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Abstract

In this study, the structural properties, main characteristics of the Raman spectrum, and the thermodynamic
properties of the ammonium oxalate monohydrate mineral oxammite, (NH,),(C,0,) - H,0, were
investigated in theoretical solid-state calculations based on the periodic density functional theory using
plane waves and pseudopotentials. The optimized structure of oxammite agreed very well with that obtained
from low temperature X-ray diffraction data by structure refinement (orthorhombic symmetry, space group
P2,2,2; lattice parameters: a = 8.017A; b =10.309A; ¢ =3.735A4). The calculated structural
properties, including the lattice parameters, bond lengths and angles, and X-ray powder pattern, accurately
reproduced the experimental information. The Raman spectrum determined theoretically agreed with that
obtained experimentally. The assignment of the Raman spectral bands significantly improved their previous
empirical assignment. Thus, the assignment of a large series of bands was modified and the origins of
several previously unassigned bands were found. Five bands in the experimental spectrum at 2344, 2161,
1933, 1902,and 815 cm™1, were absent from the computed spectrum and they were identified as
combination bands. The band located at 2879 cm™! was confirmed as an overtone. Furthermore, the
theoretical calculations clearly showed that some features described as single peaks in previous
experimental studies were due to the contributions of several bands. The thermodynamic properties of the
oxammite mineral, including the specific heats, entropies, enthalpies, and Gibbs free energies, were

determined as functions of temperature. The specific heat calculated at 323 K, C,, = 202.3 ] - K=1-mol™t,
was in good agreement with the corresponding experimental heat capacity, C, = 211.7 J - K~1-mol™1,

where the values only differed by about 4%. Finally, using the computed thermodynamic data, the
thermodynamic properties of the formation of oxammite as well as the free energies and reaction constants

of the reaction for its thermal decomposition were determined.

Keywords: Oxalate mineral; Oxammite; Raman spectroscopy; Theoretical solid-state method;

Thermodynamic property.



1. Introduction

Oxalate minerals are widespread in nature and they may be found in animals, plants, and
naturally occurring mineral assemblages [1-15]. Organic minerals are mostly formed by inorganic
natural processes but they may also be produced organically via biomineralization [16]. Our
knowledge and understanding of the presence and transport of organic matter in the environment
may be enhanced by studying the origin and formation of these minerals [3-4]. The production of
oxalic acid, citric acid, and other simple organic acids has important consequences for
biogeochemical reactions and metal speciation [13-15].

The identification of oxalate-bearing minerals is extremely important because they are
indicators of environmental events [17] and biological activity [16]. The existence of oxalates may
serve as a signature of the pre-existence of life, so these compounds are being investigated in the
context of possible biological activity on Mars [4,18-30]. Oxalic acid and its mineral salts are
stable under the pressure and ultraviolet irradiation environment of the surface of Mars [18-19]
and, consequently, oxalate minerals could be important in Martian geochemical processes [19].
Raman spectroscopy has been chosen as one of the main analytic techniques in the Mars 2020 and
ExoMars missions [20-23] for the search of the corresponding geological and biogeological
spectral signatures.

Oxalate compounds are the main components of human kidney stones [5-7] and they are also
produced during the degradation of ancient paintings, sculpture, and architectural works [31-36]
due to both natural and anthropological phenomena, such as climatic conditions and exposure to
pollutant agents. Several ancient monuments were found to be covered by a superficial film

comprising several compounds such as calcium oxalate, which has protective effects against



unfavorable environmental conditions. In fact, some ammonium salts that are structurally related
to ammonium oxalate have been proposed as protective agents for calcareous stone substrates [36].
Oxalate materials are also used widely in industrial and laboratory processes [37-42]. For example,
ammonium oxalate may be employed to produce hydrogen cyanide [42].

X-ray powder diffraction and Raman spectroscopy [43-46,24-30,47-48] have been employed
frequently for the identification of these compounds. Oxalates are readily identified using Raman
spectroscopy because the Raman spectra of most oxalate minerals are mutually exclusive [24-26].
Theoretical calculations are an invaluable tool for analyzing the results obtained using these
experimental techniques because they can be employed to resolve the main uncertainties that are
encountered, as shown in a previous study of the sodium oxalate mineral natroxalate [49].

In the present study, theoretical solid-state methods were used to investigate the structural,
Raman spectroscopic, and thermodynamic properties of the ammonium oxalate monohydrate
mineral oxammite, (NH,),(C,0,) - H,0. Oxammite is known as a “cave” mineral because it is
often formed in caves. Oxammite is a fundamental oxalate mineral and it has attracted much
attention because it exhibits negative linear compressibility (NLC), i.e., its structure expands with
positive volume compression as the hydrostatic pressure increases [50]. NLC is a relatively
uncommon phenomenon and it has been studied rarely in organic systems. However, NLC is a
highly attractive mechanical property with many important applications in several fields, such as
ultrasensitive pressure-sensing devices, artificial muscles, and next-generation body armor [51-
55]. A large number of biological species are considered to make use of NLC [52-53]. The
mechanical behavior of oxammite mineral was investigated using density functional theory (DFT)
by Qiao et al. [50] with small calculation parameters, and these parameters were sufficient [56].

They showed that the NLC effect was due to the N — H --- O hydrogen bonding present in



oxammite, which results in the anomalous high-pressure behavior of the structure along the b-axis.
Materials that exhibit NLC have been investigated intensively in recent decades and although these
studies focused mainly on simple inorganic compounds [50], some organic materials and metal-
organic frameworks that exhibit NLC have also been considered, such as oxammite and
[NH4][Zn(HCOO)z] [57]. In the latter two cases, N — H --- O hydrogen bonding is present in the
corresponding crystal structures. Qiao et al. [50] also obtained X-ray diffraction and Raman
spectroscopic measurements to study their pressure dependence and its relationship with the NLC,
but theoretical calculations were not performed for the corresponding X-ray diffraction pattern and
Raman spectrum.

The oxammite mineral crystal structure has been studied based on experimental X-ray
diffraction techniques [43-46] and theoretical calculations [47,50]. However, the theoretical
calculations were performed using empirical force fields [47] or first-principles DFT methods with
a small kinetic cutoff and k-mesh [50]. In the present study, the oxammite mineral phase was
characterized in detail by using a large cutoff and k-mesh. The calculations were conducted using
the periodic DFT [58-60] based on plane waves and pseudopotentials [61]. This method has been
applied with satisfactory results in previous studies [62-72,49]. The calculated unit cell structure
was in very good agreement with the structure obtained experimentally [44,46] and it significantly
improved that obtained previously using theoretical methods [50]. The use of these large
calculation parameters is required to obtain good quality properties, especially good spectroscopic
predictions [62-72,49]. The Raman spectrum of the oxammite mineral phase has been recorded
experimentally [24-26,47-48], but a reliable assignment of the main bands in this spectrum is not
available because it was characterized incompletely using empirical arguments. In addition, the

assignments performed by Frost el al. [24-26] and Clark and Firth [47] were significantly different.



To the best of our knowledge, the Raman spectrum of oxammite mineral has not been studied
previously using full first principles solid-state theoretical methods. However, our previous study
of natroxalate mineral [49] demonstrated that these methods can provide a deeper understanding
of the Raman spectrum for these minerals. Consequently, the Raman spectrum of oxammite
mineral was theoretically determined in detail in the present study. In addition, the thermodynamic
properties of the oxammite mineral were determined, including the specific heats, entropies,
enthalpies, and Gibbs free energies. Theoretical calculations are a powerful predictive tool for
determining these properties because the values computed in previous studies using theoretical
techniques were found to be accurate when experimental data were available for comparison

[64,66,69-72,49].

2. Methods

The DFT-D2 approach based on the Perdew—Burke—Ernzerhof functional [73] supplemented
with Grimme empirical dispersion corrections [74] was used for all the computations. This
approach is implemented in the CASTEP code [75-76], which is a module in the Materials Studio
package [77]. The introduction of dispersion corrections was required in order to improve the
description of the hydrogen bond structure within the unit cell of oxammite. The pseudopotentials
employed for all the ions present in the structure of this mineral were the standard norm-conserving
pseudopotentials [78] given in the CASTEP program. The atomic positions and cell parameters
were determined using the Broyden-Fletcher—Goldfarb—Shanno optimization method [61,79]. The
calculation parameters comprising the Kinetic energy cut-off and k-point mesh [80] were selected
in order to obtain computed structures and energies with good convergence. The lattice parameters

and atomic locations were first optimized using an initial crystalline model based in the cell



parameters and the atomic positions given by Taylor and Sabine [46]. The structure of oxammite
was then determined in more complex computations with augmented calculation parameters. The
final properties were obtained by using the equilibrium structure obtained with a cut-off of 900 eV
and k mesh of 3 x 2 x 7 (8 k points). Using this optimized structure, we also obtained the lattice
parameters, bond lengths and angles, and the X-ray powder diffraction pattern [81].

After determining the equilibrium geometry for oxammite, the linear response density
functional perturbation theory [82-86] implemented in the CASTEP code was used to calculate the
vibrational properties. The wavenumbers reported in this study were not scaled to correct for
anharmonicity and the remaining errors from the theoretical procedure employed [87]. The
vibrational Raman spectrum was obtained in the form of a table comprising the wavenumbers and
intensity values for each normal mode [86]. The computed Raman spectrum was then compared
with the experimental spectrum and the most intense bands were assigned by analyzing the atomic
vibrational motions in the corresponding normal modes.

The thermodynamic properties of oxammite were obtained using the methods developed in our
previous studies [64,66,69-72,49]. The phonon spectrum at different points in the Brillouin zone
can be determined by density functional perturbation theory as second order derivatives of the total
energy [83]. Several important thermodynamic quantities, such as the Gibbs free energies,
enthalpies, entropies, and specific heats [88], can be evaluated in the quasi-harmonic
approximation based on knowledge of the entire phonon spectrum and the corresponding phonon
dispersion curves and density of states. The methods used for deriving the thermodynamic
properties of formation and the Gibbs free energies of reaction were described in detail in previous

studies [71,72].



The calculations were conducted by imposing orthorhombic symmetry, with space group
P2,2,2 [44-46]. However, in order to analyze the effects of the relaxation of the symmetry
constraints, the optimal geometry as well as the vibrational and thermodynamic properties were
also determined without applying symmetry restrictions by performing calculations using the
triclinic P1 space group and an increased k-mesh comprising 21 k points. The results were very

close to those obtained in the calculations where orthorhombic symmetry was enforced.

3. Results and discussion

3.1. Crystal structure of oxammite

The crystal structure of oxammite was obtained by performing increasingly complex
computations. Table 1 shows the calculated lattice parameters, volume, and density compared with
the experimental values given by Taylor and Sabine [46] and Robertson [44]. The experimental
data were reproduced accurately. As expected, our results were in better agreement with those
obtained by Robertson [44] at a temperature of 30 K than those produced by Taylor and Sabine
[46] at room temperature because the computations yielded data at a temperature of 0 K. The
differences in the calculated cell volume and density compared with the experimental values given

by Robertson [44] were very small (about 2%).

Table 1. Lattice parameters, volume, and density of the unit cell for the crystal structure of oxammite.

Parameter a(d b@A cA o B y Vol (&) Dens.(g/cm?)
Calc. 7.992 10.294 3.670 90 90 90 301.968 1.562
Exp. [44] - 30K 8.017 10.309 3.735 90 90 90 308.687 1.528
Exp. [44] - 298 K 8.035 10.309 3.795 90 90 90 314.350 1.501
Exp. [46] — 298 K 8.035 10.309 3.795 90 90 90 314.350 1.501

The computed structure is shown in Figure 1, where views are displayed of a 2 x 2 x 2 supercell

from the [001], [100], and [010] directions.



The unit cell of oxammite contains isolated oxalate (C,0%~) and ammonium (NH;) ions as
well as water molecules. The water molecules are present in the structure as free (or crystallization)
water, i.e., they are not coordinated to the oxalate or ammonium fragments but instead they are
hydrogen bonded to their H and O atoms. The oxalate fragment in oxammite was determined as
nonplanar, which agrees with the experimental observations [44,46]. The structure comprises two
types of layers, where the first is made of oxalate fragments and water molecules, and the second

is formed only of ammonium fragments.
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Figure 1. Structure of oxammite mineral. In this figure, a 2 x 2 x 2 supercell is shown from the [001] (A),
[100] (B), and [010] (C) directions. Color code: N = blue, C = gray, O =red, H = yellow.

As shown in Figure 2, the structure of the oxammite mineral is reinforced by a dense network

of hydrogen bonds. Figure 2A shows that each water molecule is the donor of two hydrogen bonds



from two oxalate fragments, and the acceptor of two hydrogen bonds from ammonium fragments.
Figure 2B shows that each ammonium fragment is the donor of four hydrogen bonds, with three
from oxalate fragments and one from a water molecule. Finally, Figure 2C shows the hydrogen
bond structure in an oxalate fragment, where two oxygen atoms are acceptors of two hydrogen
bonds from ammonium fragments and the others are acceptors of two hydrogen bonds, with one

from a water molecule and the other from an ammonium fragment.

X X%
.

A

Figure 2. Hydrogen bond structure in oxammite mineral. A, B, and C show the hydrogen bonds surrounding
the water molecules, ammonium, and oxalate fragments, respectively. Color code: N= blue, C = gray, O =
red, H = white.

The values of the computed bond distances and bond angles are shown in Table 2 and Table 3,

respectively, where they are compared with the corresponding experimental values reported by
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Taylor and Sabine [46]. The oxammite unit cell only contains one inequivalent N atom, one C
atom, two oxalate O atoms, and one water O atom (Ow). The C-C, C-O1, and C-O2 internal oxalate
fragment bond distances were calculated as 1.574, 1.264, and 1.248 A, respectively, which are
comparable to the observed values of 1.565, 1.254, and 1.266 A. Thus, the oxalate anion is
described very well (the O1-C-O2, O1-C-C and O2-C-C bond angles are also reproduced
satisfactorily, as shown in Table 3). The structure of the ammonium cation as well as the distances

and angles in the hydrogen bond network are also described well (see Table 2 and Table 3).

Table 2. Bond distances in the crystal structure of oxammite (in A).
Distance  Exp. [46] Calc.

C-C 1.565 1.574
C-01 1.254 1.264
C-02 1.248 1.266
N-H2 0.943 1.050
N-H4 0.951 1.049
N-H1 0.966 1.050
N-H3 0.974 1.050

Ow-Hw 0.887 0.994
N-H4...02 2.835 2.800
N-H5...01 2.850 2.828
N-H3...0w 2.905 2.835
N-H2...02 3.172 3.141
Ow-Hw-01 2.767 2.721

Table 3. Bond angles in the crystal structure of oxammite (in degrees).

Angle Exp. [46] Calc.

01-C-02 125.9 125.23
01-C-C 116.7 117.47
02-C-C 1174  117.30
H2-N-H1 111.3 112.00
H2-N-H4 112.7 110.03
H2-N-H3 106.6 109.19
H4-N-H3 109.6 110.03
H3-N-H1 1135 108.39
H1-N-H4 103.0 107.17
Hw-Ow-Hw  104.0 109.85
N-H1-02 169.7 172.03
N-H2-Ow 175.2 174.15
N-H3-02 175.1 178.08
N-H4-01 1724 169.29
Ow-Hw-01 1634  165.37
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3.2. X-Ray powder diffraction pattern

The X-ray powder diffraction pattern for oxammite was derived from the experimental
structures determined by Robertson at 30 K [44], by Taylor and Sabine [46] at room temperature,
and from the structure calculated using CukK,, radiation (A = 1.540598 A) [81]. The most intense
lines (I > 10%) are shown in Figure 3, which indicates that the line positions and intensities in both
patterns are in very good agreement. The values of the main reflections are given in Table 4. This
table demonstrates that the agreement with the results given by Taylor and Sabine [46] is very
good, but the agreement with those reported Robertson [44] at 30 K is excellent. The computer
code XPowder [89] using the PDF-2 database [90] identified the calculated pattern as that of
oxammite (diffractogram 87-660, corresponding to the synthetic oxammite sample given by

Taylor and Sabine [46]).
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Figure 3. X-ray powder diffraction pattern of oxammite obtained using CukK, radiation: a) experimental
diffractogram (pattern 87-660 from the PDF-2 database); b) X-ray powder pattern computed from the
experimental geometry determined by Robertson at 30 K [44]; ¢) X-ray powder pattern computed from the
experimental geometry obtained by Taylor and Sabine at 298.15 K [46]; and d) X-ray powder pattern
computed from the calculated geometry.
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3.3. Raman spectrum band assignment

The experimental Raman shifts obtained in the experimental studies by Frost et al. [24-26] and
Clark and Firth [47] as well as their corresponding empirical assignments are compared in Table
5. Frost et al. [24] recorded the Raman spectra for oxammite using a natural sample that originated
from Guanape Island in Peru, whereas Clark and Firth [47] used a synthetic material. The Raman
spectra provided by Frost et al. [24] were obtained using exciting radiation from a Nd-Yag laser
(780 nm) at a resolution of 2 cm™, and those reported by Clark and Firth [47] were recorded by
exciting the sample with radiation at 514.5 nm from a Coherent 170 Ar* laser with an estimated
accuracy of about 1 cm™. As shown in Table 5, the band wavenumbers were very similar for both
spectra, but the assignments were incomplete and significantly different. Thus, we conducted a
rigorous assignment of the bands in the Raman spectra, which was not based on empirical
arguments or force field computations.

The Raman spectrum (calculated at T =298 K, L =532 nm, and full width at half-maximum of
5 cm™1) computed in the wavenumber range of 3500-0 cm™1! is shown in Figure 4, where the
experimental [24-26] and computed spectra are separated into four zones: (A) 3500 to 1800 cm™?!
(Figure 4A); (B) 1800 to 1200 cm™? (Figure 4B); (C) 1200 to 750 cm ™1 (Figure 4C); and (D) 750
to 150 cm ™! (Figure 4D). It should be noted that the range of the Raman shifts shown in some of
these figures is only part of the full region in order to present the bands in the corresponding region
in a clear manner. The Raman shifts of these spectra and the computed intensities and assignments
are given in Table 6. Graphical representations of the vibrational atomic motions in the most
relevant Raman active normal modes are shown in Figure S1 in the Supplementary Information.

The results obtained in each spectral zone are discussed separately in the following.
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Table 5. Comparison of experimental Raman shifts and assignments.
Exp. Raman shift ~ Exp. Raman shift

[24] (cm™?) [47] (cm™Y) Assignment [24] Assignment [47]
3500-1800 cm™? region
3235 3237 .. vs(NH,)
3030 3028 v: /v(OH) v,(NH,)
2995 - -
2900 - vS / v&(NH) -
2879 2878 2v,(NH,)
- 2344 - v5(C0,) + 85(CO,)
2161 2167 - -
- 1933 - vs(€0y) +v(CC)
1902 1895 - vs(€0,) + p(C0O,)
1800-1100 cm ™! region
1737 1744 - -
- 1726 - v,(NH,)
1695 1699 a -
1605 1601 vi(co) v, (CO,)
1473 1475 vo(NH,)
1451 1450 vS(C0) + v(CC) v,(CO,)
1447 - -
1430 1428 vo(NH,)
1417 - -
1312 1313 v*(€0) +6(0C0) v, (CO,)
1100-750 cm™* region
892 894 5,(C0,)
866 868 v$(C0) + 8(0C0) -
815 - -
750-150 cm ™! region
642 641 5(0C0) +v(MO) pw(CO,)
489 491 Ring deform.+ §(0CO) v(CC)
138 443 v(MO) p,(CO,)
+ Ring deform.
278 - Out of plane bending -
224 228 -
iég i;g Lattice modes :
181 184 -
160 160 -

(A) 3500 to 1800 cm ™! region

The first band observed in this region had a Raman shift of 3235 ¢cm™1. The calculated
wavenumber associated with this band was 3183 ¢m™!. The corresponding vibration had A
symmetry (see Table 6). The band could be assigned to symmetric OH bond stretching vibrations,
v3(OH). However, Clark and Firth [47] assigned this band to NH bond stretching vibrations (see

Table 5). The second experimental band was found at 3030 cm 1. This second band was described
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experimentally as a single band, but it was shown theoretically to contain two nearly coincident
contributing bands. The corresponding computed values were 3002 and 3001 cm™!, and the
corresponding vibrations had B, and B; symmetries, respectively. This band was ascribed to OH
bond stretching vibrations in the experimental studies by Frost et al. [24-26], but these bands must
be assigned to NH bond stretching vibrations, v(NH) (see the vibrational mode images in Figure
S1 in the Supplementary Information).

The next bands in the experimental spectrum were found at 2995 and 2900 cm ™! where both
again corresponded to two contributing bands. The calculated wavenumbers of these bands were
2984 and 2981 cm ™1 (both having A symmetry) and 2955 and 2936 cm ™! (4 and B; symmetries),
respectively. These four bands were assigned to NH bond stretching vibrations. It should be noted
that the bands at 2995 and 2900 cm ™1 were not found by Clark and Firth [47]. The band at 2879
cm~! did not appear in the computed spectrum and it was recognized as an overtone 2v; (v, =
1430 cm™1), thereby confirming the assignment of this band by Clark and Firth [47].

It should be noted that due to the distortion of the ammonium fragment symmetry with respect
to the tetrahedral symmetry, the NH bond stretching vibrations were not symmetric or
antisymmetric. For comparison, the wavenumbers for the three-fold degenerate antisymmetric and
non-degenerate symmetric CH bond stretching vibrations of the isolated tetrahedral € H, molecule
were 3157 and 3025 cm ™1 [91-92], respectively , and the corresponding values for the NH bond
stretching vibrations of the ammonium fragment were approximately 3145 and 3040 ¢cm ™1 [93].
In addition, in the spectrum for the free ammonium fragment, an overtone was located at about
2800 cm™1, [93], which is comparable to the value of 2879 ¢m™1 for the overtone band found for

the oxammite mineral.
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Finally, the four bands observed by Frost et al. [24-26] and Clark and Firth [47] at 2344, 2161,
1933, and 1902 ¢m™! did not appear in the computed spectrum. These bands appeared to be
combination bands: vitv. (Where v1, v2 = (1695, 642), (1312, 866), (1447, 489), and (1417, 489)
cm™1, respectively). The bands located at 1695, 1447, 1417, 1312, 866, 642, and 489 cm™1! are
described in the following.

(B) 1800 to 1200 cm™1 region

In this zone, we first observed four weak experimental bands at wavenumbers of 1737, 1726,
1695, and 1605 cm™! corresponding to the theoretical bands located at 1745, 1725, 1697, and
1554 cm™1 | respectively (Bs, A, B; , and B; symmetries). The first three bands were assigned to
HNH bending vibrations and the fourth to HOH bending vibrations. The band at 1726 cm™! was
not found in the experimental studies by Frost et al. [24-26]. The bands at 1737 and 1695 cm ™!
were not assigned by Frost et al. [24-26] or Clark and Firth [47]. Furthermore, the last band was
assigned to CO bond stretching vibrations in these previous studies. The wavenumber of the two-
fold degenerate HCH bending vibration in the free CH4 molecule was 1583 ¢m™1, [91-92] and the
corresponding HNH bending vibration for the free ammonium fragment was located at
approximately 1680 cm™1 [93].

The next experimental bands were found at 1473, 1451, and 1447 cm™! and the associated
calculated Raman shifts were 1484, 1473, 1459, and 1429 cm™?! , respectively (the first of the
observed bands corresponded to two calculated bands, and the associated symmetries were A,, B,
B, , and Bs,). The band at 1447 ¢cm™1 was not found by Clark and Firth [47]. Frost et al. [24-26]
assigned these bands to a combination of the stretching vibrations of CO and CC bonds,
v$(C0O)+v(CC), but they should be assigned to ammonium o(NH,) deformation vibrations (out

of plane bending vibrations) according to the vibrational mode images shown in Figure S1 in the
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Supplementary Information. The corresponding wavenumber for the three-fold degenerate
v,(CH,) vibration in the free CH, molecule was 1367 c¢cm~! [91-92] and that for the free
ammonium fragment v,(NH,) was at approximately 1400 cm ™! [93]. Again, it should be noted
that the ammonium fragment symmetry was lost in the oxammite mineral, and thus the symbol g,
was used instead of v,,. Clark and Firth [47] also assigned the band at 1473 cm™! to ammonium
fragment deformations but they attributed the band at 1451 ¢cm™? to the stretching vibrations of
CO bonds.

The last three experimental bands in this region of the Raman spectrum were found at 1430,
1417, and 1312 cm™1, and they were reproduced theoretically at 1391, 1390, and 1277 cm™?
respectively (symmetries of A, B; and Bs). The first two bands were assigned to a combination of
the stretching vibrations of CO and CC bonds, vS(C0)+ v(CC), and the last must be assigned to a
combination of CO bond stretching vibrations and CC bond translations, vS(C0)+ T(CC). The
first band received the same assignment in the experimental studies by Frost et al. [24-26], but the
other two were attributed to combinations of CO bond stretching vibrations and OCO bending
vibrations. Clark and Firth [47] did not assign the second band, but attributed the first and third
bands to ammonium deformations and CO bond stretching vibrations, respectively.

(C) 1200 to 750 cm™? region

The two most important experimental bands within this spectral region had Raman shifts of 892
and 866 cm™1 , and the corresponding calculated bands had wavenumbers of 848 and 837 cm™1,
respectively. The vibrations associated with these bands had A and B, symmetries. The first of
these bands must be assigned to HOH twisting vibrations, t(HOH), and the second to oxalate
anion deformation vibrations, o(C,0,). The last band was analogous to that found in natroxalate

mineral [49] at 875 cm™1, and the atomic motion in the associated vibration involved a CC bond
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rotation (see the vibrational mode image in Figure S1 in the Supplementary Information). These

two assignments differ from those given by Frost et al. [24-26] and Clark and Firth [47]. A third

very weak band was also reported by Frost et al. [24-26] at 815 cm™1. This band was not found

by Clark and Firth [47] and it was absent from the theoretical spectrum. It is possible that this band

was the result of a combination of two bands, vi+vz (v1, v2 = 642, 181 cm™1).

Table 6. Experimental and calculated Raman band wavenumbers, calculated intensities, and assignments.

Eﬁff)t (Rc?nm_?;] Cs:ﬁ:?t 5 fnrrl?; Ir(r(':;(;p' Int. (A%) Assignment (this study)
3500-1800 cm™? region
32352, 32370 3183 A 1502.3 v$(0OH)
. 3002 B, 666.7 v(NH)
30307, 3028 3001 B, 400.3 "
29952 2984 A 8125 "
2981 A 866.4 "
2 2955 A 2211.3 "
2900 2036 B, 1008.6 "
28792, 2878 - . 2vy (v = 1430 cm™1)
2344° - - - v+, (v; = 1695cm™t v, = 642 cm™1)
21612, 2167 - - - v+, (v = 1312 cm™t; v, = 866 cm™1)
1933P - - - v+, (vy = 1447 cm™ Y v, = 489 cm™1)
19022, 1895° - - - vi+v, (v = 1417 cm™ Y v, =489 cm™)
1800-1100 cm™? region
17374, 17447 1745 B, 47 S(HNH)
1726° 1725 A 9.8 "
16952, 1697° 1697 B; 23.6 "
16052, 1601° 1554 B; 25.0 6(HOH)
1484 A 26.1 o(NH,)
14732, 1475 1473 B, 7.9 "
14512, 14500 1459 B, 4.8 "
14472 1429 B; 23.0 "
14302, 1428° 1391 A 218.7
14172 1390 B, 12.3 v (CO)Hv(CO)
13122 1313 1277 Bj 15.6 vS(CO)+T(CC)
1100-750 cm™~?! region
8922, 894b 848 A 38.7 t(HOH)
8667, 868" 837 B, 23 0(C,0,)
8152 - - - V14V, (v =642 cm™ Y v, =181 em™)
750-150 cm ™! region
6428, 641° 622 B, 2.4 0(C,0,) + p(HNH)
4895 491b 481 B, 6.2 5(0C0) +v(CC) + p(HNH)
' 462 A 17.7 §(0C0) + v(CC) + t(HNH)
4382, 443 431 B, 3.9 0(C,0,) + t(HNH)
2787 277 B, 23 T(NH,)
262 Bs 75 T(H,0) + T(NH,)
2247, 228° 254 B, 2.6 T(H,0) + T(NH,)
2107, 213" 225 A 4.0 T(NH,)
1982, 198" 186 B, 1.2 T(C,0,) + T(H,0) + T(NH,)
1812, 184P 172 B, 1.1 T(H,0) + T(NH,)
1602, 160P 158 A 05 T(H,0) + T(NH,)

aFrom Frost et al. [24-26]; * From Clark and Firth [47].
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(D) 750 to 150 cm ™1 region

The first band in this region of the experimental spectrum was located at 642 cm ™! and it was
reproduced theoretically at 622 ¢cm™1. The corresponding vibration had B, symmetry and it was
attributed to a combination of oxalate fragment deformations and HNH rocking vibrations. The
next band was observed at 489 cm™! and theoretical computations showed that it contained two
contributing bands. The corresponding computed values were 481 and 462 cm™! and the
corresponding vibrations had B, and A symmetries, respectively. These bands must be ascribed to
combinations of OCO bending, CC bond stretching, and HNH rocking and twisting vibrations.
The experimental bands at 438 and 278 cm ™! were reproduced very well theoretically at 431 and
277 cm™1 , respectively (B, and B, symmetries). The first of these bands was assigned to oxalate
fragment deformations plus HNH twisting vibrations and the second to ammonium fragment
translations.

The band observed at 224 cm ™! corresponded to the pair of computed bands located at 262 and
254 ¢cm™! (B; and B; symmetries), which were both attributed to ammonium and water
translations. Finally, the bands observed at 210, 198, 181, and 160 cm ™! were calculated at 225,
186, 172, and 158 cm™1, respectively (4, B,, B, , and A symmetries). All of these bands were
assigned to unspecified lattice modes in previous experimental studies [24-26], but the theoretical
calculations allowed the corresponding translational motions associated with these vibrations to

be fully assigned, as shown in Table 6.
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3.4. Thermodynamic properties

3.4.a. Heat capacities, entropies, enthalpies, and Gibbs free energies

The isobaric heat capacity, entropy, enthalpy, and free energy functions computed for the
oxammite mineral phase are shown in Figures 5A, 5B, 5C, and 5D, respectively. All of the
enthalpy and free energy values were divided by the temperature in order to use the same units for
these properties as the heat capacity and entropy (J - K1 - mol™1). The detailed values of the
computed thermodynamic functions over the temperature range from 0 to 1000 K are given in
Table S1 to S4 in the Supplementary Information, and a subset of values for the calculated
thermodynamic functions over the temperature range from 298.15 to 900 K is shown in Table 7.

Table 8 shows the values computed for the specific heat of ammonium oxalate at 323 and
298.15 K, which are compared with the specific heat measurements given by Satoh and Sogabe
[94-95] and Cox et al. [96-97]. The calculated and experimental values at 323 K were in good
agreement, where the difference was about 4%. It should be noted that the experimental value
reported at 298.15 K [96-97] was obtained for anhydrous ammonium oxalate, and thus this value
may serve as a reference but it is not rigorously comparable with our calculated value. The
computed value of the heat capacity at the highest temperature considered (1000 K), 358.65 J -

K~ -mol~1, was 24.3% lower than the Dulong—Petit asymptotic limit of 473.91] - K~1 - mol™1,.

As mentioned in the Methods section, the thermodynamic functions were also calculated for
the oxammite mineral phase but without applying symmetry restrictions and using an extended k-
mesh comprising 21 k points. The specific heat obtained at 323 K was 204.01 - K=t - mol™1,

which differed by only 0.8% from the calculated value given in Table 8.
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Figure 5. Calculated thermodynamic properties of oxammite mineral: A) isobaric specific heat; B) entropy;
C) enthalpy; and D) Gibbs free energy. All of the properties are given as functions of temperature.
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Table 7. Isobaric heat capacity, entropy, enthalpy, and free energy functions calculated for oxammite

mineral. All of the values are given in units of / - K~1 - mol ™1,

T(K)  Cp S (H-Hase)™  (G-Hose)"
298.15 192.7051 214.6138 00  -214.6596
360 2158214 253.0950 35.1634  -217.9313
380 2227515 2649508  44.8587  -220.0913
400 2294486 2765476 539145  —222.6319
420 2359277 287.8999 624151  -225.4835
440 2422010 299.0205 70.4305  -228.5889
460 2482788 300.9212  78.0189  -231.9016
480 2541696 320.6126 852285  -235.3839
500 250.8808 3311044  92.0988  -239.0059
520 2654186 3414054  98.6626  —242.7437
540 2707885 3515236 104.9466  -246.5782
560 2750958 3614662 1100735  -250.4941
580  281.0452 3712400 116.7623  -254.4791
600 2850414 380.8511 1223205 2585228
620  290.6892 3903052 127.6900  -262.6160
640 2952934 399.6076 132.8571  -266.7507
650  297.5432 4042035 1353722  -268.8312
700 308.2046 4266528 147.3244  -279.3270
800  327.5650 469.1074 168.6686  -300.4389
900  344.2204 508.6758 187.2357  -321.4390
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Table 8. Comparison of the calculated and experimental heat capacities for oxammite mineral. All of the
values are given in units of J- K~1-mol~1. It should be noted that the experimental value for the
temperature of 298.15 K was obtained for anhydrous ammonium oxalate [96-97].

T(K) EXxp. Calc. Difference (%)
323 211.7%  202.3242 4.4
298.15 226.0° 192.7051 -14.7

2 Satoh and Sogabe [94-95];° Cox et al. [96-97].

3.4.b. Enthalpies and Gibbs free energies of formation

The thermodynamic functions of oxammite (given in Section 3.4.a) were used to obtain the
enthalpies and free energies of formation for this mineral phase in terms of the elements as a
function of temperature. The methods employed were described previously [70] and they produced
very accurate results, even for the complex uranyl mineral phases such as metaschoepite at high
temperatures [69-70]. Based on the experimental values of the thermodynamic functions for N, C,
O, and H atoms given in the JANAF (Joint Army-Navy-Air Force) tables [98], the thermodynamic
functions computed for oxammite, and the value of the standard enthalpy of formation reported by
Wagman et al. [97], AfH® = —1425.5 kJ /mol, we obtained the thermodynamic properties of
formation for oxammite as a function of temperature, as presented in Table 9. The results are also

shown in Figure 6.
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Figure 6. Calculated free energies of formation and reaction constants for oxammite as a function of
temperature.
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Table 9. Enthalpies (AfH), free energies (AfG) of formation, and reaction constants (Log K) calculated for
oxammite as functions of temperature. The values of A¢H and A¢G are in units of kJ /mol.

T(K) AcH ArG Log K
55.2525 -1932.1539 -1880.0242 1777.2923

105.5051 -1639.4804 -1512.1678 748.6422
206.0101 -1476.4618 -1207.9315 306.2678
298.15 14255000 -1024.0848 179.4108
360 -1408.6643 —917.7377  133.1569
400 -1401.9631 —853.1634  111.4089
500 -1394.5731 -701.5166  73.2851
600 -1396.0100 -559.5627  48.7130
700 —-1403.4735 4246621  31.6879
800 —-1415.2953 —295.1996  19.2741

900 -1430.7166  —170.3897 9.8889

3.4.c. Thermal decomposition temperature of oxammite
Ammonium oxalate monohydrate is used frequently as a starting material in the laboratory. For
instance, it may be employed in the production of hydrogen cyanide [42]. Therefore, as shown for
many other oxalate materials, investigating its thermal decomposition may be advantageous in
terms of cost and time management during industrial production. As an application of the
computed thermodynamic functions of formation, as reported in Section 3.4.b, the thermodynamic
properties can be determined easily for the thermal decomposition of oxammite into ammonia,
water, carbon monoxide, and carbon dioxide. This reaction may be written as follows [99-102].
(NH4)2(C,04) - HR0 (cr) » 2 NH3(g) + 2H,0 (1) +CO (g) + CO, (9) (D
By employing the relationships reported in a previous study [71] and using the experimental
thermodynamic functions given for ammonia, water, carbon monoxide, and carbon dioxide by
Chase et al. [98], as well as the thermodynamic functions calculated for the formation of oxammite
(Section 3.4.b), we obtained the enthalpies, free energies, and associated reaction constants for this

reaction as a function of temperature, as shown in Table 10. The results are also shown in Figure
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7. The calculations showed that the free energy for the reaction becomes negative at a temperature

of 288 K (15°C), and, thus ammonium oxalate monohydrate begins to decompose at low

temperatures [99-101].

Table 10. Calculated enthalpies (A,-H), free-energies (A,-G) and associated reaction constants (Log K) of
the reaction of thermal decomposition of oxammite 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
280 211.3538 10.8491 -2.0239
298.15 200.9638 -14.3863  2.5203
320 189.6560 —43.5703 7.1119
340 180.3232 -69.2645 10.6409
360 171.6404 -94.3082 13.6834
380 164.1029 -118.2093 16.2486
400 157.0296 —141.6545 18.4977
420 150.5444 -164.5213 20.4607
440 1445932 -186.8718 22.1839
460  139.1352 -208.7538 23.7041
480  134.1401 -230.2108 25.0514
500 129.5949 -251.2741 26.2498
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4. Conclusions

In this study, the structural properties, main characteristics of the Raman spectrum, and
thermodynamic properties of the ammonium oxalate monohydrate mineral oxammite,
(NH,),(C,0,) - H,0, were investigated in theoretical solid-state calculations based on the
periodic DFT using plane waves and pseudopotentials. The calculated structural properties
comprising the lattice parameters, bond lengths and angles, and X-ray powder diffraction patterns
were in excellent agreement with the experimental results obtained from low temperature X-ray
diffraction data.

The Raman spectrum was also computed at the optimized geometry. The computations were
also conducted with a larger k mesh and by relaxing the symmetry constraints and produced
essentially the same results. The unscaled wavenumbers were in good agreement with the
experimental data, and thus normal mode analysis was performed to assign the most important
bands in the observed Raman spectrum. All of the observed bands were assigned to specific
vibrational motions, including those at very low wavenumbers. The previous assignments of the
Raman spectra were incomplete and based on empirical arguments [24-26,47]. The theoretical
calculations allowed us to assign the bands at 2344, 2161, 1933, 1902, 1745, and 1725 cm™?! ,
which were not assigned in previous experimental studies. The bands at 2344, 2161, 1933, and
1902 cm™1, which were absent from the computed spectrum, were identified as combination
bands (this also applied to the 815 cm ™! band). The band at 2879 cm™~! was confirmed as an
overtone [47]. Many of the observed bands that were assigned empirically in previous studies were
re-assigned. Furthermore, many of the observed bands, such as those located at 3030, 2995, 2900,

1475, 489, and 224 cm™1 , were shown to have two contributing bands. All of these uncommon
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features were also found in our previous study of the sodium oxalate mineral natroxalate [49], and
thus they are likely to occur in the spectra of other oxalate minerals [24-26].

The main bands in the stretching region were those associated with the Raman shifts at 3235,
3030, 2995, and 2900 cm ™1, which were reproduced theoretically at 3183, 3002, 2981, and 2955
cm™1, respectively. The first band was assigned to the symmetric OH bond stretching vibration
and the others to NH bond stretching vibrations. However, the band at 3030 cm ™1 was previously
assigned to OH stretching vibrations, whereas we showed that it had two contributing bands (the
corresponding computed wavenumbers were 3002 and 3001 cm™1).

The most important bands used to fingerprint this mineral are those located at 1430, 892, 489
and 224 c¢cm~! which were reproduced theoretically at 1391, 848, 462, and 262 c¢m™1,,
respectively, and these bands were assigned to a combination of CO and CC bond stretching
vibrations; HNH twisting vibrations; a combination of OCO bending, CC stretching, and HNH
twisting vibrations; and ammonium and water translations.

The thermodynamic functions of the oxammite mineral phase comprising the specific heats,
entropies, enthalpies, and Gibbs free energies were theoretically determined as functions of
temperature. The specific heat calculated at 323 K, C,, = 202.3] - K~ - mol™*, was in very good
agreement with the experimental value, where the difference between the computed and observed
values was about 4% [94-95]. The enthalpies and free energies of formation were also obtained
for oxammite in terms of the elements and the thermodynamic properties of its thermal
decomposition reaction. The results showed that the ammonium oxalate monohydrate crystalline

material starts to decompose at a low temperature of 288 K.
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