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Layered structure of croconic acid and radial distributions from large scale MD simulations, 

highlighting a distinct broadening even at 300K where the material remains ferroelectric.  
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First-principles molecular dynamics simulations and
neutron-scattering experiments have been employed to in-
vestigate the structure and underlying vibrational motions
in croconic acid as a function of temperature over the
range 4-400K. Calculated hydroxyl-bond distances were
within 4% of the experimentally determined bond lengths.
Temperature-dependent structures have been explored us-
ing large-scale molecular dynamics simulations. From the
calculated radial distribution functions, it is found that
medium-range order associated with O· · ·H and O· · ·O cor-
relations are affected by an increase in temperature, yet
the characteristic long-range layered structure of this ma-
terial remains unaltered. Hydrogen-bond anharmonicity
has been assessed from the molecular dynamics simula-
tions, showing a red shift of ca. 50 cm−1 of the O-H stretch
frequency relative to quasi-harmonic results. This shift
shows the importance of anharmonic corrections on hydro-
gen bonds in solid croconic acid.

Introduction

Crystalline croconic acid (CA),1 molecular formula C5O5H2,
is an above-room-temperature ferroelectric. Although the
size of the molecule in this molecular crystal is relatively
small, it displays the highest-known bulk polarization for a
carbon-based material (P∼20 µC cm−2) with low coercive field
(11 kV/cm−1). These features make its performance compara-
ble to the best inorganic ferroelectrics such as barium titanate
(BaTiO3).2 Ferroelectricity in CA remains almost constant in
the temperature range 4-400 K, which is a remarkable phe-
nomenon for a hydrogen-bonded molecular crystal. In this and
previous works,3,4 we seek to obtain an atomistic understand-
ing of this organic ferroelectric material via the use of first-
principles computational modelling in conjunction with exper-
iment.

The structure and intermolecular forces of CA, including
the position of the hydrogen ions, are important parameters
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OX11 0QX, UK. Fax: XX XXXX XXXX; Tel: +44(0)1235778190; E-mail:
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to understand the mechanism of its ferroelectricity. The lo-
cation of the hydrogen ions in CA had to await neutron scat-
tering experiments.3,4 Interatomic forces have been derived
from vibrational assignments of matrix-isolated CA5 using
polarization-sensitive infrared (IR) spectroscopy and isolated-
molecule ab initio calculations. In these calculations, hydro-
gen bonding between adjacent hydroxyl (OH) groups in CA
is intrinsically of an intramolecular nature and, therefore, it
does not reflect intermolecular interactions with the surround-
ing molecules. In the solid state, the chemical environment of
crystalline CA has also been probed using nuclear magnetic
resonance (NMR).6 These experiments, using both 13C and
17O nuclear-quadrupole-resonance spectra, reveal the presence
of five non-equivalent carbon sites and they are consistent with
an OH bond length of 0.99±0.01 Å. This latter result agrees
with neutron diffraction data where differences in length be-
tween two non-equivalent OH bonds in solid CA is found to be
less than 1%.3,4

X-ray photoelectron spectroscopy (XPS) experiments and
first-principles calculations on CA thin films have also pro-
vided important insights into hydrogen-bonding motifs in CA
in the solid state.7 From these experiments and parallel first-
principles calculations, it has been concluded that the main
difference between the isolated molecule and the crystal in
terms of electronic structure occurs in the range 6-12 eV in
the electronic density of state, where a doublet characteristic
of solid CA is absent in the isolated molecule. In a similar
vein, low-temperature vibrational data obtained from inelastic
neutron scattering (INS) experiments complemented with first-
principles simulations have also been reported. A prominent
doublet at energy transfers around 900 cm−1 served to identify
two distinct types of hydrogen bond in CA.

On the computational front, first-principles density-
functional-theory (DFT) calculations have been reported
using a number of approximations and functionals, in-
cluding: the local density approximation (LDA); 1 the
generalized gradient approximation (GGA)8,9 as well as its
Perdew-Burke-Ernzerhof (PBE) parametrization; 3,4,9 the
Heyd-Scuseria-Ernzerhof (HSE) functional 9; dispersion-
corrected van der Waals functionals (PBE+D) following the
methodology of Grimme9 and Tkatchenko-Scheffler;3,4 and
projected-augmented wave (PAW) method with DFT-D2
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1 METHODOLOGY

functional10 on CA. From these calculations, it has been
found that the consideration of van der Waals interactions as
implemented with the PBE+D functional are important for a
correct prediction of lattice constants; however, vibrational
properties appear to be less sensitive to the particular choice of
functional.3,4

To understand the nature of interatomic forces and hydro-
gen bonding in this material, first-principles calculations have
been performed within the quasi-harmonic approximation, as
well as using molecular-dynamics (MD) simulations within the
framework of dispersion-corrected DFT. As a continuation of
recent studies,3,4 a detailed assessment of these results is also
performed via direct comparison with temperature-dependent
neutron-scattering data. We also make use of these MD simu-
lations to explore the intermolecular forces associated with hy-
drogen bonding beyond the quasi-harmonic approximation, as
well as how these departures may be related to the underlying
structure and properties of CA in the solid state.

1 Methodology

Electronic-structure calculations were performed with plane-
wave pseudopotentials as implemented in the CASTEP
code.11 In all calculations, optimized norm-conserving pseu-
dopotentials12 generated with the Perdew-Burke-Ernzerhof
(PBE)13 functional within the generalized-gradient approxima-
tion (GGA) have been used. Dispersion corrections to the PBE
functional (PBE+D) were included following the methodology
of Tkatchenko and Scheffler.14,15 A plane-wave cutoff of 800
eV and a Brillouin-zone (BZ) sampling of 6x6x3 k-points (18
points when symmetry-reduced) were found to be sufficient
to converge energy and atomic forces below 9.6x10−3 eV/ion
and 1.0x10−3 eV/Å, respectively. Self-consistent single-point
energy minimizations used a tolerance of 2.5x10−9 eV. Full-
geometry optimizations were performed with a force toler-
ance of 1.0x10−3eV/Å using the Broyden-Fletcher-Goldfarb-
Shanno (BFGS) algorithm. Temperature-dependent properties
have been calculated within the quasi-harmonic approxima-
tions, where internal coordinates have been optimised on crys-
tal structures with experimentally obtained lattice parameters.

Phonon frequencies and eigenvectors of the resulting
minimum-energy structures were calculated via diagonaliza-
tion of dynamical matrices computed using density-functional
perturbation theory (DFPT) and linear-response methods.16

In CASTEP, use of DFPT methods with dispersion-corrected
functionals is not currently implemented and, therefore, only
the PBE functional was used in these calculations. Using
DFPT, phonon dispersion calculations were performed on a to-
tal of 8-q points followed by interpolation to obtain a total of
209 q-points within the BZ.

First-principles MD simulations have been performed on
a 2 × 2 × 2 supercell consisting of 384 atoms, i.e., 32 CA

a

b

a

c

b

(b)

HO

c

C

(a)

Fig. 1 The MD simulation cell structure of croconic acid, (a) front
view (b) side view.

molecules, at a single k point with periodic boundary condi-
tion and plane-wave pseudopotentials as implemented in the
CASTEP code.11 The MD simulation cell considered for cal-
culations is shown in Fig. 1. The same norm-conserving pseu-
dopotential with PBE functionals discussed above have been
used. The cut off energies and tolerance for self consistent en-
ergy minimisation have also been kept the same. The NVT en-
semble with Nose-Hoover thermostat was used to stabilise the
temperature, where cell volumes were kept fixed to experimen-
tal values. A MD time step of 0.5 fs was used all throughout.
NVT ensemble temperatures were equilibrated for 2 ps, fol-
lowed by NVE production runs of 12 ps. Using 500 processors
at the UK high-performance computing facility HECToR, these
calculations took about 5 days/ps .

From these production runs, radial distribution functions
(RDFs) and densities of states (DOS) have been calculated
from MD trajectories using the nMoldyn code 17. The radial
distribution function, gi, j(r), has been calculated via the fol-
lowing relation:

gi, j(r) = ni, j(r)/[ρ j4πr2dr] (1)

where gi, j is the radial distribution function of species i and j,
ni, j is the corresponding histogram, r is the distance between
two species, dr is the histogram shell width, and ρ j is the av-
erage density of species j. In the current calculations, dr is
1.0×10−3 Å. The DOS has been calculated by a Fourier-cosine
transformation of the time-dependent velocity autocorrelation
function (VACF), C j, j:

C j, j(t) = (1/3)< v j(0)v̇ j(t)> (2)

where v j(t) is the velocity of the species j at time t. This
calculated DOS is then weighted by the incoherent neutron-

2
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2 RESULTS AND DISCUSSION

Table 1 Relevant ND and calculated structural parameters for solid CA as a function of temperature. Distances are in Å. ND error bars are
given in parentheses and expressed in units of 10−3 Å. For the calculated structural parameters, percent values in parentheses indicate
deviation between ND and calculation. An entry in italics denote a smaller ND value relative to calculation. See text for details.

Parameters Temperatures
10 K 100 K 200 K 300 K

ND Calculated ND Calculated ND Calculated ND Calculated

O-H(H) 1.008 (± 1.4) 1.040 (3.2%) 1.008 (± 2.0) 1.0392 (3.1%) 0.997 (± 2.5) 1.0380 (4.1%) 1.000 (± 2.3) 1.0369 (3.7%)
O-H(T) 1.005 (± 2.4) 1.044 (3.9%) 1.005 (± 2.0) 1.0434 (3.8%) 1.010 (± 2.6) 1.0420 (3.2%) 1.002 (± 2.5) 1.0408 (3.9%)
O· · · H(H) 1.604 (± 1.4) 1.476 (8.0%) 1.604 (± 1.9) 1.4799 (7.7%) 1.617 (± 2.5) 1.4865 (8.1%) 1.631 (± 2.4) 1.4930 (8.5%)
O· · · H(T) 1.611 (± 1.4) 1.531 (5.0%) 1.611 (± 2.1) 1.5400 (4.4%) 1.619 (± 2.6) 1.5406 (4.8%) 1.639 (± 2.3) 1.5473 (5.6%)
O· · ·O(H) 2.594 (± 1.1) 2.517 (3.0%) 2.599 (± 1.7) 2.5204 (3.0%) 2.601(± 2.5) 2.5255 (2.9%) 2.617 (± 2.1) 2.5305 (3.3%)
O· · ·O(T) 2.612 (± 1.1) 2.553 (2.2%) 2.610 (± 1.7) 2.5555 (2.1%) 2.622 (± 2.5) 2.5610 (2.3%) 2.633 (± 2.1) 2.5665 (2.5%)

scattering cross section of each species for comparison with
the INS data.

Following the recipe of Braga et al.,18 single crystals of CA
have been grown in an inert helium atmosphere using commer-
cially available powders (Sigma Aldrich No. 391700, 98% pu-
rity). Successive crystallization runs were carried out over a
period of several weeks by slow evaporation in order to obtain
well-defined (mm-sized) platelets. Neutron-scattering mea-
surements were all performed at the ISIS Pulsed Neutron and
Muon Source.19 Temperature dependent single-crystal neutron
diffraction (ND) measurements were performed on the SXD
diffractometer20 at selected temperatures, followed by a more
detailed temperature study on the IRIS spectrometer using pow-
der specimens and over the range 4−300 K, where lattice pa-
rameters were determined following usual Rietveld profile re-
finement technique used for refinement of powder diffraction
pattern. .21 IRIS is an indirect-geometry low-energy spectrom-
eter, which can also be used as a diffractometer in backscat-
tering geometry. In this geometry, its resolution amounts to
∆d/d = 2.5×10−3, where ∆d is the resolution in d-spacing d .
INS experiments were carried out on the TOSCA spectrometer
at cryogenic temperatures (T<20K).22

2 Results and Discussion

CA is a hydrogen-bonded molecular crystal where pentago-
nal molecular units are arranged into planar sheets connected
by hydrogen bonds as shown in Fig. 1. These sheets ex-
tend indefinitely along the crystallographic c-axis and adopt an
accordion-like zig zag pattern making angles of about 450 with
the a−b plane. Two distinct types of hydrogen ions have been
identified in previous INS studies,3,4 so-called ’hinge’ (along
the c-axis, hereafter ’H’), and ’terrace’ (on the a-b plane, here-
after ’T’). For a given CA molecule, one side of the pentagon is
populated by two neighbouring hydroxyl (OH) group. The two
oxygen atoms opposite to these OH groups within the same ring
act as hydrogen-bond acceptors. The carbonyl (C=O) group

sitting at the apex position of each pentagonal ring does not
participate in hydrogen bonding.

ND patterns measured on IRIS at 4 and 300 K and asso-
ciated fits are shown in Fig. 2. Bragg reflections have been
indexed using the more detailed crystallographic data obtained
on SXD. On the basis of these assignments, it becomes possible
to fit the IRIS data so as to obtain cell parameters as a function
of temperature. In all cases, ND data were refined within the
non-centrosymmetric space group Pca21. A summary of the
structural parameters relevant to the present work are given in
Table 1.
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Fig. 2 ND patterns (black) and associated fits (red) obtained on IRIS
at two selected temperatures. The numbers on the figure denote (hkl)
reflections.

In Table 1, bond lengths and interatomic distances obtained
from the first-principles simulations are compared with experi-
ment. Given their putative relevance in explaining ferroelectric
behaviour in CA,3,4 we pay special attention to bond lengths re-
lated to the hydrogen atoms and interatomic distances between
nearest-neighbour oxygen atoms. It is reassuring that calcu-
lated O-H bond lengths and O· · ·O distances are within 4% of

3

Page 4 of 8Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



2 RESULTS AND DISCUSSION

experimental values. O· · ·H(H) distances are a notable excep-
tion to the above, where differences are as high as 8%, partic-
ularly along the c-axis. On the basis of our PBE results, these
larger deviations can be traced back to the nature of the van-der-
Waals functional considered here, given its well-known ten-
dency to overbind hydrogen bonds.23 Likewise, the observed
underestimation of hydroxyl-bond lengths and overestimation
of hydrogen-bond lengths indicate that, irrespective of temper-
ature, the calculated structure is less polar than the experimen-
tal one. Calculated lattice parameters (not reported here), also
are within 3% of those measured at 4K3,4 and within 2% of
previous DFT studies by other authors.9
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Fig. 3 Change in lattice parameters in CA measured on IRIS and
SXD. Error bars in the SXD data are commensurate with the size of
the symbols shown in the figure.

The dependence of lattice parameters with temperature ob-
tained from the ND experiments are shown in Fig. 3. From this
Figure and Table 1, it is found that all lattice constants increase
monotonically with temperature. The relative increase along
the a and b directions is larger than along the c-axis, indicating
that the CA terraces (which are tilted at 45o relative to the a or
b directions), are widening with temperature. The increase in
lattice parameters is, however, below 2% for temperatures up
to 400 K. This finding is consistent with the absence of phase
changes in CA up to its decomposition temperature, as previ-
ously reported by Horiuchi et al.1

The temperature dependence of bond lengths and relevant in-
teratomic distances obtained from first-principles calculations
are shown in Fig. 4. An increase in temperature translates into
a shortening/lengthening of hydroxyl/hydrogen bonds. The
O· · ·O distance also increases with temperature, although such
an increase remains below 1% up to 400 K. This trend indi-
cates a progressive decoupling of individual CA molecules in
the lattice with temperature, as a result of weaker intermolecu-
lar interactions, hydrogen bonding being the most prominent.

First-principles MD simulations provide further insight into
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Fig. 4 Change in bond distances with temperature from
first-principles calculations.

the effect of temperature on long-range structural parameters.
Figures 5(a) and (b) show calculated RDFs for O· · ·H, and
O· · ·O distances at 4 and 300 K, respectively.

As shown in inset of Fig. 5(a), long-range order associated
with both O· · ·H and O· · ·O distances is evident at 4 K. The
peak at 1.04 Å corresponds to hydroxyl (O-H ) bonds and
the next peak centred at 1.5 Å corresponds to O· · ·H hydrogen
bonds. The positional difference between O-H(T) and O-H(H)
hydroxyl bonds cannot be distinguished from these data. These
two different hydrogen bonds give rise to additional broadening
of the aforementioned feature at 1.5 Å. A similar behaviour is
also seen for O· · ·O distances around 2.5 Å, corresponding to
oxygen acceptor-donor pairs.

O· · ·O distances around 3.0 Å and 3.5 Å are mainly of
an intramolecular and intermolecular nature, respectively. In-
termolecular O· · ·O distances around 3.5 Å correspond to
molecules in two adjacent terraces on next-neighbour sheets,
whereas distances around 4.1 Å correspond to molecules in
consecutive terraces separated by a chain of H hydrogen atoms.
The sharp peak at 4.7 Å can be assigned to intramolecular
O· · ·O distances between the lone (not H-bonded) oxygen at
the apex position of the pentagonal ring and oxygen furthest
away within the same molecule.

To facilitate the discussion that follows, we define nearest-
neighbour interatomic as well as intramolecular distances as
short range, next-nearest neighbour intermolecular distances as
medium range, and interplanar as long range. With these con-
ventions in mind, short-range order in crystalline CA corre-
sponds to hydrogen, hydroxyl, and O· · ·O distances between
nearest-neighbour molecular units. Long-range order, on the
other hand, maps onto the relative arrangement of molecular
units in different pleated sheets. Although these two types of
order involve both hydrogen and oxygen, structural differences
between short-range and long-range order for O· · ·O pairs is
clearly more prominent in the crystal structure of CA.

At 300K, as shown in Fig. 5(b), all peaks broaden. This
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2 RESULTS AND DISCUSSION
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Fig. 5 RDFs for CA from first-principles MD simulations at (a) 4K
and (b) 300K. RDFs around unity are shown in respective insets.

effect is more pronounced for the hydrogen-bond feature at
1.5 Å relative to the behaviour of the hydroxyl bond. Peaks
corresponding to O· · ·O distances also broaden considerably to
the point they start merging with features associated with in-
tramolecular O· · ·O distances. No distinct signature is found in
the RDF for H vs. T hydrogen atoms. This result shows that
although there is no phase change due to an increase in temper-
ature, the spatial distribution of hydroxyl and hydrogen bonds
changes considerably due to thermally activated motions asso-
ciated with both hydrogen and oxygen atoms. The broad distri-
butions seen at intermediate distances arise from an increased
flexibility of molecular units while keeping the basic layered
structure unaffected. Hydrogen- and hydroxyl-bonds, which
are surmised to play a key role in the ferroelectric properties of
this material,4 remain centred at the same lengths irrespective
of temperature.

Signatures of long-range order are also found in O· · ·O dis-
tances. O· · ·O distances corresponding to distinct molecu-
lar units give rise to a broad peak where individual contribu-

tion from different oxygen atoms cannot be distinguished from
each other. Features associated with distinct sheets ( around
3.5 Å and 4.7 Å ) are also prominent and display long-range or-
der even at 300K. As stated above, this result indicates that the
underlying pleated structure of this crystal remains unaffected
with temperature. Nonetheless, significant structural changes
happen for individual molecular units. Within the limitation of
small cell size and simulation time, current calculations indi-
cate that both short-range and long-range order are quite insen-
sitive to temperature.

In the time window of the MD simulations, no proton trans-
fer has been found even at 300 K, although proton transfer has
been reported within 100 fs simulation time in two dimensional
CA sheet using similar kind of MD simulations.10 This result
indicates that proton transfer in bulk CA does not appear to be
mediated by temperature. On physical grounds, it is unlikely
that the characteristic time for this transfer process is longer
than our simulation time of 12 ps. Other mechanisms that could
be at play and should be investigated further include the effects
of external fields, and point or line defects in the layered struc-
ture.
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Fig. 6 INS spectrum and VDOS of CA at 5K. Upper panel:
experimental INS spectrum; middle panel: hydrogen-projected
VDOS from quasi-harmonic calculations; lower panel: incoherent
VDOS from MD simulations.

INS experiments also enable us to to investigate the influ-
ence of these temperature-dependent structural changes on in-
teratomic forces. To this end, the INS spectrum of CA is
shown in the upper panel of Fig. 6. The hydrogen-projected
vibrational DOS (VDOS) calculated within the quasiharmonic
and anharmonic approximations are shown in the middle and
lower panels, respectively, of the same figure. The doublet at
1056 cm−1 and 1110 cm−1 in the quasiharmonic VDOS corre-
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sponds to out-of plane bending motions of two hydrogen ions,
as discussed in our earlier reports3,4. Difference in the cal-
culated and experimental vibrational frequencies for these in-
termolecular O· · · -H-O bending modes in the quasiharmonic
approximation is about 15%. Referring back to Fig. 3, it be-
comes apparent that the observed lattice expansion arises from
additional (anharmonic) contributions to the interatomic poten-
tial.24 To assess these effects in more detail, the MD simula-
tions have been used to calculate classical VDOS beyond the
harmonic and quasiharmonic approximations, as shown in the
lower panel of Fig. 6. The two bend modes described above
are red shifted by about 30 cm−1. The accompanying shift in
stretch frequencies (around 2500 cm−1) due to anharmonicity
is about 50 cm−1. The VDOS of isolated CA molecule have
been compared with that of solid state by us 3 previously. The
comparison shows that C=O stretching modes are red-shifted
by 13% in the solid state CA. That shift reduces to below 1%
when anharmonicity is considered in both calculations.

Noting that the anharmonic shift of the O-H· · ·O bending
mode in water is 40 cm−1 25 and that the OH stretching mode is
83 cm−1,26 our results show that anharmonic corrections in CA
are of a similar magnitude at similar frequencies. In compar-
ison with the INS data, vibrational frequencies are still over-
estimated by about 14% even if anharmonicity is considered.
Finite-size effects of the simulation cell used for the MD cal-
culations could be one source of error, as mentioned earlier.27

Other important factors include the nuclear quantum motion
of the hydrogen atoms in solid CA. These latter calculations,
while interesting in their own right, are beyond the scope of the
current study. In spite of these limitations, this work is a step
forward to understand hydrogen bonding in solid CA showing
the importance of anharmonic corrections on O-H potential.

3 Conclusions

In this paper, we have presented temperature-dependent ND
data and first-principles DFT calculations on solid CA over
a wide temperature range (4-400 K). The effects of temper-
ature on the structure of this organic material have been ex-
plored within the quasiharmonic approximation as well as via
large-scale MD. Overall, calculated interatomic distances were
within 4% of experimental values. From calculated RDFs, it is
found that temperature has a clear effect on the medium-range
order associated with O-H and O· · ·O distances, yet at the same
time long-range order remains largely undisturbed. This find-
ing imply an increased flexibility of molecular units as a func-
tion of temperature while the basic layered structure remains
unaffected. Anharmonic corrections to hydrogen-bond motions
are also found to be significant and of a similar magnitude to
what is characteristic of other hydrogen-bonded systems. The
doublet observed in the INS experiments near 900 cm−1 are
red shifted by 30 cm−1 due to the anharmonic nature of the vi-

bration of the hydrogen-bonds bending mode. OH stretching
frequencies are also shifted by an average of 50 cm−1. This
work is a step forward to understand hydrogen bonding in solid
CA showing the importance of anharmonic corrections on O-H
potential.
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