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al expansion in framework
compounds using a charge interaction index

Xin Chen,a Qilong Gao, *a Kaiyue Zhao,a Yongqiang Qiao,a Andrea Sanson, b

Qiang Sun,a Juan Guo,a Shogo Kawaguchi, c Erjun Liang a and Jun Chen d

The precise regulation of thermal expansion is a crucial and challenging topic with significant industrial and

technological implications. We propose a charge interaction index (CII) to relate thermal expansion to

chemical composition. Using A2M3O12 compounds as a case study, we show the validity of this

parameter through experimental verification. Through first principles calculations, the charge density,

potential well curves, and Grüneisen parameters of A2Mo3O12 (where A = Al, Sc, and Y) were extracted.

These calculations revealed that the CII value correlates strongly with the transverse thermal vibrations

of bridging O atoms and, in turn, the low-frequency phonon modes possessing negative Grüneisen

parameters. Three representative component designs, Sc1.6(MgTi)0.2Mo3O12, In2Mo2.5W0.5O12, and

(Al0.2Sc0.2Fe0.2Ga0.2Cr0.2)2W3O12, were synthetized. As predicted, synchrotron XRD as a function of

temperature showed that In2Mo2.5W0.5O12, which has the minimum CII value, exhibits negative thermal

expansion behavior, while (Al0.2Sc0.2Fe0.2Ga0.2Cr0.2)2W3O12, with the maximum CII value, displays positive

thermal expansion. This work establishes a simple and effective strategy to engineer thermal expansion

properties in open-framework materials through the CII idea.
Introduction

Slight changes in the coefficient of thermal expansion (CTE) of
components or equipment can oen reduce their performance
and lifespan in various industrial and technological elds, such
as advanced electronic devices, biomedical materials, or micro-
mechanical components. Negative thermal expansion (NTE)
materials offer signicant potential in ne-tuning thermal
expansion.1,2 NTE, as a unique physical property, originates
from the interplay between the anharmonic effects of chemical
bonds and other contributing factors.3–7 These factors are
related to electrons, spins, and phonons, which contribute to
the diversity of NTEmaterials.8–13 For example, NTE is caused by
the magnetovolume effect in magnetic materials, such as Invar
alloys like Fe65Ni35,14,15 Mn3(Cu1−xGex)N,16 and La(Fe,Si,Co)13;17

charge transfer phenomena lead to signicant volume
contraction in ABO3-type perovskites such as BiNiO3,3 or
perovskite-like materials such as LaCu3Fe4O12;18 in PbTiO3-
based compounds spontaneous volume ferro-electrostriction
leads to the lattice contraction.19 The NTE of these materials
bears a strong connection to shis in their electronic structure.
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Additionally, low-frequency phonons play a dominant role in
open framework NTE compounds, which feature a weak inter-
play between electronic and lattice degrees of freedom. Exam-
ples include ZrW2O8,20 ScF3,21 and Ag3[Co(CN)6].22 Compared to
NTE compounds driven by electronic structure changes, open
framework NTE materials, where low-frequency phonons play
a dominant role, have garnered widespread attention due to
their broader temperature ranges for NTE. For example, ZrW2O8

and CaZrF6 exhibit pronounced isotropic NTE (ZrW2O8: 0.3–
1050 K; CaZrF6: 10–1173 K);20,23 MOF-5 has also been found to
display a strong NTE behavior (−39.3 × 10−6 K−1, 80–500 K).24

The precise regulation of thermal expansion is a key topic for
achieving various practical applications and remains a chal-
lenging problem. In open framework NTE compounds, the
primary methods for controlling thermal expansion include
chemical substitution and the incorporation of guest molecules
or ions.

Chemical substitution stands as the most traditional and
commonly employed approach. For instance, the CTE in
ZrV2−xPxO7 decreases as the P content increases.25 Furthermore,
inMPt(CN)6 compounds whereM represents Mn, Fe, Co, Ni, Cu,
Zn, or Cd, the thermal expansion characteristics are strongly
linked to the size of the M2+ cation.26 However, due to
constraints such as system compatibility and the ionic radius of
substituting elements, chemical substitution is not always
effective. Take ZrW2O8, a widely researched material, for
instance—chemical substitution has only a restricted impact on
regulating thermal expansion.27–29 Furthermore, inserting guest
Chem. Sci., 2025, 16, 16331–16338 | 16331
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molecules or ions has proven effective for tuning the thermal
expansion behavior of uorides and cyanides. For example, in
ScF3, partial chemical substitution of Sc with Li and Fe can
modulate thermal expansion;30 the CTE of single-network
Cd(CN)2 has been adjusted from negative to positive via CCl4
occupancies;31 similar results also exist in Fe3[Co(CN)6]2 by
intercalating CO2.32 However, it is important to note that these
methods are applicable only to specic systems and are gener-
ally ineffective in oxides due to their structural characteristics.
To date, no documented cases have been found regarding the
successful regulation of thermal expansion in oxides via these
methods. Given that oxides constitute the majority of NTE
materials, it is crucial to develop new predictive and control
strategies for thermal expansion.

Efforts to accurately design and predict thermal expansion
behavior have already begun. For example, Sanson demon-
strated that, by adjusting lattice parameters, the single-well
potential related to the rotation of atomic polyhedra (or to the
transverse atomic vibrations) can be changed into a double-well
potential or fourfold anharmonic potential, thereby decreasing
or increasing NTE, respectively.33 Additionally, our group has
introduced average atomic volume (AAV) and average effective
electronegativity to predict the NTE behavior and phase tran-
sition temperatures.34,35

As for open framework oxide NTE materials, it is widely
accepted that the larger the anisotropy of bridge atom vibra-
tions, or the more prominent the transverse vibrations, the
more pronounced the NTE behavior of the material.36–39 The key
point to note here is what determines the ability of bridge atoms
to vibrate laterally. Naturally, two factors come to mind. One is
the free vibration space of bridge atoms, which can be quanti-
ed by the concept of AAV.34 The second factor is the force
exerted by adjacent metal atoms on the bridge atoms, which can
be of Coulomb nature. Therefore, we explore whether a strong
correlation exists between charge interaction and thermal
expansion. Given the exibility in chemical composition design
and the extensive thermal expansion experimental data avail-
able, we use the A2M3O12 family as a case study and propose
a Charge Interaction Index (CII) which is somehow correlated
with the Coulomb interaction acting on O atoms. The CII value
can be controlled by adjusting the chemical composition.

First, the CII values of the A2M3O12 compounds were calcu-
lated to establish the relationship between CII values and CTE.
Subsequently, rst principles calculations were performed on
materials with different thermal expansion behavior, including
positive thermal expansion (PTE) (Al2Mo3O12), weak NTE
(Sc2Mo3O12), and strong NTE (Y2Mo3O12), to analyze their
electronic structures, energies, and phonon vibrations. These
calculations helped validate the CII concept from a theoretical
perspective. Finally, based on chemical modications to the A-
site, B-site, and high-entropy structures, we designed and
synthesized Sc1.6(MgTi)0.2Mo3O12, In2Mo2.5W0.5O12, and (Al0.2-
Sc0.2Fe0.2Ga0.2Cr0.2)2W3O12. The intrinsic thermal expansion
and underlying mechanisms were comprehensively analyzed
using temperature-dependent synchrotron X-ray diffraction
(SXRD).
16332 | Chem. Sci., 2025, 16, 16331–16338
Results and discussion

In A2M3O12-basedmaterials, the NTE is typically associated with
the transverse vibrations of the bridging O atom, which is
excited by low-frequency phonons. Specically, the larger the
amplitude of these transverse vibrations, the more pronounced
the NTE.40,41 In this work, we introduce a new parameter, the
“Charge Interaction Index” (CII), to quantify the degree of
constraint imposed on the bridging O atoms by the two adjacent
metal atoms (Fig. 1a). We acknowledge that this CII does not
represent the Coulomb interaction between atoms, as it merely
accounts for the total electric charge present. However, it
remains a parameter related to the charge interaction and, most
importantly, as we will see later, it proves to be highly effective
despite lacking a directly interpretable physical meaning. For
A2M3O12, the CII is dened as:

CII ¼ CA�O þ CM�O

2
(1)

or more precisely as:

CII ¼ �
2
4
P
i

xiCAi�O

2
þ

P
j

yjCMj�O

3

3
5,2 (2)

where xi and yj represent the fractional content of the ith
element at the A-site and of the jth element at the B-site,
respectively. By incorporating the form of Coulomb's law
(Z1Z2

2/r2) into eqn (2),42 a more specic representation of CII is
obtained:

CII ¼ �
"X

i

xi

ZAi
ZO

2ðrAi
þ rOÞ2

þ
X
j

yj
ZMj

ZO

3
�
rMj

þ rO
�2
#,

2 (3)

where Z is the valence state and r is the ionic radius (Table S1).43

Based on extensive literature data, the CTE values for molyb-
dates and tungstates have been graphed against CII as shown in
Fig. 1b (Table S2). The results indicate that the CTE increases
with increasing CII, with a critical point distinguishing NTE
from PTE emerging at a CII value of about 2.64 Å−2. Even more
interestingly, the relationship between the CII and CTE appears
to be more effective than that between the AAV and CTE
(Fig. S1), thus demonstrating how the CII is truly relevant for
predicting thermal expansion behavior.

To reveal the relationship between CTE and CII, rst prin-
ciples calculations have been conducted on Al2Mo3O12,
Sc2Mo3O12, and Y2Mo3O12,44–46 which exhibit large, medium,
and small CII values, respectively. As shown in Fig. S2, the
charge density of A-site ions is small, indicating that Al, Sc, and
Y have nearly lost three valence electrons, and the A–O bonds
are characterized by ionic bonding. To compare the strength of
the three A–O bonds, the potential wells for the O atoms have
been calculated by transversely shiing the O atoms (Fig. 2a).
Among the three compounds, the energy change of the Al–O
bond is the most signicant when the displacement is altered,
followed by Sc2Mo3O12 and Y2Mo3O12. This means that the shi
of the O atom is most difficult in Al2Mo3O12 and easiest in
Y2Mo3O12. Since NTE is related to the transverse vibrations of O
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) The crystalline structure of orthorhombic A2M3O12. (b) Schematic diagram illustrating the relationship between CTE and CII values. The
round ball represents the CTE reported in the reference, while the asterisk represents the CTE reported in this study.
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atoms, the easier movement of O atoms in Y2Mo3O12 indicates
a greater tendency to exhibit stronger NTE.

The thermal expansion of framework-structured
compounds, where phonon contribution to NTE is very impor-
tant, bears a close connection to the mode Grüneisen parame-
ters (gi); the more negative the gi are, the greater their
contribution to NTE. As depicted in Fig. 2b and c, we derived the
gi of all phonon modes at zero wave vector and converted them
into a point density plot covering the low-frequency range (0–
300 cm−1). Compared to Al2Mo3O12 and Sc2Mo3O12, Y2Mo3O12

contains the largest quantity of modes with negative gi, leading
to the most pronounced NTE. Moreover, the mode of coupling
Fig. 2 (a) Potential well of the O atom moving transversely in A2Mo3O1

vibrational frequency for (b) Al2Mo3O12, (c) Sc2Mo3O12, and (d) Y2Mo3O12

mode related to coupling rotation between polyhedra.

© 2025 The Author(s). Published by the Royal Society of Chemistry
rotation between polyhedra, which results in NTE in framework
materials, exhibits a gradual decrease in frequency from
Al2Mo3O12 to Sc2Mo3O12 and Y2Mo3O12 (as shown in the insets
of Fig. 2b–d), which is consistent with the difficulty of oxygen
atom displacement (Fig. 2a).

To further verify the correlation between CII and CTE, the CII
value has been articially regulated by designing the formula of
A2M3O12. Specically, the Sc1.6(MgTi)0.2Mo3O12 and In2Mo2.5-
W0.5O12 compounds were designed and synthesized to investi-
gate the effects of the A-site and M-site, respectively.

For Sc1.6(MgTi)0.2Mo3O12, the orthorhombic structure with
a Pnca space group was well tted to the room temperature
2 (A = Al, Sc, and Y). (b–d) The Grüneisen parameters graphed against
. The insets of panels (b)–(d) show the eigenvectors of low-frequency

Chem. Sci., 2025, 16, 16331–16338 | 16333
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SXRD pattern (Fig. 3a), yielding lattice parameters of a =

9.5905(2) Å, b= 13.1721(3) Å, and c= 9.4972(2) Å, and a unit cell
volume of 1199.755(5) Å3 (Table S3). Variable temperature SXRD
patterns have been collected from 300 K to 1000 K to extract the
intrinsic thermal expansion (Fig. S3), revealing no phase tran-
sition across the entire tested temperature range. Anisotropic
thermal expansion was observed in Sc1.6(MgTi)0.2Mo3O12

(Fig. 3b), with PTE along the b-axis (ab = 6.51 × 10−6 K−1) and
NTE along the a and c-axes (aa = −3.30 × 10−6 K−1 and ac =

−5.32 × 10−6 K−1). Overall, a zero thermal expansion (ZTE)
behavior was achieved, with a volumetric CTE (av) of −2.11 ×

10−6 K−1 over the range of 300–1000 K. Notably, the ZTE
temperature range of Sc1.6(MgTi)0.2Mo3O12 exhibits signicant
advantages over that of many known ZTE compounds, such as
Fig. 3 (a) Refinement result of Sc1.6(MgTi)0.2Mo3O12 at 300 K. (b) Tempera
diagram of Sc1.6(MgTi)0.2Mo3O12 viewed along the b-axis. (d) Variation o
Sc1.6(MgTi)0.2Mo3O12 viewed along the c-axis. (f) Variation of the dihedra

16334 | Chem. Sci., 2025, 16, 16331–16338
Mn3Fe0.2Co0.2Ni0.2Mn0.2Cu0.2N (0.72 × 10−6 K−1, 10–180 K),47

CoHfF6 (−1.32 × 10−6 K−1, 350–573 K),48 KMnInMo3O12 (1.66 ×

10−6 K−1, 300–900 K),49 K0.5Bi0.5TiO3 (373–573 K),50 and
CrVMoO7 (−1.92 × 10−6 K−1, 100–240 K; 2.28 × 10−6 K−1, 240–
473 K).51

The temperature dependence of bond angles was analyzed to
investigate the NTE mechanism of Sc1.6(MgTi)0.2Mo3O12. As
shown in Fig. 3c, the Sc(Mg/Ti)O6 octahedra and MoO4 tetra-
hedra are connected by O atoms, forming intersecting chains
within the ac plane. With increasing temperature, q1 (the Sc(Mg/
Ti)–Mo1–Sc(Mg/Ti) angle) exhibits a notable decrease, whereas
q2 (the Sc(Mg/Ti)–Mo2–Sc(Mg/Ti) angle) shows a slight increase
(Fig. 3d). This structural adjustment leads to a contraction of
the chain-like structure, corresponding to NTE along the ac
ture dependence of lattice constants and unit cell volume. (c) Structure
f dihedral angles q1 and q2 with temperature. (e) Structure diagram of
l angle q3 with temperature.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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plane. Along the c-axis, Sc(Mg/Ti)O6 octahedra and MoO4

tetrahedra are bridged by O3 atoms, forming chains that extend
along the b-axis (Fig. 3e), with adjacent chains connected by O6
atoms. The increase in q3 with temperature explains the
expansion along the b-axis (Fig. 3f).

In2Mo2.5W0.5O12 is the second example, exhibiting P21/c
symmetry at room temperature. SXRD measurements were
performed on In2Mo2.5W0.5O12 (300–1000 K) (Fig. S4). As the
temperature increases to 600 K, the intensity of the character-
istic peaks associated with the monoclinic phase signicantly
diminishes, and new peaks emerge at their shoulders. Upon
further heating to 620 K, the characteristic peaks of the
monoclinic phase disappear (Fig. S4). A phase transition from
monoclinic to orthorhombic is indicated by Rietveld renement
of the SXRD data (Fig. 4a). Furthermore, a weak endothermic
peak detected in the differential scanning calorimetry (DSC)
curve at 600 K veries the occurrence of the phase transition
(Fig. S5 and Table S4). The monoclinic phase exhibits PTE,
while the orthorhombic phase shows anisotropic thermal
expansion behavior, with aa = +5.12 × 10−6 K−1, ab = −3.68 ×

10−6 K−1, and ac = −5.54 × 10−6 K−1 (Fig. 4b and S6). Overall,
the volume decreases with increasing temperature, with a volu-
metric CTE of −4.11 × 10−6 K−1 (Fig. 4b). Similar to Sc1.6(-
MgTi)0.2Mo3O12, the decrease in q1 and the slight increase in q2

contribute to the contraction of the b- and c-axes, while the
increase in q3 is the primary driver of the PTE along the a-axis
(Fig. S7).

As the third example, we designed and synthesized the high-
entropy oxide (Al0.2Sc0.2Fe0.2Ga0.2Cr0.2)2W3O12. By analyzing the
Fig. 4 (a) Rietveld refinement of SXRD data for In2Mo2.5W0.5O12 at 620 K.
600–1000 K range. (c) Rietveld refinement of SXRD data for (Al0.2Sc0.2
lattice constants and volume in the 430–900 K range.

© 2025 The Author(s). Published by the Royal Society of Chemistry
temperature-dependent diffraction peaks, we identied a phase
transition from the monoclinic (P21/c) to the orthorhombic
phase (Pnca) in (Al0.2Sc0.2Fe0.2Ga0.2Cr0.2)2W3O12 (Fig. 4c and S8,
Table S5). As shown in Fig. 4d, the orthorhombic phase exhibits
PTE, with a volumetric CTE of 3.63 × 10−6 K−1. This behavior
results from the combined effects of the a, b, and c axes (aa =
−1.89 × 10−6 K−1, ab = +5.99 × 10−6 K−1, and ac = −0.52 ×

10−6 K−1). The thermal expansion behavior of (Al0.2Sc0.2Fe0.2-
Ga0.2Cr0.2)2W3O12 can also be explained in terms of its crystal
structure. As illustrated in Fig. S11, as the temperature
increases, variations in q1, q2, and q3 correspond to contraction
along the a and c axes and expansion along the b axis.

In summary, returning to the concept of CII, it is proposed as
a perspective for understanding how to control and design the
CTE in framework materials. The precise regulation of thermal
expansion indeed remains a key scientic challenge. Although
NTE has been explored in recent years, our ability to control
thermal expansion is still limited.8 In framework compounds, it
is well accepted that structural exibility determines thermal
expansion.34 In this work, we found that the CII can reect
structural exibility. Thus, we adopt this idea to quantify and
design CTE based on chemical composition. The relationship
between CII and thermal expansion seems to be more distinct
than that between AAV and thermal expansion, at least for the
family of A2M3O12 compounds investigated here. First, using
the A2M3O12 system, where more experimental thermal expan-
sion data are available, we identied a critical CII value of about
2.64 Å−2, below which NTE occurs, and above which PTE is
observed. Further theoretical calculations also indicate that
(b) Temperature dependence of the lattice constants and volume in the
Fe0.2Ga0.2Cr0.2)2W3O12 at 430 K. (d) Temperature dependence of the

Chem. Sci., 2025, 16, 16331–16338 | 16335
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a smaller CII correlates with reduced energy required for the
transverse shi of bridging O atoms, leading to more low-
frequency phonon modes with negative Grüneisen parame-
ters. Second, we designed three representative experimental
examples: Sc1.6(MgTi)0.2Mo3O12, In2Mo2.5W0.5O12, and (Al0.2-
Sc0.2Fe0.2Ga0.2Cr0.2)2W3O12, which exhibited volumetric CTE
values of−2.11× 10−6 K−1,−4.10× 10−6 K−1, and +3.63× 10−6

K−1, respectively. These values closely match the CTE predic-
tions based on the CII (−1.87 × 10−6 K−1, −5.12 × 10−6 K−1,
and +3.64 × 10−6 K−1), providing strong evidence of its
effectiveness.

The CII concept incorporates the effects of ionic radii and
charge, similar to bond strength. However, when applied to
other systems, the critical value may vary due to differences in
ionic radii, limiting its universality. Additionally, crystal
symmetry plays a crucial role in structural exibility.52 It is
important to note that the A2M3O12 system studied here has the
same orthorhombic phase. Therefore, when extending the CII
idea to other oxide systems, symmetry must also be considered.
For example, the CTE of a-HfW2O8 is −26.4 × 10−6 K−1 (90–468
K), whereas that of b-HfW2O8 is−16.5× 10−6 K−1 (468–560 K),53

highlighting the inuence of crystal symmetry. The current CII
concept is based on the role of bridging O atoms and may also
be applicable to other systems, such as uorides or cyanides. It
should be noted that this concept of CII is not applied to the
role of guest insertion (CO2 and CCl4) in the thermal expansion.
The original intention of the concept of CII is to design and
assess the coefficient of thermal expansion in framework
materials rapidly, based on the chemical composition. In this
work, we used the A2M3O12 system as a case study to establish
the relationship between the CII and thermal expansion. We
hope that future developments of the CII concept will integrate
all framework compounds, ultimately serving as a more general
parameter for guiding the precise regulation of thermal
expansion in these materials.

Conclusion

This work introduces the CII as a strategic parameter for
achieving precise control over thermal expansion in open-
framework A2M3O12 materials. A strong structure–property
relationship was identied between CII values and CTE, where
a larger CII value corresponds to a more pronounced NTE effect.
First principles calculations on Al2Mo3O12, Sc2Mo3O12, and
Y2Mo3O12 were conducted to investigate the underlying factors
inuencing their thermal expansion behavior, validating the CII
concept from a theoretical perspective. By analyzing the trans-
verse movement of O atoms, the potential wells were calculated,
revealing the ease of lateral atomic vibrations. Y2Mo3O12, with
the smallest CII value, exhibits the attest potential well curve,
facilitating transverse O vibrations and aligning with its strong
NTE behavior. Additionally, the Grüneisen parameters of all
phonon modes indicate that Y2Mo3O12 has more vibrational
modes contributing to NTE compared to Al2Mo3O12 and
Sc2Mo3O12, further elucidating the observed differences in their
thermal expansion behavior. To further validate the CII idea,
Sc1.6(MgTi)0.2Mo3O12, In2Mo2.5W0.5O12, and
16336 | Chem. Sci., 2025, 16, 16331–16338
(Al0.2Sc0.2Fe0.2Ga0.2Cr0.2)2W3O12 were synthesized and charac-
terized. Their thermal expansion behavior was studied using
variable-temperature synchrotron XRD, which conrms that
In2Mo2.5W0.5O12, with the smallest CII value, exhibits NTE
behavior, while (Al0.2Sc0.2Fe0.2Ga0.2Cr0.2)2W3O12, with the
largest CII value, exhibits PTE. This work establishes the CII as
a useful parameter for estimating the potential for transverse
thermal vibrations in bridge-chain atoms, offering a new
approach for the precise regulation of NTE in framework
materials.
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