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Abstract

The inelastic neutron scattering technique (INS) reveals new aspects of the proton dynamics in hydrogen bonds, which could

not be observed with the infrared and Raman techniques. We briefly review the main advantages of this technique and we

present a few examples of new proton dynamics recently observed. In KHCO3, the proton dynamics are largely decoupled from

the lattice and cannot be represented with usual ‘molecular’ force fields. The double minimum potentials for the transfer of a

single proton along the hydrogen bond for KHCO3 and benzoic acid are compared. In both case, the 0 ! 1 transition is clearly

observed with INS. The potential barriers of ,5000 cm21 are very similar. Consequently, the transfer occurs exclusively via

tunnelling and semi-classical jumps over the barrier can be ignored. The infrared spectrum of an isotopic mixture demonstrates

that proton transfer dynamics in the centrosymmetric dimers are uncorrelated. In addition, proton transfer occurs without any

visible rearrangement of the carboxylic group structure and the effective proton mass is close to 1 amu. q 2002 Elsevier Science

B.V. All rights reserved.
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1. Introduction

Proton transfer along hydrogen bonds is of

fundamental importance to many physical, chemical

and biochemical processes [1–10]. There is a general

agreement that proton transfer dynamics have proper-

ties characteristic of a light particle in a heavy

framework that can be represented with an effective

potential along a local reaction coordinate coupled to

the motions of heavy atoms [11–40]. In simple linear

systems such as XH· · ·Y the potential energy for the

hydrogen atom along the hydrogen bond may have

two inequivalent minima corresponding to the sche-

matic structures XH· · ·Y and X2· · ·HþY, respect-

ively. The top of the potential barrier corresponds to

the transition-state. Only in symmetric systems

AH· · ·A, the two wells can be equivalent and proton

transfer mediated by ‘tunnelling’ may take place,

even at very low temperature. Indeed, there is a

manifold of intermediate cases between perfectly

symmetric and highly asymmetric systems. In all

cases, the key parameters for proton transfer dynamics

are the distance between the two wells (R ), the barrier

height (Ea), the potential asymmetry (DU ) and the

tunnelling matrix element (n0t). In addition, proton

transfer occurs in a complex multidimensional environ-

ment and strong coupling with the surrounding degrees
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of freedom is also regarded as a major factor

determining the transfer rate. According to the great

complexity of the microscopic mechanism for proton

transfer an accurate determination of these parameters

from experimental and theoretical studies is not easy.

From the theoretical viewpoint, there is no unique

way to partition the binding energy resulting from

simultaneous changes of the electronic and vibrational

wave functions upon hydrogen bond formation [8].

Modelling of proton transfer dynamics with quantum

chemistry is further hampered by the complexity of

treating thermal and quantum fluctuations in complex

systems with high accuracy [9,41–43]. On the other

hand, the characterisation of hydrogen bonds and

proton transfer with experimental means is often

ambiguous as each particular approach highlights a

different view. Structural studies emphasise bond

lengths and angles [44,45]. NMR and quasi-elastic

neutron scattering (QENS) are mainly concerned with

dynamics at a rather long time-scale (typically longer

than ,10210 s) [11–31,46] whilst quantum effects

are observed with vibrational spectroscopy [47,48].

Consequently, quite different views of the proton

transfer mechanism have emerged from previous

works.

2. The impact of inelastic neutron scattering

Protons dynamics in the quantum regime are best

observed with the vibrational spectroscopy techniques

on a time-scale shorter than 10210 s. The infrared and

Raman techniques suffer from limitations due to the

nature of interaction of photons with matter. Most of

these limitations are irrelevant if neutrons instead of

photons are used to perform incoherent inelastic

neutron scattering (INS) experiments.

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 are very sensitive to the hybridisation

state of valence electrons. They are largely unknown,

as they cannot be measured directly and quantum

calculations are not yet able to provide reliable 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 accurately and

compared to measured intensities. In addition, there is

no symmetry related selection rule.

Because the proton cross-section for incoherent

neutron scattering is one order of magnitude greater

than that for any other atom, proton dynamics can

be studied in many different non-hydrogenous

environments. This proton selectivity can be further

exploited because the deuterium atom 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.

The INS spectroscopy offers a unique opportunity

to measure vibrational spectra over a broad range of

energy and momentum transfer (Q ¼ ki 2 kf with

wave-vector amplitudes lkil ¼ 2p=li and lkf l ¼
2p=lf ; where li and lf are the incident and scattered

wavelengths, respectively). The intensity for incoher-

ent scattering by protons can be represented with the

scattering function [49]

SðQ;vÞ ¼ lkCfðrÞlexpðiQ·rÞlCiðrÞll
2
dðEif 2 "vÞ: ð1Þ

CiðrÞ and CfðrÞ are the wave functions, in the initial

and final states, respectively. They depend on the

spatial coordinate r. Eif is the energy of the transition

and "v is the neutron energy transfer. For each

vibrational mode, the INS spectral profile in Q

contains spatial information on the wave functions.

For optical techniques Q < 0.

In many materials, photons are strongly absorbed

or refracted over wide frequency ranges. Only the

extremely thin layer at the surface can be observed. In

contrast to this, neutrons can penetrate most media

and probe proton dynamics in the bulk.

Vibrational spectroscopy with neutrons already

has achieved results of interest across most of the

classic disciplines of physics, chemistry and

biology. INS appears more and more complemen-

tary to optical techniques. New results obtained

with INS allow us for a better understanding of

infrared and Raman and consequently a more

effective use of these techniques.
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2.1. 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 (say N ) coupled

oscillator into (N ) independent oscillators along

orthogonal (normal) coordinates. Eigenvalues of the

dynamical matrix are normal frequencies and eigen-

vectors give atomic displacements for each normal

mode [50–55]. If band intensities cannot be fully

exploited, these vectors are unknown and force fields

refined with respect to observed frequencies only are

largely undetermined. For complex systems, sym-

metry 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 [56–61]. 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 overlooked.

When harmonic force fields are used to represent

local atom–atom interactions in molecular crystals,

the mean positions of the protons oscillating at high

frequency (internal modes) follow adiabatically the

slow lattice vibrations. 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 dramati-

cally by an exponential term referred to as the

Fig. 1. Potential function for the proton-stretching mode in KHCO3, after Ref. [62,71]. The two minima are at ^0.3 Å and the barrier height is

,5000 cm21.
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Debye–Waller factor, exp½2kðQ·uÞ2l�; where u is the

displacement vector for atoms and kl means ‘averaged

over the density of states’. Consequently, it has been

speculated that internal modes at high frequency (say

above ,1000 cm21) and large 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.

It has been shown that the INS spectrum of

potassium hydrogen carbonate (KHCO3) cannot be

represented with conventional harmonic force

fields [62]. The observed intensities for lattice

modes are smaller than calculated ones by at least

one order of magnitude. 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.

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 could be

virtually ignored. Dynamical models are thus

greatly simplified. Besides, this view is not

specific to the ionic nature of the crystal. These

results severely undermine the representation of

vibrational spectra with usual normal modes.

However, the phenomenological approach pro-

posed so far lacks of 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 [63].

2.2. Proton transfer

Another highlight of the INS technique concerns

proton transfer along pre-existing hydrogen bonds

[47]. The prototypical KHCO3 crystal contains

centrosymmetric dimer entities (HCO3
2)2 and this

structure remains unchanged from 298 to 14 K

[64 – 66]. The hydrogen bond with length

O· · ·O ¼ 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 population ratio of ,1:4. However,

diffraction studies cannot distinguish statistical and

dynamical disorders.

The OH stretching vibration of KHCO3 is of

particular interest since quantum proton transfer

(tunnelling) is best observed for vibrations along the

reaction path. In the infrared and Raman, this mode

gives broad bands, with several sub-maxima between

1800 and 3500 cm21 [67–69]. Although various

models have been proposed for hydrogen bond

dynamics, and extensive quantum mechanical calcu-

lations have been performed [5,70], 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. 1) [71]. The tunnelling transition associated

with quantum transfer of a single proton was

estimated 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, close to the O· · ·O stretching bands [62].

The dynamical nature of the proton disorder was thus

established. If the potential were symmetrical, the

tunnelling matrix element n0t corresponding to the

splitting of the ground state would be equal to

18 cm21. The observed splitting of 216 cm21 is

largely due to the potential asymmetry.

Surprisingly, the tunnelling band is rather

sharp. The measured full width at half maximum

(FWHM) of ,10 cm21 is probably greater than

the real bandwidth. This confirms that proton

transfer is totally decoupled from heavy atom

dynamics, in line with the remainder of the

spectrum. Tunnelling transitions observed in var-

ious hydrogen bonds are quite similar [72–74].

These potentials correspond to the local transfer of

a single proton. Clearly, the opportunity to

observe tunnelling transitions with INS is an

important step forward a better understanding of

proton transfer dynamics. Further improvements of

the spectrometer resolution should allow us to

analyse tunnelling band shapes in more details.

3. Tautomerisation

A typical example of conflicting views arising

from experiments carried out with different

techniques is the tautomerisation mechanism in
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centrosymmetric cyclic dimers of carboxylic acids:

For an isolated dimer I and II are equivalent and a

symmetric double well potential is anticipated for

simultaneous transfer of the two protons. In the

crystalline state, intermolecular interaction may

destroy the potential symmetry (Fig. 2).

The benzoic acid crystal (C6H5COOH) is largely

regarded as a prototypical example of tautomerisation

[11–14,16–32,75–98]. In the crystal, dimerisation

takes place through hydrogen bonds across a centre of

symmetry. The O· · ·O distance of 2.608 Å at 20 K is

slightly longer than in KHCO3. The existence of

hydrogen atom disorder has been thoroughly investi-

gated with NMR [13,14,16–30], QENS [14,21,31,

32], vibrational spectroscopy [75–86], optical spec-

troscopy [87–94] and diffraction techniques [95–98].

Temperature effects observed for the CyO stretch-

ing and OH bending bands in the infrared spectra of

oriented crystals [75,77,78,82,86] were regarded as

first evidences for the coexistence of tautomers I and

II at thermal equilibrium. One component (at

1688 cm21) of the n CyO band whose intensity

decreases at low temperature and almost disappears at

,7 K was attributed to the less stable isomer (say II).

A much weaker component at 1710 cm21 that

survives at low temperature was supposed to corre-

spond to the most stable isomer I. The estimated

energy difference was of ,0.4 kJ mol21 or

,32 cm21. For the OH bending modes, relative

intensities are reversed. Strong bands at 1298,

Fig. 2. Schematic view of the effective potential for concerted proton transfer in benzoic acid after Ref. [18]. The dimensionless reaction

coordinate j is arbitrarily normalised.
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1328 cm21 (d OH) and 948 cm21 (g OH) were

attributed to the most stable configuration and much

weaker bands at 1334 cm21 (d OH) and 959 cm21 (g

OH) to the less stable isomer. Surprisingly, the OH

stretching band profiles were ignored as if they were

unaffected by tautomerisation. This is in marked

contrast to the rather large frequency shifts reported

for the CO stretching and OH bending modes.

Single-crystal neutron diffraction measurements

provide unquestionable evidences for proton disorder

[97,98]. The bridging protons are distributed over two

sites separated by 0.70 Å at 20 K or 0.78 Å at

175 K. Simultaneously, the O· · ·O distance increases

from 2.608 to 2.629 Å and the relative population of

the most stable form decreases from 0.87 (20 K), to

0.62 (175 K). The estimated energy difference

between the two isomers is of 0.12 ^ 0.01 kcal mol21

or 40 ^ 3 cm21.

The tautomerisation rates derived from NMR T1

relaxation [12,79–81] and QENS [14,21,31,32]

measurements range from ,108 to 1011 s21 as the

temperature increases from liquid helium to room

temperature. This is widely recognised as a case of

transition from the quantum regime at low tempera-

ture (tunnelling) to the semi-classical regime at room

temperature. These dynamics are represented with the

Hamiltonian [12–15,17–22,27,32–35]:

H ¼ Hj þ HjQ þ HQ: ð2Þ

The zero-order term Hj describes a pseudo-particle in

a double well potential along the collective dimen-

sionless coordinate j representing the simultaneous

transfer of two protons (Fig. 2). The temperature

dependence of the transfer rate is represented with

coupling to a heat bath HQ via HjQ. In the phonon-

assisted tunnelling model the coupling is normally

limited to the bilinear term (ajQ ) and the bath is

represented with a set of harmonic oscillators [18].

In the usual representation of the tautomerism

process not only the protons migrate simultaneously,

as a rigid entity preserving the centre of symmetry, but

also the skeleton is rearranged, as the electrons follow

adiabatically the protons. Consequently, j is not

simple. Potential surfaces calculated with quantum

chemistry methods [9,12,15,27,30,32,33,41,43] and

sophisticated analytical tools have been proposed to

treat isolated non-rigid molecules [34–40,42]. How-

ever, calculations performed on isolated dimer entities

are not appropriate for HjQ and HjQ. Moreover, it is

difficult to model complex reaction paths in the

crystalline state as long as combining advanced

techniques of quantum chemistry with sophisticated

analytical tools is not yet at the stage of being applied

at the level of accuracy corresponding to vibrational

spectroscopy.

For the practical purpose of data analysis the

coordinate j is usually normalised in such a way that

minima occur at arbitrarily chosen values (j ¼ ^1;
Fig. 2) and contributions from all atoms are included

in the effective mass as a ‘mobility factor’. Estimated

values of the mobility factor for benzoic acid between

,14 and 80 cm21 [17,21,27] correspond to effective

masses in the range from ,1 to 5 amu. With these

approximations the detailed contribution of atom

displacements to j is partially lost and it is not

possible to distinguish reaction paths with the same

effective mass. However, the Hamiltonian is simpler

and the tautomerisation rate can be estimated

analytically [18]:

t21 ¼
3p

2"
a2DU

n0t

nD

� �2

cothðDU=2kTÞ

þ t21
0 {expð2Ea=kTÞ

þexp½2ðEa 2 DUÞ=kT�}:

ð3Þ

At low temperature the quantum mechanism with

negligible activation energy, referred to as ‘incoherent

tunnelling’, determines the tautomerisation rate. The

tunnelling matrix element n0t, the Debye frequency nD

and the coupling strength a do not correspond to any

observable quantities for NMR and QENS techniques.

They have to be adjusted or, eventually, they can be

transferred from other experimental or theoretical

works [18]. The ‘coth’ term accounts for one-phonon

emission/absorption due to coupling with the thermal

bath. The second term in Eq. (3) represents the

Arrhenius law for thermally activated barrier cross-

ing. Eq. (3) has proven to be useful to interpret NMR

and QENS data [11–15,17,19–33,99,100]. For ben-

zoic acid, the estimated energy difference between I

and II is DU ¼ ð58 ^ 1Þ cm21 [31] and the activation

energy ranges from 400 to 500 cm21 (1.2–1.5 kcal/

mol) [12,21,30,32]. However, this equation does not

fit well to the intermediate temperature range from

liquid helium to room temperature and the best data
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analysis with an increased number of adjustable

parameters suggests three different dynamical

regimes [31]. Qualitative explanation based on further

tunnelling in excited vibrational states [29] and

multiphonon relaxation [101] has been proposed.

Quite recently, the concept of smooth transition

between quantum mechanical and classical dynamics

has been revisited [102].

4. Outstanding problems

Vibrational spectroscopy gives clear evidences that

single proton transfer is a coherent quantum process

along the quasi-linear stretching coordinate. The

proton is virtually uncoupled to phonons and its

effective oscillator mass is 1 amu. However, it is not

yet demonstrated that these quantum dynamics can

account for the interconversion rate up to room

temperature on the much longer time-scales relevant

to NMR and QENS.

The phonon-assisted tunnelling mechanism, even-

tually including additional terms that were ignored in

the original theory, is successful to account for the

tautomerisation rate at various temperatures. How-

ever, the resulting potential function is not appropriate

for the quantum regime and largely inconsistent with

vibrational spectroscopy. The conflicting views may

arise from imperfection in modelling due to the lack

of relevant information. In order to bridge the gap

between dynamical models, it is necessary to collect

information with all experimental techniques.

The benzoic acid crystal is the best candidate for

this purpose. It has been thoroughly investigated with

many techniques of interest for proton transfer

studies, except temperature effects with Raman.

However, the previous interpretation of the infrared

spectra in terms of thermal equilibrium between two

isomers [77,78] is not satisfactory. For example,

diffraction measurements or quantum chemistry

calculation [86] reveal that the two isomers are

identical and cannot be distinguished. Therefore, to

attribute the CyO stretching modes at 1688 and

1710 cm21 to different isomers with different absorp-

tion coefficients [77,78,82,86] is questionable. Fur-

thermore, a detailed analysis of the spectral profiles of

the broad n OH bands between 2500 and 3000 cm21,

analogous to those previously performed for KHCO3

and KDCO3 [71], should provide information on the

potential function for single proton transfer. So far

these bands were totally ignored [77]. Therefore, we

have undertaken systematic studies of the infrared and

Raman spectra of various isotopic derivatives of the

benzoic acid crystal. In this report, the double

minimum potential function for proton transfer is

totally determined from experimental data.

5. Experimental

The fully hydrogenated (BA-h6) and ring deuter-

ated (BA-d5h ) benzoic acids were commercial

products. They were sublimated. The OD derivative

BA-h5d was obtained after three exchanges with

commercial methanol CH3OD.

5.1. Crystal structure and symmetry

At room temperature, the benzoic acid crystal is

monoclinic, P21=c ðC5
2hÞ with four molecules in the

unit cell [95–98]. There are 177 vibrational modes

that can be decomposed into 156 internal and 21

external vibrations. In the present work, the benzene

vibrations are largely ignored, in as much as they do

not interfere with the bridging protons. [76]. The

external modes can be represented as 12 hydrogen

bond vibrations ð3Ag þ 3Bu þ 3Au þ 3BgÞ; six Raman

active lattice vibrations corresponding to librations of

dimers around the three axes of inertia ð3Ag þ 3BgÞ

and three infrared active translational vibrations of

one dimer with respect to the other ð2Au þ BuÞ: In the

(a,b ) plane, the Au or Bu modes are extinguished for

electrical field vectors parallel to the a or b crystal

axes, respectively [85].

5.2. Spectra

Infrared spectra were recorded with a FTIR Perkin

Elmerw 983 with a mean resolution of ,2 cm21.

Powdered samples in Nujolw or Fluorolubew mulls

between KBr plates were loaded into a closed cycle

refrigerator. It is difficult to estimate the effective

temperature of the sample from that measured with a

thermometer on the plates. Fortunately, the intensity

at a maximum of the very sharp band at 1787 cm21

(BA-h6) is very sensitive to temperature (see below)
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and visual comparison with the spectra presented in

Ref. [77] confirms that effective temperatures of the

samples were similar in all experiments. Spectra are

free of saturation effects.

The Raman spectra were obtained with an RTI-

DILORw triple monochromators equipped with an

Arþ laser. Powdered samples were sealed in capillary

glass tubes and then loaded into a liquid helium

cryostat. The temperature was measured with a

thermometer just above the sample.

The INS spectrum of BA-d5h is the same as that

presented in Refs. [103,104]. The original file

(TRSL3033.ana) was downloaded from the TFXA

database at the ISIS pulsed neutron source (Ruther-

ford Appleton Laboratory, Chilton, Didcot, Oxon,

UK).

5.3. Calculations

Energy levels and wave functions were calculated

with the variational method [105–108] utilising a

basis sets of 40 harmonic wave functions with

fundamental frequency "v0: For each potential

function, the parameter v0 is optimised so as to

obtain the lowest energy for the ground state. The

transition moment of order n for transition i ! j is

calculated according to Mn
ij ¼

Ð
Cix

nCj dx:

6. The OH and OD stretching modes

A full analysis of the vibrational spectra of benzoic

acid and partially deuterated analogues is beyond the

scope of this paper. The discussion is focussed on the

OH/OD stretching band profiles in the infrared.

The n OH and n OD bands are very weak in

Raman. They are largely hidden by the extremely

intense n CH or n CD bands at ,3000 and

2300 cm21, respectively, and cannot be distinguished

from overtones and combinations in the same spectral

range. These bands are not discussed any further.

In the infrared, the n OH and n OD profiles are

complex (Figs. 3 and 4). The n OH mean frequency is

little affected by ring deuteration and temperature

effects below ,150 K.

The doublets at 1787–1906 cm21 for BA-h6

(1788–1902 cm21 for BA-d5h ) show spectacular

temperature effects. The components are ill defined

at room temperature. They become sharp and intense

at low temperature without any significant frequency

shift. Frequencies are close to those anticipated for the

n OH or n CH overtones but the corresponding

intensities should be very weak and temperature

effects are not those anticipated for Fermi resonance

with the main n OH band. These sharp doublets are

attributed to ‘zero-phonon’ transitions (see below)

[109–112], analogous to those observed for KHCO3

[71].

Several band shaping mechanisms associated to

hydrogen bond formation contribute to the spectral

profiles [109–126]: mechanical and electrical anhar-

monicity, strong coupling with hydrogen bond modes,

Fig. 3. Infrared spectrum of the fully hydrogenated benzoic acid at

16 K in the OH stretching region. Powdered sample. Tentative self-

consistent decomposition into two components.

Fig. 4. Infrared spectra of an isotope mixture of the fully

hydrogenated benzoic acid (,5%) and OD (BA-h5d , 95%)

analogue at 15 K. Powdered sample.
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Fermi resonance, interaction of the broad n OH profile

with sharp overtones or combinations of skeleton

modes (Evans transmission windows [127]), dynami-

cal correlation (Davydov coupling), tunnel splitting,

etc. It is not easy to unravel these contributions.

Davydov coupling can be eliminated safely

because dynamical correlation between OH oscil-

lators are cancelled in an isotopic mixture containing

,95% BA-h5d and ,5% BA-h6 (Fig. 4). The sample

contains ,90% of fully deuterated dimers, less than

1% of totally hydrogenated dimers and ,9% of

mixed dimers. The residual n OH profile is thus

largely due to mixed dimers free of H· · ·H dynamical

coupling. Apart from intensity, the n OH profile is

very similar to that observed for the fully hydrogen-

ated crystal. The main maxima of intensity at 2570

and 2840 cm21 remain at the same frequency.

Therefore, Davydov coupling between protons is

negligible. This is in marked contrast to the large

intradimer coupling of the n CyO modes.

The n OD profile is composed of two well-resolved

components at 2050 and 2205 cm21. Temperature

effects on intensities and frequencies are tiny. The full

widths at half maximum (FWHM) are 44 and

58 cm21, respectively, and the intensity ratio

I2050=I2205 is of ,1.4 ^ 0.1. This ratio is not

compatible with a Fermi resonance between the

overtone of the n OD mode at ,1000 cm21 and the

n OD mode. (The intensity of the overtone should be

weaker than or similar to that of the fundamental).

As dynamical coupling is eliminated it is possible

to correlate the n OH profile with the n OD bands. For

BA-h6 at 16 K the maxima of intensity at 2570 and

2840 cm21 can be regarded as the analogues of the n

OD bands at 2050 and 2205 cm21, respectively. Then,

the n OH profile can be decomposed into two virtually

identical broad components with an intensity ratio

I2560=I2820 , 2:0 ^ 0:1: The splitting is ,270 cm21

and the FWHM of each component is ,250 cm21. In

addition, to each component we associate one of the

sharp bands at 1786 and 1906 cm21, respectively. The

two profiles are very similar but the splitting is not

rigorously a constant over the whole spectral range. It

increases from ,120 cm21 below 2000 cm21 to

,270 cm21 at ,3000 cm21. The frequency ratio n

OH/n OD for the main components

(2570/2050 , 1.25 and 2840/2205 , 1.29) and the

spectacular narrowing of the profiles upon deuteration

confirm strong anharmonicity. Similar band

decomposition was performed for BA-d5h.

The decomposition of the n OH bands into two

similar broad profiles cannot be explained with

conventional Fermi resonance. For example, Fermi

resonance with overtones of the d OH containing

modes between 1250 and 1350 cm21 should occur in

a limited spectral range, roughly between 2500 and

2700 cm21. Such a local effect cannot account for the

band splitting extending itself from 1700 to

3000 cm21.

The profile for each component is similar to those

previously reported for various hydrogen bonds with

O· · ·O distances of ,2.6 Å [62,71,111,112]. The

shape arises from strong anharmonic coupling with

the O· · ·O modes due to the fast decrease of the n OH

frequency with the length of the hydrogen bond [109,

110,112,114,116,117,123–125]. Within the frame-

work of adiabatic separation of the fast n OH and slow

n O· · ·O modes the upper adiabatic potential for the n

O· · ·O mode ViðDRÞ can be represented as a Morse-

like potential whose minimum is shifted toward short

Fig. 5. Schematic representation of the adiabatic potentials for the

slow n O· · ·O mode (DR coordinate) in the states n ¼ 2 (solid) and

n ¼ 3 (dash) of the n OH mode. The broad profiles are determined

by the density probability C2
0ðDRÞ in the ground state. The sharp

zero-phonon bands are transitions to the stationary ground states in

the upper potentials. The profiles obtained for the zero-order dipole

derivative dm=dR ¼ 0 are shown. The dot dash curve is a tentative

representation of an adiabatic potential for a phonon.
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O· · ·O distances with respect to the equilibrium

position in the ground state (Fig. 5) [109,118,128].

Owing to the huge coupling the excited state is largely

aperiodic and the dynamics can be treated within the

short-time approximation [118]. The spectral density

I(n ) at n ¼ ViðDRÞ is proportional to the probability

density for the slow coordinate DR and to the

derivative of the dipole moment: I½n ¼ ViðDRÞ� /

C2
0ðDRÞdm=dDR [118]. The narrow peaks at low

frequency (between 1750 and 2000 cm21) are zero-

phonon transitions from the ground state to the lowest

state of the upper potential. This state can have rather

long lifetime at low temperature because near the

minimum of the upper potential dn=dDR , 0 and the

strong coupling is cancelled. As opposed to n OH,

the n OD frequency decreases much less rapidly with

the length of the hydrogen bond [117]. The anhar-

monic coupling is weaker and the n OD bands are

narrower.

In principle, the shapes of the upper potentials can

be adjusted in order to obtain the best fit to the spectral

profile [111,112]. However, it is difficult to account

for the fine structure superimposed to the broad

profiles. Additional coupling with other modes must

be included. Apart from the n O· · ·O, phonon modes

are only weakly coupled to n OH. The adiabatic

potentials along the DR coordinate for combinations

of these modes with the n OH transition should be

identical to the Morse-like function for the n OH

mode itself. They should give a manifold of broad

profiles, practically indistinguishable. As opposed to

that the observed fine structure demonstrates that

adiabatic potentials for phonons have also well-

defined minima along DR, presumably shifted with

respect to the equilibrium position in the ground state

(one of these adiabatic curves is artistically rep-

resented as a dot dash curve in Fig. 5). The observed

spectral profiles are likely due to a manifold of

interaction and possibly avoided crossing among all

these adiabatic potentials.

Regarding the large number of unknown par-

ameters, a more quantitative analysis in terms of

multidimensional coupling with lattice modes [114,

116,121–126] is beyond the scope of this paper. The

conclusion of importance to the remainder of this

work is that the main splitting of the n OH and n OD

bands can be attributed to proton tunnelling in a

double minimum potential (see Section 7). Fermi

resonance, combination and dynamical correlation are

only marginal band shaping mechanisms.

7. Proton transfer dynamics

In this section, the two components of the n OH

and n OD bands are attributed to the 0 ! 2 and 0 ! 3

transitions within asymmetrical double minimum

potentials similar to those previously proposed for

KHCO3 and KDCO3 [71]. This assignment scheme

deserves consideration as alternative band shaping

mechanisms (dynamical correlation, Fermi resonance,

etc. discussed above) have been eliminated. The

potential function for the proton-stretching mode can

be written as:

VðxÞ ¼ ax þ bx2 þ c expð2dx2Þ: ð4Þ

The coordinate x represents the H or D position along

the O· · ·O bond. The contribution of the CyO

coordinates to the effective coordinate for proton

transfer is ignored and the effective oscillator mass is

that of a bare H or D atom. The parameters a, b, c and

d can be determined from experimental values: n02

and n03 for the 0 ! 2 and 0 ! 3 transitions, the

distance between the two minima R and the intensity

ratio I03=I02:
Unfortunately, some ambiguities cannot be

avoided. First, n02 and n03 depend on which part of

the n OH profile is considered. For BA-h6,

n02 ¼ 2570 cm21and n03 ¼ 2840 cm21 correspond

to a maximum of probability. Second, the intensity

ratio depends on the unknown electrical anharmoni-

city. Third, the distance between the two proton sites

of ,0.70 Å, derived from diffraction data at 20 K [97,

98] corresponds to the distance between maxima of

the probability density. This is a good approximation

to the distance between the potential minima only if x

is parallel to the O· · ·O direction. Otherwise, if the

reaction path were significantly bent, the effective

distance between potential minima along the curvi-

linear coordinate could be longer.

The observation of the n01 transition is a necessary

confirmation of the double minimum potential. This

transition is anticipated in a frequency range below

n03 2 n02 ¼ 270 cm21 and most probably around

200 cm21 [71]. The intensity should be extremely
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weak in the infrared or Raman and the band should be

difficult to distinguish among other contributions in

the same frequency range. The INS spectrum of BA-

d5h offers the best opportunity to observe this

transition because the scattering cross-section for H

atoms is very much greater than for D, C or O atoms

and this technique has great sensitivity to proton

displacements with large amplitudes.

In the original work [104], only two INS bands at

172 and 189 cm21 were distinguished in the range

from 130 to 250 cm21. However, the INS profile

between 150 and 210 cm21 is better decomposed into

three bands at 172, 178 and 188 cm21 (Fig. 6). The

weak band at 178 cm21 is the antisymmetric ta COO

mode observed in the infrared ðAu þ BuÞ [85]. The

band at 188 cm21 is the symmetric ts COO mode

observed at 189 cm21 in Raman ðAg þ BgÞ: This

assignment scheme is in accordance with the observed

intensities, as the mean square amplitudes for proton

displacements and the INS intensities are much

smaller for the antisymmetric than for the symmetric

modes. The band at 172 cm21 previously attributed to

the ta COO mode is re-attributed to n01: This band has

no visible counterpart in the infrared or Raman. It is

rather narrow (FWHM , 10 cm21) and cannot be

confused with the broad density of states for the lattice

modes below 150 cm21. To assign this band to the ta

COO mode [104] would be in conflict with the

infrared, INS and Raman spectra. Unfortunately, ab

initio calculations are not very helpful as they give a

rather broad frequency range from ,140 to 187 cm21

for the t COO modes [104].

The potential function presented in Fig. 7 gives the

best fits to the observed transitions. The calculated

intensity ratio for the first order term of the transition

moment ðI2560=I2820 ¼ 2:8Þ is compatible with the

observed ratio of ,2 and modest electrical anharmo-

nicity. Frequencies calculated for the OD stretching

with the same potentials correspond to the bands

observed at 2050 and 2205 cm21 (Fig. 4) to within

,4% accuracy. However, the calculated intensity

ratio Ið2050=I2205 , 500Þ is quite different from the

observed ratio of ,1.5. It would be unreasonable to

attribute such a great difference to a dramatic change

of the dipole moment derivative upon deuteration.

Presumably, there is a significant decrease of the

potential barrier in the deuterated sample, as pre-

viously reported for KDCO3, compared to KHCO3

[71].

The INS intensity of the 0 ! 1 transition depends

strongly on the delocalisation degree of the wave

functions, which can be estimated by numerical

integration. About 2% of the wave function is

delocalised and the observed INS intensity for the

0 ! 1 transition is depressed by a factor e2 ,
3 £ 1024; compared to the symmetrical double

minimum potential. Nevertheless, owing to the great

sensitivity of INS and to the high performances of the

spectrometer this band is observed with reasonable

signal to noise ratio (Fig. 6).

The narrow 0 ! 1 transition is in marked contrast

to the broad n OH profiles for the 0 ! 2 and 0 ! 3

transitions whose widths are related to the fast

variation of the frequencies n02 and n03 with the

O· · ·O distance (,12,000 cm21Å21 [117]). In

comparison to that the variation of n01 with the

O· · ·O distance is determined by the potential

asymmetry ð½dV=dx�x¼0 ¼ 265 cm21 �A21Þ and the

band broadening due to this coupling is negligible.

The distance of 0.7 Å between the two minima of

the potential presented in Fig. 7 is very similar to the

distance between the two proton sites given by

neutron diffraction [97,98]. Therefore, the reaction

path for proton transfer is along the straight line

between the two sites. If the effective mass for proton

transfer was significantly greater than 1 amu, the

Fig. 6. Inelastic neutron scattering spectrum of the ring deuterated

derivative BA-d5h at 20 K [103,104]. Experimental (error bars),

band decomposition into three Gaussian components (dash line) and

best fit (solid line).
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distance between the minima of the potential

accounting for the same energy levels should be

even smaller. It can be firmly concluded that the

effective mass is 1 amu within experimental errors

and coupling with heavy atoms is negligible.

As mentioned above, the infrared spectra do not

allow us to define uniquely n02 and n03: Different

values would give slightly different values for the

barrier height. However, within the two state model

approximation [18] this would be of very little

consequences for the lower states and the for proton

dynamics at any temperature.

The great similarity of the potential functions for

the n OH modes in KHCO3 and benzoic acid suggests

that the potential is specific to the strength of the

OH· · ·O hydrogen bond with only marginal pertur-

bation by hydrogen-bonded entities (CO22
3 ions or

molecular entities in benzoic acid) and crystal field.

This is in line with the correlation between the OH

stretching frequency and the O· · ·O distance [117].

8. Interconversion dynamics

The potential function for the n OH mode derived

from the infrared spectra is the effective potential

resulting from averaging the multidimensional poten-

tial, as a function of all degrees of freedom for the

system, over the range of the hyper surface spanned

by the other degrees of freedom. In quantum

mechanics, the potential function is an operator for

which only eigen states are relevant whereas trajec-

tories are undefined. The effective potential operator

that determines the spectral profile corresponds to a

minimum of the total energy of the system with

respect to all degrees of freedom except the stretching

coordinate. This is the quantum analogue to the

classical reaction path for proton transfer that is a

geodesic of the hyper surface. The effective potential

operator depends on the zero-point energy of the

whole system. A change of the potential barrier upon

deuteration is a consequence of the restricted domain

spanned by the other degrees of freedom compared to

the hydrogenated analogue. The effective potential for

the deuterated system is closer to the potential

function along the geodesic corresponding to the

classical trajectory. Indeed, for an infinite mass the

classical and quantum mechanical dynamics should

be identical.

From the viewpoint of chemistry, the lowest

potential minimum in Fig. 7 corresponds to I and

the other minimum corresponds to isomers III or III0

in which one of the protons is transferred along the

hydrogen bond.

Fig. 7. Potential function (left) and wave functions (right) for the proton-stretching mode of benzoic acid. VðxÞ ¼ 266x þ 286; 000x2 þ

171; 480 expð22:165x2Þ: V and x are in cm21 and Å units, respectively. The particle mass is 1 amu.
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For each state (n ¼ 0 or 1) the probabilities PnðIÞ;
PnðIIIÞ and PnðIII0Þ are defined as the squared wave

functions integrated over the corresponding domains.

For example, P0ðIÞ ¼
Ð

I dxC2
0ðxÞ , 1 and P0ðIIIÞ ¼

P0ðIII0Þ ¼
Ð

III dxC2
0ðxÞ ¼ e2: Therefore, the states

n ¼ 0 and 1 are virtually, but not exactly, pure species

I0 and III1 (III01), respectively. In the upper states ðn ¼

2; 3;…Þ the wave functions are largely delocalised and

isomers are no longer distinguishable.

The spectra at low temperature correspond to I0. At

room temperature the relative populations of the n ¼

0 and 1 states are similar and isomers III1 and III01
should be visible. As there is no significant effect in

the COO stretching region, it can be concluded that

proton transfer occurs without significant structural

change of the COO groups. The double minimum

function is the effective potential due to the mean

crystal field for a mean geometry of the carboxylic

groups. This is quite different from the tautomerism

mechanism in which electrons are supposed to follow

adiabatically the motions of protons [80]. At the

present stage of investigation, there is apparently no

consistency between the potential functions presented

in Figs. 2 and 7. Isomers III1 and III01 do not

correspond to the intermediate structure at the saddle

point in Fig. 2. To the least, the barrier of ,500 cm21

is certainly unrealistic for proton transfer as it is much

lower than the zero-point energy of the proton modes.

In the quantum regime, this barrier is irrelevant.

9. Conclusion

The vibrational spectra obtained with complemen-

tary techniques (infrared, Raman and INS) reveal new

dynamics for protons engaged in hydrogen bonds in

crystals.

In KHCO3 the proton dynamics are largely

decoupled from the lattice. At the present stage of

investigation, the physical origin of this decoupling is

not clear. Among many possible factors, anharmoni-

city, crystal field symmetry and quantum effects

should play an important role.

The double minimum potentials for the transfer of

a single proton along the hydrogen bond are very

similar for KHCO3 and benzoic acid. The 0 ! 1

transitions are clearly observed with INS. The

potential barriers of ,5000 cm21 impose that the

transfer occurs exclusively via tunnelling and semi-

classical jumps over the barrier are irrelevant. The

proton transfer dynamics in the centrosymmetric

dimers are uncorrelated. Proton transfer occurs with-

out any visible rearrangement of the carboxylic group

structure and the effective proton mass is close to

1 amu. The adiabatic approximation where electrons

follow the slow proton motions is not adequate.

Further experimental and theoretical investigation

should contribute to a more consistent representation

of the interconversion dynamics in various systems.
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