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Abstract. Effect of hydrostatic pressures up to 8 GPa on
the crystals of Na2C2O4 (sp. gr. P21/c) was studied in situ
in the diamond anvil cells a) in neon, b) in methanol-etha-
nol mixture by high-resolution X-ray powder diffraction
(synchrotron radiation, l¼ 0.7 �A, MAR345-detector). Be-
low 3.3–3.8 GPa, anisotropic structural distortion was ob-
served, which was similar to, but not identical with that on
cooling. At 3.8 GPa, a reversible isosymmetric first-order
phase transition without hysteresis occurred. The orienta-
tion of the oxalate anions changed at the transition point by
a jump, and so did the coordination of the sodium cations
by oxygen atoms. Ab initio simulations based on the gener-
alized gradient approximation of density functional theory
have reproduced the main features of the structural changes
in the crystals of sodium oxalate with increasing pressure.
The theoretical pressure for the isosymmetric phase transi-
tion is 3.65 GPa, close to the experimental value; in agree-
ment with experiment the transition was predicted to be
reversible. Ab initio calculations gave a pronounced hys-
teresis for this transition, and have also predicted a further
isosymmetric phase transition at 10.9 GPa, also with a
hysteresis. The role of temperature in the pressure-induced
phase transitions in sodium oxalate is discussed.

Introduction

Oxalates are widely used in the design of supramolecular
structures with various desirable properties, and as precur-
sors in solid-state chemical reactions. Therefore it is im-

portant to assess the sundry factors determining the crystal
structures of oxalates and their response to external ac-
tions.

In general, in their crystalline forms oxalate-ions are
usually considered as structure-forming units, defining the
crystal packing (the framework) and the positions of other
species, in particular of metal cations [1–3]. The variety
of crystal structures arises because the sequence of alter-
nating close packed layers formed by oxalate anions can
differ: mono-layer (AAA), double-layer (ABAB), triple
layer (ABCABC), etc. packings are known. Besides, non-
spherical oxalate ions can rotate differently with respect to
each other within the close packed layers and changing
the angle between the plane of the oxalate ion and the
close packed plane. Cations can occupy different positions
within the framework formed by oxalate anions, so that
their coordination polyhedra are different. Both “oxalate
oxygen –– metal cation” and “metal cation –– metal ca-
tion” interactions account for the coordination of cations
by oxalate ions “chosen” by a particular crystal structure
[1–5].

Intermolecular interactions in crystalline oxalates are
strong enough to modify the structure of the oxalate ion
as compared with that optimized for this ion in the free
state [5]. Ab initio calculations reported in several publica-
tions [5–8] have shown the free (C2O4)2� anion with tor-
sion angle equal to 90� to be 0.274–0.294 eV/molecule
lower in energy than a corresponding planar isomer. Stag-
gered oxalate anions were recently observed in the struc-
ture of Cs2C2O4 and in one of the two polymorphs of
Rb2C2O4 at ambient conditions [9], as well as in a few
high-temperature polymorphs of Rb2C2O4, Cs2C2O4,
K2C2O4 [4]. However, according to the Cambridge Struc-
tural Database [10], in most crystal structures oxalate ions
are essentially flat because of the electrostatic interactions
between the carboxylate oxygens and metal cations in the
crystal structures, and also because of the tendency of ox-
alate anions to form close-packed structures, for which the
planar conformation of the oxalate ion is more favourable
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as compared with the twisted one [5, 8]. In ammonium
oxalate, in hydrogen oxalates, in hydrates of oxalates, as
well as in the crystalline oxalic acid the formation of hy-
drogen bonds between the species may be important for
the conformation of oxalate ions and their crystal packing
[1]. These hydrogen bonds are known to account not only
for the structures, but also for crystal properties, e.g. the
anisotropy of elastic properties or that of thermal expan-
sion [11]. Structures of non-hydrated metal oxalates are of
special importance in understanding the structure-deter-
mining factors in crystalline oxalates, since there are no
hydrogen bonds, and their structures and general beha-
viour under various conditions are entirely determined by
the interactions between oxalate anions and metal cations.
These interactions are far from being “simple ionic” not
only in oxalates of strongly chelating transition metals, or
in silver oxalate with very strong Ag+––Ag+ attractive in-
teractions, but even in the crystalline oxalates of alkali
metals, such as sodium oxalate. This can be seen from the
statistical analysis of polar hystograms showing the coor-
dination of an oxalate oxygen atom in the structure by
metal cations [5, 8]. Still, the structure-forming factors in
alkali metal oxalates can be expected to be easier to un-
derstand, than those in the structures with more types of
intermolecular interactions in the same structure. A very
recent detailed study of a series of the anhydrous metal
oxalates at variable temperature conditions has shown
that a variety of phases exists, which are all related by
subgroup-supergroup relations and can be described in a
similar way [4]. Changes in the temperature and/or ca-
tion size result in the changes in the conformation of the
oxalate-anions (staggered or flat), the deviation of the
location of the centroids of the oxalate-anions from the
ideal hexagonal packing, the ratio c/a of the more or
less distorted hexagonal packing, and the coordination of
metal cations by oxygen atoms in the voids of the pack-
ing [4].

We have initiated the studies of the effect of pressure
on the structures of anhydrous metal oxalates. As the first
system to study, we have chosen sodium oxalate,
Na2C2O4, as the easiest sample to handle. High pressure
and low temperature were selected as the two methods of
affecting the crystal structure. A pressure-induced phase
transition into a previously unknown polymorph was ob-
served at about 4 GPa by X-ray powder diffraction and by
Raman spectroscopy. The results were preliminary dis-
cussed in [12, 13]. In the paper [12] we reported on the
occurrence of a pressure-induced phase transition, but
could not solve the high-pressure structure or even index
the powder diffraction pattern obtained by a photographic
technique using a laboratory X-ray source. In the paper
[13] we have described briefly the results of structure so-
lution of the high-pressure phase at 4.3 GPa. In the pre-
sent contribution we give a more detailed description of
the results of the experimental X-ray diffraction structural
study of sodium oxalate on increasing pressure up to
about 8 GPa and on subsequent decompression. The effect
of hydrostatic pressure up to 15 GPa on the same system
was simulated also ab initio. Theoretical predictions are in
overall good agreement with experimental data.

Experimental

X-ray diffraction was first studied by a photographic meth-
od using MoKa1 radiation (l ¼ 0.7093 �A) focused by a
bent quartz crystal monochromator. Exposure time was 24
hours per measurement [12]. High pressure was created in
a NBS Lever-Arm diamond anvil cell (DAC) [14]. Etha-
nol/methanol/water (16 : 3 : 1) mixture was used as a pres-
sure-transmitting medium [15]. Ruby fluorescence techni-
que [16, 17] was used for pressure measurements, with
the accuracy of �0.05 GPa. Indexing of diffraction pat-
terns was done based on the structural data for ambient
pressure structure [18]. To avoid ambiguities in the index-
ing, pressure was increased very steadily, in small steps.
The ratio of relative intensities of the reflections and a
continuous character of changes in the interplane distances
dhkl with pressure was controlled. Lattice parameters were
calculated from dhkl using a program ULM [19].

After pressure reached 3.8 GPa, the X-ray powder pat-
terns registered by the photographic method could no
longer be indexed assuming a continuous distortion of the
original phase, although positions of many lines were si-
milar to those in the lower-pressure patterns. A reversible
phase transition was assumed to take place, and the struc-
ture of the high-pressure polymorph was supposed to be
related to that of the starting ambient pressure polymorph
[12]. The powder diffraction patterns obtained by the
photographic method did not allow us to find the reflec-
tion indices and to calculate cell parameters and volume
(to say nothing of structure solution and refinement).
Therefore we proceeded with a high-resolution X-ray di-
fraction at a synchrotron radiation source (l = 0.7000 �A)
using a two-dimensional image plate MAR345 detector
(pixel size 0.15 mm, 2300� 2300 pixels in image, maxi-
mum resolution 1.105 �A, maximum 2q 36.942 deg) for
registration [13]. Experiments were run at BM1A at the
Swiss-Norwegian Beamline at ESRF in Grenoble. The
frames were measured with exposing time equal to 1200–
3600 seconds, with Dj ¼ 8 degrees. The distance crystal
– detector was adjusted using a Si-standard. The sample
in the DAC was centered with respect to the beam very
carefully, so that no reflections from steel gasket could be
observed in the measured diffraction pattern.

Two types of diamond anvil cells were used in the
high-resolution X-ray diffraction experiments: 1) a Merrill-
Bassett cell of the four-screw type suggested by Mao and
Bell [20, 21] modified by Ahsbahs [22], and 2) a cell
without Be from one side, which avoids the absorption
corrections for the powder-line intensities and allowed us
to collect data without secondary Be-background from dia-
mond reflections [23]. 220.0250/R/l steel was used as a
gasket material. Two different pressure-transmitting media
(neon and methanol/ethanol/water) were used, in order to
check if pressure-transmitting medium has any effect on
the phase transition. In general high-pressure phase transi-
tions are known to be sensitive to the choice of a pres-
sure-transmitting medium, even if there seems to be no
direct chemical interaction between the medium and the
solid sample [24].

The raw diffraction data were processed (calibration,
masking, integration) using a Fit2D program [25]. The in-
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dexing of the high-resolution powder diffraction pattern
and the refinement of cell parameters and cell volume for
the initial phase were straightforward, starting with the in-
dices known for the ambient pressure structure. For the
high-pressure phase, the unit cell dimensions were deter-
mined with the indexing program TREOR [26]. The struc-
ture solution and bond-restrained Rietveld refinements
were performed with the MRIA program [27]. The
strength of the restraints was a function of interatomic se-
paration and for intramolecular bond lengths corresponded
to an r.m.s. deviation of 0.03 �A. A special procedure of
background subtraction [28] was applied to all measured
patterns before refinement, resulting in patterns with al-
most linear background (compare the patterns in Fig. 1
and in Fig. 3 after and before background subtraction). All
patterns were fitted using split-type pseudo-Voigt peak
profile functions [29] and March-Dollase [30] texture cor-
rection with the [010] as a direction of preferred orienta-
tion. The structure of the high-pressure phase was first
solved ab initio, without any preliminary assumptions on
the structural model. Later, it was shown that it could be
obtained also by refining the data starting from the atomic
coordinates of sodium oxalate at ambient pressure.

Programs PCW [31], WebLabViewerLite [32], PLA-
TON [33], and Mercury [34] were used to visualize the
fragments of the crystal structure and to calculate selected
geometric parameters. Program TENSOR by Y. Ohashi,
published in [35], was used to calculate strain tensors [36]
at different pressures. Voronoi polyhedra (VP) were calcu-
lated and visualized using VP_CIF [37].

Computational methodology

In the present work, we have used the ABINIT code [38],
a common project of the Université Catholique de Lou-
vain, Corning Incorporated, and other contributors (URL
http://www.abinit.org), based on pseudopotentials and
plane waves. It relies on an efficient Fast Fourier Trans-
form algorithm [39] for the conversion of wavefunctions
between real and reciprocal space, on the adaptation to a
fixed potential of the band-by-band conjugate gradient
method [40] and on a potential-based conjugate-gradient
algorithm for the determination of the self-consistent po-
tential [41].

The generalized gradient approximation [42] of density
functional theory [43, 44] was used for the exchange-cor-
relation. For an overview of density functional theory and
the existing functionals, see [45]. The pseudopotentials
used are of the Troullier-Martins [46] type, generated
using the fhi98pp code [47] using the same GGA func-
tional [42] as employed in present calculations. We used a
very high kinetic energy plane-wave cut-off of 70 Ha and
the Brillouin zone was sampled with a 4� 2� 1 Mon-
khorst-Pack mesh [48]. These settings allowed us to
achieve excellent convergence in pressure (within 0.02
GPa) and in the total energy (within 12 meV/atom). At
each geometry, the ground state was found iteratively, un-
til the maximum change in forces became smaller than
5� 10�5 eV/�A. Structural optimisation was performed un-
til the maximum forces were below 5� 10-4 eV/�A and

stresses were less than 0.003 GPa within the desired hy-
drostatic pressure values.

We started with the structure of the low-pressure phase,
first optimised it at 0 GPa and then gradually increased
pressure up to 15 GPa with steps of 1 GPa and then de-
compressed, from 15 GPa down to 1 GPa. It is well
known that the GGA often gives accurate transition pres-
sure values (see, e.g. [49–53]). Calculations similar to
those reported here were able to predict an isosymmetric
phase transition in sillimanite (Al2SiO5) under pressure
[54]. However, simulations of molecular and ionic-molecu-
lar crystals (like those presented here) require much more
attention to the performance of approximate density func-
tionals for weak intermolecular bonds, and very careful
structural optimisation (since the energy minima can be
relatively flat).

Experimental results

X-ray powder diffraction patterns of sodium oxalate in the
DAC filled with alcohol, or with neon at pressures below
and above the transition point, as measured and after inte-
gration, can be obtained on request from the authors.

The results of the high-resolution X-ray powder diffrac-
tion experiments have confirmed qualitatively the conclu-
sions, previously made from the photographic method
measurements [12]: anisotropic continuous distortion of
sodium oxalate was observed up to pressure equal to 3.3–
3.8 GPa, after what a phase transition took place. We
could not locate the transition pressure more exactly. The
instability of pressure in the DAC at the phase transition
point was also about 0.5 GPa. At the pressures close to
the phase transition point the diffraction patterns clearly
showed the presence of the two phases simultaneously:
the original phase (continuous lines at the 2D powder dif-
fraction patterns) and the high-pressure phase (spots, arcs).
The increase in the relative content of the high-pressure
phase with time at a constant pressure could be monitored.
Thus, at 3.3 GPa the first reflections of the high-pressure
phase were observed. We have measured a series of dif-
fraction patterns at the same pressure at different time in-
tervals. In about 12 hours the reflections of the low-pres-
sure phase disappeared and there was only the high-
pressure phase present in the sample. The transition was
reversible, without any noticeable hysteresis within the ac-
curacy of pressure measurement. The pressure-transmitting
medium seemed to have no noticeable effect on the transi-
tion.

Independent optical microscopy observation of small
(0.1 mm) single crystals of sodium oxalate in the DAC has
shown that an interface formed in a crystal during a phase
transition propagates very rapidly [13]. We can therefore
suppose, that the two-phase systems at the phase transition
region, which were observed in the case of powder sam-
ples, can be related to the difference in transition pressures
for different crystallites (tiny crystals). For temperature-in-
duced phase transitions, different transition temperatures
for different crystals of various substances were reported
previously [55–58]. Examples of different transition pres-
sures for different samples were also reported. Thus, a
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phase transition at 0.4 GPa was reported for pentaerythri-
tol in [59], but no sign of it could be detected in another
study even at 1.16 GPa [60]. No phase transitions were
observed in single crystals of the monoclinic paracetamol I
in the pentane-isopentane pressure-transmitting liquid at
least up to 5 GPa [61], although a I ! II transition took
place in a powder sample in the same fluid at about
0.7––1.3 GPa [62].

The diffraction pattern of the high-pressure phase II
could be indexed, and the cell parameters were refined.
The plot showing the continuous change in the dhkl values
with pressure prior and after the phase transition point
(thus proving the reliability and consistency of indicing),
with the hkl indices assigned to every dhkl-value in the two
phases, can be obtained on request from the authors. With
reflection indices found for the high-resolution diffraction
patterns of the high-pressure phase of sodium oxalate, we
could index also the previously obtained [12] films and
refine cell parameters and cell volume for the high-pres-
sure phase also from the data obtained by photographic
method. Ab initio indexing of the same films failed be-
cause the first two reflections in the patterns were too
weak and could not be observed with diffraction measured
with a laboratory radiation source.

The structure of the high-pressure phase II could be
successfully solved and refined in the P21/c space symme-
try group. Representative examples of Rietveld plots,
showing the observed (after background correction) and
difference profiles for sodium oxalate at ambient pressure, at 3.6 GPa (immediately prior to the phase transition), and

at 4.3 GPa (immediately after the phase transition) are
shown in Fig. 1. Parameters characterizing structure solu-
tion and refinement from powder diffraction data are sum-
marized in Table 11.

Numbering of atoms in the following text is explained
in Fig. 2. The values obtained for the samples in neon and
in MeOH/EtOH mixture were similar. At ambient pres-
sure, the results of the structure solution and refinement
(general packing pattern, intermolecular angles and dis-
tances) for a sample in a DAC were in a good agreement
with those previously reported from single-crystal X-ray
diffraction experiments (Tables 2, 3) [8].

When pressure reached �8 GPa, a number of new
weak reflections appeared in the diffraction pattern, nine
of which (at 2q: 11.61�, 15.95�, 16.86�, 17.52�, 19.13�,
20.04�, 23.39�, 24.82�, 25.45�) are shown on Fig. 3. All
these peaks could be indexed in a monoclinic unit cell
with acceptable dimensions and volume � a ¼ 3:36 �A,
b ¼ 5:25 �A, c ¼ 9:20 �A, b ¼ 88:6�, V ¼ 162:2 �A3. On de-
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1 Full details on the refinement parameters at all the pressure va-
lues in the cells with different pressure-transmitting media, as well as
the crystallographic data (cell parameters, atomic coordinates) have
been deposited with the Cambridge Crystallographic Data Centre as
supplementary publication no 265580–265593.
Numbering of atoms used in the CIFs is explained in Fig. 2.
Copies of available material can be obtained, free of charge via
www.ccdc.cam.ac.uk/data_request/cif, by emailing
data_request@ccdc.cam.ac.uk, or by contacting The Cambridge Crys-
tallographic Data Centre, 12, Union Road, Cambridge CB2 1EZ, UK;
fax: +44 1223 336033.
The list of Fo /Fc-data is available from the author up to five years
after the publication has appeared.
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Table 1. Parameters characterizing structure solution and refinement
from powder diffraction data.

P, GPa Rp Rw Re

0.00a 0.1 0.110 0.37

1.05a 0.088 0.094 0.215

1.50a 0.087 0.094 0.199

1.90a 0.087 0.093 0.203

2.62 0.08 0.087 0.225

2.65a 0.104 0.108 0.243

3.26 0.098 0.1 0.224

3.34a 0.091 0.095 0.224

3.50 0.072 0.077 0.321

4.10 0.089 0.097 0.309

4.20a 0.124 0.141 0.342

4.54 0.078 0.084 0.3

5.99 0.076 0.079 0.284

7.12 0.075 0.079 0.291

7.97 0.102 0.12 0.291

a: The refinement was carried out for a system with neon.
Rp –– ‘R-pattern’: Rp ¼

P
jYobs –– Ycalcj

�P
jYobsj

Rw –– ‘R-weighted pattern’: Rw ¼ ð
P

w(Yobs � Ycalc)2
�P

wYobs
2Þ1/2

Rexp –– ‘R-expected’: Rexp ¼
P

s(Yobs)
�P
jYobsj

Yobs –– the intensity in the i-th Bragg reflection,
Ycalc –– the intensity assigned to the i-th Bragg reflection,
sðYeÞ –– standard deviation of Yobs.

Fig. 1. The Rietveld plots, showing the observed (after background
correction) and difference profiles for sodium oxalate: (a) at ambient
pressure, (b) at 3.6 GPa, and (c) at 4.3 GPa.



composition, these new lines slightly changed their posi-
tions and relative intensities, being indexable in the afore-
mentioned monoclinic unit cell with the slightly increased
volume. The origin of these new peaks requires further
experimental studies. They can be related, in particular, to
the formation of a new high-pressure phase, as predicted
by ab initio calculation (see below).

The cell parameters and cell volume of sodium oxalate
versus pressure below and above the transition point are
plotted in Fig. 4. The data from the high-resolution pow-
der technique obtained for the changes in a, c, b cell para-
meters and in the cell volume, V, versus pressure coin-

cided well with the values calculated on the basis of the
measurements by the photographic method [12]. Reliable
results for cell parameter b could be obtained only with
the higher precision of the high-resolution measurements.

Bulk compressibilities and deformation (strain) ellip-
soids giving linear strain in selected crystallographic direc-
tions were calculated from the changes in cell parameters
for the ambient-pressure polymorph prior to the phase
transition, and for the high-pressure phase at pressures
above 3.8 GPa (Fig. 5, Table 4). Bulk compressibility of
the ambient-pressure polymorph was 1.6 times higher than
that of the high-pressure phase: �8% GPa�1 and �5%
GPa�1 respectively. Linear strain along the axes 1 and 2
(minimum compression and the direction normal to 1 and
3) did not change much after the phase transition, whereas
the maximum compression (linear strain along axis 3) was
noticeably (1.6 times) smaller in the high-pressure phase
(�6% GPa�1 in the ambient-pressure polymorph and
�4% GPa�1 in the high-pressure form). The orientation of
the principal axes of the strain tensor with respect to the
crystallographic axes changed slightly after the phase tran-
sition: the direction of the maximum compression (axis 3)
was almost preserved (rotated at about 10–15 degrees),
remaining normal to the b axis, but the axes 1 and 2 inter-
changed.

For a comparison, we used the data on the crystal
structure distortion of sodium oxalate on cooling down to
100 K [8, 12]. The data on the low-temperature structures
of sodium oxalate obtained by Naumov, Boldyreva and
Howard in 1996–1997 [8] remained unpublished, and
were therefore deposited as CIFs at the CCDC now (Nos
265760 and 265761). The anisotropy of structural strain of
the starting polymorph with increasing pressure was simi-
lar to, but not identical with that on cooling [12].

The crystal structure of sodium oxalate does not
change its space-group symmetry P21/c at the point of the
phase transition, although the jumps in the pressure depen-
dences of cell volume and cell parameters a, b, and b at
the transition point were measured. So, the phase transi-
tion is an example of isosymmetric phase transitions,
which were described previously also for other com-
pounds [63–67]. Optical microscopy observations of a sin-
gle crystal in the diamond anvil cell in the polarized light
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O2a

C1a
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Fig. 2. An oxalate ion. Numbering of atoms is explained.

Table 2. Cell parameters and volume of Na2C2O4 at ambient condi-
tions (experiment and ab initio simulations).

Parameter single
crystal data,
300 Ka

powder
diffraction
data, 300 K

ab initio
calculations,
0 K

a, �A 3.4847(6) 3.482(1) 3.556

b, �A 5.2639(6) 5.262(1) 5.286

c, �A 10.436(2) 10.432(2) 10.591

b, deg 93.08(2) 93.08(2) 93.84

V, �A3 191.15(5) 190.86(8) 198.6

a: data from [8], deposited in CCDC, No 265760

Table 3. Fractional atomic coordinates in Na2C2O4 at ambient condi-
tions (experiment and ab initio simulations).

Atom x y z

Na 0.3043(2)a 0.0572(2) 0.3547(1)

0.309(2)b 0.058(1) 0.356(1)

0.29845c 0.05652 0.35584

O1 0.1615(7) �0.1206(4) 0.1510(2)

0.159(4) �0.127(2) 0.159(2)

0.16121 �0.11676 0.15060

O2 0.2321(7) 0.2670(4) 0.0684(2)

0.230(4) 0.276(3) 0.070(1)

0.22946 0.26902 0.06707

C 0.1153(8) 0.0429(4) 0.0635(2)

0.107(7) 0.037(5) 0.063(2)

0.11343 0.04402 0.06311

a: single crystal data [8], CCDC No 265760
b: powder diffraction, this work,
c: ab initio simulations, this work
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Fig. 3. A powder diffraction pattern (after integration) for the sample
at about 8 GPa. The peaks that cannot be assigned to the phase II are
marked (?).



[13, 68, 69] were in an agreement with the fact that the
symmetry of the crystal did not change in the course of
the phase transition. A peculiar feature of the pressure-in-
duced structural change in sodium oxalate is that the
monoclinic angle b decreases continuously from 93.08(2)�

at ambient conditions to 90.75(1)� at 3.6 GPa right below
the phase transition point, and then changes by a jump to
85.28(1)� at the phase transition point.

No changes in the intramolecular conformation of the
oxalate anions with increasing pressure, also through the
phase transition point could be noticed within the uncer-
tainty. The oxalate-ions remained practically flat and cen-
trosymmetric, the changes in the intramolecular OCO-an-
gle and the torsion angle O2A––C1A––C1––O1 did not
exceed 2 degrees. In this respect, the behaviour of sodium
oxalate under pressure was very different from that of the
oxalates of K, Rb, Cs with increasing temperature, where
the changes in the conformation of the oxalate anions
(staggered versus flat), known to be directly interrelated
with the stability of an oxalate ion with respect to its de-
composition [5], accompanied temperature-induced phase
transitions [4, 9].

The main packing pattern did not change radically with
increasing pressure. The centroids of the oxalate-ions
formed a distorted pseudo-hexagonal packing (Fig. 6). The
pseudo-hexagonal packing of the centroids of the oxalate
ions can be visualized clearly also if Voronoi polyhedra
(VP) are calculated. The VP for the centroids of oxalate
ions immediately before and after the phase transition
point are plotted in Fig. 7 [68].

The distortion of the pseudo-hexagonal packing could
be characterized by the lengths and the angles of the
pseudo-hexagonal mesh, the inclination of hexagonal
planes formed by centroids of oxalate-anions with respect
to the crystallographic (b� c) plane (angle w) and the
ratios r1=h, r2=h, raver=hðraver ¼ ðr1 þ r2Þ=2Þ, as was pre-
viously done for other metal oxalate structures [1, 4].
The raver=h ratio in the low-pressure polymorph of so-
dium oxalate at various pressures is in the range 1.59–
1.64, that is close to the value 1.633 for the c/a ratio for
the ideal close packing of spheres. The value of the w-
angle in sodium oxalate is equal to zero, as in the ideal
hexagonal packing. For different Rb2[C2O4] polymorphs
the raver=h ratio is less than that for Na2[C2O4] (1.26–
1.32 for g, 1.24–1.25 for b, 1.27–1.31 for a) [4], and
the value of the w-angle is not zero for some of them,
that is the pseudo-hexagonal packing is more distorted,
than that for sodium oxalate. With increasing pressure,
the pseudo-hexagonal packing of the centroids of the ox-
alate ions in sodium oxalate becomes closer to the ideal
one till the phase transition point is reached (the values
of the a1 and a2 angles approach 120 degrees from dif-
ferent sides; the ratio raver=h approaches the value for the
ideal packing 1.633). At the phase transition point, the
values of raver=h, r2, a1 and a2 change by a jump,
whereas the value of r1 decreases smoothly with pres-
sure, also through the phase transition point. When pres-
sure is increased further above the phase transition point,
the values of a1 and a2 remain practically unchanged, r2

decreases and raver=h increases. In general, the pseudo-
hexagonal packing becomes more distorted with pressure
increasing after the phase transition point (Fig. 6). For a
comparison, using the variable-temperature data for so-
dium oxalate from [8], we have calculated r1, r2, raver=h,
a1 and a2 at 100 K and at 295 K. The calculations at
295 K are in a good agreement with our data at ambient
pressure: r1 ¼ 5.844 �A, r2 ¼ 5.264 �A, raver=h ¼ 1.594
(295 K). On cooling down to 100 K the packing be-
comes slightly less distorted: raver=h becomes equal to
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1.604, and thus approaches the ideal value 1.633; the
difference between r1 ¼ 5.822 �A, and r2 ¼ 5.254 �A be-
comes smaller at 100 K, than it was at 295 K. The va-
lues of a1 and a2 remained practically the same (within
uncertainty) on cooling.

The major structural change at the phase transition
point was related to a jumpwise rotation of the oxalate
anions with respect to each other (Fig. 7). The values of
the angles between the planes of the neighbouring oxalate
ions (j1), and between the C––C axes of the two oxalate
ions (j2) versus pressure are plotted in Fig. 8. The rota-
tion of the anions is accompanied by an abrupt change in

the coordination of the sodium cations by oxygen atoms at
the phase transition point. This can be illustrated either by
considering the pseudohexagonal packing, similarly to
how this was done for the polymorphs of other metal oxa-
lates [4] (Fig. 6), or by calculating the corresponding Vor-
onoi polyhedra (Fig. 7). In the original polymorph, Na ca-
tions fill the distorted octahedral voids between the two
anionic layers; coordination number of Na per O is equal
to 6, if the two neighbours with Na––O distances >3 �A
contributing small (solid angles less than 0.5 rad) faces to
VP are neglected. In the high-pressure polymorph, the co-
ordination number of Na is equal to 6, if only faces of VP
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Table 4. Angles between the three principal axes of the strain ellipsoid and the crystallographic axes of sodium oxalate (degrees) at pressures
below and above the phase (I–II) transition point (experiment and ab initio simulations).

ex
p

phase Pressure, 1� 2� 3�
GPa a b c a b c a b c

I P � 3.8 GPa 90 0 90 55.4–56.1 90 37.0–37.6 33.9–34.6 90 127.0–127.6

II P � 3.8 GPa 60.3–63.2 90 22.2–25.2 90 0 90 26.8–29.7 90 112.2–115.2

ca
lc

I 1–9 90 0 90 57.5–57.9 90 36.4–37.5 32.5–33.7 90 126.4–127.5

II 9–13 65.6–70.6 90 16.7–21.7 90 0 90 19.4–24.5 90 106.7–111.7

III 12–15 55.2–55.7 90 27.1–27.6 90 0 90 34.3–34.8 90 117.1–117.6



with solid angles larger than 1 rad (Na––O distance shorter
than 3 �A) are taken into account; it increases and becomes
equal to 7, if only faces of VP with solid angles larger
than 0.6 rad are considered, and to 11 (6þ 1þ 2þ 2), if
no faces (and, correspondingly, no neighbours) are ne-
glected (Fig. 7). The sphericity coefficient [37] of a VP
calculated for the coordination of Na by O increased from
0.56 to 0.61 on pressure-induced phase transition. 6 oxy-
gen atoms in the coordination of a sodium ion can be
related to the corresponding neighbours in the low-pres-
sure structure. These 6 Na––O distances, as well as se-
lected Na––Na distances are plotted versus pressure in
Fig. 9. After the phase transition point, the Na-Na dis-
tances become more equal with each other, the average
Na––Na distance decreasing. At the same time, one of the
Na––O distances increases very noticeably as compared to
its previous value and to the values of other Na––O dis-
tances at the same pressure. At the phase transition point,
the Na-ions seem to be “pushed” further out of the planes
formed by the pseudo-hexagonal packing of the oxalate
anions (Figs. 7, 9).

Ab initio simulations

At P ¼ 0 GPa, the agreement between theoretical and ex-
perimental crystal structures is rather good (Tables 2, 3),
the main difference being that theory overestimates lattice
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parameters by �1%. This is typical of the GGA [45, 49,
50]. On increasing pressure simulations have resulted in
an isosymmetric phase transition I ! II with a discontinu-
ous change in the orientation of the oxalate anions with
respect to each other, and in the coordination of Na ca-
tions by oxygen atoms, which is also in an agreement
with experimental data. The equilibrium phase transition
pressure was estimated from the calculated H(P) curves
(Fig. 10). The theoretical value (3.65 GPa) is in excellent
agreement with the experimental value of 3.3–3.8 GPa.
The simulated transition I ! II was reversible, but, in con-
trast to the experimental data, characterized by a pro-
nounced hysteresis (Fig. 4, 6, 8). On further compression,
yet another isosymmetric phase transition (II ! III), also
with a hysteresis, was predicted by the simulations, the
equilibrium pressure for it being equal to 10.9 GPa
(Fig. 10). The transition manifested itself in the changes in
cell parameters, in particular of the b angle (Fig. 4), and in
the geometric parameters characterizing mutual orientation
of the oxalate anions (Fig. 8). The main packing in the
phase III resembled that in the phase I if viewed in the
(b� c)-projection, and that in the phase II –– in the (a� c)-
projection (Fig. 11). Upon decompression, the low-pressure
phase I was recovered at pressures around 2.5 GPa.

The bulk compressibility and the anisotropy of lattice
strain of phases I and II obtained in the ab initio calcula-
tion were similar to the experimental values (Fig. 5, 6, Ta-
ble 4). For the phase III predicted by calculations, but not
(yet?) observed experimentally, the bulk compressibility

and lattice strain were calculated and plotted for a compar-
ison in the same Figures. The similarity in the crystal
packing in the phases I, II, III may account for the small
differences in the enthalpies of the three phases (Fig. 10).

The fact that simulations performed at zero Kelvin
gave a pronounced hysteresis in contrast to what was ob-
served experimentally has a straightforward explanation: in
such simulations the forward/backward transitions are ob-
served only when one of the structures no longer corre-
sponds to an energy minimum and the energy barrier se-
parating the two structures vanishes, and since minima
corresponding to the two structures disappear at different
pressures, there must be a hysteresis. When thermal vibra-
tions are present, the transition will occur sooner: disap-
pearance of the barrier is no longer needed, and transitions
will occur once the barrier heights become comparable to
the energy of thermal vibrations. At sufficiently high tem-
perature the hysteresis may disappear completely: in the
case of Na2C2O4 at 300 K experiment did not detect any
hysteresis, which means that the barrier for the transition
is comparable to or lower than kB 	 300 (K) ¼ 2.5 kJ/mol.
From general theoretical considerations a hysteresis must
be expected at sufficiently low temperatures, and we ex-
pect that low-temperature experiments will reveal it for
Na2C2O4. The peculiarity of isosymmetric transitions is
that they must be first-order (as is the case in Na2C2O4),
but can become fully continuous above a certain critical
temperature [63]. At finite temperatures, domains of low-
and high-pressure structures can coexist in the same
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phase; this is responsible for the decrease of the first-order
character of these transitions with increasing temperature.

Conclusions

A reversible first-order isosymmetric phase transition takes
place in the crystals of sodium oxalate at 3.3–3.8 GPa.
Pressure results in the rotation of oxalate anions preser-
ving to a large extent the main features of their packing,
and a jump-wise change in the coordination of sodium
cations by oxygen atoms at the transition point.

Experimental findings are confirmed by ab initio simu-
lations. In particular, simulations find a reversible isosym-
metric first-order transition with equilibrium pressure
equal to 3.65 GPa, very close to the experimental transi-
tion pressure 3.3–3.8 GPa. At the same time, simulations
predict some new phenomena for Na2C2O4, not (yet?) ob-
served experimentally: the existence of a second transition
(II! III) at 10.9 GPa, and hysteresis in both transitions at
sufficiently low temperatures. These predictions should sti-
mulate new experiments. Recently, a combination of theo-
ry and experiment resulted in the discovery of a major
Earth-forming mineral, a CaIrO3-type phase of MgSiO3

[52]. In this work, simulations also provide an evidence
for yet another (possibly isosymmetric and not yet ob-
served experimentally) high-pressure phase of sodium oxa-
late at 10.9 GPa, and this should be checked in future
experimental work. A combination of low temperature and
high pressure in the future experiments could also allow
one to observe experimentally the hysteresis for the I ! II
and II ! III phase transitions.
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