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We report ab-initio calculations of water absorption in Y2Mo3O12. The absorption
geometry of H2O in Y2Mo3O12 and the binding property between H2O and Y2Mo3O12
have been first identified. Our calculated results show that water is chemisorbed in
Y2Mo3O12 with O of the water binding to the Y3+ cation, which is further strengthened
by hydrogen bonding between each of the hydrogen atoms of H2O and the bridge O in
Y2Mo3O12, shared by polyhedrons YO6 and MoO4. The absorption of water leads to
a reduced angle of Y-O-Mo and shortened Y-Mo distance, and consequently volume
contraction of the material, almost linearly with the increasing number of water mole-
cules per unit cell, up to eight in total. In addition, our phonon calculation show that
the transverse vibration of Y-O-Mo is restricted due to water absorption, which in turn
hinders the NTE, as it is mainly originated from this vibrational mode. Our results
clarify further the fundamental mechanisms of the large volume shrinkage and the
lost NTE of the framework oxide due to water absorption. C 2015 Author(s). All
article content, except where otherwise noted, is licensed under a Creative Commons
Attribution 3.0 Unported License. [http://dx.doi.org/10.1063/1.4913361]

I. INTRODUCTION

The A2M3O12 family of negative thermal expansion (NTE) materials has attracted much in-
terest in recent years (A= a trivalent transition metal or a lanthanide from Lu to Ho, M= W6+ or
Mo6+). These materials are characterized by great chemical flexibility and a phase transition from
the low-temperature monoclinic to the high-temperature orthorhombic structure.1 Both phase struc-
tures are microporous, forming open, interstitial cation-free frameworks consisting of vertex-linked
AO6 octahedra and MO4 tetrahedra, where each AO6 octahedron joins MO4 tetrahedra with sharing
O of their corners. In its high-temperature orthorhombic structure, A2M3O12 exhibits a negative
thermal expansion (NTE) phenomenon. The reason why NTE occurs is still under debate. The
study of other NET materials, e.g. ZrW2O8, suggested that NTE is due to the transverse thermal
vibrations perpendicular to the Zr-O-W linkage that cause contraction in these materials.2–6 How-
ever, recently, Bridges et al.7 argued that the Zr-O-W linkage is relatively stiff and does not permit
bending. They propose that the low energy vibrational modes that lead to negative thermal expan-
sion involve correlated rotations of ZrO6 octahedra and WO4 tetrahedra that produce large <111>
translations of the WO4 tetrahedra. Different from ZrW2O8, polyhedra of A2M3O12 undergoes some
slight distortions besides vibrations, i.e. semi-rigid.8,9 Another proposed suggestion for A2M3O12

is that a change of balance in atomic-level mechanisms contributes to expansion and reduction of
inter-atomic distances.10 They found that the reductions of the Y-Mo non-bonding distance and the
Y-O-Mo angles are the basic structural features that provoke NTE in Y2Mo3O12 and other isostruc-
tural compounds. Theoretical result11 indicates that it is the substantial effect of the vibrations of
the bridge O atom in the Y-O-Mo linkage which plays a crucial role in the NTE. Meanwhile, these
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vibrations also lead to the distortion of the YO6 octahedron and MoO4 tetrahedron, and hence,
contraction in volume.

Experiment shows that the size of the A3+ cation in A2M3O12 affects the performance of
the NTE. Axial thermal expansion coefficient calculated from high temperature X-ray diffraction
(RT-1073K) showed that as the size of A3+ cation decreases, the volume thermal expansion coef-
ficient and the linear thermal expansion coefficient become less negative.12 Therefore, Y3+, which
have the largest ionic radius of all trivalent transition elements, makes Y2Mo3O12 as the most
promising NTE candidate in the A2M3O12 family. In particular, experiment confirms that Y2Mo3O12
exhibits NTE in a large temperature range (473 ∼ 1173 K) and the overall linear coefficient of
thermal expansion (α1 = αv/3) is -1.26 × 10−5.1

Though the NTE property of the oxide materials have important potential applications and
many studies have focused on the mechanisms for the NTE, this phenomenon (NTE) ceases to exist
after many tungstates and molybdates of the A2M3O12 family keenly absorb water and transforming
to a stable trihydrate structure, accompanied by a volume shrinkage, therefore, hindering its prac-
tical applications.1,12,14–21 In another framework structure oxides of ZrW2O8, N. Duan, et al. first
reported the hydration phenomenon, and showed that water absorption causes a dramatic decrease
in the unit cell size of ZrW2O8.13 Sumithra et al. briefly reported that the cell volume of the hydrated
Y2W3O12 is 7% smaller than the un-hydrated, and speculated that the hydration suppresses the
transverse vibrations at room temperature and the removal of the water also confirm that some
vibrational modes, which lead to the NTE, were missing in the hydrated structure.20 Because of
the presence of water, degeneracy of the Raman bands exists for symmetric stretching, asymmetric
stretching, and the bending modes. However, the lattice translational modes cannot be observed.21

In the meantime, Liang et al.21 demonstrate that the presence of water species hinders not only the
rocking motion but also other types of motion of the corner-shared polyhedra. However, few investi-
gations have been reported on the absorption geometry and the binding properties between H2O and
Y2Mo3O12, and the reasons of the volume shrinkage and the disappearing of the NTE in Y2Mo3O12
due to hydration in atomic level. All these problems are difficult to be solved by experiments. There-
fore, further studies are still necessary to clarify these puzzles and underlying mechanism in details.
In this paper, we attempt to study H2O absorption in Y2Mo3O12 by first-principles calculations,
in order to provide further theoretical insight of the effects of water absorption on the structure,
volume, phonon properties as well as NTE of the material.

II. METHODOLOGY

To investigate H2O molecule absorption in Y2Mo3O12, first-principles calculations were per-
formed using the Vienna ab-initio simulation package (VASP)22,23 within the framework of density
functional theory (DFT).24,25 The projector augmented wave (PAW) method was used to describe
the interaction between valence and core electrons.26,27 For the treat of the electron exchange and
correlation interaction, three different approximation functionals were tested: LDA, GGA_PBE and
vdW-DF2,27 and the results are listed in Table I. Compared with the lattice parameters from exper-
iment data and considered the existence of hydrogen bonds, vdW-DF2 functional gave a more reli-
able result, therefore, further calculations were carried out based on this functional. The Kohn-Sham
orbitals are expanded in a plane wave basis set with a cutoff energy of 550 eV. Monkhorst-Pack

TABLE I. Structural parameters of Y2Mo3O12 unit cell calculated using different functionals. Experimental values are given
for comparison. Values in brackets are the difference between calculated and experimental values in percentage.

a (Å) b (Å) c (Å)

Experiment 13.869a 9.935a 10.022a

LDA 14.02(1.09%) 10.05(1.16%) 10.19(1.68%)
GGA_PBE 14.15(2.03%) 10.16(2.26%) 10.37(3.47%)
vdW 13.93(0.44%) 10.05(1.16%) 10.18(1.58%)

aExperimental data from Reference 1.
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scheme with 2 × 2 × 2 k-point sampling in the Brillouin zone were used for the structure relax-
ation.28 This set has been tested to be sufficient for our calculation. The volume of the unit cell
was not fixed during structure relaxation because both the volume and the structure of Y2Mo3O12
change during hydration. The Fermi level was smeared by the Methfessel and Paxton approach
with a Gaussian smearing width of 0.02 eV.29 Energy differences were converged within 10−8 eV,
and the forces on the relaxed atoms were less than 10−4 eV/Å. The phonon spectra were calculated
using PHONOPY1.6.2 software developed by Parlinski.30 In the phonon calculations, a 1 × 1 × 2
super-cell was used within the frozen-phonon method. The applied displacement was 0.01 Å. For
the calculation of the phonon density of states, integrations over the Brillouin zone of the cuboid
crystal were sampled with a 2 × 2 × 2 mesh of k-points generated by Monkhorst-Pack scheme.

III. RESULTS AND DISCUSSION

A. Geometric structures and energies

The initial step of our research is to determine the structural characteristics of Y2Mo3O12. The
orthorhombic structure is fully relaxed using three different functionals as listed in Table I. Com-
pared with the experimental data, PBE functional overestimates more than 2.03%, which is twice
as large as LDA and vdW-DF2. This is an accepted error in PBE for it softens the bond, leading
to increased lattice parameters.31 Furthermore, it often fails on modeling highly coordinated atoms,
such as Mo, because it also includes a scaled gradient in its enhancement factor.32 Among all, the
vdW-DF2 functional is the best approach because it combines the revPBE for exchange energy,
and LDA and nonlocal electron correlation for correlation energy.33 The error of calculated lattice
parameter along an axis is even limited to 0.44%. All the results give us the confidence of using
vdW-DF2 functional to interpret the properties of water absorption in Y2Mo3O12.

To investigate the water absorption behavior in Y2Mo3O12, one water molecule is absorbed on
two different hollow sites in the first step: near Y and Mo atoms, denoted as site 1 (Fig. 1(a)) and site
2 (Fig. 1(b)), respectively. The stability is determined by the absorption energy defined as follows:

Eabsorption = EH2O+Y2Mo3O12 − EH2O − EY2Mo3O12, (1)

The energy of an H2O molecule has been calculated as in gas phase: We put it in a 10Å × 10Å ×
10Å cubic box, and then calculate the energy of H2O molecule. The absorption energies in both
sites are less than -0.40 eV, suggesting water could strongly bond to the Y2Mo3O12 compound and
form a stable hydride structure. Site 1 is more stable than site 2 by -0.15 eV. The reason why water
is more keen to absorb on the site 1 can be explained by Lei Wang et al.11 They reported that
the Y-O bond is more ironic character, while Mo-O is more covalent due to a remarkable charge
overlapping between Mo and O atoms, hence, Y is more attractive to water than Mo.

The water absorption also shifts the relevant position of the YO6 octahedra joining MoO4
tetrahedra, as shown in Fig. 2. The figure provides the bond lengths and angles of the water with the
relevant YO6 and Mo4 polyhedra. The Y-Y distance is contracted from 6.23 to 5.92 Å. Meanwhile,
all the joints are also moved towards the water in the directions of the arrows, along with the angle
changes. Hence the volume of the unit cell is shrunk to 98.78% after absorption of just one H2O
molecule.

For further investigation of water absorption, up to 6 water molecules were considered here.
The average absorption energy Eaverage per H2O molecule is calculated by

Eaverage =
�
EnH2O+Y2Mo3O12 − nEH2O − EY2Mo3O12

�
/n, (2)

and the results are showed in Fig. 3(a) with the unit cell volume changes in percentage. Table II
presents the calculated lattice parameters with different numbers of water absorption. As the water
molecules increase, the average absorption energy decreases until five H2O molecules are absorbed
in the system, i.e. the Y2Mo3O12 has the tendency of absorbing more water in the moisturized
environment. At the same time, the unit cell contracts almost linearly with the number of absorbed
water molecules, with a contraction rate by 0.75% per water molecule (see Fig. 3(a)). When 6 water
molecules are added, the volume is reduced by 4.94 %. Therefore, it might be expected that the



027126-4 Wu et al. AIP Advances 5, 027126 (2015)

FIG. 1. One H2O molecule absorbed in Y2Mo3O12 at: (a) site 1 with absorption energy -0.55 eV; and (b) site 2 with
absorption energy -0.40 eV, respectively.

volume could shrink by 6.59 % when all the eight Y atoms in the unit cell were hydrated. How-
ever, the average absorption energy does not follow this linear trend afterwards, but goes up when
Y2Mo3O12 absorbs six water molecules. Lattice parameters of different structures with different
number of absorbed water molecules in a unit cell are given in Fig. 3(b). It can be seen that a and b

FIG. 2. Local structure of Y2Mo3O12 before and after H2O absorption.
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FIG. 3. Calculated (a) average absorption energy per H2O molecule, volume shrinkage of the unit cell; and (b) the changes
of lattice parameters a, b and c as the number of absorption H2O molecules increasing from 1 to 6.

are generally decreased, while c is always increased as the number of absorption H2O molecules
increased. Meanwhile, experiment showed that the volume was contracted by 7% after absorbing
water,20 indicating that absorption of ∼ eight water molecules per unit cell is likely the maximum.

B. Electronic properties

More direct physical insight of the binding properties between the absorbed H2O molecule and
the Y2Mo3O12 can be obtained by the electron density difference, defined as

∆ρ = ρ (nH2O + Y2Mo3O12) − ρ (nH2O) − ρ (Y2Mo3O12), (3)

where ρ is the space electron density. Charge decreases near the end of hybridized hydrogen atoms
and accumulated near the end of the O in water molecule (O@H2O) (see Fig. 4), resulting in an
enhanced dipole in water molecule and a larger binding energy with the oxide framework material.

TABLE II. Calculated lattice parameters with different numbers of absorbed water molecules.

a (Å) b (Å) c (Å) α β γ V (Å3)

Pristine Y2Mo3O12 13.93 10.05 10.18 90.00◦ 90.00◦ 90.00◦ 1424.89
1H2O@Y2Mo3O12 13.77 10.02 10.19 89.49◦ 88.94◦ 89.31◦ 1407.51
3H2O@Y2Mo3O12 13.56 9.83 10.34 89.46◦ 89.26◦ 89.96◦ 1379.11
6H2O@Y2Mo3O12 13.33 9.72 10.44 89.83◦ 89.51◦ 88.83◦ 1354.43
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FIG. 4. 3D iso-surface plot for charge density difference of the H2O molecule absorbed in Y2Mo3O12. Yellow and blue
surface represented charge depletion and accumulation in space, respectively. The iso-surface level is 0.005 e/Å3.

At the same time, two typical hydrogen bonds, characterized by the long distance electron disper-
sion, are formed along the H atom in water molecule (H@H2O) and bridge O atoms, which shared
by polyhedra YO6 and MoO4. Thus, H2O molecule absorption in Y2Mo3O12 could be accounted for
by the chemical absorption between Y3+ cation and the O@H2O and the O-H. . .O hydrogen bonds
between the H@H2O and the bridge O atom.

C. Phonon properties

To investigate how H2O absorption hinders the vibration modes of NTE, we calculated the
phonon density of states (DOS) of the systems. The phonon DOS is based on the following equa-
tion:

Ni (E) =


d
−⇀
k

4π2

�
e j(i)�2δ[E − E j(−⇀k )], (4)

where e j is the eigenvector associated with the mode of energy E j.
The total DOSs of Y2Mo3O12 without hydration and with 1, 3 and 6 H2O molecules absorption

are depicted in Fig. 5. The calculated dispersion of the total phonon DOS is in line with the peak
positions of the Raman spectrum.21 We found that the phonon peak at 100 cm−1 decreased after
the water absorption, ranging from the 70 cm−1 to 130 cm−1. It has been reported that these modes
show the strongest negative Grüneisen parameter and contribute most to the NTE behavior.11 These
modes are softening as the number of absorbed H2O molecules increases, indicating that the vibra-
tions that contribute to the NTE become soften. In addition, the phonon modes near 210 cm−1 which
have positive Grüneisen parameters rise. This result indicates that phonon modes which contribute
to positive thermal expansion increase, and the thermal expansion tendency will become stronger.
The phonon modes near 300 cm−1, which have the negative Grüneisen parameters, also decrease as
the number of H2O absorption increases. In the range of 400-650 cm−1, the phonon DOS of pristine
Y2Mo3O12 is zero, and these modes increase when H2O is absorbed initially, and should be induced
purely by the vibration of the H2O molecules. Besides, high frequency phonon DOS peaks near
830 cm−1 and 970 cm−1 also decrease because of H2O absorption. Liang et al. have reported that
the distinct change in the symmetric and asymmetric modes at 968 and 823 cm−1, and the bending
mode at 323 cm−1 and the negative slope of these modes with temperature after the release of water
species suggest that the translational and librational motions are closely coupled with stretching and
bending vibrations.21 Together those give rise to the negative thermal expansion. In our results, we
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FIG. 5. The phonon density of states (DOS) of Y2Mo3O12 without and with absorption of 1, 3, 6 H2O molecules.

also found that the peaks of these modes are reduced when the number of absorbed H2O molecules
increases from 1 to 6. This suggests that the translational and librational motions which give rise to
the negative thermal expansion are hindered by the absorbed H2O molecules.

To investigate the specific variation of vibration mode after the H2O absorption in Y2Mo3O12,
we also calculated the partial DOS of phonon for pristine Y2Mo3O12 and Y2Mo3O12 with the
absorption of 1, 3 and 6 H2O molecules, as shown in Fig. 6. The reduction of the phonon peak in
100 cm−1 is mainly due to the O and Mo. The DOS of Y shows little change in this range. From
the calculated eigenvectors of this mode at Gamma point, we knew that this mode involves the
transverse swing of the YO6 octahedron and the MoO4 tetrahedron, and this swing is centered on the
O atom at the bridge site. When H2O is absorbed in it, the DOS of this transverse swing is reduced
because the O atom at the bridge site forms a hydrogen bond with the H@H2O, which hinders the
vibration of the O atom at bridge site. The increase of DOS peak around 200 cm−1 is mainly due to
the PDOSs of Y, O and Mo. According to our calculated eigenvectors of the mode at 200 cm−1, this
mode involves the essential librations of the MoO4 tetrahedron and the translations of the Y 3+ ions.
When H2O is absorbed, the transverse vibration of H2O molecules put in motion of the bridge site
O atom, which is drawn towards the H2O. As results, the transverse vibration of H2O promotes the
librations of the MoO4 tetrahedron, and the translations of Y3+ ions. The decrease of phonon peak at
295 cm−1 is mainly due to the decrease of PDOSs of Mo and O. We found that this mode involved

FIG. 6. Partial phonon density of states (PDOS) of Y2Mo3O12 without and with absorption of 1, 3, 6 H2O molecules.
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the bending modes of the MoO4 tetrahedral units is weakly coupled with the translations of Y3+

ions in Y2Mo3O12. When H2O absorbed in Y2Mo3O12, the direction of the transverse vibration of
the H2O molecules is not same as that of the vibration of the O atom at the bridge site of the MoO4

tetrahedron, so this mode hinders the bending modes of the MoO4 tetrahedral units. The appearance
of phonon peak between 400 cm−1 and 650 cm−1 is mainly due to the PDOS of H atom: however,
the PDOSs of Y, Mo, and O are not increased evidently. The phonon mode at 600 cm−1 is the swing
modes of the H@H2O from the results of calculated eigenvector of those modes. The DOSs of these
modes will be increased as the number of absorbed H2O increases. The decrease of the phonon
DOS peak at 840 cm−1 is mainly due to the decrease of the PDOS peak of the O atom and the
Mo atom. The calculated eigenvector of this mode show that this mode corresponds the asymmetric
stretching mode of the MoO4 tetrahedron, which is consistent with the Raman analysis.21 We found
that the stretching direction of the H@H2O is opposite to that of the stretching of a neighboring O
atom in the MoO4 tetrahedron. Both of these two stretching motions would be weakened because
of the hydrogen bonding between H@H2O and the O@MoO4. The decrease of phonon DOS peak
at 960 cm−1 is due to the reduction of the PDOS peak of the O atom. In pristine Y2Mo3O12, this
mode is essentially the symmetric stretching mode of the O@MoO4 from the eigenvector calculated
results. We found that this mode disappears when the H2O is absorbed, which can be interpreted by
the fact that the presence of the hydrogen bonding between the H@H2O and O@MoO4 hinders the
symmetric stretching mode O@MoO4. These findings are consistent with the existing experimental
results21 and should assist further exploration and development of NET materials.

Finally, we would like to point out that though the hydration of the Y2Mo3O12 is undesirable
for NTE-based considerations, the specific “hydration induced volume contraction” as a function of
water content may also be regarded as a “Negative Hydration Expansion (NHE)”, as opposed to the
usual expansion due to hydration. Even more interestingly, such NHE is tunable by water content.
This tunable NHE phenomenon might be useful to design a small negative tolerance for precision
fitting and a very tight fitting could be achieved through dehydration. It might also be used as a
mechanism for molecular sensing.

IV. CONCLUSIONS

By means of first-principles simulations, we have probed further the absorption of water in
Y2Mo3O12, and the effectiveness of water molecules in “damping” the vibration modes that lead to
NTE. Our DFT calculations indicate that Y is the host for the water absorption, and the material
could absorb up to ∼ 8 water molecules per unit cell. Furthermore, the absorption of water leads to
a reduced angle of Y-O-Mo, a reduced Y-Mo distance and consequently a reduced volume of the
material. By calculating the phonon DOS and PDOS of Y2Mo3O12 without and with hydration, we
found that the phonon peak at 100 cm−1 softens, spreading from the 70 cm−1 to 130 cm−1. It has
been reported that these modes possess the strongest negative Grüneisen parameters and contribute
most to the NTE behavior. Those modes are further softened as the number of H2O absorption
increases, indicating that the vibrations that contribute to the NTE behavior are further constrained.
Combined with the calculated eigenvectors of the phonon mode at Gamma point, we found that the
transverse swing mode of the YO6 octahedron and the MoO4 tetrahedron at 100 cm−1 are softened
after H2O absorption, due to the hydrogen bonding between the O atom at the bridge site and the
H@H2O. The hydrogen bond hinders the transverse vibration of the O atom at the bridge site.
In addition, the bending modes of MoO4 tetrahedron coupled weakly with the translations of Y3+

ions at 295 cm−1, are also softened after water absorption. As a result, the NTE, originated from
these vibrational modes, is hindered. Besides these, we found that the presence of water absorption
hinders the asymmetry and symmetry stretching modes of MoO4 tetrahedra, which is consistent
with the Raman analysis. Furthermore, the tunable NHE phenomenon might be useful to design a
small negative tolerance for precision fitting and might also be used as a mechanism for molecular
sensing.
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