Study of the Structural, Vibrational and Thermodynamic
Properties of Natroxalate Mineral Using

Density Functional Theory

Francisco Colmenero”™ and Vicente Timodn

Instituto de Estructura de la Materia, IEM-CSIC. C/ Serrano, 113. 28006 Madrid, Spain

Orcid Francisco Colmenero: https://orcid.org/0000-0003-3418-0735

Orcid Vicente Timén: https://orcid.org/0000-0002-7460-7572

* Corresponding author. Tel.+34 915616800 Ext. 941033
E-mail address: francisco.colmenero@iem.cfmac.csic.es



mailto:francisco.colmenero@iem.cfmac.csic.es

Abstract

Natroxalate mineral, Na,C,O4, is a fundamental oxalate mineral widespread in nature, present in
humans, animals and plants, as well as in naturally occurring minerals. The characterization of oxalate
minerals is extraordinarily important since these organic minerals are indicators of environmental events
and of the presence of biological activity, because they are commonly of biological origin. These minerals
are currently under study to investigate the possible biological activity on Mars. The identification of
these compounds is usually performed by X-ray diffraction and Raman spectroscopy. Theoretical
calculations are of great value for the study and interpretation of the results of these experimental
techniques. In this work, natroxalate mineral structure and Raman spectrum was studied by first principle
calculations based on the density functional theory. The computed structure of natroxalate reproduces the
one determined experimentally by X-ray diffraction (monoclinic symmetry, space group P2i/c; lattice
parameters a=3.449 A, b=5.243 A; ¢=10.375 A). Lattice parameters, bond lengths, bond angles and X-ray
powder pattern were found to be in very good agreement with their experimental counterparts. Raman
spectrum was then computed by means of density functional perturbation theory and compared with the
experimental spectrum. Since the results were also found in agreement with the experimental data, a
normal mode analysis of the theoretical spectra was carried out and used in order to assign the main bands
of the Raman spectrum. The band found at about 567 cm, described as a single peak in previous
experimental works, is shown clearly to have two contributing bands. Finally, two bands of the observed
spectrum, located at the wavenumbers 1750 and 1358 cm, were not found in the theoretical spectrum.
This is because these bands correspond to an overtone, 2v1 (vi=875 ¢cm), and a combination band, vi+v,
(v1,v2 =875, 481 cm?), respectively. Finally, the fundamental thermodynamic properties of natroxalate
mineral were determined. The calculated specific heat at 298.15 K is in excellent agreement with the
experimental value, the difference being less than 1%. Since for most of these properties there are not

experimental values to compare with, their values were predicted.
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1. Introduction

Organic minerals have been recognized since the early stages of modern mineral
science [1]. Most of these minerals are formed by inorganic processes, but it is
increasingly recognized that minerals may also be produced organically. The
recognition of the materials formed in this way has opened a new area of research,
biomineralization, which is the study of the processes by which organisms produce
minerals [2]. Because the occurrence of organic minerals is associated to high
concentrations of certain organic compounds in natural environments, the study of the
origin and formation processes of these minerals will lead us to understand the behavior
of the organic molecules in the environment.

Oxalate minerals are fundamental organic minerals widespread in nature, present in
humans, animals and plants [3-14], as well as in naturally occurring minerals [15-16].
The characterization of oxalate minerals is extraordinarily important since these
minerals are indicators of environmental events, such as climate change [17], and of the
presence of biological activity, because they are commonly of biological origin [2].
Evidence for the existence of primitive life forms like lichens and fungi can be based
upon the formation of oxalates. These minerals form as the result of expulsion of heavy
metals from fungi, lichens and plants [9-12], since these organisms can control their
heavy metal intake through expulsion of metal salts such as oxalates. The production of
simple organic acids as oxalic and citric acids has profound implications for metal
speciation in biogeochemical cycles [12]. The presence of oxalates can be used as a
marker for the pre-existence of life.

These minerals are currently under study to investigate the possible biological activity
on Mars [18-27]. The study of the formation, transport, and concentration of oxalate in

the extremely arid zones may provide a geochemical analogue for oxalate-bearing



minerals recently suggested to exist on Mars [18]. If life existed on Mars at some time
in the past, or even exists in the present time, low life forms such as fungi and lichens
could exist. These organisms may be found in very hostile environments [6-8]. Raman
spectroscopy has been selected as one of the main analytical instruments for the
ExoMars mission [19-20] to identify the geological and biogeological spectral
signatures that could confirm the presence of oxalates in Mars. While there have been
no inambiguous detections of specific organic compounds on Mars, meteoritic and
cometary material is continuously delivered to the surface of Mars, and oxalic acid is
the most abundant dicarboxylic acid in several chondrites [28-30]. Based on X-ray
diffraction and reflectance spectroscopic analyses, Applin et al. [26-27] have shown that
solid oxalic acid and its most common mineral salts are stable under the pressure and
ultraviolet irradiation environment of the surface of Mars. Therefore, oxalate minerals
could be important in numerous Martian geochemical processes, acting as a possible
nitrogen sink, and/or contributing to the formation of organic carbonates, methane, and
hydroxyl radicals [26].

The presence of oxalates has been evidenced by the deterioration of works of art [31-
37]. Carbon dating of oxalic acid enables estimates of the age of the works of art [38].
Such minerals are also important in human physiology because these minerals are also
found in the urinary system in the human body [3-5]. Oxalates are also used in industry
[39-44]. For example, oxalates are major intermediates in many advanced oxidation
processes for treating organics [40-43]. Sodium oxalate serves as a metal cleaning
preparation in the textile, leather and tanning industries and it is also used in analytical
and solvent extraction chemistry. For example, sodium oxalate is used as primary

volumetric standard for manganometry and acidimetry [44].



The identification of these compounds is usually performed by X-ray diffraction and
Raman spectroscopy. Theoretical calculations are of great value for the study and
interpretation of the results of these experimental techniques since they may be used to
resolve the main uncertainties encountered. The use of infrared and Raman
spectroscopy for the study of oxalates originated with the necessity to study renal stones
[45-46]. Vibrational spectroscopy has been extensively used to the study of oxalates
[47-55,21-25] and many synthetic oxalates have been also studied [54-55]. Oxalates are
most readily detected using Raman spectroscopy. Since most Raman spectra of oxalate
minerals are mutually exclusive, these minerals may be adequately recognized with this
kind of spectroscopy [21-25]. Therefore, Raman spectroscopy has the potential to
identify the existence or pre-existence of life forms on planets such as Mars [21]. The
minerals on Earth-like planets may be explored by robotic devices, which carry portable
Raman spectrometers with possible fibre optics to collect spectral data.

The structure of natroxalate mineral phase has been determined by experimental X-
ray diffraction techniques [56-57] and theoretical calculations [58-59]. In this paper, we
performed a complete structural characterization of natroxalate by theoretical solid-state
methods that agree very well with the structure obtained experimentally [56] and
improves the one obtained theoretically [58]. Also, although the Raman spectrum of this
mineral has been determined by experimental methods [21-23], a precise assignment of
the main bands in the spectra is lacking. While the Raman spectrum of natroxalate was
studied by Lakkaraju et al. [60] using DFT calculations of gas-phase clusters, these
authors determined only two Raman bands, their assignment being taken from the
experimental works. Therefore, a complete solid-state computation of the Raman
spectrum of natroxalate mineral was carried out in this paper, including the computation

of intensities and the assignment of all the observed bands. We have performed a



complete assignment of the experimental vibrational Raman bands since theoretical
methods provide detailed views at the microscopic scale of the atomic vibrational
motions in the corresponding normal modes. Finally, the fundamental thermodynamic
properties of natroxalate mineral were determined. Since, as far as we know, the values
for most of these properties of this mineral have not been determined by using either
experimental or theoretical methods, their values were predicted in this work.
Computations were carried out by means of Density Functional Theory [61] (DFT)
based on plane waves and pseudopotentials [62]. The same methodology used

successfully in previous works [63-67] was employed.

2. Methods
2.1. Geometries and Raman spectrum

CASTEP code [68], a module of the Materials Studio package [69], was employed to
model natroxalate structure. The generalized gradient approximation (GGA) together
with PBE functional [70] and Grimme empirical dispersion correction, called the DFT-
D2 approach [71], were used. The introduction of dispersion corrections improved
significantly the computed structural and vibrational properties as a result of the better
description of non-bonded interactions among the atoms within the unit cell. The
pseudopotentials used for C, O and Na atoms in the unit cell of natroxalate mineral were
standard norm-conserving pseudopotentials [72] given in CASTEP code (00PBE-OP
type).

Geometry optimization was carried out by using the Broyden—Fletcher—Goldfarb—
Shanno optimization scheme [62,73] with a convergence threshold on atomic forces of
0.01 eV/A. The kinetic energy cut-off and k-point mesh [74] must be selected to ensure
good convergence for computed structures and energies. Natroxalate structure was

optimized in calculations with increasing complexity by increasing these parameters.



The optimization performed with a cut-off of 900 eV and a K mesh of 6 x 4 x 2 (12 K
points) gave a well converged structure that was used to determine the final results.
Nevertheless, to show the convergence of the calculations, we have also included the
structural results of the calculations with a large K mesh of 7 x 5 x 3 (33 K points).

For the calculations of vibrational properties, the linear response density functional
perturbation theory (DFPT) [75-77] implemented in the CASTEP code was used in the
same way as in previous works [63-67]. Phonon frequencies at the gamma point of the
Brillouin zone were computed using atomic displacement perturbations. Raman
intensities are third-order derivatives of total energy with respect to vibrational mode
(atomic position) and laser field (electric field, twice). These are calculated in CASTEP
[68] by using a combination of perturbation theory (second derivative with respect to
field) and finite differences (third derivative with respect to atomic displacement).
Therefore, a combination of the DFPT and finite difference techniques are used in order
to determine the Raman spectrum. The frequencies presented in this work have been
scaled to correct for anharmonicity and remaining errors of the theoretical treatment
employed, such as incomplete treatment of electron correlation and basis set truncation
[78]. The scale factor used was 1.0363 and it was selected in order to adjust as far as
possible the calculated Raman spectrum to the experimental one.

All the results reported in this work were obtained imposing monoclinic space
symmetry (space group P2i/c). However, the geometry optimization and vibrational
calculations were also performed without symmetry restrictions. The results obtained in
these last calculations were essentially the same as in the calculations in which the

symmetry restrictions were imposed.



2.2. Thermodynamic properties

The methods employed for the calculation of thermodynamic properties of natroxalate
were the same as in our previous works [65,67,79-80]. The phonon spectrum at the
different points of Brillouin zone can be determined by DFPT as second order
derivatives of the total energy [75]. Phonon dispersion curves and density of states were
calculated and, from them, several important thermodynamic quantities in the quasi-
harmonic approximation, such as free energies, enthalpies, entropies, specific heats and

Debye temperatures were evaluated [75,81].

2.3. Enthalpies and free-energies of formation
The natroxalate enthalpies and free-energies of formation at different temperatures
were determined from our calculated enthalpy and entropy functions, (Hy — Hpgg) %€

and S£%, by using the relationships [82]:

elements
AfH(T) = AfHO + (Hy — Hygg)¢ — z n;(Hy — H298)iexp @Y)
i
elements
ArG(T) = AH(T) =T { st - Y m (Sr)f’“”} ©)
i

In these relations, AsH® is the standard enthalpy of formation of natroxalate at the
standard state (T = 298.15 K and P = 1 bar), and (H; — Hag); " and (S;); " are the
enthalpy and entropy functions of the elements forming part of this material with
stoichiometric coefficients n;, respectively. The specific value used for A;H® will be
specified below. The enthalpy and entropy functions for the elements Na, C and O were
taken form JANAF tables [82]. The equilibrium constants for the formation reactions
were calculated using the well-known equation [82]:

AG(T) =—RTLnK (3)



2.4. Enthalpies and free-energies of reaction
At the different temperatures, the enthalpies and free-energies of a given reaction
were determined employing the calculated free energy and entropy of formation

functions, AsG (T)“% and A(S(T)°*, by using the relationships [82]:

products reactants
AG(T) = z A Gi(T) — Z nAGI(T) (4)
i j
AH(T) = AG(T) + T - A.S(T) (5)
where:
products reactants
aSM = Y maST) = Y nasi) (6)
i J

In equations (4) to (7), AfGi(T) and AfSi(T), are the free energy and entropy of
formation at temperature T of the compound i forming part of the reaction with
stoichiometric coefficient n;. The thermodynamic data used for sodium carbonate and
carbon monoxide, Na,CO5 and CO, were taken from JANAF tables [82]. The reaction
equilibrium constants were determined, as in previous Subsection, in terms of the

corresponding free energies of reaction by using equation (3).

3. Results and discussion

The unit cell parameters and internal atomic positions were first optimized using an
initial atomistic model based in the atomic coordinates given by Reed and Olmstead
[56]. From the optimized structure, we have obtained both the structural parameters as
well as the X-ray powder pattern. Then, the vibrational Raman spectrum was predicted
as a list of wavenumber and intensity values for each normal mode [77]. The
experimental Raman spectrum was then compared with the computed one and the

assignment of main fundamental band frequencies was carried out.



3.1. Structure

As it was mentioned, the structure of natroxalate was determined in calculations with

increasing complexity. Table 1 gives the final lattice parameters, volumes and densities

obtained compared with the experimental ones from Reed and Olmstead [56],

Boldyreva et al. [58], Naumov [83], Khomyakov [84], and Swanson et al. [85]. The

theoretical results of Boldyreva et al. [58] are also given in this table. As it can be seen,

theoretical and experimental results are in very good agreement. The lattice parameters

obtained with the large K mesh, including 33 k points, are essentially the same as those

obtained with the smaller K mesh (12 k points). The errors in the computed volume and

density with respect to experimental data are very small (less than 1%).

Table 1. Lattice parameters

Parameter a(A) b@A) c¢c(A a« B 7y Vol. (A% Dens. (g/cm?)

Calc.-12k 3.4769 5.3205 10.2409 90 91.02 90 189.41 2.350

Calc.-33k 3.4769 5.3205 10.2409 90 91.02 90 189.41 2.350
DFT [58] 3556 5.286 10591 90 93.84 90 198.6 2.24
Exp. [56] 3.449 5243 10375 90 9266 90 18741 2.375
Exp. [58] 3.482 5262 10432 90 93.08 90 190.86 2.332
Exp.[83] 3.4847 5.2639 10.4360 90 93.08 90 191.15 2.329
Exp. [84] 3.479 5255 10426 90 93.14 90 190.32 2.339
Exp.[85] 3.4799 5.2552 10.420 90 93.10 90 190.29 2.340

The computed structure is shown in Figure 1, where a view of a 2 x 2 x 2 supercell

along [100] is shown.

Figure 1. Structure of natroxalate mineral. View of a 2 x 2 x 2 supercell from the [100]

direction. Color code: Na-Blue, C-Gray, O-Red.
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As it can be seen, the structure is composed of isolated oxalate fragments, C20s,
coordinating the sodium atoms. The oxalate moiety is planar, as observed
experimentally [56]. The sodium atoms are surrounded by six oxygen atoms from
oxalate groups displaying octahedral coordination. A detailed description of oxalate
mineral structures has been given by Echigo and Kimata [16,57].

Table 2 and Table 3 give a comparison of the more important geometric parameters
(bond distances and angles) obtained with the corresponding experimental data from
Reed and Olmstead [56]. Natroxalate unit cell contains only one structurally
(symmetrically) identical Na atom, one C atom and two O atoms. The computed C-C,
C-0O1, C-02 and O1-0O2 distances within the oxalate fragment obtained using the
smaller K mesh are 1.587, 1.262, 1.262 and 2.244 A, which can be compared with the
experimental distances of 1.567, 1.265, 1.253, and 2.241 A, respectively. The structure
of oxalate fragments is, therefore, very well reproduced (see also O1-C-02, O1-C-C and
02-C-C bond angles in Table 3). Similarly, the coordination structure of Na ion is very
well described, the average Na-O distance being 2.421 A, which is comparable to the

experimental value of 2.405 A (see also the O-Na-O bond angles given in Table 3).

Table 2. Bond distances (in A)

Bond Exp.[56] Calc.-12k Cale.-33k
Oxalate fragment

Cc-C 1.567 1.587 1.584
C-01 1.265 1.262 1.263
C-02 1.253 1.262 1.261

01-02 2.241 2.244 2.245
Octahedra around Na
Na-02 2.320 2.371 2.370
Na-Ol1 2.331 2.373 2.360
Na-O1’ 2.343 2.376 2.372
Na-02’ 2.422 2.464 2.469
Na-O1”’ 2.495 2451 2.467
Na-02”’ 2.517 2.492 2.488
Average 2.405 2.421 2.421
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Table 3. Bond angles (in deg)

Angle Exp. [56] Calc.-12k Cale.-33k
Oxalate fragment

01-C-02 125.74 125.47 125.60
01-C-C 116.93 117.17 117.21
02-C-C 117.33 117.36 117.19
Octahedra around Na
0O1-Na-02 161.62 163.58 163.39
01’-Na-O1 98.93 98.86 98.97
02’-Na-02 91.98 94.54 94.38
017’-Na-02 86.64 86.33 82.51
02’’-Na-02 90.88 91.42 91.38
02’-Na-02”’ 80.09 82.56 82.82

The X-ray powder diffractogram of natroxalate was computed from the experimental
[56] and computed structures (see the work by Downs et al. [86] for the method used in
order to obtain the X-ray powder patterns from a given crystal structure) using CuK,
radiation (A=1.540598 A). The most intense lines (I > 10%) are compared in Figure 2,
the agreement in line positions and intensities being very good. The use of the spectra
derived directly from the experimental and computed structures allows for a fair
comparison of the results free of interferences (as the experimental conditions) or
possible artefacts (as the presence of impurities), since both are determined under
identical conditions. Nevertheless, the use of an experimental pattern also leads to an
excellent agreement. Computer program XPowder [87] using the PDF-2 database [88]
recognizes the computed spectrum as that of natroxalate (pattern 48-1816, which
corresponds to natural natroxalate mineral sample from Lovozero massif, Kola
Peninsula, Russia, see Khomyakov [84]). The values of the main reflections obtained in
our calculations are given in Table 4 and compared with those of the experimental

patterns 48-1816 [84] and 20-1149 [85] of the PDF-2 database [88].
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Figure 2. X-ray powder pattern of natroxalate using CuKo radiation: a) X-ray powder pattern
computed from experimental geometry [56]; b) X-ray powder pattern computed from calculated
geometry using the smaller K mesh (12 k points). The results for the main reflections are given
in Table 4.

3.2. Raman spectra and band assignment

The theoretical Raman spectrum (computed at T=298 K, A=532 nm and FWHM=20
cm™?) in the wavenumber range of 1800-0 cm™ is shown in Fig. 3. Pictures of the atomic
motions in the most important Raman active vibrational modes are given in the
Appendix A of the Supplementary Information (Fig. A.1).

In Fig. 4, we show the experimental [21-23] and theoretical Raman spectra divided in
four regions: (A) 1800 to 1550 cm™ (Fig. 4.A); (B) 1550 t01300 cm™ (Fig. 4.B); (C)
1300 to 700 cm? (Fig. 4.C); and (D) 700 to 300 cm™? (Fig. 4.D). Note that the
wavenumber range showed in Fig. 4.C is only 1000-750 cm™ (as shown in Fig. 3, there
are not Raman bands in the remainder of region C). The wavenumber of both spectra
along with the corresponding calculated intensities and assignments are given in Table
5. This table includes also the low wavenumber region 300-0 cm™. The numerical

values of the experimental Raman shifts given by Frost et al. [21] are provided in this
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table with the aim of comparison. The results obtained in each region will be now

discussed.
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Figure 4. Experimental [21] and theoretical Raman spectra of natroxalate mineral. (A) Region:
1800-1550 cm™; (B) Region: 1550-1300 cm™*; (C) Region: 1300-700 cm; (D) Region: 700-300

cm™.
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(A) 1800 to 1550 cm region

In this region, we found one intense band at about 1643 cm™ and a weaker band at
1614 cm™. The corresponding computed Raman shifts are 1656 and 1622 cm™. The
symmetries of the corresponding vibrations are Bg and Ag, respectively. These two
bands are assigned to antisymmetric CO bond stretching vibrations, v¢(C0). The band
observed by Frost et al. [21] at 1750 cm™ does not appear in the calculated spectrum. It
is likely that this band is an overtone, 2v1 (v1=875 cm™). The band located at 875 cm™ is
described below (1000 to 750 cm™ region).

(B) 1550 to 1300 cm™ region

In this region, we find a single band which is the most intense in the whole Raman
spectrum and it is located at 1456 cm™ (Ag). The corresponding calculated Raman shift
is 1442 cmt. This band is assigned to antisymmetric CC bond stretching vibrations plus
symmetric CO bond stretching vibrations, v*(CC) + v*(C0). For comparison,
Lakkaraju et al. [60] using DFT gas-phase cluster calculations, obtained a Raman shift
for this band of 1444 cm™. The weak intensity band observed by Frost et al. [21] at
1358 cm™ does not appear in the calculated spectrum. This band seems to be a
combination band, vi+v2 (v1, v2 =875, 481 cm™). The bands placed at 875 and 481 cm™
are described below.

(C) 1300 to 700 cm™ region

There are two observed bands in this region with wavenumbers 884 and 875 cm™,
which correspond to the bands calculated at 884 and 876 cm™. The first of these bands
has larger intensity than the second one. The corresponding vibrations to these bands
have Ag symmetry in both cases. The first of these bands is assigned to symmetric CC

bond stretching vibrations plus OCO bending vibrations vS(CC) + 6(0C0O) . The
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second one is assigned to oxalate fragment deformation vibrations. The assignment of
the first band is the same as that given by Frost et al. [21]. These authors attributed the
second band to a splitting of the CC bond stretching vibrations in the free oxalate
fragment due to non-equivalence of the CC stretching vibrations. However, these
authors gave not a proper assignment of this band since the associated vibrational
motion was not described. The motion involves a CC bond rotation, where C atoms
move perpendicularly to oxalate plane but in opposite directions (see Figure A.1 of the
Supplementary Information). Lakkaraju et al. [60] obtained a Raman shift for the first
of these bands of 884 cm™.

(D) 700 to 300 cm region

While Frost et al. [21] report two bands within this region of the Raman spectrum at
567 and 481 cm™, a simple inspection of Figure 4.D shows that the first one contains
two contributing peaks. The theoretical calculation is able to resolve these peaks, and
we find three bands in this region at wavenumbers 578, 572 and 471 cm™. The
calculated spectrum in this region is in very good agreement with the observed one, as it
can be seen in Fig. 4.D. The above three bands correspond to vibrations of symmetry
Bg, Ag and Ag, respectively. The first two bands are assigned to oxalate fragment
deformation vibrations. The motion in these vibrations involves a CC bond rotation,
where C atoms move within the oxalate plane but in opposite directions. The third band
is attributed to CO> group translations within the oxalate plane.

(E) Low wavenumber 300 to 0 cm™ region

In this last region, we may observe the presence of three main weak bands at
wavenumbers 221, 156 and 117 cm™ with theoretical counterparts of 235, 152 and 126
cm? (symmetries Ag, Bg and Ag, respectively). These vibrations were assigned in the

experimental work [21] to out of plane bending vibrations. The theoretical treatment
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allows to specify that the first band may be ascribed to CO> group translations out of the

oxalate plane. The second and third ones are both assigned to OCO twisting vibrations.

Table 5. Experimental and calculated Raman band wavenumbers, calculated intensities and

assignments.

Exp. Raman
shift (cm™) [21]

Calc. Raman
shift (cm?) (Can) (A%

Irr. Rep. Int.

Assignment

1800 -1550 cm™ region

1760 - - - 2v1 (vi=875 cm™)

1643 1655.9 Bg 51.77 ve(CO)

1614 1622.0 Ag 21.44 v%(CO)
1550-1300 cm™ region

1456 1442.0 Ag 204.51 va(CC) + vS(CO)

1358 - - - vit+va (vi, v2 =875, 481 cm™?)
1300-700 cm™ region

884 884.0 Ag 34.53 vS(CC) + 6(0C0)

875 876.0 Ag 24.42 0(C,0,)

700-300 cm™ region
567 577.7 Bg 7.08 0(C,0,)
- 571.6 Ag 3.65 0(C,0,)
481 471.3 Ag 12.38 TP(CO,)
Low wavenumber region

221 235.4 Ag 2.78 TP(CO,)

156 151.6 Bg 7.74 t(0C0)

117 126.3 Ag 3.13 t(0C0)

3.3. Thermodynamic properties

3.3.1. Phonon dispersion and density of states

Phonon calculations were performed at the optimized structure of natroxalate. From

them, the thermodynamic properties were evaluated. The calculated phonon dispersion

curves and the density of states spectrum obtained in the calculations performed with

the smaller K mesh (12 K points) are displayed in Figure 5. The results obtained with

the larger K mesh involving 33 K points are almost indistinguishable from the results of

the smaller calculations at the scale used in Figure 5.
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Figure 5. Calculated phonon dispersion curves and density of states spectrum obtained by using
the smaller K mesh (12 k points).

3.3.2. Heat capacities, entropies, enthalpies and Gibbs free energies

Figures 6.A, 6.B, 6.C and 6.D show the calculated isobaric heat capacity, entropy,
enthalpy and free energy functions, respectively. Note that all enthalpy and free energy
values have been divided by the temperature to express these properties in the same
units as entropy and heat capacity (J-K~!-mol™1). The values of the calculated
themodynamic functions over the temperature range 0-900 K are given in Table 6.

The knowledge of the thermodynamic properties of sodium oxalate is relevant for the
study of Bayer process [89]. A comparison of the calculated specific heat values of
natroxalate at 298.15 K and 281 K with the experimental values reported in references
[89] and [90], respectively, is given in Table 7. As it can be seen, the agreement with
the experimental values is excellent, the errors being less than 1%. The last value of the
calculated heat capacity, at the temperature of 900 K, is 182.2798 ] - K~ - mol™1, which
is below the Dulong-Petit limit, 199.54 J-K™!-mol™!, by 8.6%. In Table 7, the
computed value of the entropy at 298.15 K is also compared with the experimental

value reported in the literature [91]. The agreement is again very good, but it must be
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noted that this value is not for natroxalate crystal but for sodium oxalate as electrolyte in

solution.
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Figure 6. Calculated thermodynamic properties of natroxalate mineral: A) Isobaric specific
heat; B) Entropy; C) Enthalpy; D) Gibbs free energy. All functions are given as a function of

temperature.

Table 6. Calculated isobaric heat capacity, entropy, enthalpy and free energy functions of
natroxalate mineral. All values are in units of ] - K=1 - mol =1,

T(K) Cpcalc Scalc (H_H298)calc (G-Hzgs)calc
298.15 133.7039 162.9526 0.0 -162.9944
360.00 143.4783 189.0893 23.8654  -165.2226
380.00 146.2376 196.9220 30.2379  -166.6821
400.00 148.8297 204.4890 36.0979  -168.3888
420.00 151.2687 211.8086 41.5137  -170.2929
440.00 1535665 218.8974  46.5425  -172.3535
460.00 1557336 225.7703 51.2320  -174.5377
480.00 1577792 232.4405 55.6218  -176.8191
500.00 159.7114 238.9200 59.7444  -179.1769
520.00 161.5371 245.2197 63.6269  -181.5947
540.00 163.2627 251.3491 67.2917  -184.0599
560.00 164.8937 257.3172 70.7573  -186.5625
580.00 166.4351 263.1318 74.0396  -189.0946
600.00 167.8918 268.8003  77.1523  -191.6498

20



620.00 169.2681 274.3294  80.1076 -194.2228
640.00 170.5681 279.7253  82.9165 -196.8087
650.00 171.1908 282.3751  84.2694 -198.1051
700.00 174.0511 295.1693  90.5675 -204.5990
800.00 178.6979 318.7226 101.2899  -217.4334
900.00 182.2798 339.9881 110.1022  -229.8855

Table 7. Comparison of calculated and experimental heat capacities and entropies of
natroxalate. All values are given in units of ] - K™ - mol™1.

T Exp. Calc. Error (%)
Isobaric Heat Capacity
298.15 134.6 +2.24[89] 133.7039 -0.7
281 130.0 [90] 130.6029 0.5
Entropy
298.15 163.6 [91] 162.9526 -0.4

3.3.3. Enthalpies and Gibbs Free energies of formation

The thermodynamic properties of natroxalate, reported in previous Section, were used
to determine the enthalpies and free energies of formation of natroxalate as a function of
temperature using the same methods as in our previous works [79-80]. This procedure
has produced very accurate thermodynamic properties of formation for uranyl
containing materials even at high temperatures. For example, for rutherfordine mineral
and gamma uranium trioxide [79], the theoretical results were shown to be in excellent
agreement with experimental information up to 700 K and 900 K, respectively. From
the calculated thermodynamic properties of natroxalate, the experimental values of the
thermodynamic properties of Na, C, and O atoms from Chase et al. [82] and the
experimental value for the standard enthalpy of formation given by Wagman et al. [91],
ArH® = —1318.0 k]/mol, we obtained the enthalpies and free-energies of formation
and reaction constants of natroxalate as a function of temperature given in Table 8. The

results are also displayed in Figure 7.
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Table 8. Calculated enthalpies (AsH) and free-energies (AsG) of formation and reaction
constants (Log K) of natroxalate as a function of temperature. The values of A¢H and A;G are in

units of kJ-mol™.

T(K) AfH AsG Log K
5 -6237.880633 -6237.688883 65163.033549
55.2525 -1725.551058 -1710.235679 1616.781689
105.5051 -1496.121818 -1459.178361  722.408291
206.0101 -1362.065747 -1287.763476  326.509017
298.15 -1318.000000 -1210.149666 212.007810
360 -1302.604803 -1172.514908 170.123168
400 -1296.196093 -1151.672479  150.389178
500 -1287.931568 -1107.347593  115.680871
600 -1286.693667 -1070.242655  93.170536
700 -1290.030538 -1037.897045  77.446862
800 -1296.516093 -1008.825351  65.867865
900 -1305.459788 -982.322091 57.011043
-900 1800
] —e—AG o |
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Figure 7. Calculated free-energies of formation and reaction constants of natroxalate as a
function of temperature.

3.3.4. Thermal decomposition of natroxalate
Since sodium oxalate is used as starting material for versatile industries, it is very

important to study its thermal decomposition for advantages in cost and time
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management for industrial production. The reaction of thermal decomposition of
natroxalate into sodium carbonate and carbon monoxide is:
Na,C,0, - Na,CO; + CO (D
From the thermodynamic properties of natroxalate, reported in the previous sections
and the experimental ones of sodium carbonate and carbon monoxide given in JANAF
tables [82], we obtained the enthalpies, free-energies and reaction constants of this
reaction as a function of temperature reported in Table 9, using the same methods as in
our previous work [80]. The results are also displayed in Figure 8. Present results of the
thermodynamic properties of this important reaction of thermal decomposition
complement the previous kinetic studies performed by several authors [92-94]. The
decomposition temperature of sodium oxalate was placed at about 290°C (563 K) in
previous experimental studies [94]. As it may be appreciated in Figure 8, the calculated
free energy of reaction becomes negative at a temperature of 84°C (357.3 K) and, therefore,
the sodium oxalate crystalline material (natroxalate) appears to start to decompose already at
lower temperatures. It must be noted that although the Gibbs free energy of reaction becomes
negative at this temperature, the decomposition reaction is very slow at low temperatures [92].
Therefore, the large difference in the experimental and calculated decomposition is probably
due to the very slow kinetic rate of this reaction. Finally, it should be noted that in the work by

Yoshimori et al. [94], reporting the decomposition temperature of sodium oxalate, nothing was
pointed about the crystallinity of the samples studied.
Table 9. Calculated enthalpies (A,-H), free-energies (A,-G) and associated reaction constants

(Log K) of the reaction of thermal decomposition of natroxalate as a function of temperature.
The values of A,.H and A,.G are in units of kJ-mol™.

T(K) AH AG Log K
5 4999.936084 4999.849330 -52231.740915
55.2525  486.613072 479.607804  -453.400151
105.5051  254.420059 237.398527 -117.530981
206.0101 120.172268 85.135482 -21.585876
298.15 83.055490 24.977666 -4.375872
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360 62.312913 -0.927404 0.134559

400 55.986893 -14.035521 1.832804
500 49.992568 -38.466407 4.018456
600 52.097267 -56.069345 4.881146
700 60.415138 -69.517955 5.187362
800 70.363693 -80.372649 5.247662
900 81.827588 -88.950909 5.162445
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Figure 8. Calculated free-energies and reaction constants of the reactions of thermal
decomposition of natroxalate mineral as a function of temperature.

4. Conclusions

Natroxalate mineral, Na.C>O4 was studied by first principle calculations based on the
density functional theory. The computed structure of natroxalate reproduced accurately
the one determined experimentally by X-ray diffraction. Lattice parameters, bond
lengths, bond angles and X-ray powder pattern were found to be in very good
agreement with their experimental counterparts.

The Raman spectrum was then computed by means of density functional perturbation
theory and compared with the experimental spectrum. Since the results were also found
in agreement with the experimental data, a normal mode analysis of the theoretical

spectra was carried out and used in order to assign the main bands of the Raman
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spectrum. The procedure allowed assigning rigorously all observed bands including
those at very low wavenumbers. The main bands used to fingerprint this mineral are
those associated to the Raman shifts placed at 1643, 1456, 884 and 481 cm™, and were
reproduced theoretically at 1656, 1442, 884, and 471 cm™, respectively. They were
assigned to antisymmetric CO bond stretching vibrations, antisymmetric CC bond
stretching vibrations, symmetric CC bond stretching plus OCO bending vibrations, and
CO. translations within the oxalate plane, respectively. The band observed at about 567
cm?t, described as a single peak in the experimental works, was shown clearly to have
two contributing peaks. Finally, it must be noted that two weak intensity bands of the
observed spectrum [21], located at wavenumbers 1750 and 1358 cm, were not found in
the theoretical spectrum. This is because these bands correspond to an overtone, 2vi
(vi=875 cm™), and a combination band, vi+va (v1, v2 =875, 481 cm™), respectively.

The fundamental thermodynamic properties of natroxalate mineral were also
theoretically determined. The calculated specific heat at 298.15 K was in excellent
agreement with the experimental value, the difference being less than 1%. The
enthalpies and free-energies of formation of natroxalate as well as the enthalpies and
free-energies of its reaction of thermal decomposition were also reported as a function
of temperature.

Since DFT method has been found to be a reliable tool to analyze the structure and
vibrational spectra of natroxalate, this methodology may also be used to obtain a deeper
knowledge of the structure, spectra and properties of other very important organic
minerals and compounds found under extreme environmental conditions, such as those

found on Mars.
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