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We compare results from single crystal X-ray diﬀraction and FTIR spectroscopy to elucidate the
nature of hydrogen bonding in b-9-anthracene carboxylic acid (b-9AC, C15H10O2).
The crystallographic studies indicate a disorder for the protons in the cyclic hydrogen bond.
This disorder allows the determination of the energy diﬀerence between two proton sites along the
hydrogen bond. The temperature dependent Fourier transform infrared spectroscopy (FTIR)
underpins the crystallographic results. The combination of both methods allows the estimation of
a one-dimensional potential curve describing the OH-stretching motion. The dynamical properties
of the proton transfer along the hydrogen bond are extracted from this potential. The work
presented here has profound implication on future studies of photochemical dynamics of
crystalline b-9AC, which can deliver a deeper understanding of the mechanism of photochemical
driven molecular machines and the optical and electronic properties of molecular organic
semiconductors.

Introduction
1

Since the pioneering work of Latimer and Rodebush in 1920
the concept of hydrogen bonding has played an important role
in many biological and chemical systems.2–8 Hydrogen bonds
have a signiﬁcant inﬂuence on the thermodynamic, electrical
and optical properties of matter. They are some of the major
building blocks in living nature. In amino acids the proton
transfer is essential for the isomerization from neutral amino
acid to their zwitterionic form. Calculations based on the
reaction force framework show that bridging water molecules
stabilize the zwitterionic form of amino acid and increases the
reaction barriers.8 In DNA formation of hydrogen bonds is a
major structural property and the double proton transfer plays a
crucial role as a potential precursor for spontaneous mutation.7
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Cyclic carboxylic acid dimers are some of the most investigated
hydrogen bond architectures, which are ideal systems to study a
double proton transfer in detail. In the case of an isolated
centrosymmetric system, it can be described by a symmetric
double-well potential (see Fig. 1). In a crystal lattice, the crystal
ﬁeld caused by the neighboring molecules breaks the symmetry.
This leads to the fact that in a crystal lattice such a centrosymmetric system is described by an asymmetric double-well
potential.6,9–12 The major parameters describing this asymmetric
potential are the activation energy EA and the energy diﬀerence
DG (see Fig. 1). Potassium bicarbonate (KHCO3) and benzoic
acid (C6H5COOH) are well-established model systems for
such hydrogen bonded dimers in the solid state. These systems
are studied with various experimental techniques like solid-state
NMR,11,12 vibrational spectroscopy,9,10 X-ray diﬀraction,13 optical
spectroscopy11,14 and quasi elastic neutron scattering (QENS).6,15
Especially with vibrational spectroscopy it is possible to
investigate the quantum dynamics of the proton transfer along
such a hydrogen bond. In the reaction path model the proton
transfer is represented as a chemical equilibrium between
uncorrelated tautomers.16 The proton is treated as a dimensionless
particle in this semiclassical picture. The reorganization of
single-bond and double-bond structure during the proton
transfer deﬁnes a multi-dimensional reaction coordinate. This
multi-dimensional reaction coordinate is represented by z in
Fig. 1. For the description of QENS and solid state NMR
experiments a phonon assisted model was introduced.11 In this
model, the proton transfer is monitored by displacements of the
heavy atoms coupled to the thermal bath. At low temperature
Phys. Chem. Chem. Phys., 2012, 14, 10187–10195
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Fig. 2 ORTEP-plot of the 9AC molecule showing the atomic numbering
and 50% probability ellipsoids at 180 K.
Fig. 1 Schematic potential for the cyclic hydrogen bonded carboxylic
acid dimer. The dashed line represents the symmetric potential for
an isolated carboxylic acid dimer and the solid line shows the
potential for the carboxylic acid dimer in the solid state, having an
asymmetry caused by the crystal ﬁeld. The scheme has been adapted
from Fillaux et al.9

the rate for proton transfer is coupled by incoherent tunneling
and at higher temperature by a classical Arrhenius over the
barrier process, which is mentioned in Fig. 1. Nonetheless
neutron diﬀraction experiments did not observe for KHCO3
and benzoic acid a destruction of a long range space coherence
of protons and dimers caused by a stochastic disorder.16–19
Based on spectroscopic results a quantum mechanism for the
proton transfer based on coherent tunneling of pseudoprotons was
developed.9,10,20 This mechanism is based on a quasi-symmetric
potential describing the OH-stretching motion, which should not
be confused with the schematic potential in Fig. 1. This coherent
tunneling model shows similar description for the rate of proton
transfer reaction based on the parameter of quasi-symmetric
potential.9
The aim of the present investigation is a further step towards
understanding the nature of the ground state potential of
crystalline b-9-anthracenecarboxylic acid (b-9AC, C15H10O2)
(Fig. 2). 9AC has interesting photochemical properties which
can be inﬂuenced by the hydrogen bonding. So b-9AC undergoes a
photodimerization which leads selectively to the thermally unstable
head–head product.21 This behavior suggests a topochemical
reaction. Crystals of b-9AC have been shown to perform
thermally reversible photomechanical motions.22–24 Nonetheless
we could show that no single-crystal to single-crystal transformation
occurs and photochemical kinetics is characterized by an
autoinhibition caused by increase of disorder. We predicted
by DFT calculations three diﬀerent conformers of the photoproduct from the photodimerization of b-9AC.25 These conformers
diﬀer only in the dihedral angle of the carboxylic acid groups and
their formation can be explained by a proton transfer coupled with
photodimerization of b-9AC. With a deeper understanding of the
mechanism of the proton transfer and the structure of potential
surface, it will be possible to draw a better picture of the complex
10188
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photochemistry of this system. For the investigation of hydrogen
bonding properties of b-9AC we use temperature dependent
crystallographic methods, which will be compared with the
results from vibrational spectroscopy. Our experimental results
are interpreted by use of the well devolved models for benzoic
acid and KHCO3.

Experimental section and data evaluation
9AC (Sigma-Aldrich) was puriﬁed by sublimation in a vacuum.
The FTIR spectra were recorded with a Bruker IFD 25 FTIR
spectrometer. The samples for the FTIR measurements consist
of powdered b-9AC dispersed in KBr-pellets. They were placed
in a cryostat (Oxford Instruments, Mikrostat HE) and cooled
with liquid Helium down to 15 K.
The crystallographic experiments were carried out at
the beamlines D3 and F1 at the DORIS storage ring at
HASYLAB/DESY. Details about the experimental setup can
be found elsewhere.25,26 b-9AC single crystals suitable for
X-ray diﬀraction were obtained by recrystallization from
toluene. The X-ray diﬀraction data were collected at diﬀerent
temperatures from 270 K down to 50 K using a two-dimensional
detector (MarCCD 165) at a wavelength of 0.6 Å. The single
diﬀraction data were indexed and integrated with the program
package XDS.27 The crystal structures were solved and reﬁned
with the SHELXTL program package.28

Computational details
The density functional theory (DFT) calculations of the hydrogen
bonded dimer of b-9AC have been performed by applying the
computer program Gaussian09.29 For our study the B3PW93
DFT approach was employed with the 6-311G(d,p) basis set for
geometry optimization and frequency calculation. The B3PW93
functional was chosen because this functional recovers most of
the dispersion energy.30,31 This makes this functional a good
choice for deriving intermolecular interaction energies. The
DFT calculations have been performed in order to rationalize
the experimental ﬁndings in the IR spectra. The energy levels
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and the wave functions for OH stretching motion were calculated
by applying the variational method9 using a linear combination of
40 harmonic wave functions with the fundamental frequency o0.
For these parameters the harmonic frequency of OH stretching
motion, based on the DFT calculations, was used.

Results and discussion
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Temperature dependent structural investigation by X-ray
diﬀraction
According to the crystallographic results there is no structural
phase transition present in the temperature regime from room
temperature down to 50 K. b-9AC can actually exist in two
diﬀerent polymorphs,24 a triclinic and a monoclinic polymorph.
We obtained only crystals with the monoclinic space group P21/n
with four molecules in the unit cell. The crystal data and
reﬁnement parameters for the diﬀerent temperature are presented
in Table 1. A look at thermal evolution of the unit cell
parameters shows a signiﬁcant change in the b angle. This
angle drops at lower temperature, almost reaches 901 at 155 K
and increases again. The reason for the increase towards 50 K,
however, is the deﬁnition for a proper monoclinic cell (b > 901)
which inverts the direction of the a-axis. In the case of a
constant unit cell orientation over the whole temperature range
and allowing for a non-standard monoclinic cell the b angle
would drop from 90.47(3)1 at 270 K to 89.532(3)1 (1801  b) at
75 K. The twin law was applied for the structure at 155 K and
no sign for twinning was found. Hence no other evidence for a
structural phase transition in the observed temperature range
could be observed. In Fig. 3, a view down the crystallographic
a-axis of the crystal structure of b-9AC is shown. Two 9AC
molecules form a centrosymmetric cyclic hydrogen bonded
dimer. The red ellipse highlights the carboxylic acid dimer.
Table 1

Fig. 3 Crystal structure of b-9AC viewed down the a-axis showing
centrosymmetric hydrogen-bonded dimers along the c-axis. The red
ellipse highlights the cyclic hydrogen bond dimer.

The intermolecular distance between the oxygen atoms in this
dimer is 2.636(1) Å at 50 K, which is reasonable for a carboxylic
acid dimer. The distance between the oxygen atoms is 0.019 Å

Crystal data and reﬁnement parameters of 9AC for diﬀerent temperatures

T/K

50

75

100

135

140

150

155

180

a/Å
b/Å
c/Å
b/degrees
V/Å3
Z
Space group
Measured reﬂections
Unique reﬂections
R1/%
wR1/%
GooF

3.8100(8)
9.2900(19)
28.770(6)
90.51(3)
1018.3(4)
4
P21/n
2979
2498
6.36
20.52
1.105

3.812(8)
9.289(19)
28.754(6)
90.468(3)
1018.14
4
P21/n
2178
1823
4.24
11.57
1.097

3.835(8)
9.333(19)
28.895(6)
90.230(3)
1034.2
4
P21/n
6795
5031
5.15
15.53
1.024

3.834(8)
9.298(19)
28.774(6)
90.153(3)
1025.75
4
P21/n
2301
1842
5.83
11.22
1.023

3.842(8)
9.335(19)
28.907(6)
90.140(3)
1036.7
4
P21/n
6668
4838
5.26
14.97
1.075

3.841(8)
9.303(19)
28.797(6)
90.250(3)
1029.0
4
P21/n
2325
1954
5.37
11.28
1.059

3.840(8)
9.310(19)
28.840(6)
90.030(3)
1031.0
4
P21/n
2746
2181
4.24
10.88
1.051

3.855(8)
9.338(19)
28.925(6)
90.100(3)
1041.2
4
P21/n
6698
4507
5.15
14.78
1.073

T/K

205

230

230

250

255

260

270

a/Å
b/Å
c/Å
b/degrees
V/Å3
Z
Space group
Measured reﬂections
Unique reﬂections
R1/%
wR1/%
GooF

3.8600(8)
9.3200(19)
28.890(6)
90.27(3)
1039.3(4)
4
P21/n
3660
2679
4.82
12.69
1.052

3.8540(8)
9.3170(19)
28.851(6)
90.26(3)
1036.0(4)
4
P21/n
2350
1740
4.3
9.66
1.053

3.8730(8)
9.3470(19)
28.975(6)
90.37(3)
1048.9(4)
4
P21/n
6761
4315
5.13
15.06
1.048

3.8590(8)
9.3210(19)
28.860(6)
90.35(3)
1038.1(4)
4
P21/n
2348
1632
4.61
9.87
1.014

3.8700(8)
9.3300(19)
28.930(6)
90.55(3)
1044.5(4)
4
P21/n
3684
2470
4.83
12.3
1.020

3.8790(8)
9.3410(19)
28.998(6)
90.53(3)
1050.7(4)
4
P21/n
6779
3803
5.63
16.88
1.027

3.8670(8)
9.3240(19)
28.882(6)
90.47(3)
1041.3(4)
4
P21/n
2366
1667
5.07
10.91
1.038
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X-ray scattering factor. With low temperature and high-resolution
data it is possible to determine isotropic displacement parameters
for hydrogen atoms. Anisotropic displacement parameters (ADPs)
for hydrogen atoms can be estimated utilizing the SHADE web
server.32,33 We used the SHADE web server to estimate ADPs for
the hydrogen atoms in the low temperature structures. Fig. 5
shows a packing diagram of 9AC at 50 K. In this packing short
C–H  O intermolecular hydrogen bonds of B2.6 Å are visible.
Similar C–H  O intermolecular contacts are also reported for
benzoic acid.18
In the temperature dependent crystal structure a signiﬁcant
change in the bond length in the carboxylic acid group is
visible. The nominally single (C–O) bond lengthens with
decreasing temperature, while the double bond (CQO) is reduced
with decreasing temperature (see Fig. 6). The temperature
dependence of the bond lengths can be described as follows:
r(C–O) E (0.5 + r(T))rCO + (0.5  r(T))rsingle
r(CQO) E (0.5 + r(T))rCO + (0.5  r(T))rdouble (1)
Here r is the fractional occupation number of the thermodynamically unfavorable tautomer, rCO is the bond length for
a completely delocalized proton and rsingle and rdouble are the
bond length of the single and the double bond, respectively, for
the case of a completely localized proton. Fillaux introduced a

Fig. 4 Diﬀerence electron density map showing the possible hydrogen
site in the hydrogen bonding network (each level 0.05 e Å3, from
0.25 e Å3 to 0.9 e Å3).

longer than in benzoic acid.18,19 This diﬀerence shows that the
hydrogen bond in b-9AC is slightly weaker than in benzoic
acid. The b-9AC dimers have Ci symmetry caused by the
dihedral angle of the carboxylic acid group. In Fig. 4, an
electron density diﬀerence map around the carboxylic acid
group is shown for diﬀerent temperatures. At 260 K two
possible proton sites are clearly visible in the diﬀerence map.
These two proton sites allow a disorder caused by a strong
hydrogen bonding between the two carboxylic groups of b-9AC.
We introduced two occupancy sites for the two tautomeric sites.
The site occupation factors were reﬁned as a free variable.28 In
an earlier work the equilibrium constant Ka = 0.569 for the
proton transfer along a hydrogen bond was extracted from the
occupation factor.25 With the equilibrium constant we calculated the Gibbs energy of the double-well potential yields via
DG = RTln(Ka) to be DG = (106  10) cm1. In the
diﬀerence electron density map at 100 K a second proton site
is not clearly observable. An increase in the electron density is
visible on the C15–O2 bond, which can be explained by a
stronger double bond character at low temperatures for this
bond. The temperature dependence of the bond lengths in the
carboxylic acid group shows the same picture. Nonetheless, it
is necessary to take into account that hydrogen atoms are
problematic to locate in X-ray diﬀraction because of their low
10190
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Fig. 5 Packing diagram of b-9AC structure at 50 K showing the
intermolecular contacts to the oxygen atoms (red lines) and hydrogen
bonds (blue lines). The ADPs of the hydrogen atoms were estimated
utilizing the SHADE web server.32,33
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Computational chemistry of 9AC

Fig. 6 Temperature dependence of the bond lengths in the carboxylic
acid group. The circles represent the bond length of the single like C–O
bond and the black squares represent the double like CQO bond. The
black line models are based on the ﬁt-functions (3a) and (3b) resulting
in an energy diﬀerence of 2n01 = 280  60 cm1 for the single like C–O
bond and 2n01 = 150  62 cm1 for the double like CQO bond.

two level model to describe the temperature dependence of the
occupation number:20
rðTÞ ¼

2


2hcn 01
exp kT þ 1

ð2Þ

With this model the temperature dependence of the proton
transfer degree determined by neutron single crystal diﬀraction
could be well described.17 In eqn (2) n01 is the wavenumber of
the ground state splitting of the quasi-symmetric potential,
which describes the OH stretching motion.
With eqn (1) and (2), ﬁt-functions (3a) and (3b) describing
thermal evolution of bond length could be obtained and the
energy diﬀerence between the two tautomeric forms could be
determined.
rðC  OÞ ¼

rCO þ rsingle 2ðrCO  rsingle Þ


þ
2
exp 2hcn 01 þ 1

ð3aÞ

rCO þ rdouble 2ðrCO  rdouble Þ


þ
2
exp 2hcn 01 þ 1

ð3bÞ

The geometry optimization suggests a Ci symmetry for the
hydrogen bonded dimer. The calculated harmonic frequencies
were scaled by using a scaling factor of 0.9631.34 The important
geometrical parameters of the hydrogen bonded cyclic dimer
are shown in Table 2. Apart from the distance of the hydrogen
bond dOH  O, the theoretical values are in good agreement with
the experimental values obtained by X-ray diﬀraction. The
deviation between experiment and theory for the length of the
hydrogen bond can be explained by the inadequacy of the X-ray
diﬀraction in determining the position of the protons. Nonetheless packing eﬀects should also be taken into account. These
eﬀects can cause an error of 0.1 Å.35
Vibrational spectroscopy of b-9AC
The hydrogen bond dynamics lead to a strong temperature
dependence of the OH out-of-plane motion, the OH in plane
motion, the CQO stretching vibration and OH stretching
vibration. With the temperature dependence of these motions
the potential of hydrogen bonding can be well described. So
we will concentrate on these four motions in the following.
The OH out-of-plane region from 900 to 1000 cm1 exhibits
a huge temperature dependence of the intensity, position and
line width (see Fig. 7a). During cooling down an additional
peak appears at 936.7 cm1 and the bands are blue shifted.
The blue shift can be interpreted in terms of a stronger
localization of the proton. A comparable behavior was
reported for benzoic acid; here the increasing band and the
decreasing band were assigned to the OH out-of-plane vibrations
of the two tautomers A and B.36 For the low frequency mode

kT

rðC ¼ OÞ ¼

kT

From our data we estimate a ground state splitting of 140 
30 cm1 for the thermal evolution of the C–O single bond.
From the bond length of the CQO double bond we estimate a
ground state splitting of 75  31 cm1. The quite large
diﬀerence in the energies determined from the bond lengths
in the carboxylic acid is surprising. Nonetheless, a signiﬁcant
diﬀerence in the bond lengths of the carboxylic acid group is
visible in the room temperature structure of b-9AC. This leads
to the hypothesis that proton transfer in b-9AC is more
complex than in KHCO3. A plausible ground state splitting
of 110  30 cm1 for b-9AC can be estimated.
Table 2

Fig. 7 Temperature dependent FTIR spectra of b-9AC from 270 to
35 K. (a) The in-plane O–H bending region; (b) the out-of-plane O–H
bending region; (c) the CQO stretching region; (d) the O–H stretching
region.

Comparison of theoretical and experimental structural features of the cyclic hydrogen bonded dimer

dO  O/Å

dOH  O/Å

Bond angle O–C–O

Torsion angle carboxylic group

2.637
2.634  0.001

1.63
1.72  0.01

122.971
(122.7  0.1)1

130.41
(125.2  0.2)1
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Fig. 8 Temperature dependence of the line width from the O–H out
of plane mode. Fit based on eqn (4) results in an activation energy of
EA = 498  51 cm1.
1

around 920 cm the temperature dependence of the line width
is shown in Fig. 8. It can be described by a formula given by
Carabatos-Nedelec and Becker.37 The formula is composed of a
linear term describing the vibrational relaxation and exponential
term characterizing reorientational relaxation of diﬀuse nature.
G = (a + bT) + Cn0exp[EA/kBT]

(4)

In this formula n0 is a ‘‘hard-core’’ wavenumber at critical
temperature, a, b and C are empirical parameters modeling the
experimental curve and EA is the activation energy of a
reorientational motion. In the case of the OH out-of-plane
motion, this activation energy is correlated to the proton
transfer in the carboxylic acid dimer. Eqn (4) was recently
used for the determination of the activation energies for –CH3,
–NH2 and –NO2 reorientation from the line widths in FTIR
spectra of 2-methyl-4-nitroaniline.38 The experimental ﬁndings
based on vibrational spectroscopy show good agreement with
results from NMR spectroscopy and theoretical calculations.
The ﬁt based on eqn (4) in Fig. 8 leads to an activation energy
of EA = 498  51 cm1 for the proton transfer in b-9AC. This
value ﬁts well to the model-dependent barrier height in benzoic
acid,6,11,12,15 which was determined utilizing QENS and solid
state NMR to be in the range of 400–500 cm1.
The OH in plane motion is shown in the spectral range from
1330 cm1 to 1370 cm1 (see Fig. 7b). The DFT calculation
predicts a frequency of 1327.7 cm1 for this mode. The
absorption band is composed of two bands, which become
sharper at lower temperatures. The relative intensities of both
absorption bands show signiﬁcant temperature dependence
(see Fig. 9). This can be described by a Fermi–Dirac statistics,
which leads to an energy diﬀerence of 240  4 cm1. According
to the electronic structure of the carboxylic acid group our
estimated energy diﬀerence should be twice the ground splitting
of potential for OH stretching motion.20
The CQO stretching band is the most intense band in the
FTIR spectra at 1681.8 cm1 (see Fig. 7c). DFT calculations
predict a frequency of 1684.6 cm1 for this motion. This band
also shows temperature dependence in its intensity and could
be virtually separated into two bands. The intensity variation
for this band is small compared to the OH bending motions.
The OH stretching motion shows a broad and complex
absorption band in the FTIR spectra. It covers the spectral
10192
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Fig. 9 Temperature dependence of the relative intensities for the OH
in plane mode. Fit based on a Fermi–Dirac statistics leading to an
energy diﬀerence of 2n01 = 240  4 cm1.

region from 2300 cm1 to 3700 cm1 (see Fig. 7d). At 270 K
the mean frequency is around 2875 cm1 and shifts during
cooling by approximately 50 cm1 to higher frequencies. The
DFT calculation predicts a frequency of 3020.0 cm1 for this
motion. At lower temperature, a doublet band near the broad
OH stretching mode band becomes visible. For benzoic acid,
where a similar doublet band is observable,9 this band was
attributed to ‘‘zero phonon’’ transitions. In b-9AC acid we
found an intensity ratio of the zero phonon transitions of I1826/
I1909 = 2.04  0.04. The frequencies of the zero phonon
transitions in b-9AC are slightly higher than in benzoic acid.
This observation can be explained by a weaker hydrogen
bonding in b-9AC compared to benzoic acid. The ﬁne structure
of the broad absorption band centered at 2930 cm1 can be
explained by coupling with low frequency motions. A complete
assignment is beyond the scope of this article. The broadening of
this band is related to several mechanisms, like Fermi resonance,
Davydov splitting,39 Evans transmission window40 and so on.
The C–H stretching motions which are also expected in this
region can be neglected due to their low oscillator strength. DFT
calculations predict these bands at 3068.2 cm1, 3083.0 cm1 and
3186.9 cm1. The observed absorption band can be tentatively
decomposed into two proﬁles like in the case of benzoic acid9
(see Fig. 10). These proﬁles are centered at 2630 cm1 and
2870 cm1 with an intensity ratio of I2630/I2870 = 2.94.
The OH stretching can be described by a quasi-symmetric
double well potential.9,10,41,42 This potential function can be
written as:
V(x) = ax + bx2k + cexp(dx2)

(5)

where x is the coordinate of the proton along the O  O bond.
The energy levels in this potential have no particular symmetry
and they are labeled in the order of their increasing energy.
The two absorption proﬁles can be assigned to the (2 ’ 0) and
(3 ’ 0) in this potential. Nonetheless alternative mathematical
functions can also be used to describe the proton transfer
dynamics.42 For an accurate determination of the potential a
precise measurement of the distance between the two hydrogen
sites along the hydrogen bond is necessary. Unfortunately there
are no neutron diﬀraction data available for b-9AC and in the
X-ray diﬀraction the determination of the position of hydrogen
atoms is less precise. For a simulation of the ADPs of all
hydrogen atoms we used the SHADE web server. Based on the
This journal is
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Fig. 10 A tentative decomposition of the absorption proﬁles of OH
stretching motion at 15 K into two comparable absorption bands.
Theses bands have an intensity ratio of I2630/I2870 = 2.94.

combination of these ADPs and our experimental X-ray
diﬀraction data we interpolate a distance of 0.8  0.1 Å
between the hydrogen sites at 15 K. This distance is slightly
larger than in benzoic acid and KHCO3. Based on this fact, we
expect a higher barrier for b-9AC. Finally for the accurate
determination of the potential a precise estimation of the
ground state splitting n01 is needed. This transition can only
be directly determined by applying inelastic neutron scattering
(INS).9 Unfortunately there are no INS data available for b-9AC.
Using the thermal evolution of the bond length we could roughly
estimate this transition. Using our experimental parameters we
estimate a potential function for k = 1 shown in Fig. 11. Since the
quasi-symmetric potential describes the OH-stretching motion, it
should not confused with potential based kinetic investigation

shown in Fig. 1. We use the following parameters: a =
145.25 Å1 cm1, b = 334087 Å2 cm1, c = 271157 cm1
and d = 1.529 Å2. Table 3 shows experimental and theoretical
parameters connected with the potential function. The distance
between the two minima has a value of 0.75 Å and is shorter then
the experimentally determined distance between two proton sites.
This discrepancy can be explained by the nature of X-ray
diﬀraction techniques, which estimates the proton position quite
poorly. Since X-ray diﬀraction monitors the electron density, it
can be expected from their electronegativity that bond lengths of
polar bonds containing hydrogen atoms are generally too short.
Packing eﬀects,35 which explain the deviation in the bond length
between calculated and experimental values, can be excluded,
since potential is determined with the experimental spectroscopic
properties. The transition n01 obtained from the potential
function shows a good agreement with our experimental
values estimated from the temperature dependence of the bond
lengths in the carboxylic acid group and in the relative
intensities of the absorption band assigned as the OH in plane
motion. As already explained, the n01 mode can only be
observed by INS. It is dominated by the potential asymmetry
and can be compared with the tunnel-splitting n0t for a total
symmetric potential. For this case we calculate a splitting of
2.62 cm1. The INS intensity for the (1 ’ 0) transition
depends on the delocalization degree e of the wave function.
From our potential we can obtain a delocalization degree
eBn0t/2n01 B 1.27  102. In the case of b-9AC 1.3% of the
wave function is delocalized. This value is quite close to
the delocalization degree of benzoic acid. This fact leads to
the assumption that similar rate constants for the proton
transfer in b-9AC can be expected in comparison with benzoic
acid. The potential barrier of the quasi-symmetric potential
(see Fig. 11) is 5480 cm1, this value is ten times higher than

Fig. 11 Estimated potential and wave functions for the OH stretching motion. V(x) = 145.25x + 334087x2 + 271157exp(1.529x2) (x in Å, V in cm1).
Table 3 Experimental and theoretical parameters from the estimated potential for OH-stretching motion. V(x) = 145.25x +334087x2 +
271157exp(1.529x2)
H/cm1

r/Å

n0t/cm1

n01/cm1

n02/cm1

n03/cm1

I02/I03

5480
n.a.

0.75
0.8  0.1

2.62
n.a.

102.8
(75  31,140  30)a
120  2b

2661.2
2630

2820.4
2870

2.94
2.94

Theory
Exp.

H is the barrier height, n0t is the tunnel splitting calculated for the total symmetric potential. a From the temperature dependence of the bond
length in the carboxylic acid group. b From the temperature dependence of OH out of plane motion.
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Fig. 12 Schematic illustration of the proton transfer reaction adapted from Fillaux.6

activation energy estimated from the line width of the band of
the OH out-of-plane motion. Such a high barrier is not
surprising since the potential contains the OH-stretching motion
with frequencies of 2630 cm1 and 2870 cm1. One has to consider
that the activation energy EA is connected to the reaction-path
model and the quasi-symmetric potential with the high potential
barrier is a cornerstone in the coherent tunneling model.16 The
potential barrier of 5480 cm1 is also much higher than the
thermal energy. This implies that the proton transfer reaction
cannot be understood as an Arrhenius like over-the-barrier
process. The wave functions in Fig. 11 show that the lowest
states |0i and |1i are strongly localized at one minimum of the
quasi-symmetric potential. The lowest minimum represents
the initial state I of the proton transfer9 (see Fig. 12). Since
the x coordinate of the quasi-symmetric potential represents
the proton position along a hypothetical O  O bond, the
second minimum corresponds to a superposition of a double
protonated dimer III, which can be assigned as the intermediate of
the proton transfer reaction.6,9 In this quantum mechanical picture
the proton transfer takes place as coherent phonon-assisted
tunneling of pseudoprotons.9,10,20 The temperature dependent
transfer rate based on Boltzmann population factors for relevant
states is described by three terms.9





hcn R
hcðn 01  n R Þ
þ e exp 
k ¼ 8cen 01 e2 coth
kB T
2kB T


hcð2n 01 þ n R Þ
þ exp 
kB T
ð6Þ
First the sum of the up and down phonon rates is represented
by the coth(hnR/2kBT) term. The frequency nR is a quasiharmonic lattice mode, which is correlated to the proton
transfer.9,20 For benzoic acid this frequency was determined
to be (54  6) cm19 and for 9AC a similar frequency for this
mode can be assumed. The second term and the third term are
Arrhenius like expressions. The activation energy in these
terms is related to the ground state splitting of the quasisymmetric potentialn01 and the quasi-harmonic lattice mode
nR. This leads to the following terms exp(hc(n01  nR)/kBT)
and exp(hc(3n01+nR)/kB T).9,20 The sum 2n01+nR would
give a value quite close to activation energy based on line
widths of OH out-of-plane motion. With parameters of benzoic
acid9 the rate constant is dominated by the third term at roughly
100 K leading to an Arrhenius like behavior. Nonetheless it is
also necessary to be aware that the temperature dependence of
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the line widths is not ﬁtted with a simple Arrhenius approach.
The ﬁt function consists of a classical Arrhenius approach and
a linear term describing the vibrational relaxation. It is easy to
understand that the vibrational relaxation dominates at low
temperature. One has to take into account that the term for
vibrational relaxation inﬂuences the determined activation
energy. Furthermore the line widths also depend on resolution
of the spectrometer. The potential barrier and the activation
energy both are physically relevant quantities in this hydrogen
bonded system. In the coherent tunneling model the proton
transfer can be described for high temperatures in terms of a
classical Arrhenius behavior with an activation energy EA =
498  51 cm1.

Conclusion
The hydrogen bonding in b-9AC causes a dynamical disorder,
which is visible in the high resolution X-ray diﬀraction data.
From the temperature dependence of the bond lengths in
the carboxylic acid group we could extract thermodynamic
properties describing the proton transfer in the carboxylic acid
dimer. The crystallographic ﬁndings were compared with
results from FTIR spectroscopy. The vibrational spectroscopy
shows comparable results to other dimeric carboxylic acids in
the solid state like benzoic acid. Our experimental ﬁndings
add another piece to the understanding of hydrogen bond
dynamics in carboxylic acid dimers. Our main conclusions are
summarized in the following:
1. The crystallographic results with an intermolecular distance
of 2.636 Å between the oxygen atoms at 50 K suggest a weaker
hydrogen bond in b-9AC compared with benzoic acid.
2. From the temperature dependence of the length of the
carbon–oxygen bonds the energy diﬀerences of the potential
tautomers could be determined to be 2n01 = 220  70 cm1.
3. From the line width of the OH out-of-plane motion it
was possible to extract an activation energy of 498  51 cm1.
This activation energy based on a classical Arrhenius approach is
comparable to the activation energy for other carboxylic dimers
in the solid state found by quasi elastic neutron scattering and
solid state NMR.
4. From the relative intensities of the absorption bands of
the OH in plane motion we estimate an energy diﬀerence of
2n01 = 240  4 cm1 utilizing Fermi–Dirac statistics. This
value is comparable with our crystallographic results.
5. Our estimated potential for OH-stretching motion has a
barrier height of 5480 cm1. This value is ten times larger than
This journal is
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the activation energy obtained from the line width. In the
quantum mechanical picture the proton transfer takes place as
a phonon assisted coherent tunneling between the states |0i
and |1i in quasi-symmetric potential. This implies that the
tunneling matrix element n0t, the ground state splitting n01 and
the delocalization degree of the wave function e B n0t/n01 are
the key parameters for the proton transfer reaction.9
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