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From a Metastable Layer to a Stable Ring: A Kinetic Study for
Transformation Reactions of Li2Mo3TeO12 to Polyoxometalates
Seung-Jin Oh,[a] Seong-Ji Lim,[b] Tae-Soo You,[b] and Kang Min Ok*[a]
ray diffraction to propose a detailed transformation mechanism
to thermodynamically stable polyoxometalates.
Li2Mo3TeO12 was synthesized through a hydrothermal reaction by combining Li2MoO4, MoO3, TeO2, and H2O in a Teflonlined autoclave at 230 8C for 1 day. Light-yellow crystals of
Li2Mo3TeO12 were grown in 95 % yield based on TeO2. Single
crystal X-ray diffraction analysis indicated that Li2Mo3TeO12 crystallizes in the monoclinic space group, P2/c (No. 13) and exhibited a layered structure that is composed of polyhedra with
both family of second-order Jahn–Teller (SOJT)[4] distortive cations (Mo6 + and Te4 + ) and Li + cations (see Figure 1 a).

Abstract: A metastable tellurite, Li2Mo3TeO12, revealing a
corrugated layered structure in an extremely strained coordination environment was hydrothermally synthesized
in high yield. Li2Mo3TeO12 undergoes Li + -exchange-driven
facile structural transformation reactions to polyoxometalates. The kinetic data for the transformation reactions at
various conditions were successfully obtained by simple
lab-source powder X-ray diffraction. The investigation suggests that the solid-state transformation reactions may
occur through a series of steps; substitution, decomposition, recombination, and precipitation. This new finding
could be utilized in discovering functional metastable materials as well as understanding their phase transition
mechanisms.

Discovering new solid-state phases in a smart way is, an ongoing challenge for many synthetic chemists.[1] Materials with extended structures are generally prepared through standard
solid-state or solvothermal reactions at high temperature and/
or pressure. Therefore, the synthetic approaches often result in
thermodynamically most stable crystalline compounds with
global energy minima. Although a variety of kinetically stable
energy states may exist,[2] the smart metastable materials have
not been extensively explored attributable to the difficulty of
direct observations and isolations. To monitor any possible intermediate phases and understand the mechanisms of important solid-state reactions, a number of kinetic studies for crystallizations, transformations, and intercalations, have been
studied through in situ diffraction techniques thus far.[3] Most
of the in situ diffraction studies, however, have been conducted using specially commissioned cells and high-energy monochromatic light sources. Herein, we report hydrothermal synthesis, structure, and characterization of a novel metastable
layered tellurite and a very simple use of lab-source powder X-
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Figure 1. a) Ball-and-stick model of Li2Mo3TeO12 revealing a corrugated layered structure in the bc-plane (yellow, Li; blue, Mo; green, Te; red, oxygen).
b) Polyhedra with both family of SOJT distortive cations, Mo6 + and Te4 + , exhibit highly distorted coordination environment.

Two unique Mo6 + cations existing in an asymmetric unit are
in highly distorted MoO6 octahedral coordination environment
with six oxide ligands. Specifically, both Mo6 + cations are displaced toward edges of their octahedra, that is, local C2-type
distortions, which results in two “short” [1.709(3) and
1.731(3) a, and 1.724(3) V 2 a, respectively], two “intermediate”
[1.932(3) and 1.954(4) a, and 1.920(3) V 2 a, respectively], and
two “long” [2.204(4) and 2.279(3) a, and 2.254(3) V 2 a, respectively] Mo@O bonds. A unique Te4 + cation is linked to four
oxide ligands in TeO4 seesaw moiety with two short
[1.880(3) a] and two long [2.321(4) a] Te@O bonds. The TeO4
6712
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seesaws are in asymmetric environment as a result of the lone
pair on Te4 + cations (see Figure 1 b). Two sorts of Li + cations
are in LiO6 coordination environment with Li-O contact distances ranging from 2.054(9) to 2.409(3) a. The atomic Hirshfeld
surface analysis on Li2Mo3TeO12 also confirms all the strong and
weak interactions found in the polyhedra structure. Two
Mo(1)O6 octahedra share their edges through O(3) and form
Mo(1)2O10 dimers. The Mo(1)2O10 dimers further share their
edges with Mo(2)O6 octahedra through O(4) and O(5) and
result in infinite chains along the c-axis. TeO4 polyhedra then
link each chain through O(3) and O(5) and form corrugated
layers in the ac-plane. It should be noticed that the TeO4 polyhedra are severely restrained. As seen in Figure 1, the TeO4 seesaws are flipped over and the observed O(3)-Te(1)-O(3) angle is
161.87(17)8. The unusually distorted morphology of the TeO4
polyhedra should be attributable to the smaller size of Li + cations that interact with the oxide ligands in MoO6 octahedra. As
seen in Figure 2, the smaller Li + cations withdraw chains of

Figure 2. Ball-and-stick and polyhedral representation of Li2Mo3TeO12 in the
ab-plane (yellow, Li; blue, Mo; green, Te; red, oxygen). Strong interaction between smaller Li + cations and oxide ligands in chains result in a metastable
layered structure containing severely distorted TeO4 polyhedra.

edge-shared MoO6 octahedra through substantial interactions
with oxide ligands, which further causes the distortion of TeO4
polyhedra. The balance between the highly strained TeO4 seesaws and interactions in LiO6 polyhedra certainly maintain the
metastable layered structure of Li2Mo3TeO12 (see Figure 2). The
calculated bond valence sum value of 3.66 for Te4 + cation and
the large global instability index (GII) of 0.14, support the
strained environment of Li2Mo3TeO12. The lone pairs on Te4 +
cations still exist in the severely distorted TeO4 polyhedra,
which is confirmed by the observed Te 5s states at the lower
energy region around @11 eV in the density of states (DOS) of
Li2Mo3TeO12 (see the Supporting Information). In connectivity
terms, the backbone of the title material may be described as
an anionic layer, {2[Mo(1)O2/1O1/2O3/3]@ [Mo(2)O2/1O2/2O2/3]1.333@[Te(1)O4/3]1.333 + }2@ and the charge balance is retained by two
Li + cations located in between the layers.
The IR spectral data of Li2Mo3TeO12 reveal Mo-O vibrations at
ca. 851–923 cm@1. Bands found at ca. 656–734 cm@1 and
539 cm@1 should be attributable to Te@O and Mo-O-Te vibrations, respectively.[5] The IR spectrum and its assignment are
provided in the Supporting Information (Figure S2).
After taking the UV/Vis diffuse reflectance spectrum of
Li2Mo3TeO12, absorption data (K/S) were obtained through the
Chem. Eur. J. 2018, 24, 6712 – 6716
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Kubelka–Munk function.[6] The bandgap obtained in the (K/S)
versus R plot for Li2Mo3TeO12 was about 2.7 eV, which should
be attributable to the stabilization of the relative energy arising from the interactions of the Mo@O and Te@O bonds in
MoO6 and TeO4 polyhedra, respectively (Figure S3).
In the TGA diagram of Li2Mo3TeO12, no weight loss was observed up to 730 8C. However, PXRD patterns measured at
higher temperatures indicated that the title compound maintained the crystallinity up to 500 8C. Above the temperature,
the material changed to an amorphous phase. The TGA data
along with the variable temperature PXRD data are given in
Figure S4 in the Supporting Information.
As we discussed, the title compound reveals a layered structure with highly distorted polyhedra, and the strained framework is maintained by the interactions between the small
cation, Li + and oxide ligands. Thus, we thought it would be
very interesting to monitor how the structural backbone will
transform by exchanging the interlayer cation, Li + , to other
larger cations. Interestingly, all attempts to exchange the Li +
for A + (A = K, Rb, and Cs) by using excess ANO3 (aq.) at 90 8C
for 24 h successfully produced ion-exchanged products,
A4Mo6Te2O24·x H2O (x = 4–6). While the space groups for each
product are different [A4Mo6Te2O24·6 H2O (A = K and Rb),
P21/c;[7] A4Mo6Te2O24·4 H2O, Cmca], all the ion-exchanged reaction products reveal a common structural motif, that is, polyoxometalate (POM) structure.[8]
To understand the mechanism of the transformation reactions triggered by the added alkali metal cations, we monitored the ion-exchange reactions performed at different temperatures and concentrations using lab-source PXRD. Figure 3 a
reveals a three-dimensional stack plot for the ion-exchange re-

Figure 3. a) Three-dimensional stack plot of PXRD data obtained by analysis
of materials quenched from the ion-exchange reaction of Li2Mo3TeO12 with
1 m KNO3 solution at 70 8C at varying time. Plot a(t) for the (100) and (010)
Bragg reflections with respect to, b) temperature (red and pink, 60 8C;
orange and dark yellow, 70 8C; green and olive, 80 8C; blue and cyan, 90 8C),
and c) concentration of KNO3 aqueous solution (red and pink, 0.5 m; orange
and dark yellow, 1 m; blue and cyan, 2 m) at 70 8C. The insets reveal Sharp–
Hancock plots for each reaction. d) Arrhenius plots to determine the activation energies for the reactions performed in 1 m KNO3 solution.
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action of Li2Mo3TeO12 with 1 m KNO3 solution at 70 8C. As seen
in Figure 3 a, the (010) reflection of Li2Mo3TeO12 at around 2q =
10.08 decreases quickly and is not monitored after 120 min.
However, other peaks corresponding to (100), (011), and
(@102) reflections for K4Mo6Te2O24·6 H2O were observed in 20th
minute of the reaction at ca. 2q = 9.5, 11.0, and 12.98, respectively, and the intensity of the peaks increases over the next
180 min and then remains constant. After integrating the areas
of Bragg reflections, the values were converted to extent of reaction (a) and plotted with respect to time (see Figure 3 b). In
the PXRD data, no crystalline intermediates are observed and
the a(t) curves for each phase cross near 0.5, which indicate
that the conversion reaction from Li2Mo3TeO12 to
K4Mo6Te2O24·6 H2O should proceed directly. Similar experiments
were performed at temperature ranges from 60 to 90 8C and
monitored by PXRD. As seen in Figure 3 b, the reaction rates
increase with increasing temperatures. To obtain mechanistic
information such as the value of the reaction exponent (n) and
the rate constant (k) from the experiments, the Avrami–Erofe’ev model[9] along with a Sharp–Hancock plot was utilized
(inset of Figure 3 b). The kinetic data for the transformation reaction from Li2Mo3TeO12 to K4Mo6Te2O24·6 H2O is summarized in
Table 1. Here, the terms “decomposition” and “recombination”
refer to the decay of the starting material and the growth of
the product, respectively. Detailed experimental and analysis
procedure in obtaining various kinetic data can be found in
the Supporting Information.

to understand the effect of KNO3 concentration on the rate of
transformation from Li2Mo3TeO12 to K4Mo6Te2O24·6 H2O. As seen
in Figure 3 c, the reaction rates increase as more concentrated
K + ions are introduced. However, the reaction rate did not increase when the concentration of KNO3 solution exceeds 2.0 m,
which might be attributed to the saturation of reaction sites in
Li2Mo3TeO12. Plots of a(t) versus t/t0.5 were also superimposable,
which confirms that the same mechanism is operational (see
Figure S17). A more detailed kinetic information for the transformation reaction as a function of KNO3 concentration is
found in the Supporting Information.
The kinetic data also indicate that the reaction rates decrease with increasing the cation size [k(K + ) > k(Rb + ) > k(Cs + )].
It would be very difficult for larger cations to reach to the locations of Li + through the interlayer space. Specifically, the decomposition of Li2Mo3TeO12 is strongly influenced by the substitution of Li + to other larger cations. As we mentioned previously, the corrugated layer structure of Li2Mo3TeO12 in a strong
structural stress due to the highly distorted MoO6 and TeO4
polyhedra with high GII value is maintained by interactions between the smaller cation, Li + and the framework. Once the
larger alkali metal cations approach, the layered backbone decomposes to relieve the stress. The values of activation energy
(Ea) calculated via the Arrhenius equation using the obtained
kinetic data become larger with increasing the cation size,
which is consistent with the substitution rates depending on
the size of alkali metal cations (see Figure 3 d and Table 2).
Table 2. Activation energies calculated by the Arrhenius equation for
each ion-exchange reaction of Li2Mo3TeO12 using different alkali metal
cations.

Table 1. Kinetic parameters for the decomposition of Li2Mo3TeO12 and recombination of K4Mo6Te2O24·6 H2O as a function of temperature in 1 m
KNO3 solutions.

Reactions

T [8C]

n

k [10@13 s@1]

t0.5 [s]

dec[a]
rec[b]
dec
rec
dec
rec
dec
rec

60

1.37 : 0.08
1.15 : 0.06
1.18 : 0.05
1.27 : 0.06
1.04 : 0.03
1.32 : 0.05
0.93 : 0.04
1.16 : 0.04

0.195 : 0.005
0.198 : 0.005
0.284 : 0.007
0.298 : 0.007
0.617 : 0.011
0.495 : 0.010
0.79 : 0.02
0.838 : 0.019

3930
2513
2580
2513
1138
1530
849
870

70
80
90

Ea [kJ mol@1]

As seen in Table 1, the Avrami reaction exponent value (n)
varies from 0.93 to 1.37 over the studied temperature range.
The result indicates that the reactions are controlled by a deceleratory process in one-dimensional diffusion because most
of the observed n values are > 1. Plots of a(t) versus t/t0.5 are
superimposable, which confirms that the reactions occurred
through the same mechanism as temperature increases (see
Figure S17 in the Supporting Information). In addition, since
the two curves cross near at a(t) = 0.5 are essentially mirror
images of each other for a solid-solid transformation, the fitted
kinetic parameters for each pair are similar (see Table 1).
Because the decomposed fragments are assembled with introduced alkali metal cations to form POMs, similar experiments were also performed at 70 8C and monitored by PXRD
www.chemeurj.org

Rb +

Cs +

Reactions

53 : 8
49 : 3

63 : 7
59.9 : 1.8

59 : 5
67.1 : 1.4

dec[a]
rec[b]

[a] Decomposition. [b] Recombination.

[a] Decomposition. [b] Recombination.
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Considering the obtained kinetic data, a plausible mechanism for the transformation reactions from Li2Mo3TeO12 to
A4Mo6Te2O24·x H2O can be suggested. The transformation reactions might occur through the following four steps, that is,
substitution, decomposition, recombination, and precipitation
(see Figure 4).
As described before, the reactions are presumed to be initiated by a substitution of Li + cations for other alkali metal cations, which breaks the Te@O and Mo@O bonds in the respective polyhedra [substitution (ksub):
Li2Mo3TeO12 + xANO3 !(Li1@xAx)2Mo3TeO12 + xLiNO3]
Once the bond breaking occurs, the corrugated layers decompose to [Mo3TeO12]2@ polyhedra [decomposition (kdec):
(Li1@xAx)2Mo3TeO12 !Li2-2xMo3-3xTe1@xO12-12x + xA + + x[Mo3TeO12]2@]
Each [Mo3TeO12]2@ polyhedron subsequently may recombine
and form [Mo6Te2O24]4@ rings [recombination (krec):
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recombination, and precipitation steps in order. This investigation should offer not only a new soft synthetic method to
design new types of POMs, but suggest a novel concept for
the transformation reaction from a metastable structure to a
thermodynamically stable structure.
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Figure 4. A proposed reaction mechanism for the transformation of metastable layered Li2Mo3TeO12 to thermodynamically stable polyoxometalates,
A4Mo6Te2O24·x H2O. The transformation may occur through the substitution
(ksub), decomposition (kdec), recombination (krec), and precipitation (kprec)
steps.
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[Mo6Te2O24]4@ + 4A + + xH2O!A4Mo6Te2O24·xH2O]
The substitution step (ksub) should be the rate determining
step. As soon as the Li + cations are substituted, the following
reactions occur promptly; thus, kdec, krec, and kprec are much
faster than ksub.
The metastability and thermodynamic stability of
Li2Mo3TeO12 and the POMs, respectively, were also confirmed
further. As we indicated previously, Li2Mo3TeO12 was synthesized hydrothermally at 230 8C for 1 day. Once the reaction was
performed for 7 days under the same reaction condition, a
new tellurite, Li4Mo6Te2O24·H2O, with a POM structure was obtained (see the Supporting Information). In addition, if the isolated Li2Mo3TeO12 was heated at 230 8C under a hydrothermal
condition, Li4Mo6Te2O24·H2O was synthesized as well. Therefore,
it can be concluded that while Li2Mo3TeO12 is a kinetic compound, Li4Mo6Te2O24·H2O is a thermodynamically stable product.
In summary, we have successfully synthesized a new metastable molybdenum rich tellurite, Li2Mo3TeO12 through a hydrothermal reaction. The corrugated anionic layer with severely
strained polyhedra in the title compound is well maintained
through interactions between smaller Li + cations and the
anionic framework. Li2Mo3TeO12 undergoes facile structure
transformation reactions from 2D to POMs (0D) upon exchanging the Li + cations for larger alkali metal cations. Important kinetic parameters and associated thermodynamic characteristics
for the solid-state reactions performed at a variety of temperatures and concentrations were successfully obtained by simple
PXRD measurements. The data indicate that the structural
transformation rates increase with decreasing the cation size
or with increasing the concentration of added cations, which is
consistent with the calculated values of the activation energy.
The observations suggest that 2D Li2Mo3TeO12 transforms to
molecular A4Mo6Te2O24·x H2O via substitution, decomposition,
Chem. Eur. J. 2018, 24, 6712 – 6716
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