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thermal expansion in quartz-like and diamond-like
metal–organic frameworks
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This paper proposes that it will be an effective way to discover and explore organic negative thermal

expansion (NTE) materials based on the specific topologies in inorganic NTE materials. Various NTE

behaviors from the uniaxial, area, and volume-NTE can be achieved by adjusting the topology, for

instance, quartz-like and diamond-like. Zn(ISN)2 and InH(BDC) metal–organic frameworks (MOFs) with

quartz-like topology have been studied by first principles calculations. The calculated area-NTE of

Zn(ISN)2 and uniaxial-NTE of InH(BDC) within quasi-harmonic approximation (QHA) agree well with the

experimental data. Through the calculation of Grüneisen parameters, it is shown that low-frequency

optical phonons appear dominant resulting in their NTE, but the coupling to high-frequency phonons is

of greater ultimate importance. The lattice vibrational modes of great contribution to area-NTE of

Zn(ISN)2 and uniaxial-NTE of InH(BDC) are analyzed in detail. Also, four MOFs with diamond-like

topology are predicted to exhibit volume-NTE behavior. Moreover, it is found that there is a bulk

modulus anomaly in some studied MOFs with the quartz-like and diamond-like framework, where the

temperature dependence of bulk modulus does not follow the inverse dependence on that of volume.

These specific topologies provide key geometric frameworks for various NTE behaviors of MOFs, and

meanwhile, the local structure and bond environment in MOFs can lead to abnormal interatomic force,

i.e., bulk modulus anomaly. This abnormal elastic property also deserves more attention.
1. Introduction

Negative thermal expansion (NTE) materials that shrink upon
heating are not only of particular interest but have important
potential applications.1 By using NTE materials to compensate
for the more common positive thermal expansion (PTE)
behavior of other materials, zero thermal expansion behavior in
NTE/PTE composites can be achieved.2–4 Crystal engineering
has been concerned with the design of solids with specic,
controlled properties. One such attractive property is NTE
behavior. To satisfy more design requirements, all kinds of NTE
from uniaxial, to area to volume are in demand. Several inor-
ganic systems exhibiting adjustable NTE behavior are known
but organic materials displaying tunable NTE behavior have
rarely been reported.5,6

For inorganic materials, different NTE mechanisms may be
involved.7 Whereas, NTE behavior in organic materials oen
occurs for geometrical reasons, considering special geometrical
and Technology Beijing, Beijing 100083,

wang@buaa.edu.cn

Graduate School of Engineering, Tohoku

Engineering, Beihang University, Beijing

1779
arrangements of the atoms (molecules) and peculiarities of the
bonding which restrict the thermal movement of the atoms
(molecules).8,9 Such NTE materials are characterized by open,
underconstrained lattices or by a network of rigid, undercon-
strained entities. Within the scope of inorganic materials,
following the specic crystal structure, other NTE candidates
can be derived from a certain NTE system. For example, the
diamond-like, rutile-like, as well as zinc blende-like materials,
can be traced to the NTE property.10–13 Similarly, the specic
topology that dominates NTE behavior in inorganic materials
can be an inspiration for looking for NTE candidates in organic
materials.14,15

Quartz is an archetypal material exhibiting NTE behavior
and possesses a framework structure of stiff units, namely SiO4

tetrahedra, linked through shared oxygen atoms as very exible
hinges. Both phases of low-symmetry a-quartz (low tempera-
ture) and high-symmetry b-quartz (high temperature) show the
NTE property.16,17 It has been reported that Ag3[Co(CN)6] and Zn
[Au(CN2]2 frameworks with the topology of b-quartz exhibit the
coexistence of large uniaxial-NTE and negative linear
compressibility (NLC) properties.18–23 The NTE behavior in some
materials such as Cu2O, Ag2O, ZnSiP2, and so on is attributed to
the tetrahedral coordination of the crystal which has similari-
ties with diamond-like topology.10,13
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Recently, metal–organic frameworks (MOFs) as a new class
of materials are receiving considerable attention due to their
potential applications in some elds such as catalysis, gas
separation, gas storage, and so on.24 MOFs can be designed by
using exible or rigid as well as mixed organic linkers which
bind to the metal atoms that could provide structural diversity
with various properties. The preparation and properties of
quartz-like and diamond-like MOFs have been reported.14,25–30

By the way, most MOFs comprising four-connected tetrahedral
units exist in the diamond-like topology, rather than the quartz-
like topology. Sun et al. rst prepared two quartz-like, chiral,
open MOFs, Zn(ISN)2 (ISN ¼ isonicotinate) with the low
symmetry of a-quartz, and InH(BDC) (BDC ¼ terephthalate)
with the high symmetry of b-quartz.14 Then Collings et al.
experimentally found that Zn(ISN)2 exhibited area-NTE in the
(a,b)-plane, and InH(BDC) displayed the uniaxial-NTE along the
c-axis.25 Although there is no thermodynamic requirement that
NLC and NTE must coexist, it does seem likely that a general
correspondence will be observed for noncubic framework
materials.20,23 Based on this clue, large NLC behavior of
InH(BDC) was found experimentally along its NTE direction by
Zeng et al.26 Similarly, Zn(ISN)2 would be the most likely nega-
tive area compressibility (NAC) candidate by its conrmed area-
NTE. On this point, it still needs experimental verication.
Here, focusing on the NTE property, the physical mechanism of
the area-NTE of Zn(ISN)2 and uniaxial-NTE of InH(BDC) has not
been studied theoretically. In diamond-like MOFs, the volume-
NTE below room temperature of Sr(C2(COO)2) had been re-
ported.15 Whether there will be other diamond-like MOF
materials with NTE property, is still an open question. Within
a specic topology, will delicate local structures and atomic
linkages cause abnormal interatomic forces, that is, the elas-
ticity anomaly? It is also worth exploring together. Based on
these, in this paper, we aim to (i) uncover the underlying
mechanism of area-NTE of Zn(ISN)2 and uniaxial-NTE of
InH(BDC), (ii) predict other diamond-like MOFs with NTE
behavior, (iii) realize tunable uniaxial, area and volume NTE by
changing the topology, and (iv) investigate the temperature
dependence of bulk modulus in studied MOFs. It is proposed
that this will be an effective way to design elaborate organic NTE
materials from the simple topology in inorganic NTE materials.
Moreover, it is instructive that the switching of uniaxial-NTE to
area-NTE and then to volume-NTE can be achieved with ne-
tuning of the geometric frame.

2. Methods and computational details

The total energy calculations are performed using the VASP
code, which is based on density-functional theory (DFT). The
exchange and correlation functionals are given by the general-
ized gradient approximation (GGA) with the Perdew–Burke–
Ernzerhof (PBE) functional.31 Electron-ion interactions are
represented by the projector augmented wave (PAW) method
with plane waves up to an energy of 500 eV.32 For the sampling
of the irreducible Brillouin zone, we use K-point grids of the
only Gamma point for the geometry optimization. In all the
calculations, self-consistency is achieved with a tolerance in the
© 2022 The Author(s). Published by the Royal Society of Chemistry
total energy of 0.1 meV. The total energy is minimized simul-
taneously concerning all the lattice parameters to determine the
equilibrium lattice constant. The equilibrium volume is ob-
tained by tting the total energy as a function of volume to
a three-order Murnaghan equation of state. At the xed volume,
all atoms are fully relaxed using the conjugate gradient (CG)
algorithm.

The frozen-phonon approach where phonon frequencies are
calculated from Hellmann–Feynman (HF) forces is employed to
yield the thermodynamic properties.33 A perturbation
displacement of 0.01 Å is applied to evaluate the resulting force
constants. The structures of the unit cells of studied MOFs are
employed to study the lattice dynamics. Fourier interpolation is
used to obtain the dynamical matrices on a 3 � 3 � 3 q-point
mesh. This set is used to evaluate all quantities that involve
integration over phonon wave vector q.

To study the effects of temperature, one needs to focus on
free energy, incorporating the effects of thermal vibrations. The
free energy of a crystal can be expressed in the quasi-harmonic
approximation (QHA) as

FðV ;TÞ ¼ EðVÞ þ Fvibðu;TÞ

hEðVÞ þ kBT
X
q

X
j

ln

�
2 sinh

�
ħujðqÞ
2kBT

��
;

where E is the static contribution to the internal energy which is
accessible to standard DFT calculations. Fvib(u,T) represents the
vibrational contribution to the free energy, and uj(q) is the
frequency of the jth phonon mode at wave vector q in the Bril-
louin zone. The lattice dependence of frequency uj(q) is calcu-
lated by the frozen phonon method. Here the anharmonicity
appears not only in the static internal energy E(V) which
includes all the anharmonic terms of the interatomic potential,
but also in the lattice parameter dependence of the phonon
frequency u. The atomic motion is then approximated by
a system of uncoupled normal vibrations but with different
equilibrium positions and vibration frequencies. Calculations
based on various semiempirical models as well as on rst-
principles methods demonstrate that QHA provides a reason-
able description of the dynamic properties of many bulk
materials below the melting point.34,35

gj(q) is the mode Grüneisen parameter corresponding to the
(q,j) phonon mode, dened as

gjðqÞ ¼ �vujðqÞ
vV

V

ujðqÞ :

The gj(q) is a primary factor for describing the contribution
of a phonon mode to volumetric expansion or shrinkage. We
calculate the phonon dispersion relations at different densities
and approximate the derivative by the ratio of the differences to
explore the contribution of the specic phonon branches. The
negative values of Grüneisen parameters are unusual and mean
that the frequencies uj(q) of phonon increase (or ‘harden’) with
increasing volume, are conducive to the occurrence of abnormal
physical property.
RSC Adv., 2022, 12, 21770–21779 | 21771
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Table 1 The calculated lattice parameters of Zn(ISN)2 and InH(BDC)2
compared with experimental data14
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3[uj(q)] is the mean vibrational energy of the (q,j) phonon
given by

3
�
ujðqÞ

� ¼ ħujðqÞ
"
1

2
þ 1

exp
�
ħujðqÞ

�
kBT

�� 1

#
:

Having the equation of state (EOS), we can calculate the
thermal expansion and the bulk modulus as a function of
temperature. The relationship between phonons and thermal
expansion is established by

aV ¼
P

gjðqÞCV

B0

:

Here CV is the specic heat at constant volume and B0 is the
bulk modulus. CV is given by

CV ¼ kB
X
q

X
j

�
ħujðqÞ
2kBT

�2
1

sinh2
	
ħujðqÞ

�
2kBT


:

The temperature dependence of the B0 is obtained from

B0ðTÞ ¼ V

�
v2FðV ;TÞ

vV 2

�
T

¼ V
v2E

vV 2
þ V

�
v2Fvibðu;TÞ

vV 2

�
T

:

Zn(ISN)2 InH(BDC)2

Cal. Exp. Cal. Exp.

a 15.651 15.526 15.584 15.087
b 15.651 15.526 15.584 15.087
c 6.403 6.258 12.137 12.032
V 1358.21 1306.43 2553.02 2371.78
3. Results and discussion
3.1. The structures of quartz-like MOFs

In hexagonal Zn(ISN)2 and InH(BDC)2, their frameworks are
composed of a set of tetrahedral nodes Zn or In cations, linked
via molecular ISN or BDC anions to form doubly-
Fig. 1 (a) Crystal frameworks (supercell based on 3� 3� 1 unit cells) of a
axis. (b) Crystal frameworks (supercell based on 2� 2 � 2 unit cells) of b-
H atoms are omitted for clarity.

21772 | RSC Adv., 2022, 12, 21770–21779
interpenetrated quartz nets. Despite the same topology, both
have contrasting geometries. Fig. 1(a) and (b) demonstrate the
main peculiarity of the crystal structures of Zn(ISN)2 and
InH(BDC)2: the way how bonding is formed. As seen from
Fig. 1(a), Zn(ISN)2 with space group P31 adopts the similar
characteristic of prototype a-quartz where Zn cations replace Si
atoms in a-quartz, and long ISN anions replace O atoms. In
contrast to the tetrahedral Zn-atom centers in Zn(ISN)2,
InH(BDC)2 showing a highly distorted pseudo-tetrahedral
geometry results in the feature structure of b-quartz (space
group P6422), present in Fig. 1(b). In detail, each In-atom center
in InH(BDC)2 connects to the other In-atom centers by linear
terephthalate bridges. The resulting equilibrium lattice
parameters of Zn(ISN)2 and InH(BDC)2 are listed in Table 1
compared with experimental data.14 There is a good agreement
between the calculated results and experimental data.
3.2. Uniaxial-NTE and area-NTE in quartz-like MOFs

As a whole, the Zn(ISN)2 and InH(BDC)2 show positive volume
thermal expansion in the temperature range from 0 to 500 K as
seen in Fig. 2(a). In our calculated results, Zn(ISN)2 has a bigger
-quartz, and Zn(ISN)2 with a-quartz-like topology in a view along the c-
quartz, and InH(BDC)2 with b-quartz-like topology in a view along [111].

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) Calculated relative change in volume of Zn(ISN)2 and InH(BDC)2 as a function of temperature. Calculated relative change in lattice
parameters of (b) Zn(ISN)2 and (c) InH(BDC)2 with increasing temperature, compared with the experimental data.25
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relative change in volume as about three times as InH(BDC)2.
The relative changes in lattice parameters of Zn(ISN)2 and
InH(BDC)2 upon heating are present in Fig. 2(b) and (c),
respectively. Within the framework of QHA, our calculated
values are in good agreement with the experimental data qual-
itatively.25 It is particularly evident in Zn(ISN)2 where the
calculated area-NTE property along (a,b)-plane agrees quanti-
tatively with the experimental data (a(a,b)-plane ¼ �21.8 M K�1).
In InH(BDC)2, uniaxial-NTE behavior along c-axis is conrmed
by calculation (experimental value: ac ¼ �35 M K�1). Relative
changes along different axes of InH(BDC)2 in calculations are
much smaller than experimental measurements, indicating
InH(BDC)2 has so much stronger anharmonic interaction than
Zn(ISN)2 that QHA can't work well. It should be noted that area-
NTE is a rare phenomenon compared with uniaxial-NTE and
volume-NTE. So far, only a few materials have been reported to
possess this area-NTE property.36–41 It is necessary to analyze
phonon anomalies from the perspective of lattice dynamics to
expand the variety of this area-NTE material and explore the
contrasting responses of Zn(ISN)2 and InH(BDC)2 to tempera-
ture changes.

The Grüneisen parameters gj(q) along high-symmetry
directions of Zn(ISN)2 and InH(BDC)2 are plotted in Fig. 3.
The curves of Grüneisen parameters correspond to different
phonons of frequencies, the magnitudes of which are repre-
sented by the depth of color. Different from other NTEmaterials
where acoustic phonons play an important role in NTE
behavior,5,42 it is found that low-frequency optical phonons
contribute most to the area-NTE of Zn(ISN)2 or uniaxial-NTE of
InH(BDC)2, and some high-frequency optical phonons are also
associated with these abnormal properties. Fig. 3(a) and (b)
have shown that compared with other ordinary phonons, low-
frequency optical phonons in Zn(ISN)2 and InH(BDC)2 have
strong negative Grüneisen parameters, while a few high-
frequency phonons have slightly negative values. As far as we
© 2022 The Author(s). Published by the Royal Society of Chemistry
know, the case, that the joint contribution from low-frequency
phonons coupled with high-frequency phonons leads to NTE,
is also reected in the A2M3O12 series.43

To analyze the vibrational modes contributing to the area-
NTE of Zn(ISN)2, the Eigen-displacement vectors of Zn(ISN)2
corresponding to optical phonons with the strongest negative
Grüneisen parameter and the second-strongest negative
Grüneisen parameter at G (0, 0, 0) point are explored and dis-
played in Fig. 4(a) and (b), respectively. Combining these two
vibrational modes, we nd that Zn atoms at the hinges are
stationary and the amplitudes of O atoms are small, but those of
C and N atoms are very strong. It is worth noting that pyridines
composed of C and N atoms involve rotational vibration.
Although the directions of the rotational vibrations are different
in the two phonon modes, both can cause the wrinkles of the
covalent chains of Zn–pyridine–Zn linkages and then lead to the
shortening of the a-axis and b-axis in Zn(ISN)2 upon heated, i.e.
the area-NTE of Zn(ISN)2. Moreover, the rotational vibrations of
some pyridines are not along the directions of the chains of Zn–
pyridine–Zn linkages but will be deected, leading to the
decreased angle q between the a-axis and b-axis. The diagram-
matic sketch of structural deformation caused by rotational
vibration of pyridine is shown in Fig. 4(c).

Concerning the origin of uniaxial-NTE of InH(BDC)2, some
specic Eigen-displacement vectors of phonon modes are
analyzed. Fig. 5(a) presents the vibrational modes of InH(BDC)2
with the strongest negative Grüneisen parameter at G (0, 0, 0)
point. It is noticed that the In atoms are stationary and the
amplitudes of C atoms are very small. That means that the
benzene ring has little contribution to the whole. However, the
O atoms connected to In atoms have a very strong amplitude, so
the vibrations of the O atoms become the key to the charac-
teristics of this phonon mode. We extract this In–O local
structure as a detailed analysis object shown in Fig. 5(b). Eight
O atoms connected to one In atom have symmetrical directions
RSC Adv., 2022, 12, 21770–21779 | 21773
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Fig. 3 (a) Calculatedmode Grüneisen parameters along high-symmetry directions in Brillouin zone of (a) Zn(ISN)2 and (b) InH(BDC)2. The curves
of mode Grüneisen parameters correspond to phonon modes of different frequencies which are represented by the depth of the color.
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of vibration. Such vibration vectors result in the transverse
component forces that are opposite to each other in the (a,b)-
plane, thus reducing the angle q between the chains of In–O–
Benzene–In linkages and (a,b)-plane. In this case, the c-axis of
InH(BDC)2 is shortened. This vibrational mode plays a decisive
role in the uniaxial-NTE of InH(BDC)2, and the corresponding
structural deformation diagram is shown in Fig. 5(c). Another
characteristic vibrational mode of InH(BDC)2 with the second-
strongest negative Grüneisen parameter at G (0, 0, 0) point is
exhibited in Fig. 5(d). It is seen that In atoms at the hinges act
and have strong amplitudes, while the amplitudes of O atoms
are not strong and have the opposite vibrational directions to In
atoms. The C atoms have various amplitudes and vibrational
directions, which makes the benzene ring have distorted
Fig. 4 Eigen-displacement vectors of phonon modes with (a) the str
negative Grüneisen parameter at G (0, 0, 0) point, that are involved in the
atomic motion. (c) Structural deformation diagram in which rotational vib
the vector analysis of (a) and (b). M represents the metal (Zn) atom. H at

21774 | RSC Adv., 2022, 12, 21770–21779
vibration and the chains of In–O–Benzene–In linkages will be
slightly bent. The local structure of the In–O–Benzene ring is
stripped from the crystal and shown in Fig. 5(e). The opposite
vibration direction of In atoms and other nonmetal atoms
shortens the distance between the chains of In–O–Benzene–In
linkages and (a,b)-plane, which leads to the contraction of the c-
axis. The corresponding deformation schematic of crystal
structure in InH(BDC)2 is displayed in Fig. 5(f), where the slight
deformation of the benzene ring is considered as quasi-rigid
here.43
3.3. Bulk modulus anomaly in a-quartz-like MOFs

Adequate knowledge of the temperature dependence of the bulk
modulus is necessary for understanding the thermoelastic and
ongest negative Grüneisen parameter and (b) the second-strongest
area-NTE of Zn(ISN)2. Arrows are proportional to the amplitude of the
ration of pyridine as extracted feature of vibration mode according to
oms are deleted since their vibrations are not considered here.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a) Eigen-displacement vectors of phonon modes in InH(BDC)2 with the strongest negative Grüneisen parameter at G (0, 0, 0) point. The
corresponding vibrational modes of In–O local structure and schematic representations of the deformations of crystal structure in InH(BDC)2 are
present in (b) and (c), respectively. (d) Eigen-displacement vectors of phononmodes in InH(BDC)2 with the second-strongest negative Grüneisen
parameter at G (0, 0, 0) point. (e) and (f) show the corresponding vibrational modes of In–O–Benzene ring local structure, and schematic of the
deformations of crystal structure in InH(BDC)2, respectively. M represents the metal (In) atom. H atoms are deleted since their vibrations are not
considered here.
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anharmonic properties of crystals. Elasticity provides more
information than the volume in understanding temperature
dependence of the equation of state (EOS) because the
compressibility or bulk modulus is dened by the derivative of
the volume. Thus, the bulk modulus is more sensitive to the
variation in EOS than volume. The temperature dependence of
bulk modulus of Zn(ISN)2 and InH(BDC)2 are calculated and
shown in Fig. 6(a) and (b), respectively. At 0 K, the bulk modulus
of Zn(ISN)2 is about 60 GPa as much as ve times that of
Fig. 6 The temperature dependence of bulk modulus of (a) Zn(ISN)2
and (b) InH(BDC)2.

© 2022 The Author(s). Published by the Royal Society of Chemistry
InH(BDC)2, showing Zn(ISN)2 has a natural stronger inter-
atomic force than InH(BDC)2. Normally, the changing trend of
bulk modulus in the external eld (temperature or pressure) is
inversely dependent on that of volume. It follows that the bulk
modulus decreases (increases) with the increase of temperature
in PTE materials (volume-NTE materials). For instance, a typical
isotropic MOF-5 compound with volume-NTE exhibits that the
bulk modulus increases upon heating.44 Concerning Zn(ISN)2
and InH(BDC)2, they show a completely different trend of bulk
modulus with the increase of temperature. It is noted that the
bulk modulus anomaly occurs in Zn(ISN)2 where the changing
trend of the bulk modulus is consistent abnormally with that of
volume when heated.

From theoretical considerations, an equation is derived by
Anderson in the fundamental constant of a solid:45

dB0

dT
¼ �dTgCV

V
:

The isothermal Anderson–Grüneisen parameter dT,
a parameter to estimate the abnormal temperature dependence
of bulk modulus, is dened as:

dT ¼ � 1

aB0

�
dB0

dT

�
P

;

where a is the coefficient of volume thermal expansion, the B0 is
the bulk modulus.

The Anderson–Grüneisen parameter dT, similar in many
respects to the Grüneisen parameter g, yields important infor-
mation about the interatomic forces and enables us to predict
the macroscopic behavior of different thermal properties for
RSC Adv., 2022, 12, 21770–21779 | 21775
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which, at present, experimental data or theory alone is inade-
quate. Commonly, dT is positive, indicating a normal tempera-
ture dependence of bulk modulus. If dT is negative, it will show
the abnormal relationship between bulk modulus and
temperature. The negative dT of Zn(ISN)2 and the positive dT of
InH(BDC)2 can be obtained by the simple symbolic estimation
of the formula. The interatomic forces in Zn(ISN)2 with a-
quartz-like topology are gradually increasing, indicating
Zn(ISN)2 is not easily compressional when heated. Here, it can
be predicted that the bulk modulus anomaly is more likely to
occur in some other MOFs with a-quartz-like topology.
3.4. Volume-NTE in diamond-like MOFs

Another typical structural motif of MOFs is the diamond-like
topology, by which MOFs access a variety of geometries. A
series of MOFs with diamond-like topology are selected and
calculated to explore possible anomalous NTE properties.
Finally, we lock in four MOFs with volume-NTE behavior, which
are Ag(4-cnpy)2 (space group: Pbca), Co(5-X-2-pymo)2 (space
group: I�42d), Cu(2,5-Me2pyz)2 (space group: P21/n), and Zn(PT)2
(space group: P21/n).27–30 The crystal frameworks of these four
MOFs are shown in Fig. 7(a)–(d), respectively. Although these
MOFs with diamond-like topology have volume-NTE behavior,
their temperature ranges of volume-NTE are quite different. It is
exhibited in Fig. 8 that the volume-NTE of Ag(4-cnpy)2 and Co(5-
X-2-pymo)2 can be extended to 1000 K, while that of Cu(2,5-
Me2pyz)2 and Zn(PT)2 only exist in the region of 0–500 K.
Moreover, the volume-NTE of Ag(4-cnpy)2 and Co(5-X-2-pymo)2
is much stronger than that of Cu(2,5-Me2pyz)2 and Zn(PT)2.
Previous literature has speculated that these materials are
potential area-NTE/NAC or uniaxial-NTE/NLC materials,25 but
through our study of their axial behavior, we nd that these
Fig. 7 The crystal framework structures (supercell based on 2� 2� 2 un
(c) Cu(2,5-Me2pyz)2, and (d) Zn(PT)2. H atoms are omitted for clarity. Ab
pyrimidin-2-ol (X ¼ Be/I), 2,5-Me2pyz ¼ 2,5-dimethylpyrazine, PT ¼ 5-p

21776 | RSC Adv., 2022, 12, 21770–21779
materials only show volume anomalies, not axial anomalies.
This still needs further experimental verication.

So far, various abnormal behaviors from uniaxial-NTE, area-
NTE to volume-NTE in MOFs have been achieved based on
quartz-like and diamond-like topologies. Moreover, in the
preparation of MOFs with these specic topologies, the exi-
bility of the framework can be further adjusted by changing the
length of the internal organic chain, thus realizing the regula-
tion of the size of various NTE behaviors.5
3.5. Bulk-modulus anomaly in diamond-like MOFs

The temperature dependence of bulk modulus in these MOFs
with the diamond-like framework is also studied. It is found
that the bulk modulus anomaly will still appear. In Fig. 9(a), the
bulk modulus of Ag(4-cnpy)2 will increase with increased
temperature. This is normal elastic behavior, that is, the
changing trend of the bulk modulus is inversely dependent on
that of volume. The volume of Ag(4-cnpy)2 decreases with the
increase of temperature, and then the interatomic force
increases, and the bulk modulus nally shows an increasing
trend. Above 500 K, the PTE behavior of Cu(2,5-Me2pyz)2 begins
to appear as seen in Fig. 8(b), but its bulk modulus has no
inection point and continues to increase with the increase of
temperature in Fig. 9(b), showing the abnormal bulk modulus
in the high-temperature region. About Zn(PT)2 and Co(5-X-2-
pymo)2, both of them exhibit bulk-modulus anomaly within the
temperature range studied in Fig. 9(c) and (d), where the bulk
modulus – temperature relationship is consistent anomalously
with the volume – temperature relationship. In other NTE
materials, abnormal elastic properties are rare, but in MOFs, it
seems that elastic properties anomaly and abnormal NTE
behaviors are more likely to be accompanied. These specic
topologies (quartz-like, diamond-like, and so on) provide an
it cells) of diamond-like MOFs of (a) Ag(4-cnpy)2, (b) Co(5-X-2-pymo)2,
breviations used: 4-cnpy ¼ 4-cyanopyridine, 5-X-2-pymo ¼ 5-halo-
ropyltetrazole.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 (a) Calculated relative change in volume of Ag(4-cnpy)2 and Co(5-X-2-pymo)2, which exhibit the volume-NTE up to 1000 K. (b)
Calculated relative change in volume of Cu(2,5-Me2pyz)2 and Zn(PT)2, whose volume-NTE behaviors exist in the region of 0–500 K.

Fig. 9 The temperature dependence of bulk modulus of (a) Ag(4-cnpy)2, (b) Cu(2,5-Me2pyz)2, (c) Zn(PT)2, and (d) Co(5-X-2-pymo)2.
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important geometric framework for various NTE behaviors of
MOFs, but at the same time, the local structure and bond
environment in MOFs may lead to other abnormal properties,
such as bulk-modulus anomaly. If the bond linkage is close to
linear, it will cause the normal changing trend of interatomic
force in the external eld. If there is an angle between the links
of these bonds, the changing trend of abnormal interatomic
forces will probably appear, namely, a variety of abnormal
elastic properties are possible. Here, we also hope that this
elastic property of MOFs can attract more attention and
exploration.

4. Conclusion

In conclusion, various NTE behaviors from the uniaxial, area,
and volume-NTE can be realized in MOFs with quartz-like and
© 2022 The Author(s). Published by the Royal Society of Chemistry
diamond-like frameworks. The area-NTE of Zn(ISN)2 and
uniaxial-NTE of InH(BDC) have been studied. Their thermal
behaviors in calculations agree well with the experimental data.
According to the calculation of Grüneisen parameters, low-
frequency optical phonons contribute most to area-NTE of
Zn(ISN)2 and uniaxial-NTE of InH(BDC). It is worth noting that
some high-frequency phonons also play a role. The vibrational
eigenvectors of some key phonons are analyzed in detail. The
rotational vibration of pyridine in Zn(ISN)2, and transverse
vibration of In–O local structure and In–O–Benzene ring local
structure in InH(BDC) are identied. Furthermore, four MOFs
with the diamond-like framework are predicted to possess
volume-NTE behavior. It still needs to be veried by experi-
ments. In some studied MOFs, the abnormal bulk modulus
with increasing temperature is found. Although these specic
RSC Adv., 2022, 12, 21770–21779 | 21777
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topologies provide an important geometric framework for
various NTE behaviors of MOFs, the local structure and bond
environment may be associated with the abnormal interatomic
force, leading to the bulk modulus anomaly.
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