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Crystal Structure, Infrared
Spectrum and Elastic Anomalies in
Tuperssuatsiaite

Francisco Colmenero®*>, Jifi Sejkora? & Jakub PIasil®

The full crystal structure of the phyllosilicate mineral tuperssuatsiaite, including the positions of the
hydrogen atoms in its unit cell, is determined for the first time by using first-principles solid-state
methods. From the optimized structure, its infrared spectrum and elastic properties are determined.
The computed infrared spectrum is in excellent agreement with the experimental spectrum recorded
from a natural sample from llimaussaq alkaline complex (Greenland, Denmark). The elastic behavior
of tuperssuatsiaite is found to be extremely anomalous and significant negative compressibilities are
found. Tuperssuatsiaite exhibits the important negative linear compressibility phenomenon under
small anisotropic pressures applied in a wide range of orientations of the applied strain and the very
infrequent negative area compressibility phenomenon under external isotropic pressures in the range
from 1.9 to 2.4 GPa. The anisotropic negative linear compressibility effect in tuperssuatsiaite is related
to the increase of the unit cell along the direction perpendicular to the layers charactering its crystal
structure. The isotropic negative area compressibility effect, however, is related to the increase of the
unit cell dimensions along the directions parallel to the layers.

The compressibility is a fundamental material property measuring the change of the dimensions of a given mate-
rial with respect to pressure. The isotropic negative linear compressibility (INLC)'~* phenomenon is an impor-
tant elastic anomaly found in solid materials in which one dimension increase upon hydrostatic compression. The
closely related anisotropic linear compressibility phenomenon (ANLC)*!*12-14 jnvolves the increase of the dimen-
sions of a material under the effect of a compressive pressure applied along a certain direction. The INLC phe-
nomenon is measured in terms of the compressibility associated to certain dimension £, k, = 1/ - (0£/OP)p,
where P is the external pressure. Conversely, the ANLC phenomenon is quantified by means of the volumetric
compressibility along a certain direction, i.e., the directional derivative of the volume with respect to the pressure
exerted in that direction, ky' = 1/V - (OV/OP,)p. For space unconstrained solid materials which are thermody-
namically and mechanically stable®'>!6 the total volume cannot increase under isotropic pressure and, therefore,
the isotropic volumetric compressibility, k;, = 1/V - (OV/0P)p, must be strictly positive. Counterexamples to the
general statement of positivity of the isotropic volumetric compressibility have only been found for constrained
systems!® and in the vicinity of material instabilities as phase transitions.!* However, in the case of anisotropic
pressures there is not such limitation and the anisotropic volumetric compressibility K;,' can be negative.
Several possible different mechanisms explaining the onset of the negative linear compressibility (NLC)
phenomenon have been found. These mechanisms were reviewed by Cairns and Goodwin.® Some of the most
important NLC mechanisms are the presence of ferroelastic instabilities, phonon instabilities, ferroelastic phase
transitions and the anomalous mechanical behavior found in some materials displaying correlated polyhedral tilts
and helical and wine-rack structural motifs. Recently, several distinct mechanisms have been encountered.’'*
For materials composed of structural elements as chains or sheets held together by means of van der Waals
interactions,”! the application of pressure leads frequently to an anomalous increase of the interchain or inter-
sheet distances leading to NLC effects. The anomalous mechanical behavior of chain structures has also been
found in some materials with covalent-bonded chains.™ For uranyl squarate monohydrate,'? the NLC phenom-
enon appears to be a related with the peculiar behavior under pressure of the internal geometry of the uranium
coordination polyhedra. In the case of the tridimensional structure of silver oxalate, the NLC effect is only due
to the variation of the relative distances between the silver coordination polyhedra under pressure.’* The NLC
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anomaly in silver oxalate is the most extreme found up to date, not only because the magnitude of the negative
compressibility is the largest found so far, but also because the range of external pressures in which the compress-
ibility is negative is also the largest one. Finding the precise NLC mechanisms for a wide range of crystal struc-
tures is a very important matter because NLC is very frequently associated to specific structural motifs. Hence,
structure-function relationships can be discovered allowing to anticipate the presence of interesting effects for
specific structure types."*!* An extremely infrequent particular case of the NLC phenomenon is the negative area
compressibility (NAC) phenomenon.!"'7-2 NAC is found for materials which expand along two directions under
isotropic compression. Since the total volume should not increase, the dimension along the axis perpendicular to
the plane formed by the two growing directions must decrease significantly to compensate the rise of the perpen-
dicular area. Usually, the materials showing the NAC phenomenon, also exhibit negative thermal expansion.’1
The negative compressibility phenomena can be found also for negative external pressures.!>!*!* In this case the
material contracts under the effect of expansive pressures.

The NLC phenomena has an enormous number of important potential applications, such as the develop-
ment of ultrasensitive pressure detectors, robust shock-absorbing composites, pressure-driven actuators, optical
telecommunication cables, artificial muscles, next generation body armor and devices for biomedical applica-
tions.>>*?2-24 Synthetic and design approaches have been developed to obtain materials with improved mechan-
ical performance.**?>-* However, the number of natural and man-made NLC materials known so far is limited
and, for these materials, the magnitude of the negative compressibility and the range of external pressures for
which these phenomena are displayed are too small to be widely exploitable in practice.

Although, systematic studies of the mechanical properties of solid materials have been carried out,"*?$-* the extent
of these studies is limited and many interesting materials have been left out. The case of organic materials is a clear
example. The study of the negative mechanical phenomena in this kind of materials has been very scarce and recent
studies? 124 point out that this omission constitutes a significant gap in the research of elastic anomalies. One of the
main purposes of this study is to study the negative compressibility phenomena and the corresponding NLC mecha-
nisms for an interesting inorganic natural material. This material is a natural iron and manganese-rich phyllosilicate
mineral called tuperssuatsiaite,* with composition Na,Fe,Mn[SigO,,](OH), - 6H, 0. In the macroscopic world, the
elasticity of materials with empty spaces or air chambers are very interesting due to their elastic response and their
applications for shock and acoustic attenuation. Intuition suggests that the elastic properties of highly porous crystalline
materials should be investigated in detail, even although the response of materials at the nanometer scale resulting from
the interaction between the atoms in their unit cells may differ from the expectations due to the quantum mechanical
origin of these interactions. The elastic behavior of zeolites,*>*° carbon nanotubes,>*!~*¢ carbon honeycombs,* elasto-
mers* and other porous materials*->* is remarkable and has been studied at length due to its potential applicability. In
this work, the elastic properties of tuperssuatsiaite mineral were studied because it possesses a porous crystal structure
with empty cylindrical channels parallel to [001] crystallographic direction (or partially filled with water).

The crystal structure of tuperssuatsiaite is incompletely known?®! because the determination of the positions
of the hydrogen atoms in the corresponding unit cell was not possible from X-ray diffraction data. Hence, it was
determined here using the first principles solid-state methodology. The methods employed in this paper have
been successful in determining the full crystal structures of solid materials.!>°*%” The infrared spectrum of this
mineral was then determined from the computed crystal structure and recorded from a natural mineral sample
from Ilimaussaq alkaline complex, Greenland, Denmark. Since both spectra were in excellent agreement, a nor-
mal coordinate analysis of the theoretical vibrational data was used in order to assign all the bands of the exper-
imental spectrum. Finally, the elastic properties of tuperssuatsiaite were also determined by means of large-scale
first principles calculations. A large elastic response may be expected intuitively as a result of the compression in
this kind of structure.

This paper is organized as follows. The methods employed in this work are described in the next Section. The
optimized crystal structure, the experimental and theoretical infrared spectra and the computed elastic proper-
ties of tuperssuatsiaite are reported in the Results Section. These results are discussed in the fourth Section. The
conclusions of this work are presented in the last section.

Methods

Experimental. The powder X-ray diffraction (PXRD) pattern of a natural mineral sample of tuperssuatsiaite
from Ilimaussaq alkaline complex, Greenland (Denmark) was collected at room temperature on a Bruker D8
Advance diffractometer (National Museum, Prague) with a solid-state 1D LynxEye detector using CuK , radiation
and operating at 40kV and 40 mA. The sample is shown in Fig. 1. In order to minimize the background signal, the
powder samples were placed on the surface of a flat silicon wafer in acetone suspension. The powder pattern was
collected using Bragg-Brentano geometry in the range of 26 from 3 to 70°, in steps of 0.01° with a counting time
of 20 seconds per step.

The Fourier-transform infrared (FTIR) spectrum of tuperssuatsiaite was recorded by the attenuated total
reflection (ATR) method with a diamond cell on a Nicolet iS5 spectrometer. The spectrum was collected over
the wavenumber range from 4000 to 390 cm!. The spectrum was obtained by the co-addition of 32 scans with a
resolution 4 cm™ and a mirror velocity of 0.4747 cm/s. The spectra were co-added to improve the signal-to-noise
ratio. All the spectral manipulations were carried out using Omnic 9 software (Thermo Scientific).

First-principles solid-state methods. The crystal structure, infrared spectrum and mechanical properties
of tuperssuatsiaite were modeled employing the Cambridge Serial Total Energy Program (CASTEP),*® a compo-
nent of the Materials Studio program suite.> The theoretical solid-state treatment employed in this work is based
on Periodic Density Functional Theory using plane wave basis sets and pseudopotential functions to describe the
internal atomic electrons.®® The computations were carried out using the Perdew-Burke-Ernzerhof (PBE)
energy-density functional® complemented with Grimme’s empirical dispersion correction.®? The specific
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Figure 1. Tuperssuatsiaite brown radial aggregates from Ilimaussaq alkaline complex, Greenland, Denmark.
The horizontal field-of-view is 4 mm.

pseudopotentials utilized were standard norm-conserving pseudopotentials®® from CASTEP package. The
unit-cell parameters of tuperssuatsiaite and the associated atomic positions were fully optimized by means of the
Broyden-Fletcher-Goldfarb-Shanno (BFGS) technique.** A plane wave kinetic energy cut-off parameter of € =
900 eV and a k-mesh® of 2 x 1 x 4 were employed. These calculation parameters were chosen to attain a well con-
verged crystal structure and energy (see Tables S.1 and S.2 of the Supplementary Information). The powder X-ray
diffraction pattern of tuperssuatsiaite was generated from the computed crystal structure employing the software
REFLEX included in Materials Studio package.®

The theoretical computation of the infrared spectrum of tuperssuatsiaite was performed by means of density
functional perturbation theory (DFPT).*” The harmonic approximation of the interatomic force field was used
for the calculation of the infrared vibrational frequencies and the corresponding band intensities. No scaling
procedures were applied. These scaling procedures are frequently used to improve the computed infrared fre-
quencies by correcting them empirically for the anharmonicity and remaining approximations used.®® However,
the unscaled infrared frequencies and computed intensities obtained using the DFPT method for tuperssuatsiaite
provided a consistent description of its infrared spectrum.

The stiffness tensor® elements required to calculate the mechanical properties of tuperssuatsiaite and to study
the mechanical stability of its crystal structure were determined using the finite deformation method.”® The unit
cell volumes in the neighborhood of the equilibrium structure were computed by optimizing the crystal structure
under sixteen different external pressures with values in the range —1.0 to 9.0 GPa. The computed lattice volumes
and associated pressures were then adjusted to a 4" order Birch-Murnahan equation of state” in order to extract
the derivatives of the bulk modulus with respect to pressure. Angel's EOSFIT 5.2 code’>” was employed for fitting
the pressure-volume data to the selected equation of state. The structural optimizations under pressure were also
performed using the BEGS method. The computation of the elastic matrix elements and all crystal structure opti-
mizations performed in this work were carried out with stringent convergence tolerances in the variation of the
total energy, maximum atomic force, maximum atomic displacement and maximum stress of 0.5 x 10~ eV/atom,
0.01eV/A,0.5x 103 A and 0.02 GPa, respectively. These convergence parameters correspond to the standard
“hyperfine” optimization in CASTEP.

The use of special crystal structure prediction algorithms was not required to determine the full crystal struc-
ture of tuperssuatsiaite. The input structure for the crystal structure determination was the experimental struc-
ture (lacking the positions of the hydrogen atoms) reported by Camara et al.>! supplemented by initial values
for the hydrogen atom positions. These initial positions were proposed according to a simple procedure. For a
given water or hydroxyl oxygen atom the nearest oxygen atoms in the crystal structure were located. Then, two
hydrogen atoms were placed along the lines linking the water oxygen atoms and two near oxygen atoms with the
condition that the geometry of a water molecule is approximately attained. For the hydroxyl oxygen atoms only
one hydrogen atom has to be introduced. The hydrogen atoms were put at a distance from the water or hydroxyl
oxygen atoms of about 1.1 A. All the possible structures resulting from the different initial positions of the hydro-
gen atoms were then fully optimized using the BEGS method. The optimization of these structures yielded several
final structures but all of them except one were discarded using energy criteria. The positiveness of the energy
hessian matrix for this structure was verified.
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Figure 2. Computed crystal structure of tuperssuatsiaite: Views of the unit cell from (A) [001]; (B) [010]; (C)
[100]. Color code: Si - Brown, Na - green, Fe- clear blue, Mn - dark blue, O - red, H - white.

Results

Crystal structure. The computed crystal structure of tuperssuatsiaite is shown in Fig. 2. The silicon atoms in
the crystal structure of tuperssuatsiaite display, as usual, tetrahedral coordination (SiO} ). There are two symmet-
rically independent silicon atoms, Sil and Si2, in its unit cell. The two independent silicon atoms occupy tetrahe-
dral sites denoted as T1 and T2.*! The sodium, iron and manganese atoms possess octahedral coordination. There
are one, two and two symmetrically independent sodium (Na), iron (Fel and Fe2) and manganese (Mn1 and
Mn2) atoms, respectively. The octahedral sites occupied by the sodium atom are referred to as M3 and the iron
and manganese atoms occupy partially the so-called M1 and M2 octahedral sites.>! The coordination sphere of
sodium atom is composed of four oxygen ions and two water molecules, NaO,(H,O), and the coordination struc-
ture of iron and manganese atoms is similar, their ligands being four oxygen and two hydroxyl anions (MO,(OH),,
where M = Fe, Mn).

The crystal structure of tuperssuatsiaite is composed of ribbons of silicate tetrahedra linked by bands of octa-
hedra expanding in ¢ direction. The silicate ribbons and octahedral bands are displayed in detail in Fig. 3. The
silicate ribbons are aligned parallel to the ¢ crystal axis and they are linked to form layers parallel to the (011)
crystallographic plane. The octahedral bands are three octahedra wide and consists of alternating M3-M1-M3
and M2-M2 edge-sharing octahedra. In the unit cell of tuperssuatsiaite, there is one band structural unit at each
vertex and one in the center. By repeating the unit cell of tuperssuatsiaite along a or b directions (see Fig. S1 of the
Supplementary Information), the presence of a series of channels directed along ¢ direction is easily perceived.
These channels, partially occupied by water molecules, are similar to those present in the crystal structure of the
closely related mineral palygorskite and are important absorption sites.”* The M1 site, nearly fully occupied in
tuperssuatsiaite, is equivalent to an octahedral site which is described as empty in palygorskite,”> although it is
also reported to be partially occupied and forming a series between dioctahedral and trioctahedral palygorskite
varieties.”* The computed unit cell parameters of tuperssuatsiaite are reported in Table S3 of the Supplementary
Information. The computed crystal structure of tuperssuatsiaite is also given as a Supplementary Information in
a file of CIF (Crystallographic Information File) format.

The hydrogen bonding structure in tuperssuatsiaite is shown in Fig. 4. There are twelve water molecules in the
unit cell of tuperssuatsiaite (six per formula unit, Na,Fe,Mn[SigO,,](OH), - 6H,0) and only two of them are
symmetry independent. Six of them may be described as “free water” because they are held to the structure by
hydrogen bonding only. The remaining ones are described as “structural water” because they belong to the coor-
dination structure of sodium atom.

There are 10 different hydrogen bond types in the crystal structure of tuperssuatsiaite. Five of these hydrogen
bonds are associated to the free water molecules and the other five to the structural water molecules. These hydro-
gen bonds are illustrated in detail in Fig. 4(B) and Fig. 4(C), respectively. The computed hydrogen bond param-
eters are reported in Table S4. The hydrogen bonds associated to the free water molecules are Ow9-H9a---O6,
Ow9-H9a---05, Ow9-H9b---O5, Ow9-H9a--06’ and OH4-H4---Ow9. The first and second hydrogen bonds
are related by symmetry with the third and fourth ones. In the first two bonds, the donor oxygen atom is the
free water oxygen atom and both bonds are mediated by the first water hydrogen atom, H9a. The third and
fourth hydrogen bonds are identical to the first and second ones but are mediated by the second water hydrogen
atom, H9b. The donor oxygen atom in the fifth hydrogen bond is the hydroxyl hydrogen atom OH4 and the
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A

Figure 3. Images of an isolated octahedral band expanding along c direction in the crystal structure of
tuperssuatsiaite mineral. The Subfigure (A) provides a view from [001]. In the subfigures (B) and (C),

providing views from [100], the T1 and T2 tetrahedral sites and the M1, M2 and M3 octahedral sites are clearly
distinguished, respectively. Color code: Si - Brown, Na - green, Fe - clear blue, Mn - dark blue, O - red, H - white.

acceptor oxygen atom is Ow9. The remaining five hydrogen bonds, associated to the structural water molecules
are Ow8-H8a--02, Ow8-H8a---03, Ow8-H8b---O3, Ow8-H8b---O6 and Ow8-H8b---O5. The first two ones are
mediated by H8a and the last three ones by H8b.

Powder X-ray diffraction pattern. The Powder X-ray diffraction pattern of tuperssuatsiaite was measured
experimentally and determined from the computed crystal structure. The experimental and theoretical PXRD
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Figure 4. Hydrogen bond structure in tuperssuatsiaite mineral; (A) Image of the hydrogen bond network in
the full unit cell; (B) Detailed image of the hydrogen bond structure surrounding a free water molecule; (C)
Detailed image of the hydrogen bond structure surrounding a structural water molecule.

patterns are compared in Fig. S2 of the Supplementary Information and as it can be seen the agreement is very
satisfactory.

Infrared spectrum. The infrared spectrum of tuperssuatsiaite was recorded from a natural mineral sample
from Ilimaussaq alkaline complex, Greenland (Denmark) and determined theoretically by means of density func-
tional perturbation theory. As may be seen in Fig. 5, the experimental and theoretical spectra are in very good
agreement. The bands in the experimental infrared spectrum are very broad and were resolved into components
using the method described in a previous paper.”’ The resolution of some selected experimental bands into single
components is shown in Fig. $3. The band wavenumbers of both spectra along with the corresponding calculated
intensities and assignments are given in Table S5 of the Supplementary Information. Images of the atomic
motions in some infrared active vibrational modes of tuperssuatsiaite are provided in Fig. S4. The experimental
infrared spectrum was analyzed in three different wavenumber regions: ({) OH bond stretching vibration region
from 3000 to 3750 cm™! (Fig. 5(B)); (ii) The HOH bending region from 1500 to 1700 cm™ (see also Fig. 5(B)); and
(iii) The low wavenumber region from 390 to 1500 cm™! (Fig. 5(A)). The information of the specific infrared bands
belonging to each spectral zone is given in different sections of Table S5.

Elastic properties. The elasticity tensor of tuperssuatsiaite was computed using the finite deformation
method. The matrix representation of the elastic tensor is given in Table S6 of the Supplementary Information.
Since the crystal structure was determined using P1 triclinic symmetry, all the elastic constants of tuperssuatsiaite
were non-vanishing.®*’8 The mechanical stability of the crystal structure of tuperssuatsiaite was studied from the
computed elasticity matrix. The mechanical stability of a given crystal structure requires that its elasticity matrix
is positive definite, i.e., that all its eigenvalues be positive.””** The elasticity matrix was diagonalized numerically
and a single eigenvalue was found to be negative. This means that tuperssuatsiaite is mechanically unstable. The
instability of a crystal structure anticipates the presence of large structure deformations under the application of
small pressures which, in extreme cases, lead to pressure induced phase transitions. In the present case, as shown
below, the application of pressure leads to noticeable elastic anomalies.

The mechanical properties of polycrystalline aggregates of tuperssuatsiaite were computed from the calculated
elastic constants using the schemes of Voigt,’! Reuss®? and Hill.** The Voigt approach gave the best agreement
between the computed bulk modulus with the single crystal bulk modulus determined from the equation of state
(EOS) of tuperssuatsiaite. The computed mechanical properties of tuperssuatsiaite in the Voigt approximation are
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Figure 5. Experimental and theoretical infrared spectra of tuperssuatsiaite. (A) Region: 390-1500 cm™ 5 (B)
Region: 1500-3750 cm .

given in Table S7. The computed bulk modulus is 76.8 £ 4.1 GPa, which compares very well with the value derived
from the EOS, 76.7 £ 4.3 GPa. The computed ductility index is D =1.95 and, therefore, tuperssuatsiaite is ductile
because D > 1.75%4%, Tuperssuatsiaite is a hard mineral since the calculated Vickers hardness is H =4.79%. As can
be seen in Table S7, the universal anisotropy index®’ of tuperssuatsiaite is A” = 3.16 which is quite large.

Since large elastic anisotropies are strongly correlated with large differences between the values of the maximum
and minimum Poisson’s ratios when all possible directions of the applied strain are considered®®*, tuperssuatsiaite
was a good candidate to present negative values of the Poisson’s ratio. Besides, since negative values of the Poisson’s
ratio are frequently accompanied with negative values of the compressibility?'4, the dependence of the Poisson’s
ratio and compressibility of tuperssuatsiaite on the orientation of the applied strain was investigated. Small negative
values of the Poisson’s ratio were indeed found, the minimum value being 1., = —0.22 for an strain applied along
the direction U™"=(0.17, 0.81, 0.33). More importantly, an extremely anomalous behavior of the compressibility
was found. As can be observed in Fig. 6(A), tuperssuatsiaite exhibits large negative values of the compressibility for
a wide range of orientations of the applied strain. In order to study the anisotropic NLC effect in tuperssuatsiaite in
detail, its crystal structure was optimized under the effect of different values of the external pressure applied along
the direction of minimum Poisson’s ratio using the same methods and convergence parameters as those used to
determine the equilibrium crystal structure. The computed unit cell volumes and compressibilities under the effect
of these pressures are shown in Fig. 6(B,D). The computed values of the compressibilities are also given in Table S8.

The mechanical behavior of tuperssuatsiaite under the effect of isotropic pressure was also investigated. The com-
puted unit cell volume and lattice parameters under the effect of different isotropic pressures are shown in Fig. 7. The
computed compressibilities along b and ¢ directions are displayed in Fig. 7(E,F), respectively, and given in Table S9.

Discussion

Crystal structure.  As can be seen in Table S3, the computed and experimental crystal structures are in good
agreement. The difference between the calculated and experimental volume and density reported by Camara
et al.*! is only about 3.3%. The main source for the difference between the computed and experimental crystal
structures should be the different temperatures at which these crystal structures were determined. The computed
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Figure 6. Tuperssuatsiaite under anisotropic pressure: (A) Computed compressibility of tuperssuatsiaite as a
function of the orientation of the applied strain. The positive and negative values are displayed in green and red,
respectively; (B) Calculated unit-cell volume; (C) a lattice parameter; and (D) volumetric compressibility as a
function of the external pressure applied in the direction of minimum Poisson’s ratio.

structure corresponds to the temperature of 0K and the experimental one to room temperature. These differences
could be reduced to a large extent if experimental measurements of the crystal structure at low temperatures were
performed.

The final structural calculations of Cdmara et al.’! were performed with only one species (Fe) at the M1 and
M2 sites and neglecting the partial occupancies of Fe and Mn in these sites. In the present work, the partial
occupancy of these octahedral sites was taken into account in all the computational works. This feature led to
the requirement of performing all the calculations with the space symmetry constraints relaxed (the monoclinic
C2/m unit cell was relaxed to P1 symmetry) which caused that the calculations were very expensive. As a result,
the computed geometries of the symmetry equivalent atoms in the original monoclinic structure were slightly
different. The geometric data provided below correspond to the values averaged over all monoclinic equivalent
sites. The two distinct Si atoms have experimental average Si—O distances of 1.615 and 1.610 A, respectively.’!
The computed average Si—O distances, 1.637 and 1.628 A, agree very well with the experimental values, the dif-
ferences being about 0.02 A. The Na atoms have an average Na—O distance of 2.406 A, which compares also well
with the theoretical value of 2.347 A. The iron and manganese atoms occupying partially the M1 and M2 sites
have experimental average metal—oxygen distances of 2.064 and 2.038 A,’' respectively. The computed values of
these average distances for the M1 and M2 sites are 1.984 and 1.946 A for the sites occupied by iron atoms and
1.991 and 1.981 A for the sites occupied by the manganese atoms. Thus, the metal-oxygen distances are only
slightly larger for the manganese atoms.

The oxygen atoms associated to the free and structural water molecules in the unit-cell of tuperssuatsi-
aite are denoted as Ow9 and Ows8, respectively, in the labelling convention used by Cémara et al.*’. The com-
puted optimized positions of the oxygen atoms in the free water molecules were found to be slightly different
from that reported by Camara et al.’!. In fact, these authors noted the presence of a residual maximum in the
difference-Fourier map located in the tuperssuatsiaite channels which was attributed either to the disordering
of water molecules within the channels or to a partial occupancy of the water oxygen atom site. The position
reported by Camara et al.>! for Ow9 oxygen atom leads to water molecules within the channels which are not
linked to the structure by hydrogen bonding (the distance of the water oxygen atom to the nearest oxygen atom
within the structure is 3.5 A). Therefore, it is possible that the experimental structure at room temperature should
be complemented with additional water molecules occupying partially their positions and providing hydrogen
bonding between the basic structure and the water molecules within the tuperssuatsiaite channels. The present
calculations provided the minimum-energy positions of all the atoms in tuperssuatsiaite with six water molecules
per formula unit at zero temperature without ambiguities.

Powder X-ray diffraction pattern. Table S10 of the Supplementary Information provides a detailed
comparison of the positions of the twenty-one most intense reflections [hkI] in the computed and experimental
PXRD patterns of tuperssuatsiaite. The differences in these positions is quite small, the largest deviations being
observed for the [4 0 0], [5 1 0] and [—7-5 1] reflections, that is, those having larger / indices. This reflects that
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Figure 7. Calculated unit cell volume (A), lattice parameters a (B), b (C) and ¢ (D), and compressibilities along
b (E) and ¢ (F) directions of tuperssuatsiaite as a function of the applied external isotropic pressure.

the difference in the computed a unit-cell parameter (the length of the unit cell along the direction perpendicular
to the layers) with respect to the corresponding experimental®® value is larger than in the other parameters (see
Table S3). Since the computed crystal structure corresponds to zero temperature, the thermal expansion of the
unit cell from zero to room temperature should increase the value of this lattice parameter providing a better
agreement with the experimental PXRD patten. The thermal expansion of the interlayer space in phyllosilicates
with empty or partially filled interlayer spaces is usually quite significant.

Infrared spectrum. As can be noticed from Fig. 5 and Table S5, the infrared spectrum of tuperssuatsiaite
was faithfully reproduced using the first principles methodology. This gives additional support to the computed
crystal structure. Furthermore, since the bands in the experimental and theoretical spectra showed a very high
degree of consistence, a normal coordinate analysis of the theoretical spectrum was carried out in order to assign
all the bands in the observed spectrum to specific atomic vibrational motions (Table S5). All the bands in the
spectral region from 3000 to 3750 cm ! (denoted as bands a to i) are attributed to OH bond stretching vibrations.
Likewise, in the region from 1500 to 1750 cm™?, the four sub-bands of band j (see Table S5 and Fig. S3(B)) are
ascribed to water bending vibrations. The bands of the low wavenumber region from 390 to 1500 cm™! (bands
« to 1)) can be assigned to combinations of SiO, FeO and MnO bond stretching vibrations, FeOH, NaOH, SiOSi
and FeOSi bending vibrations, OSiO wagging and SiOSi rocking vibrations, water librations and hydroxyl trans-
lations. The precise assignment for each band is given in Table S5 and some representative examples of the atomic
vibrational motions in some infrared active vibrational normal modes of tuperssuatsiaite are displayed in Fig. S4.

Elastic behavior. Figure 6(A) shows that tuperssuatsiaite has an extremely anomalous mechanical behavior
under anisotropic pressure because it exhibits negative compressibilities for a wide range of orientations of the
applied strain. Taking as an example of orientation the direction of minimum Poisson’s ratio (see Fig. 6(B,D)), the
unit cell volume of tuperssuatsiaite increases under anisotropic compression from P = —0.023 to P = 0.002 GPa,
the minimum compressibility being ki = —40.0 TPa™' at P=—0.007 GPa (Table $8). The deformation of the
crystal structure of tuperssuatsiaite in this pressure region was analyzed and no significant changes in the intera-
tomic distances and angles were found due to the small magnitude of the applied pressures. The most significant
change found was the increase of the a lattice parameter (Fig. 6(C)) caused by the increase of the vertical dimen-
sion of the channels of tuperssuatsiaite (Fig. S1).
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(A) P = 0.894 GPa

(C) P =2.032 GPa

(D) P = 2.509 GPa .

Figure 8. The structure of tuperssuatsiaite under isotropic pressure. View of two octahedral bands and an
intermediate channel at different pressures: (A) P=0.894 GPa; (B) P =1.490 GPa; (C) P =2.032 GPa; (D)

P =2.509 GPa. The meaning of the width and height (w;, and h;,) of a channel is illustrated in the subfigure (A).
The values of w;, and h, for each pressure are given in Table S11.

Under isotropic pressure, the mechanical behavior is also anomalous. As shown in Fig. 7(A), the unit cell
volume of tuperssuatsiaite decreases suddenly at P = 0.9 GPa. The unit volume decreases by nearly 48 A* from
P=0.89 to P=0.93 GPa (4.1%). This reduction results almost comPIetely from the drastic variation of the a lattice
parameter (Fig. 7(B)), whose value changes from 13.27 to 12.70 A (decreases by 4.2%). The b lattice parameter
shows a large increase from P=1.12 to P=2.72 GPa and a smaller one from P =3.48 to P =4.09 GPa (Fig. 7(C)).
Thus, in these two pressure ranges, the compressibility, k, = —1/b (9b/OP),,, is negative (Fig. 7(E)). The minimum
value of the compressibility along b direction is k, = —23.92 TPa'at P =2.15 GPa (Table S9). Similarly, the ¢
lattice parameter increases from 1.87 to 2.45 GPa and from 2.98 to 3.46 GPa (Fig. 7(D)), the minimum value of
the compressibility, k.= —1/c (Oc/OP),, being k.= —7.70 TPa™" at P =2.16 GPa. Thus, tuperssuatsiaite exhibits
the negative area compressibility phenomenon from 1.87 to 2.45 GPa because the compressibilities along b and ¢
directions are simultaneously negative in this pressure range. The pressures at which the compressibilities along
b and c directions are minimum are almost the same (P ~ 2.15GPa). The computed crystal structure at P =
2.509 GPa is given as a Supplementary Information in a file of CIF format.

Figure 8 shows two octahedral bands and an intermediate channel in the crystal structure of tuperssuatsiaite
for four different isotropic pressures (P = 0.894, 1.490, 2.032 and 2.509 GPa). The most important variations of
the crystal structures associated to these pressures are given in Table S11. At P = 0.894 GPa (Fig. 8(A)) the struc-
ture is topologically identical to the structure at zero pressure (Fig. 2). However, as seen in the previous paragraph,
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a drastic reduction of a lattice parameter and unit-cell volume occurs at a pressure of about 0.90 GPa. As it may
be observed in Fig. 8(B), the main structural changes originating this drastic reduction are the strong distortion
of the sodium coordination polyhedra and the curving of the silicate layers. The O1—Na—O9 interatomic angle is
reduced by nearly 20 degrees with respect to its value at P = 0.894 GPa (see Table S11) and, therefore, the height
of sodium octahedra becomes strongly reduced. Besides, the width and the height of the channels (w,, and h,;,)
decrease sharply. The crystal structure is topologically the same after this drastic structure change. However, as
the pressure increases, while the height of the channels continues decreasing, their width increases extraordinar-
ily leading to the increase of the b lattice parameter from 1.12 to 2.72 GPa. The c lattice parameter also increases
from 1.87 to 2.45 GPa and, therefore, the channels become larger as the pressure increases.

Conclusions

The determination of the positions of the hydrogen atoms in the crystal structure of tuperssuatsiaite was not pos-
sible from X-ray diffraction data and they were determined by using first-principles solid-state methods for the
first time. The computed and experimental (without the positions of the hydrogen atoms) structural data were in
good agreement. The infrared spectrum of tuperssuatsiaite was recorded from a natural sample from Ilimaussaq
alkaline complex (Greenland, Denmark) and determined theoretically from the computed crystal structure. The
good agreement between both spectra provided further support for the optimized crystal structure and allowed
for the rigorous assignment of the bands in the infrared spectrum.

The elastic properties of tuperssuatsiaite were also determined from the energy optimized structure. It was
found that this mineral displays significant elastic anomalies under the effect of external anisotropic and isotropic
pressures. Tuperssuatsiaite exhibits the negative linear compressibility phenomenon under small anisotropic pres-
sures applied in a wide range of orientations of the applied strain. The value of minimum compressibility for
external pressures applied along the direction of minimum Poisson’s ratio is ki = —40.0 TPa ' at
P = —0.007 GPa. Furthermore, tuperssuatsiaite exhibits the negative area compressibility phenomenon under
external isotropic pressures in the range from 1.9 to 2.4 GPa. The compressibilities along b and ¢ directions are
minimum at almost the same external pressure, P ~ 2.15 GPa. At this pressure, the compressibilities are
k,=—23.9 TPa ! and k.= —7.7 TPa~’. The use of accurate non-empirical quantum mechanical first principles
methods allows not only for the computation of the values of the compressibilities but also a direct, rigorous and
easy interpretation of the deformation of the crystal structures under pressure. While the anisotropic negative
linear compressibility effect is related to the increase of the unit-cell along the direction perpendicular to the
tuperssuatsiaite layers, the isotropic negative area compressibility results from the increase of the unit cell dimen-
sions along the directions parallel to the layers. Thus, this mineral displays significant elastic anomalies for both
anisotropic and isotropic pressures which result from completely different mechanisms. The elastic anomalies in
tuperssuatsiaite are closely related to its porous crystal structure having empty or partially filled channels. Under
isotropic pressures the silicate layers become curved towards the channels and, from 1.9 to 2.4 GPa, while the
height of the channels decreases, their width and length increase substantially. While the mechanical properties
of other important porous materials have been studied in detail,*>-* this study suggests that the mechanical prop-
erties of additional mineral species belonging to the group of phyllosilicate minerals with modulated layers® or
synthetic materials having microscopic structures similar to the structure of tuperssuatsiaite should be also inves-
tigated. The study of the variation of the mechanical properties of these materials as a function of the partial
occupation of the channels with water could also be very interesting.

Received: 17 January 2020; Accepted: 14 April 2020;
Published online: 05 May 2020

References
1. Baughman, R. H., Stafstrom, S., Cui, C. & Dantas, S. O. Materials with Negative Compressibilities in One or More Dimensions.
Science 279, 1522-1524, https://doi.org/10.1126/science.279.5356.1522 (1998).
2. Evans, K. E. & Alderson, A. Auxetic Materials: Functional Materials and Structures from Lateral Thinking! Adv. Mater. 12, 617—628,
https://doi.org/10.1002/(SICI)1521-4095(200005)12:9<617::AID-ADMA617>3.0.CO;2-3 (2000).
3. Spinks, G. M., et al. Pneumatic Carbon Nanotube Actuators. Adv. Mater. 14, 1728—1732, https://doi.org/10.1002/1521-
4095(20021203)14:23<1728::AID-ADMA1728>3.0.CO;2-8 (2002).
4. Weng, C. N, Wang, K. T. & Chen, T. Design of Microstructures and Structures with Negative Linear Compressibility in Certain
Directions. Adv Mater. Res. 33-37, 807-814, https://doi.org/10.4028/www.scientific.net/ AMR.33-37.807 (2008).
5. Grima, J. N. & Caruana-Gauci, R. Mechanical metamaterials: Materials that push back. Nat. Mater. 11, 565-566, https://doi.
org/10.1038/nmat3364 (2012).
6. Cairns, A. B. et al. Giant negative linear compressibility in zinc dicyanoaurate. Nat. Mater. 12, 220-216, https://doi.org/10.1038/
nmat3551 (2013).
7. Cai, W. & Katrusiak, A. Giant negative linear compression positively coupled to massive thermal expansion in a metal-organic
framework. Nat. Commun. 5, 4337, https://doi.org/10.1038/ncomms5337 (2014).
8. Cairns, A. B. & Goodwin, A. L. Negative Linear Compressibility. Phys. Chem. Chem. Phys. 17, 20449-20465, https://doi.org/10.1039/
C5CP00442] (2015).
9. Colmenero, F. Anomalous mechanical behavior of the deltic, squaric and croconic cyclic oxocarbon acids. Mater. Res. Express. 6,
045610 https://orcid.org/0000-0003-3418-0735 (2019).
10. Colmenero, F. Mechanical Properties of Anhydrous Oxalic Acid and Oxalic Acid Dihydrate. Phys. Chem. Chem. Phys. 21,
2673-2690, https://doi.org/10.1039/C8CP07188H (2019).
11. Colmenero, F. Negative Area compressibility in oxalic acid dihydrate. Mater. Lett. 245, 25-28, https://doi.org/10.1016/j.
matlet.2019.02.077 (2019).
12. Colmenero, E, Cobos, J. & Timén, V. Negative Linear Compressibility in Uranyl Squarate Monohydrate. J. Phys.: Condens. Matter.
31, 175701, https://doi.org/10.1016/j.matlet.2019.02.077 (2019).
13. Colmenero, E. Silver Oxalate: Mechanical Properties and Extreme Negative Mechanical Phenomena. Adv. Theor. Simul. 2, 1900040,
https://doi.org/10.1002/adts.201900040 (2019).

SCIENTIFIC REPORTS |

(2020) 10:7510 | https://doi.org/10.1038/s41598-020-64481-8


https://doi.org/10.1038/s41598-020-64481-8
https://doi.org/10.1126/science.279.5356.1522
https://doi.org/10.1002/(SICI)1521-4095(200005)12:9<617::AID-ADMA617>3.0.CO;2-3
https://doi.org/10.1002/1521-4095(20021203)14:23<1728::AID-ADMA1728>3.0.CO;2-8
https://doi.org/10.1002/1521-4095(20021203)14:23<1728::AID-ADMA1728>3.0.CO;2-8
https://doi.org/10.4028/www.scientific.net/AMR.33-37.807
https://doi.org/10.1038/nmat3364
https://doi.org/10.1038/nmat3364
https://doi.org/10.1038/nmat3551
https://doi.org/10.1038/nmat3551
https://doi.org/10.1038/ncomms5337
https://doi.org/10.1039/C5CP00442J
https://doi.org/10.1039/C5CP00442J
https://orcid.org/0000-0003-3418-0735
https://doi.org/10.1039/C8CP07188H
https://doi.org/10.1016/j.matlet.2019.02.077
https://doi.org/10.1016/j.matlet.2019.02.077
https://doi.org/10.1016/j.matlet.2019.02.077
https://doi.org/10.1002/adts.201900040

www.nature.com/scientificreports/

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.
27.

28.

29.

30.

31.

32.

33.

34,

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.
50.

51.

52.

53.

54.

Colmenero, F. & Timoén, V. Extreme negative mechanical phenomena in the zinc and cadmium anhydrous metal oxalates and lead
oxalate dihydrate. J. Mater. Sci. 55, 218-236, https://doi.org/10.1007/s10853-019-04041-2 (2020).

Lakes, R. S. Negative-Poisson’s-ratio materials: auxetic solids. Annu. Rev. Mater. Res. 47, 63-81, https://doi.org/10.1146/annurev-
matsci-070616-124118 (2017).

Lakes, R. S. & Wojciechowski, K. W. Negative Compressibility, Negative Poisson’s Ratio and Stability. Phys. Stat. Sol. (b) 245,
545-551, https://doi.org/10.1002/pssb.200777708 (2008).

Loa, L, Syassen, K. & Kremer, R. Vibrational properties of NaV,O; under high pressure studied by Raman spectroscopy. Solid State
Commun. 112, 681-685, https://doi.org/10.1016/S0038-1098(99)00409-3 (1999).

Seyidov, M. Y. & Suleymanov, R. A. Negative thermal expansion due to negative area compressibility in TIGaSe, semiconductor with
layered crystalline structure. J. Appl. Phys. 108, 063540, https://doi.org/10.1063/1.3486211 (2010).

Hodgson, S. A. et al. Negative area compressibility in silver(I) tricyano-methanide. Chem. Commun. 50, 5264-5266, https://doi.
org/10.1039/C3CC47032F (2014).

Cai, W. et al. Giant Negative Area Compressibility Tunable in a Soft Porous Framework Material. J. Am. Chem. Soc. 137, 9296-9301,
https://doi.org/10.1021/jacs.5b03280 (2015).

Feng, G. et al. Negative area compressibility of a hydrogen bonded two-dimensional material. Cherm. Sci. 10, 1309-1315, https://doi.
org/10.1039/C8SC03291B (2019).

Grima, J. N., Caruana-Gauci, R., Wojciechowski, K. W. & Evans, K. E. Smart hexagonal truss systems exhibiting negative
compressibility through constrained angle stretching. Smart Mater. Struct. 22, 084015, https://doi.org/10.1088/0964-
1726/22/8/084015 (2013).

Grima, J. N., Caruana-Gauchi, R., Dudek, M. R., Wojciechowski, K. W. & Gatt, R. Smart metamaterials with tunable auxetic and
other properties. Smart Mater. Struct. 22, 084016, https://doi.org/10.1088/0964-1726/22/8/084016 (2013).

Abramovitch, H. et al. Smart tetrachiral and hexachiral honeycomb: sensing and impact detection. Compos. Sci. Technol. 70,
1072-1079, https://doi.org/10.1016/j.compscitech.2009.07.017 (2010).

Thompson, A. B., Tucker, M. G., Haines, J. & Goodwin, A. L. Rational design of materials with extreme negative compressibility:
selective soft-mode frustration in KMn[Ag(CN), ;. J. Am. Chem. Soc. 134, 44544456, https://doi.org/10.1021/ja204908m (2012).
Gatt, R. et al. Hierarchical auxetic mechanical metamaterials. Sci. Rep. 5, 8395, https://doi.org/10.1038/srep08395 (2015).
Ghaedizadeh, A., Shen, J., Ren, X. & Xie, Y. M. Designing composites with negative linear compressibility. Mater. Des. 131, 343-357,
https://doi.org/10.1016/j.matdes.2017.06.026 (2017).

Barnes, D. L. Negative Linear Compressibility: Beyond the Wine-Rack Model and Towards Engineering Applications. Ph. Thesis
(University of Exeter, 2017).

De Jong, M. et al. Charting the complete elastic properties of inorganic crystalline compounds. Sci. Data 2, 150009, https://doi.
org/10.1038/sdata.2015.9 (2015).

Chibani, S. & Coudert, F. X. Systematic Exploration of the Mechanical Properties of 13,621 Inorganic Compounds. Chem. Sci. 10,
8589-8599, https://doi.org/10.1039/C9SCO1682A (2019).

Cémara, E, Garvie, L. A. ], Devouard, B., Groy, T. & Busec, P. R. The structure of Mn-rich tuperssuatsiaite: A palygorskite-related
mineral. Am. Mineral. 87, 1458-1463, https://doi.org/10.2138/am-2002-1023 (2002).

Grima, J. N., Jackson R., Alderson, A. & Evans, K. E. Do Zeolites have negative Poisson’ ratios? Adv. Mater. 12 1912-1918, https://
doi.org/10.1002/1521-4095(200012)12:24<1912:: AID-ADMA1912>3.0.CO;2-7 (2000).

Grima, J. N. et al. Natrolite: a zeolite with negative Poisson’s ratios. J. Appl. Phys. 101, 086102, https://doi.org/10.1063/1.2718879
(2007).

Lee, Y., Vogt, T., Hriljac, J. A., Parise, J. B. & Artioli, G. Pressure-Induced volume expansion of zeolites in the natrolite family. J. Am.
Chem. Soc. 124, 5466-5475, https://doi.org/10.1021/ja0255960 (2002).

Sanchez-Valle, C. et al. Brillouin scattering study on the single crystal of natrolite and analcime zeolites. J. Appl. Phys. 98, 53508,
https://doi.org/10.1063/1.2014932 (2005).

Sanchez-Valle, C. et al. Negative Poisson’s Ratios in Siliceous Zeolite MFI-Silicalite. J. Chem. Phys. 128, 184503, https://doi.
org/10.1063/1.2912061 (2008).

Gatta, G. D. & Lee, Y. Anisotropic elastic behaviour and structural evolution of zeolite phillipsite at high pressure: A synchrotron
powder diffraction study. Micropor. Mesopor. Mater. 105, 239-250, https://doi.org/10.1016/j.micromeso.2007.01.031 (2007).

Gatta, G. D. & Lee, Y. Zeolites at high pressure: A review. Mineral. Mag. 78, 267-291, https://doi.org/10.1180/minmag.2014.078.2.04
(2014).

Coudert, E X. Systematic investigation of the mechanical properties of pure silica zeolites: stiffness, anisotropy, and negative linear
compressibility. Phys. Chem. Chem. Phys. 15, 16102-16018, https://doi.org/10.1039/C3CP51817E (2013).

Coudert, F. X. Predicting the mechanical properties of zeolite frameworks by machine learning. Chem. Mater. 29, 7833-7839,
https://doi.org/10.1021/acs.chemmater.7b02532 (2017).

Hall, L. J. et al. Sign change of Poisson’s ratio for carbon nanotube sheets. Science 320, 504-507, https://doi.org/10.1126/
science.1149815 (2008).

Coluci, V. R. et al. Modeling the Auxetic Transition for Carbon Nanotube Sheets. Phys. Rev. B 78, 115408, https://doi.org/10.1103/
PhysRevB.78.115408 (2008).

De Volder, M. E. L., Tawfick, S. H. & Baughman, R. H. & Hart. J. Carbon Nanotubes: Present and Future Commercial Applications.
Science 239, 535-539, https://doi.org/10.1126/science.1222453 (2013).

Sajadi, S. M. et al. 3D Printed Tubulanes as Lightweight Hypervelocity Impact Resistant Structures. Small 15, 1904747, https://doi.
org/10.1002/smll.201904747 (2019).

Chen, L., Liu, W,, Zhang, W., Hu, C. & Fan, S. Auxetic materials with large negative Poisson’s ratios based on highly oriented carbon
nanotube structures. Appl. Phys. Lett. 94, 253111, https://doi.org/10.1063/1.3159467 (2009).

Aliev, A. E. et al. Giant-Stroke, Superelastic carbon nanotube aerogel muscles. Science 323, 1575-1578, https://doi.org/10.1126/
science.1168312 (2009).

Wang, W., He, C., Xie, L. & Peng, Q. The Temperature-Sensitive Anisotropic Negative Poisson’s Ratio of Carbon Honeycomb.
Nanomaterials 9, 487, https://doi.org/10.3390/nan09040487 (2019).

Overvelde, J. T. B. & Bertoldi, K. Relating pore shape to the non-linear response of periodic elastomeric structures. . Mech. Phys.
Solids 64, 351-366, https://doi.org/10.1016/j.jmps.2013.11.014 (2014).

Baughman, R. H. & Fonseca, A. F. Straining to expand entanglements. Nat. Mater. 15, 7-8, https://doi.org/10.1038/nmat4436 (2015).
Qu, J., Kadic, M. & Wegener, M. Three-dimensional poroelastic metamaterials with extremely negative or positive effective static
volume compressibility. Extreme Mech. Lett. 22, 165-171, https://doi.org/10.1016/j.em1.2018.06.007 (2018).

Mizzi, L. et al. Mechanical metamaterials with star-shaped pores exhibiting negative and zero Poisson’s ratio. Mater. Des. 146, 28-37,
https://doi.org/10.1016/j.matdes.2018.02.051 (2018).

Degabriele, E. P. et al. On the Compressibility Properties of the Wine-Rack like Carbon Allotropes and Related Poly(phenylacetylene)
Systems. Phys. Stat. Sol. (b) 256, 1800572, https://doi.org/10.1002/pssb.201800572 (2019).

Oliveira, E. E, Autreto, P. A. S., Woellner, C. F. & Galvao, D. S. On the mechanical properties of novamene: A fully atomistic
molecular dynamics and DFT investigation. Carbon 139, 782-788, https://doi.org/10.1016/j.carbon.2018.07.038 (2018).

Oliveira, E. F, Autreto, P. A. S., Woellner, C. E. & Galvao, D. S. On the mechanical properties of protomene: A theoretical
investigation. Comput. Mater. Sci. 161, 190-198, https://doi.org/10.1016/j.commatsci.2019.01.050 (2019).

SCIENTIFIC REPORTS |

(2020) 10:7510 | https://doi.org/10.1038/s41598-020-64481-8


https://doi.org/10.1038/s41598-020-64481-8
https://doi.org/10.1007/s10853-019-04041-2
https://doi.org/10.1146/annurev-matsci-070616-124118
https://doi.org/10.1146/annurev-matsci-070616-124118
https://doi.org/10.1002/pssb.200777708
https://doi.org/10.1016/S0038-1098(99)00409-3
https://doi.org/10.1063/1.3486211
https://doi.org/10.1039/C3CC47032F
https://doi.org/10.1039/C3CC47032F
https://doi.org/10.1021/jacs.5b03280
https://doi.org/10.1039/C8SC03291B
https://doi.org/10.1039/C8SC03291B
https://doi.org/10.1088/0964-1726/22/8/084015
https://doi.org/10.1088/0964-1726/22/8/084015
https://doi.org/10.1088/0964-1726/22/8/084016
https://doi.org/10.1016/j.compscitech.2009.07.017
https://doi.org/10.1021/ja204908m
https://doi.org/10.1038/srep08395
https://doi.org/10.1016/j.matdes.2017.06.026
https://doi.org/10.1038/sdata.2015.9
https://doi.org/10.1038/sdata.2015.9
https://doi.org/10.1039/C9SC01682A
https://doi.org/10.2138/am-2002-1023
https://doi.org/10.1002/1521-4095(200012)12:24<1912::AID-ADMA1912>3.0.CO;2-7
https://doi.org/10.1002/1521-4095(200012)12:24<1912::AID-ADMA1912>3.0.CO;2-7
https://doi.org/10.1063/1.2718879
https://doi.org/10.1021/ja0255960
https://doi.org/10.1063/1.2014932
https://doi.org/10.1063/1.2912061
https://doi.org/10.1063/1.2912061
https://doi.org/10.1016/j.micromeso.2007.01.031
https://doi.org/10.1180/minmag.2014.078.2.04
https://doi.org/10.1039/C3CP51817E
https://doi.org/10.1021/acs.chemmater.7b02532
https://doi.org/10.1126/science.1149815
https://doi.org/10.1126/science.1149815
https://doi.org/10.1103/PhysRevB.78.115408
https://doi.org/10.1103/PhysRevB.78.115408
https://doi.org/10.1126/science.1222453
https://doi.org/10.1002/smll.201904747
https://doi.org/10.1002/smll.201904747
https://doi.org/10.1063/1.3159467
https://doi.org/10.1126/science.1168312
https://doi.org/10.1126/science.1168312
https://doi.org/10.3390/nano9040487
https://doi.org/10.1016/j.jmps.2013.11.014
https://doi.org/10.1038/nmat4436
https://doi.org/10.1016/j.eml.2018.06.007
https://doi.org/10.1016/j.matdes.2018.02.051
https://doi.org/10.1002/pssb.201800572
https://doi.org/10.1016/j.carbon.2018.07.038
https://doi.org/10.1016/j.commatsci.2019.01.050

www.nature.com/scientificreports/

55.

56.

57.

58.

59.
60.

61

62.
63.
64.
65.
66.

67.

76.
77.
78.
79.
80.

81.
. Reuss, A. Berechnung der Fliessgrenze von Mischkristallen auf Grund der Plastizitatsbedingung fur Einkristalle. Z. Angew. Math.

83.
84.
85.
86.
87.
88.
89.

90.

Francesconi, L., Baldi, A., Liang, X., Aymerich, F. & Taylor, M. Variable Poisson’s ratio materials for globally stable static and dynamic
compression resistance. Extreme Mech. Lett. 26, 1-7, https://doi.org/10.1016/j.em].2018.11.001 (2019).

Colmenero, E, Cobos, J. & Timén, V. Periodic DFT Study of the Structure, Raman Spectrum and Mechanical Properties of Schoepite
Mineral. Inorg. Chem. 57, 4470-4481, https://doi.org/10.1021/acs.inorgchem.8b00150 (2018).

Colmenero, F, Fernandez, A. M., Timén, V. & Cobos, ]. Becquerelite Mineral Phase: Crystal Structure and Thermodynamic and
Mechanic Stability by Using Periodic DFT. RSC Adyv. 8, 24599-24616, https://doi.org/10.1039/C8RA04678F (2018).

Clark, S.J. et al. First Principles Methods Using CASTEP. Z. Kristallogr. 220, 567-570, https://doi.org/10.1524/zkri.220.5.567.65075
(2005).

MaterialsStudio, http://3dsbiovia.com/products/collaborative-scien-ce/biovia-materials-studio/ (accessed Sept. 2019).

Payne, M. C,, Teter, M. P, Ailan, D. C,, Arias, A. & Joannopoulos, J. D. Iterative minimization techniques for ab initio total-energy
calculations: molecular dynamics and conjugate gradients. Rev. Mod. Phys. 64, 1045-1097, https://doi.org/10.1103/
RevModPhys.64.1045 (1992).

. Perdew, J. P, Burke, K. & Ernzerhof, M. Generalized Gradient Approximation Made Simple. Phys. Rev. Lett. 77, 3865-3868, https://

doi.org/10.1103/PhysRevLett.77.3865 (1996).

Grimme, S. Semiempirical GGA-type Density Functional Constructed with a Long-Range Dispersion Correction. J. Comput. Chem.
27, 1787-1799, https://doi.org/10.1002/jcc.20495 (2006).

Troullier, N. & Martins, J. L. Efficient Pseudopotentials for Plane-Wave Calculations. Phys. Rev. B 43, 1993-2006, https://doi.
org/10.1103/PhysRevB.43.1993 (1991).

Pfrommer, B. G., Cote, M., Louie, S. G. & Cohen, M. L. Relaxation of Crystals with the Quasi-Newton Method. J. Comput. Phys. 131,
233-240, https://doi.org/10.1006/jcph.1996.5612 (1997).

Monkhorst, H. J. & Pack, J. D. Special Points for Brillouin-zone Integration. Phys. Rev. B 13, 5188-5192, https://doi.org/10.1103/
PhysRevB.16.1746 (1976).

Refson, K., Tulip, P. R. & Clark, S. J. Variational Density-Functional Perturbation Theory for Dielectrics and Lattice Dynamics. Phys.
Rev. B73, 155114, https://doi.org/10.1103/PhysRevB.73.155114 (2006).

Baroni, S., de Gironcoli, S., Dal Corso, A. & Giannozzi, P. Phonons and Related Crystal Properties from Density-Functional
Perturbation Theory. Rev. Mod. Phys. 73, 515-562, https://doi.org/10.1103/RevModPhys.73.515 (2001).

. Hehre, W.]., Radom, L., Schleyer, P. V. R. & Pople ]. A. Ab Initio Molecular Orbital Theory (Wiley, 1986).
. Nye, J. E Physical Properties of Crystals (Clarendon, 1976).
. Yu, R, Zhu, J. & Ye, H. Q. Calculations of Single-Crystal Elastic Constants Made Simple. Comput. Phys. Commun. 181, 671-675,

https://doi.org/10.1016/j.cpc.2009.11.017 (2010).

. Birch, E Finite Elastic Strain of Cubic Crystal. Phys. Rev. 71, 809-824, https://doi.org/10.1103/PhysRev.71.809 (1947).

. Angel, R. J. Equations of State. Rev. Mineral. Geochem. 41, 35-60, https://doi.org/10.2138/rmg.2000.41.2 (2000).

. EOSFIT 5.2 software, http://programming.ccp14.ac.uk/ccp/webmirrors/ross-angel/crystal/software.html (accessed Sept. 2019).

. Jones, B. E. & Galan, E. Sepiolite and Palygorskite. Rev. Mineral. Geochem. 19, 631-674, https://pubs.geoscienceworld.org/msa/rimg/

article-abstract/19/1/631/87234/Sepiolite-and-palygorskite (1988).

. Giiven, N., de la Caillerie, J. B. E. & Fripiat, J. ]. The coordination of aluminum ions in the palygorskite structure. Clays Clay. Miner.

40, 457-461, https://doi.org/10.1346/CCMN.1992.0400410 (1992).

Serna, C., van Scoyoc, G. E. & Ahlrichs, J. L. Hydroxyl groups and water in palygorskite, Am. Mineral. 62, 784-792, https:// pubs.
geoscienceworld.org/ msa/ammin/article-abstract/62/7-8/784/40804/Hydroxyl-groups-and-water-in-palygorskite (1997).
Colmenero, F. et al. Crystal Structure, Hydrogen Bonding, Mechanical Properties and Raman Spectrum of the Lead Uranyl Silicate
Monohydrate Mineral Kasolite. RSC Adv. 9, 15323-15334, https://doi.org/10.1039/CO9RA02931A (2019).

Weck, P. E, Kim, E. & Buck, E. C. On the Mechanical Stability of Uranyl Peroxide Hydrates: Implications for Nuclear Fuel
Degradation. RSC Adv. 5, 79090-79097, https://doi.org/10.1039/C5RA16111H (2015).

Born, M. On the Stability of Crystal Lattices. I. Math. Proc. Camb. Phil. Soc. 36, 160-172, https://doi.org/10.1017/S0305004100017138
(1940).

Moubhat, F. & Coudert, . X. Necessary and Sufficient Elastic Stability Conditions in Various Crystal Systems. Phys. Rev. B 90, 224104,
https://doi.org/10.1103/PhysRevB.90.224104 (2014).

Voigt, W, Lehrbuch der Kristallphysik (Teubner, 1962).

Mech. 9, 49-58, https://doi.org/10.1002/zamm.19290090104 (1929).

Hill, R. The Elastic Behaviour of a Crystalline Aggregate. Proc. Phys. Soc. Lond. A 65, 349-354, https://doi.org/10.1088/0370-
1298/65/5/307 (1952).

Pugh, S. F. XCII. Relations between the Elastic Moduli and the Plastic Properties of Polycrystalline Pure Metals. Phil. Mag. 45,
823-843, https://doi.org/10.1080/14786440808520496 (1954).

Bouhadda, Y., Djella, S., Bououdina, M., Fenineche, N. & Boudouma, Y. Structural and Elastic Properties of LiBH, for Hydrogen
Storage Applications. J. Alloys Compd. 534, 2024, https://doi.org/10.1016/j.jallcom.2012.04.060 (2012).

Niu, H. et al. Electronic, Optical, and Mechanical Properties of Superhard Cold-Compressed Phases of Carbon. Appl. Phys. Lett. 99,
031901, https://doi.org/10.1063/1.3610996 (2011).

Ranganathan, S. I. & Ostoja-Starzewski, M. Universal Elastic Anisotropy Index. Phys. Rev. Lett. 101, 055504, https://doi.org/10.1103/
PhysRevLett.101.055504 (2008).

Lethbridge, Z. A. D., Walton, R. I., Marmier, A. S. H., Smith C. W,, & Evans, K. E. Elastic Anisotropy and Extreme Poisson’s Ratios
in Single Crystals. Acta Mater. 58, 6444-6451, https://doi.org/10.1016/j.actamat.2010.08.006 (2010).

Marmier, A. et al. EIAM: A Computer Program for the Analysis and Representation of Anisotropic Elastic Properties. Comput. Phys.
Commun. 181, 2102-2115, https://doi.org/10.1016/j.cpc.2010.08.033 (2010).

Gaines, R. V,, Skinner, H. C., Foord, E. E., Mason, B. & Rosenzweig, A. Dana’s New Mineralogy, Eighth Edition (John Wiley & Sons,
1997).

Acknowledgements

The supercomputer time provided by the CTI-CSIC center is greatly acknowledged. JP acknowledges the support
through the project no. LO1603 of the Ministry of Education, Youth and Sports National Sustainability Program
I of the Czech Republic. JS was supported by the Ministry of Culture of the Czech Republic (long-term project
DKRVO 2019-2023/1.I1Lb). FC wishes to thank Dr. V. Timén and Dr. A. M. Fernandez for their help and for the
careful revision of the manuscript.

Author contributions

E.C.: Conceptualization; Investigation - First principles solid-state calculations; Data analysis - Theoretical
and experimental data; Manuscript writing; Manuscript revision; J.S.: Investigation - Experimental work;
Data analysis - Experimental data; Manuscript revision; J.P: Investigation - Experimental work; Data analysis -
Experimental data; Manuscript revision.

SCIENTIFICREPORTS|  (2020) 10:7510 | https://doi.org/10.1038/s41598-020-64481-8


https://doi.org/10.1038/s41598-020-64481-8
https://doi.org/10.1016/j.eml.2018.11.001
https://doi.org/10.1021/acs.inorgchem.8b00150
https://doi.org/10.1039/C8RA04678F
https://doi.org/10.1524/zkri.220.5.567.65075
http://3dsbiovia.com/products/collaborative-scien-ce/biovia-materials-studio/
https://doi.org/10.1103/RevModPhys.64.1045
https://doi.org/10.1103/RevModPhys.64.1045
https://doi.org/10.1103/PhysRevLett.77.3865
https://doi.org/10.1103/PhysRevLett.77.3865
https://doi.org/10.1002/jcc.20495
https://doi.org/10.1103/PhysRevB.43.1993
https://doi.org/10.1103/PhysRevB.43.1993
https://doi.org/10.1006/jcph.1996.5612
https://doi.org/10.1103/PhysRevB.16.1746
https://doi.org/10.1103/PhysRevB.16.1746
https://doi.org/10.1103/PhysRevB.73.155114
https://doi.org/10.1103/RevModPhys.73.515
https://doi.org/10.1016/j.cpc.2009.11.017
https://doi.org/10.1103/PhysRev.71.809
https://doi.org/10.2138/rmg.2000.41.2
http://programming.ccp14.ac.uk/ccp/webmirrors/ross-angel/crystal/software.html
https://pubs.geoscienceworld.org/msa/rimg/article-abstract/19/1/631/87234/Sepiolite-and-palygorskite
https://pubs.geoscienceworld.org/msa/rimg/article-abstract/19/1/631/87234/Sepiolite-and-palygorskite
https://doi.org/10.1346/CCMN.1992.0400410
https://doi.org/10.1039/C9RA02931A
https://doi.org/10.1039/C5RA16111H
https://doi.org/10.1017/S0305004100017138
https://doi.org/10.1103/PhysRevB.90.224104
https://doi.org/10.1002/zamm.19290090104
https://doi.org/10.1088/0370-1298/65/5/307
https://doi.org/10.1088/0370-1298/65/5/307
https://doi.org/10.1080/14786440808520496
https://doi.org/10.1016/j.jallcom.2012.04.060
https://doi.org/10.1063/1.3610996
https://doi.org/10.1103/PhysRevLett.101.055504
https://doi.org/10.1103/PhysRevLett.101.055504
https://doi.org/10.1016/j.actamat.2010.08.006
https://doi.org/10.1016/j.cpc.2010.08.033

www.nature.com/scientificreports/

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41598-020-64481-8.

Correspondence and requests for materials should be addressed to E.C.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

M | icense, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2020

SCIENTIFICREPORTS|  (2020) 10:7510 | https://doi.org/10.1038/s41598-020-64481-8


https://doi.org/10.1038/s41598-020-64481-8
https://doi.org/10.1038/s41598-020-64481-8
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Crystal Structure, Infrared Spectrum and Elastic Anomalies in Tuperssuatsiaite

	Methods

	Experimental. 
	First-principles solid-state methods. 

	Results

	Crystal structure. 
	Powder X-ray diffraction pattern. 
	Infrared spectrum. 
	Elastic properties. 

	Discussion

	Crystal structure. 
	Powder X-ray diffraction pattern. 
	Infrared spectrum. 
	Elastic behavior. 

	Conclusions

	Acknowledgements

	Figure 1 Tuperssuatsiaite brown radial aggregates from Ilímaussaq alkaline complex, Greenland, Denmark.
	Figure 2 Computed crystal structure of tuperssuatsiaite: Views of the unit cell from (A) [001] (B) [010] (C) [100].
	Figure 3 Images of an isolated octahedral band expanding along c direction in the crystal structure of tuperssuatsiaite mineral.
	Figure 4 Hydrogen bond structure in tuperssuatsiaite mineral (A) Image of the hydrogen bond network in the full unit cell (B) Detailed image of the hydrogen bond structure surrounding a free water molecule (C) Detailed image of the hydrogen bond structure
	Figure 5 Experimental and theoretical infrared spectra of tuperssuatsiaite.
	Figure 6 Tuperssuatsiaite under anisotropic pressure: (A) Computed compressibility of tuperssuatsiaite as a function of the orientation of the applied strain.
	Figure 7 Calculated unit cell volume (A), lattice parameters (B), (C) and (D), and compressibilities along (E) and (F) directions of tuperssuatsiaite as a function of the applied external isotropic pressure.
	Figure 8 The structure of tuperssuatsiaite under isotropic pressure.




