dynamics in crystals composed of hydrogen bonded centrosymmetric dimers. The pur-
pose is to account for experimental data from various techniques: diffraction, solid-state NMR, quasi-elastic neutron scattering, and
vibrational spectroscopy. Spatially coherent distributions, adiabatic separation, nonlocal dynamics, and quantum interferences, are
opposed to statistical disorder, semiclassical dynamics, local double-well potentials and stochastic jumps. The tunnelling-level schemes,
determined from spectroscopy data, evidence different interconversion mechanisms: adiabatic two-stepwise for KHCO3; coherent pho-
non-assisted tunnelling for benzoic acid. This latter can be further decomposed into single-step pairwise, single-step single-particle, and
single-step two-particles processes. Calculated proton distributions and fluctuation rates at thermal equilibrium are in rather good agree-
ment with measurements.
� 2007 Elsevier B.V. All rights reserved.

Keywords: Hydrogen bonding; Quantum entanglement; Proton transfer; Tunneling; Spectroscopy

1. Introduction

This paper is a very preliminary attempt aiming at the
formulation of a quantum framework for proton transfer
across OH � � � O hydrogen bonds. There is a general agree-
ment that protons behave as light particles, strongly cou-
pled to heavy atoms, with marked quantum effects, and
great sensitivity to isotope substitution. In the condensed
matter, long-range effects may arise from large changes of
the dipolar moment induced by proton transfer. In order
to avoid complications due to such long-range interaction,
this paper focuses on crystals composed of centrosymmet-
ric dimers, free of permanent polarization. Such dimers can
be found in two configurations, say L and R, related to one

another through the center of symmetry, and in a propor-
tion depending dramatically on the temperature. The inter-
conversion process at issue in this paper should shed some
light onto the profound nature of the hydrogen bond, and
an in depth understanding of the mechanism is expected to
be of importance to many fields across physics, chemistry,
or biology [1–5].

The best studied examples are potassium hydrogen car-
bonate (KHCO3)[6–22] (Fig. 1), and benzoic acid
(C6H5OH, BA) [23–47] (Fig. 2). Structures and dynamics
have been thoroughly investigated, with various techniques
and theoretical methods. However, this diversity has led to
conflicting interpretations, which can be featured as
follows.

On the one hand, vibrational spectroscopy techniques
(infrared, Raman, and inelastic neutron scattering-INS)
probe dynamics at the rather short time scale of �10�12–
10�15 s. Energy-levels evidence the quantum nature of
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nuclear dynamics, and double-well potentials can be
guessed for proton displacements along the hydrogen bond
[9,10,13,18–20,22,37,44]. Quantum dynamics are observed
from cryogenic to room temperatures, without any evi-
dence for transition to the classical regime. In principle,
the temperature dependence of the interconversion degree,
and rate, are directly related to energy levels, but unques-
tionable assignment schemes are discouragingly difficult
to establish.

On the other hand, with solid-state NMR and quasi-
elastic neutron scattering (QENS) techniques, one mea-
sures kinetics of fluctuations of the probability-density
for protons at different sites [23,27,28,32,33,36,39,40,43,45,
47]. The time-scale probed by these techniques (longer than
�10�12 s) is too long to convey direct information on
energy levels, and interpretational models are necessary.
In the most popular approach, interconversion is supposed
to occur through uncorrelated jumps of proton pairs in an
asymmetric double-well [27]. In the simplest approxima-
tion, the complex evolution of the interconversion rate with
the temperature is represented with two dynamical regimes:
‘‘incoherent tunnelling’’ prevailing at low temperatures and
semiclassical jumps with Arrhenius behaviour taking the
lead at elevated temperatures. However, the question as
to whether the two regimes coexist at all temperatures
[43,47] or, alternatively, if there is a temperature threshold
above which tunnelling is cancelled [36,45] is under debate.

In addition, the space–time-averaged distribution of the
nuclear probability-densities can be measured with single-
crystal neutron diffraction. The temperature dependent
population of proton sites for L and R configurations
can be interpreted either in terms of disorder
[8,14,30,31], or with spatially-coherent nonlocal distribu-
tions [20,22].

The purpose of the present paper is to formulate an
interpretational framework consistent with all observations

available, on any time scale longer than �10�15 s, at any
temperature up to �300 K. The main points at issue are
as follows. First, is it possible to distinguish, with neutron
diffraction, disorder from nonlocal distributions? Second,
is the adiabatic separation of proton dynamics compatible
with strong coupling to heavy atoms? Third, which repre-
sentation, local or nonlocal, is appropriate for proton
dynamics? Fourth, what is the potential function for pro-
ton transfer? Fifth, is there any convincing evidence for
quantum-to-classical transitions at elevated temperatures?
Thorough examination of these questions, throughout the
whole ranges of temperatures and time-scales under con-
sideration, will emphasize that interconversion arises from
the quantum superposition of macroscopic tunnelling
states, on the scale of Avogadro’s constant.

2. Neutron diffraction

Single-crystal neutron-diffraction measurements reveal
that at low temperatures protons occupy sites correspond-
ing to a unique configuration for dimers, say L. As the tem-
perature is increased, secondary R sites, at �0.6 Å along
the hydrogen bond, are progressively populated and frac-
tional occupation numbers at thermal equilibrium are qR

and qL.
If protons are thought of as classical particles, located at

one site or another, fractional occupation numbers should
be logically interpreted as a random distribution, usually
referred to as ‘‘disorder’’ [8,14,30,31]. However, this inter-
pretation is not appropriate because probability densities,
determined from Bragg peaks, should have the spatial peri-
odicity of the crystal lattice. Otherwise, any random distri-
bution of occupied and empty sites automatically destroys
long-range correlations, and so a significant amount of
coherent scattering should collapse into off-Bragg peaks
diffuse scattering [48]. Then, the occupation numbers esti-
mated from Bragg-peak intensities, based on the tabulated
nuclear scattering lengths, should lead to qR + qL < 1.
Contrariwise, neutron diffraction gives qR + qL � 1 within
experimental precision for both KHCO3 [20,22] and ben-
zoic acid crystals [30,31], throughout the studied tempera-
ture ranges. There is no evidence for any significant loss
of the spatial coherence for protons. Each proton is there-
fore simultaneously at L and R sites and the transfer degree
is q = qR = 1�qL.

Furthermore, the crystal structures are represented with
KHqH1�qCO3 or C6H5COOHqH1�q entities, duplicated
according to the lattice symmetry. Each entity is every-
where and each dimer is a superposition of all indistin-
guishable entities. Such nonlocal entities are conceivable
exclusively within the framework of quantum mechanics
and this quantum coherence is obviously conceptually dif-
ferent from disorder.

Temperature effects on the CO-bond lengths, presented
in the subsections below, should be therefore representative
of the crystal state as a whole, rather than of a statistical
mixture at thermal equilibrium of L and R dimers.

Fig. 2. Schematic view of the centrosymmetric dimers of the benzoic acid.
For the sake of clarity, only one of the proton sites, along the hydrogen
bond, is shown, and protons of the aromatic rings are omitted.

Fig. 1. Schematic view of the centrosymmetric dimers (HCO�3 Þ2 of the
KHCO3 crystal. For the sake of clarity, only one of the proton sites, along
the hydrogen bond, is shown.
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2.1. KHCO3

Up to room temperature, the crystal symmetry is P21/a
with four indistinguishable KHCO3 entities in the unit cell
[7,20,22]. Planar centrosymmetric dimer entities (HCO�3 Þ2
(Fig. 1), linked by moderately strong OH � � � O hydrogen
bonds, with length RO� � �O � 2.6 Å, are separated by potas-
sium atoms. Below �150 K, only configuration L is
observed. Between 150 and 300 K, R sites at �0.6 Å from
the L ones along the hydrogen bond, are progressively pop-
ulated, up to a proton transfer (or interconversion) degree
q = 0.18. At Tc = 318 K, there is a phase transition
[12,14,15], but this is beyond the scope of the present paper.

Temperature effects on the single-like (‘‘C–O’’) and dou-
ble-like (‘‘C@O’’) bond-lengths are consistent with a linear
dependence on q (Fig. 3) as:

R“C–O”ðqÞ � ð0:5� qÞRs þ ð0:5þ qÞRCO;

R“C@O”ðqÞ � ð0:5� qÞRd þ ð0:5þ qÞRCO:
ð1Þ

Extrapolation gives: RCO � 1.30 Å (q = 0.5), for hypothet-
ical C2v carbonate groups in C2h dimers; Rs � 1.39 Å, and
Rd � 1.22 Å, for single and double bonds of ideal Cs car-
bonates. Since there is no evidence for a statistical distribu-
tion of Rs and Rd bonds [22], Eq. (1) can be rewritten as a
continuous variation of the extended electronic state of the
crystal, say jEðqÞi, as:

jEðqÞi � ð0:5� qÞ1=2jCsi þ ð0:5þ qÞ1=2jC2vi: ð2Þ

The jCsi state should correspond to hypothetical unbound
Cs entities, HCO�3 , and the jC2vi state to C2h dimers with
protons equally distributed among the four (L,R) sites.
The energy difference between R and L, ER � EL =
EC2v�ECs, should be largely temperature independent,
and the energy of the hybridized state should depend line-
arly on q as

EðqÞ ¼ ðEC2v þ ECsÞ=2þ qðEC2v � ECsÞ; ð3Þ

2.2. Benzoic acid

The benzoic acid crystal is also monoclinic P21/c, with
four indistinguishable C6H5COOH entities per unit cell.
Centrosymmetric dimers (Fig. 2) are linked by hydrogen
bonds, with an average RO� � �O of 2.615 Å, between 20
and 175 K [30,31]. There is no phase transition below room
temperature. Proton transfer occurs at much lower temper-
ature and q ranges from �0.13 at 20 K to �0.38 at 175 K.

The evolution of the CO bond lengths with q (Fig. 4)
shows the same trend as for KHCO3, although crystallo-
graphic data are less accurate. We extrapolate RCO �
1.265 Å, Rs � 1.345 Å and Rd � 1.185 Å. These shorter
bonds, compared to KHCO3, are representative of the dif-
ferent hybridization states for the two systems. Even if
there is no objection to supposing a linear combination
of extended electronic states analogous to Eq. (2), more
accurate data should be necessary to corroborate this view.

3. Adiabatic separation

Within the framework of the Born–Oppenheimer
approximation, the vibrational Hamiltonian for the crys-
tals under consideration can be partitioned as

Hv ¼ HH þHat þ CH at; ð4Þ

where HH and Hat represent the sublattices of protons (H+)
and heavy atoms, respectively, while CH at couples the sub-
systems. For OH � � � O hydrogen bonds, coupling terms be-
tween OH and O � � � O degrees of freedom are rather large
[1,49], and beyond the framework of the perturbation the-
ory. This is a major difficulty to modelling dynamics and,
because there is no simple solution, two different

Fig. 3. Correlation of the single-like (j) and double-like (�) CO bond
lengths in the KHCO3 crystal with the proton transfer degree, after Refs.
[20,22]. The hatched area above Tc is unstable. The dash straight lines are
the best least-square fits to the experimental points.

Fig. 4. Correlation of the single-like (j) and double-like (�) CO bond
lengths in the benzoic acid crystal with the proton transfer degree, after
Refs. [30,31].
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approaches, either semiclassical or quantum, are com-
monly envisaged.

In the semiclassical view, protons are thought of as
dimensionless particles, with definite positions and momen-
tums, moving across a potential energy hypersurface
[41,42,50–52]. Complex trajectories, strongly coupled to
heavy atoms, lead to mass renormalization, and to incoher-
ent phonon-assisted tunnelling. This approach is quite nat-
ural when Born–Oppenheimer surfaces are calculated with
quantum chemistry methods, but it may lead to underesti-
mate quantum effects for protons.

Alternatively, if the classical concept of ‘‘trajectory’’
totally alien to quantum mechanics is abandoned, adia-
batic separation of the two subsystems HH and Hat may
lead to tractable models [1,22,44,52–54]. Then, light pro-
tons in a definite eigen state should remain in the same state
in the course of time, while heavy atoms oscillate slowly, in
an adiabatic potential depending on the proton state,
through the coupling terms. This separation is relevant
for the crystals under consideration because adiabatic
potentials do not intersect.

In fact, the separation is rigorously exact in the
ground state, since protons should remain in this state
for ever, if there is no external perturbation. Further-
more, for asymmetric double-wells, with wave functions
largely localized in each well, the separation should also
hold for the lower state of the upper minimum. Then,
protons should behave as bare quantum particles, and
long-live tunnelling states should interfere. Moreover,
the adiabatic separation unveils the fermion nature of
protons, which leads to quantum correlations that would
not occur otherwise [22].

Whether the adiabatic separation is relevant, or not, is
not a purely theoretical matter. For KHCO3, the separa-
tion is very well established, up to room temperature, with
neutron scattering experiments [13,19,20,22,55]. For ben-
zoic acid, the interpretation of the INS spectra is more
complex [35], and the best evidence is provided by the
mOH mode in Raman (Fig. 5) [44]. In contrast to the pre-
vailing opinion that these bands should be broadened by
a handful of mechanisms, including non-adiabatic coupling
with low frequency O � � � O modes [56,57], the observed
bandwidths are actually limited by the resolution function
of the spectrometer (a few cm�1), and therefore difficult to
estimate. Nevertheless, it transpires that broadening mech-
anisms, including breaking of the adiabatic separation, are
beyond observations and mOH states are essentially station-
ary. The large frequency shift upon deuteration is a further
support to the adiabatic separation.

Let us recall that Raman and infrared spectroscopy
probe coherent dynamics at the Brillouin-zone center
(BZC, for wave vector k = 0), corresponding to in-phase
oscillations of the unit cells throughout the crystal. The dis-
creteness of these extended states is a direct evidence for the
quantum regime. By contrast, classical disorder should
cancel the k = 0 condition, and the symmetry related selec-
tion rules, as well. Clearly, this is not observed for the crys-

tals under consideration [6,37,44] (see Fig. 5). Vibrational
spectroscopy emphasizes the spatial coherence of the
dynamics, on a very short time-scale, complementary to
the time-averaged coherence evidenced with neutron dif-
fraction. These experimental facts are quite at variance
with the conclusion by Horsewill and coworkers [43,47]
that solid-state NMR provides conclusive evidences for a
quantum to classical transition, and with the proposal by
Latanowicz et al. [36,40,45] of a temperature threshold
above which tunnelling should not survive. These conclu-
sions are clearly model dependent. Furthermore, it is
argued in the next section that the classical regime is for-
bidden for the crystals in question.

4. Nonlocal dynamics

In a perfect crystal, atoms are not individual particles
possessing properties on their own right. They are entan-
gled. The periodicity and indistinguishability of lattice sites
lead to extended states in three dimensions and nonlocal
observables (for example phonons). There is no transition
to the classical regime, as long as the crystal is stable,
and disorder-free.

Fig. 5. Raman spectral profiles for a crystal powder of the ring-deuterated
benzoic acid at various temperatures.
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Because KHCO3 and benzoic acid crystals have similar
symmetries, with two indistinguishable centrosymmetric
dimers per unit cell, we can elaborate a theoretical frame-
work for proton dynamics appropriate to both systems.
For the sake of clarity, this section is focussed on the
ground state (T = 0).

4.1. Proton dimers

Consider a monoclinic crystal composed of very large
numbers Na, Nb, Nc (N ¼ N aNbN c) of unit cells labelled
j, k, l, along crystal axes (a), (b), (c), respectively. The
two dimer entities per unit cell are indexed as j, k, l and
j 0,k,l, respectively, with j = j 0, for KHCO3, or j, k, l and j,
k, l 0, with l = l 0, for benzoic acid. The ground state of a
proton dimer is modelled with centrosymmetric collinear
harmonic oscillators in three dimensions, along coordi-
nates a1jkl and a2jkl (a = x, y, z), each with mass
m = 1 amu. Then, normal coordinates and conjugated
momenta, imposed by the crystal symmetry, irrespective
of proton–proton interaction,

as ¼
1ffiffiffi
2
p a1jkl � a2jkl

� �
; P sa ¼

1ffiffiffi
2
p P 1jkla � P 2jkla

� �
;

aa ¼
1ffiffiffi
2
p a1jkl þ a2jkl

� �
; P aa ¼

1ffiffiffi
2
p P 1jkla þ P 2jkla

� �
;

ð5Þ

lead to uncoupled harmonic oscillators at frequencies ⁄xsa

and ⁄xaa, respectively, each with m = 1 amu. The Gaussian
wave functions, Wa

0jklðaaÞ;Ws
0jklðas �

ffiffiffi
2
p

a0), cannot be fac-
tored into wave functions for individual particles and there
is no local information available for these entangled oscil-
lators. Consequently, the state must be antisymmetrized
with respect to permutation of these indistinguishable
fermions. For this purpose, the spatial wave function can
be rewritten as a linear combination of those for permuted
oscillators,

H0jkl� ¼
1ffiffiffi
2
p

Y
a

Wa
0jklðaaÞ

Ws
0jklðas �

ffiffiffi
2
p

a0Þ �Ws
0jklðas þ

ffiffiffi
2
p

a0Þ
h i

; ð7Þ

and antisymmetrized state vectors with spin symmetry are:

j0jklþi ¼ jH0jklþi �
1ffiffiffi
2
p j"1#2i � j#1"2i½ �;

j0jkl�i ¼ jH0jkl�i �
1ffiffiffi
3
p j"1"2i þ j#1#2i þ

1ffiffiffi
2
p ½j"1#2i þ j#1"2i�

� �
:

ð7Þ
The oscillators are now entangled in position, momentum,
and spin. In contrast to magnetic systems [58], there is no
level splitting, and the symmetry-related entanglement is
energy-free. Furthermore, contrariwise to Keen and Love-
sey [59], or Sugimoto et al. [60], it is argued, as an experi-
mental fact, that there is no significant overlap of the
probability densities for protons at different sites [61]. Pro-
tons are not itinerant particles.

Normal coordinates Eq. (5) define nonlocal pseudopro-
tons (m = 1 amu), say Psjkl and Pajkl, with an internal
degree of freedom corresponding to symmetric or antisym-
metric displacements of two ‘‘half-protons’’, respectively.
Each site is a superposition of two such half-protons. Obvi-
ously, pseudoprotons are totally alien to the intuitive con-
ception of particles, based on classical mechanics.
However, interference fringes, observed with neutron scat-
tering techniques [19,20,22], show that pseudoprotons are
observables, whereas local particles are not. Below, it will
appear clearly that the concept of pseudoproton is a cor-
nerstone of the interconversion mechanism.

4.2. Macroscopically entangled states

The wave functions of the proton sublattice can be
obtained via extension of H0jkl±, over all indistinguishable
sites of the crystal. Consider the trial wave:

H0�ðkÞ ¼
1ffiffiffiffiffi
N
p

XN0c
l¼1

XNb

k¼1

XN0a
j¼1

H0jkl� expðik � LÞ; ð8Þ

where L = ja/2 + kb + lc and N 0a = 2Na, N 0c = Nc, for
KHCO3, or L = ja + kb + lc/2 and N 0a = Na, N 0c = 2Nc,
for benzoic acid, with the unit cell vectors a, b, c. These
waves must be antisymmetrical with respect to permuta-
tions of j, k, l, and, consequently, k Æ L ” 0 modulo 2p.
There is no phonon (no elastic distortion), and this
‘‘super-rigidity’’ [22] is independent of proton–proton cou-
pling terms. State vectors in three dimensions can be then
written as:

j0si ¼ H0sð0Þj i � jsi; ð9Þ

with s = ‘‘ + ’’ or ‘‘�’’ for the singlet-like and triplet-like
symmetry, respectively. Each state represents a pseudopro-
ton, Pa or Ps, with definite spin-symmetry and occupation
numbers of ð4N Þ�1 per site. There is no local information
available for these macroscopically entangled states. In
addition, they are intrinsically decoherence-free. Irradia-
tion by photons, neutrons, etc, may single out some excited
pseudoprotons, but as long as Eqs. (5) and (8) remain va-
lid, entanglement in position and momentum is preserved.
Only the spin-symmetry and super-rigidity, intrinsic to
degenerate states, can be destroyed, but these properties
are recovered automatically, after decay to the ground
state, presumably on the time-scale of proton dynamics.
This mechanism allows the sublattice to be at thermal equi-
librium with the surroundings, despite the lack of internal
dynamics.

Macroscopic entanglement has been evidenced for
KHCO3, from 15 to 300 K, with neutron diffraction
[20,22]. Thanks to the spin-symmetry, the coherent scatter-
ing cross-section for the sublattice of protons is dramati-
cally increased to rH � 82.0 barns, compared to the
coherent cross-section rcH � 1.8 barns for regular Bragg
diffraction. The diffraction pattern of the sublattice can
be thus observed with remarkable contrast. Thanks to
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super-rigidity, the intensity is not attenuated by the Debye–
Waller factor at large momentum transfer values and it is
little affected by temperature, up to 300 K. The diffraction
pattern provides clear evidences that there is no transition
to the classical regime and the adiabatic separation is vali-
dated over the full temperature range.

For benzoic acid, there is no similar experimental data
available, but there is no objection to suppose the same
quantum behaviour.

5. Potential surface for proton dynamics

Intra-dimer interactions for protons separated by more
than 2 Å are too weak to support the rigid-pair model
[27]. On the other hand, uncorrelated transfer of local pro-
tons [37] should lead to nonphysical entities, either totally
de-protonated, or bi-protonated, in conflict with the sym-
metry related selection rules observed in the infrared and
with Raman [6,37,44]. Clearly, only the quantum concept
of pseudoproton is relevant for centrosymmetric dynamics,
irrespective of the strength of proton–proton interactions.

Nonlocal double minimum potentials for pseudopro-
tons, V(xa) and V(xs), respectively, were determined from
experiments (see Table 1, where energy levels are labelled
according to their increasing energy) [9,22,37,44]. The
potential asymmetry accounts for the transfer of a pseudo-
proton without internal excitation, from one well to the
other. It should be identical for Pa and Ps. On the other
hand, excitation of the internal degrees of freedom, ma or
ms, leads to different energy levels in the infrared and
Raman, and to slightly different potential barriers. How-
ever, the thermal population of these excited states is neg-
ligible and such differences can be ignored.

For KHCO3, the j0æMj1æ transition was observed with
INS [13,17], without visible splitting. The half-width at
half-maximum of �5 cm�1, representative of the density-
of-states convoluted with the resolution function, confirms
that tunnelling states are virtually dispersion-free. Transi-
tions to upper states were determined from infrared and
Raman [10], and the distance between the minima, known
from diffraction, determines the effective mass of �1 amu,
in accordance with the adiabatic separation. This potential
accounts for a number of observations greater than the
number of adjustable parameters [22] and the shape is lar-
gely model independent. The ground-state splitting
(hm01 = 216 cm�1) is dominated by the potential asymme-
try, compared to the tunnel splitting for the symmetrized
potential: hm0t = 17 cm�1.

Potential functions for the benzoic acid crystal are very
similar (see Table 1) [37,44]. For the ring deuterated deriv-
ative, the ground state splitting was confirmed with INS, at
hm01 = 172 cm�1. The transition shows no visible splitting
and negligible dispersion. The tunnelling frequency for
the symmetrized potential is hm0t = 6 cm�1. The assignment
at 172 cm�1 was questioned on the basis of DFT calcula-
tions [38], but it can be argued that such calculations, based
on the harmonic approximation, for a model structure sta-
bilized under an arbitrary pressure, are not appropriate for
the determination of double-wells.

For both systems, the barrier heights are largely model
and temperature independent. A lower bound is imposed
by the mOH transitions observed at �3000 cm�1, to which
should be added a zero-point energy of �1500 cm�1. Con-
sequently, pseudoproton transfer should occur exclusively
via tunnelling, at any temperature. By contrast, potential
barriers as low as 460 cm�1 [27], or �330 cm�1 [16,40],
are positively excluded, and so are semiclassical proton
jumps. The effective mass of �1 amu is also model indepen-
dent, for it is imposed by the known distances between
minima. There is no evidence for any significant mass ren-
ormalization, suggesting a breaking of the adiabatic sepa-
ration. Finally, according to Eq. (3), ER�EL =
EC2v�ECs = 2 · hm01 is primarily due to the electronic
structure of the COO groups.

6. Quantum interferences

For the states j0æ and j1æ, the non-antisymmetrized wave
functions in one dimension, say x for xa or xs, are largely
localized in each well. They can be written as [37]:

W0jkl ¼ cos / w0ðx� xmÞ þ sin / w0ðxþ xmÞ;
W1jkl ¼ � sin / w0ðx� xmÞ þ cos / w0ðxþ xmÞ;

ð10Þ

where w0(x�xm) and w0(x + xm) are harmonic eigen func-
tions for the second-order expansion of the potential
around the minima at ±xm; tan2/ = m0t/(m01�m0t) gives:
cos/ � 1 and sin/ = e � 5 · 10�2 for KHCO3, or
�1.8 · 10�2 for benzoic acid. At thermal equilibrium, the
superposition of tunnelling states leads to harmonic oscilla-
tions of the probability density at the beating frequency:
m0b = 8em01 � 4m0t [37,62].

For dimers, the potential surface

Vðxa; xsÞ ¼ V ðxaÞ þ V ðx0sÞ; ð11Þ
with x0s ¼ xs �

ffiffiffi
2
p

x0, leads to energy levels and non-symme-
trized wave functions sketched in Fig. 6 (left hand side). In

Table 1
I: Potential function, distance between the minima, barrier height (H), and energy levels, for KHCO3 [10,13] and ring deuterated Benzoic acid (BA-d5h)
[37,44]

V(x) (cm�1) Dx (Å) HB (cm�1) hm01 (cm�1) hm02 (cm�1) hm03 (cm�1)

KHCO3 Raman 374x + 0.4389 · 106x6 + 5516exp(�30.8x2) 0.60 4850 216* 2475 2820
BA-d5h Infrared 265x + 0.2860 · 106x2 + 171480exp(�2.17x2) 0.70 5005 172* 2570 2840
BA-d5h Raman 270x + 0.2829 · 106x2 + 171120exp(�2.15x2) 0.69 5006 171 2602 2853

* Observed with INS.
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the ground state, the two pseudoprotons are in configura-
tion L. In the intermediate state at hm01, either Pajkl or
Psjkl, is transferred and there is a half proton at each site.
At 2hm01 the two pseudoprotons are transferred. When
Pajkl and Psjkl are in the same state, the symmetrization
postulate leads to antisymmetrized states with spin-symme-
try analogous to Eq. (9), which can be written as j00sæ and
j11sæ, respectively. Alternatively, when Pajkl and Psjkl are in
different configurations, the spin-symmetry is destroyed
and plane waves Eq. (8) lead to state vectors j10,k10æ and
j01,k01æ. Then, superposition of these degenerate states,
with the matching condition k10 =�k01 = k1, leads to en-
ergy-free re-entanglement as

j10; k1i þ j01;�k1i $ 2�1=2
X

s

½j00si þ j11si�: ð12Þ

Consequently, the intermediate state is not stationary but
the matching condition for k may slowdown the re-entan-
glement process.

6.1. KHCO3

Owing to the adiabatic separation, energy exchange with
the surroundings occurs exclusively via photons, at k = 0.

Then, the intermediate state undergoes fast re-entangle-
ment Eq. (12). The transitory nature of this state is corrob-
orated by the proton transfer degree measured as a
function of the temperature (Fig. 7) [22]. If the intermediate
state is ignored, j00sæ and j11sæ at thermal equilibrium gives

qðT Þ ¼ 2p2
01ðT Þ½1þ p2

01ðT Þ�
�1
; ð13Þ

with p01(T) = exp(�hm01/kT). This equation is in reason-
ably good agreement with measurements (solid line in
Fig. 7). By contrast, the transfer degree for the three levels
at thermal equilibrium,

qðT Þ ¼ ½p01ðT Þ þ 2p2
01ðT Þ�½1þ p01ðT Þ þ p01ðT Þ

2��1
; ð14Þ

is clearly at variance (dash line in Fig. 7). It is thus con-
firmed that whereas non-stationary intermediate states
j10,k10æ and j01,k01æ can be observed with INS, via energy
and momentum transfer, their time-averaged thermal pop-
ulation is negligible, in accordance with Eq. (12). Quite
remarkably, vibrational spectroscopy and neutron diffrac-
tion converge to virtually the same energy difference of
2 · hm01 = 432 cm�1, for R and L configurations.

The interconversion rate can be rationalized as a two-
stepwise mechanism. Firstly, either Pa or Ps is transferred
at k = 0 with probability exp(�hm01/kT). Second, this tran-

Fig. 6. Schematic view of the tunnelling wave functions for KHCO3 (left hand side) and for benzoic acid (both sides). xa and x0s ¼ xs �
ffiffiffi
2
p

x0 are the normal
coordinates for OH stretching modes. For the sake of clarity, the weak component of the wave function in one-dimension is multiplied by a factor of 2.
The first index should be ignored for KHCO3.
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sitory state undergoes fast re-entanglement to the upper
state with probability exp(�2hm01/kT). The fluctuation rate
is then

mb ¼ 2m0b expð�3hm01=kT Þ; ð15Þ

with m0b � 2.5 · 1012 H s�1, in proton per second units, and
an Arrhenius slope of 648 cm�1. This equation proves that
an Arrhenius behaviour is not an unquestionable evidence
for classical jumps.

QENS measurements were reported for a single-crystal
of KHCO3, between 200 and 400 K, for momentum trans-
fer parallel to the hydrogen bonds [16]. The inverse relaxa-
tion time (or attempt frequency), s�1

0 ¼ 2	 1012 s�1 is
sufficiently close to m0b to suggest that QENS and spectros-
copy probe the same dynamics. On the other hand, the esti-
mated activation energy Ea = (336 ± 32) cm�1 is
significantly different from 3hm01. A straightforward expla-
nation for this apparent discrepancy is that the theoretical
rate Eq. (15) and the measured one are different views of
the same dynamics. The former accounts for coherent fluc-
tuations of two pseudoprotons, with probability
exp(�3hm01/kT), and pre-factor 2m0b, while the latter,
thanks to energy and momentum transfer, is an incoherent
probe of a single partner, contributing to the coherent pro-
cess with probability exp(�3hm01/2kT), and pre-factor m0b.
Hence, 3hm01/2 = 324 cm�1 accords with Ea. Because neu-
trons are plane waves, QENS is an incoherent probe of
coherent oscillations of the proton probability rather than
a probe of incoherent dynamics, amenable to stochastic
jumps [16].

6.2. Benzoic acid

6.2.1. The rigid pair model

The interconversion rate of the benzoic acid crystal has
been tentatively formalized by Skinner and Trommsdorff
with uncorrelated stochastic jumps of proton pairs coupled

to the CO bonds [27]. Pairs were conceived of as rigid enti-
ties in an asymmetric double-well. It was supposed that (i)
the potential asymmetry due to static effects of neighbour-
ing dimers should be temperature dependent; (ii) coupling
to phonons is necessary to mediate proton transfer at low
temperatures; (iii) this coupling should quench coherent
tunnelling and lead to incoherent phonon-assisted tunnel-
ling; and (iv) a smooth transition to the Arrhenius behav-
iour of classical jumps should occur at elevated
temperatures.

It should be emphasized that these hypotheses are not
self-consistent. Pair dynamics cannot be simultaneously
uncorrelated and coupled to phonons, which are coherent
excitations of the crystal. Similarly, uncorrelated pair
dynamics is irrelevant if the potential asymmetry is due
to neighbouring molecules. In fact, this model ignores the
spatial coherence intrinsic to crystals and describes a
liquid-like surroundings. This leads to unrealistic low
potential barriers and there is no evidence that the poten-
tial asymmetry could be actually temperature dependent
[46]. Furthermore, the fluctuation rate at elevated temper-
atures deviates clearly from the Arrhenius behaviour [33].

6.2.2. Coherent phonon-assisted tunnelling

As for KHCO3, the potential functions in Table 2 are
cornerstones for pseudoproton dynamics in benzoic acid.
In addition, Raman spectra in the low-frequency range
of crystals at various temperatures suggest some corre-
lation between the proton transfer degree and the thermal
population of a quasi-harmonic lattice mode at hmR0 =
(54 ± 6) cm�1 [37]. NMR and QENS suggest that the ther-
mal population of this state could be a leading term for the
interconversion rate at T 6 25 K [33]. It is thus confirmed
that interconversion is ‘‘phonon-assisted’’, but the coupling
is specific to a particular phonon that is not an acoustic
mode and there is no evidence for decoherence. Conse-
quently, dynamics should be rationalized with long-live
macroscopic eigen states, and a tentative energy level
scheme for pseudoprotons is presented in Fig. 6 [37].

(i) Energy levels are labelled with quantum numbers,
nR 0, na, ns, for the lattice and pseudoproton states,
respectively.

(ii) In the ground state of the lattice mode (nR 0 = 0), tun-
nelling levels and wave functions are similar to those
for KHCO3 (Fig. 6, left hand side).

(iii) For nR 0 P 1, the crystal switches to a superposition of
L and R, leading to an equipartition of protons
among sites (Fig. 6, right hand side). The potential
surface for L is the same as in the nR 0 = 0 state, while
the potential asymmetry is reversed for R. The signs
of the linear terms in V(xa) and V(xs) are changed,
and so the lowest minimum of R corresponds to the
highest minimum of L, and vice versa. The adiabatic
separation is unaffected, which suggests that the life-
time of the phonon states is rather long, on the time
scale of pseudoproton dynamics.

Fig. 7. Temperature effect on the proton transfer degree in the KHCO3

crystal. ”: experimental according to [22]. Solid line: Eq. (13) for two-
levels. Dash line: Eq. (14) for three-levels.

F. Fillaux / Journal of Molecular Structure 844–845 (2007) 308–318 315



Author's personal copy

(iv) The L and R tunnelling states, at hmR0, hmR0 + hm01,
hmR0 + 2hm01, are degenerate, and the wave functions
are symmetrical with respect to {xa = 0; x 0s = 0}. For
the intermediate state at hmR0 + hm01, L and R wave
functions are identical.

(v) Raman spectra (Fig. 5) do not evidence any signifi-
cant coupling between mOH states for L and R. These
states are therefore assumed to be separable. Then,
according to the quantum theory of measurements
[62], spectroscopy techniques probe one of the two
configurations, with equal probabilities, and the spec-
tra are unaffected by the superposition arising from
thermal population of the lattice mode, as observed.

Compared to KHCO3, new interconversion processes
arise from thermally induced transitions with DnR 0„0. In
the sudden approximation, the probability depends on
the overlap integral of the wave functions for the L and
R states. In addition, wave-vector conservation for the
phonon (kR 0) and for protons (kH) imposes
DkR 0 = DkH = 0, as for KHCO3. For nR 0 = 0, kR 0 = 0 and
kHL = 0 only for na = ns. Alternatively, for nR 0 > 0, there
is no restriction for kR0, kHL or kHR, apart from kHL +
kHR = 0 for na = ns. Then, the leading terms of the fluctu-
ation rate can be formulated as [37]:

mb ¼ m0bfe2 cothðhmR0=2kTÞ þ e exp½�ðhm01

� hmR0Þ=kT� þ exp½�ð2hm01 þ hmR0Þ=kT�g: ð16Þ

The first term represents the single-step interconversion
j000æLMj100æR, at kR 0 = kH = 0. coth(hmR 0/2kT), is the
sum of up and down one-phonon transition rates, propor-
tional to the Bose factor n(mR 0) = [exp(hmR 0/kT)�1]�1 and
to [n(mR0) + 1], respectively [27]; e2 is the overlap of the
wave functions. (Note that hmR 0 was miss-interpreted by
Skinner and Trommsdorff [27] as the potential asymmetry
for the transfer of rigid pairs.)

The second term accounts for a single-step (single-
pseudoproton) transfer j100æRM{j010æL,j001 æL}. Re-ent-
anglement Eq. (12) is quenched by kH„0. e is the overlap
factor. By contrast, transitions j000æLM{j110æR, j101, æR}
at kH = 0 do not contribute to the observed rate, because
of fast re-entanglement.

The last term in Eq. (16) corresponds to the single-step
interconversion: j000æLMj111æR, at kR0 = kH = 0. The over-
lap factor is unity. This transition is so far the best evidence
for superposition of L and R in nR 0 P 1 states. The
j100æRMj011æL is not observed because the condition
kH = 0 is realized only with a very low probability for
the j100æ state. Similarly, the two-stepwise mechanism

Eq. (15) observed for KHCO3 is quenched by the very
low probability for kH = 0 in the {j010æ, j001æ} state.

Numerical values in Table 2 compare favourably with
the best fit to measurements [33]. The pre-factor
m0b � 1.8 · 1011 H s�1 is the beating frequency. Compared
to (15), the pre-factor 2 is cancelled because only LMR
transitions with DnR0„0 are relevant. Table 2 confirms that
NMR and QENS probe macroscopically coherent quan-
tum beats, rather than uncorrelated pairs [27]. It transpires
that coupling between protons and phonons does not
quench coherent tunnelling. In fact, the coupling gives rise
to single-step processes much faster than the two-stepwise
process for KHCO3.

In the crystal, the benzoic acid molecules pack in planar
layers in which adjacent dimers are connected to each other
by C—H � � � O contacts between oxygen atoms and hydro-
gens of the benzene ring [31]. The two contacts are slightly
different at 20 K (2.519 and 2.474 Å�1, respectively) and
basically equal to �2.55 Å�1 at 175 K. It is tempting to
speculate that unequal contacts in the nR 0 = 0 state stabilize
one of the crystal configuration, whereas equal contacts in
the nR0 P 1 states lead to the superposition of L and R,
degenerate in energy. This mechanism could be renamed
as ‘‘phonon-assisted symmetry-breaking’’. Coupling terms
should be more complex than the bilinear form introduced
by Skinner and Trommsdorff [27].

7. Conclusion

In a defect-free crystal, atoms are not individual parti-
cles located at definite positions with definite momentums.
They must be conceived of as macroscopic states in three
dimensions, on the scale of the crystal size, and there is
no possible transition to the classical regime of local
behaviour.

For protons engaged in moderately strong hydrogen
bonds, the adiabatic separation with respect to heavy atom
dynamics unveils the macroscopic quantum behaviour of
the sublattice of protons. For centrosymmetric dimers, nor-
mal coordinates lead to the non-commonsensical concept
of macroscopic pseudoproton states and nonlocal
potentials.

Interconversion proceeds through two coherent pro-
cesses, clearly distinct. On the one hand, the proton trans-
fer degree correlated with changes of the CO bond lengths
characterizes the time-averaged extent of the chemical
reaction. The crystal structure suggests a combination of
macroscopic states with different dimer configurations in
three-dimensions. On the other hand, quantum fluctuations
of the probability density arise from interferences between

Table 2
Comparison of the spectroscopic and NMR-QENS [33] coefficients for the fluctuation rate Eq. (16), in proton per second and cm�1 units

m0be
2 ( H s�1) hmR0 (cm�1) m0be (H s�1) h(m01-mR0) (cm�1) m0b (H s�1) h(2m01 + mR0) (cm�1)

Spectroscopy 2.0 · 108 54 ± 6 1.1 · 1010 118 ± 6 7.2 · 1011 398 ± 6
NMR-QENS 1.7 · 108 59 1.0 · 1010 120 6.3 · 1011 400
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macroscopic tunnelling states. Energy-levels determined
from spectroscopy provide the information necessary to
calculate the proton transfer degree and the fluctuation rate
at thermal equilibrium.

For KHCO3, the double minimum potential for
pseudoprotons is perfectly isolated from lattice dynamics.
Only the two-stepwise adiabatic interconversion is
allowed. For benzoic acid, the potential asymmetry cou-
pled to a particular phonon leads to three single-step
sub-processes: two pairwise transfers and one single-
pseudoproton transfer. The remarkable consistency of
vibrational spectra with NMR and QENS data is a strong
support to quantum interferences from cryogenic to room
temperatures.

Despite substantial experimental progresses, more accu-
rate neutron diffraction measurements of benzoic acid are
needed. The superposition of L and R configurations and
the dependence of the CO bond lengths with temperature
should be re-examined. Evidences for macroscopic quan-
tum entanglement should be sought after. Further studies
of isotope mixtures are expected to emphasize the nonlocal
nature of protons.

An intrinsic drawback of spectroscopy is the lack of
information on the Born–Oppenheimer potential energy
surface. It is thus difficult to make contact with quantum
chemistry calculations. For benzoic acid, there is no infor-
mation available so far on the nature of the coupling
between protons and lattice modes. Although reasonably
good potential barriers have been calculated [41,42,44],
techniques bridging the gap between pseudoproton dynam-
ics, purely quantum in nature, and the Born–Oppenheimer
potential, are lacking.
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[54] Y. Maréchal, A. Witkowski, J. Chem. Phys. 48 (8) (1968) 3697–3705.
[55] S. Ikeda, S. Kashida, H. Sugimoto, Y. Yamada, S.M. Bennington, F.

Fillaux, Phys. Rev. B 66 (2002) 184302.
[56] O. Henri-Rousseau, P. Blaise, in: I. Prigogine, S.A. Rice (Eds.), Adv.

Chem. Phys., vol. 103, Wiley, New York, 1998, p. 1.

F. Fillaux / Journal of Molecular Structure 844–845 (2007) 308–318 317



Author's personal copy

[57] M. Boczar, K. Szczponek, M.J. Wójcik, C. Paluszkiewicz, J. Mol.
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