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A B S T R A C T   

Since MOFs are often upon varied pressures in gas adsorption/desorption process, understanding the mechanical 
stability of these ultraporous frameworks becomes extremely crucial. In this paper, taking the isoreticular DUT 
material as an example, the relation between the mechanical stability of isoreticular MOFs and their ligands is 
investigated by real-time molecular dynamics simulations as well as three state of art computational approaches 
including Born stability criteria, anisotropy in elastic moduli and pressure-versus-volume equations. It is found 
that the global instability of DUT materials is driven by the local buckling of their ligand backbones. Inspired by 
this finding, we develop here a mechanical model based on three parameters including the topology constant, the 
elastic modulus of ligand and the ligand length. Through comparing to the results extracted from computational 
methods, it is found that our mechanical model is reliable in describing the critical transition pressure of various 
isoreticular MOF materials such as DUT and IRMOF materials. The mechanical model developed here not only 
provides a design criterion for isoreticular MOF crystals to modify their rigid/flexible properties, but also can be 
utilized to give a quick prediction of the critical transition pressure of isoreticular MOFs.   

1. Introduction 

In 2002, Yaghi’s group designed a series of isoreticular metal- 
organic-framework (MOF) crystals [1], i.e., IRMOF family. In their 
pioneering work, IRMOF-1 (i.e., MOF-5) was taken as a prototype to 
functionalize the organic groups or extend the organic ligands. Since 
then, this approach of reticular synthesis [2] has been widely adopted 
for the assembly of ordered frameworks to achieve precise functional 
applications. In the synthesis of MOFs, the modifications in the organic 
ligand linker can adjust the flexible/rigid nature of isoreticular MOF 
crystals. For example, Chaplais et al. [3] reported that ZIF-8 can trans
form from flexible to rigid property when its conventional imidazolate 
linker substitution CH3 is replaced by Br. The flexibility of ZIF-8, how
ever, can be retained if the imidazolate linker substitution is Cl. Under 
this circumstance, the functional group substitution in ZIF-8 materials 
has a profound impact on their energetic performances [4], adsorptive 
properties [3] and thermal transports [5], since these properties depend 
on the flexible/rigid nature of ZIF-8. By increasing the ligand length, 
Krause et al. [6] proposed a general network architecture design crite
rion for the negative gas adsorption (NGA) transition in DUT materials. 

The flexible property or the mechanical stability of the constructed DUT 
series upon pressure is found to be dependent on their ligand backbone. 
In addition, among these new isoreticular DUT materials, DUT-50 is 
found to possess NGA, which is similar to its DUT-49 counterpart 
observed before [7]. The similar method is also employed to generate 
other isoreticular series of MOFs such as MIL-140 series [8,9], UiO series 
and NU-900 series [10]. 

As stated above, the organic ligand linker in MOF crystals plays a 
very important role in determining their mechanical response when 
MOF crystals are subjected to physical stresses [11]. Most existing 
studies [10,12–16] mainly focused on the elastic modulus of MOF 
crystals, since it determines the robust practical applications of MOFs. In 
addition to the elastic modulus, the stability is also important for the 
reliable scale-up production of flexible MOF crystals in industrial ap
plications, because the densification procedure upon pressure is 
required in the large-scale fabrication of MOF materials [17]. Compared 
to the conventional porous materials such as zeolites, flexible MOF 
crystals usually possess a relatively low stability, since the critical 
transition pressure of flexible MOF crystals under compression is in the 
order of 10 MPa [18]. However, in the industrial practice, the pressure 
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with a magnitude of 100 MPa is usually employed in the densification 
procedure of MOFs [17]. To date, considerable efforts have been made 
to evaluate the elastic moduli of MOFs; however, the study on the me
chanical stability of MOF crystals is still in its infancy stage. In spite of 
several experimental reports [19–24], the computational approaches are 
widely employed in investigating the mechanical stability of MOF 
crystals under compression [12,18,22,23,25–30]. These computational 
approaches include ab initio calculations and classical molecular dy
namics (MD) simulations [31]. Compared with computationally 
expensive ab initio calculations, classical MD simulations have advan
tages of modelling MOFs at a larger spatial and longer time scale, which 
thus are widely used in existing studies. To date, MD simulations have 
been incorporated in many computational methods to determine the 
mechanical stability of MOFs from different aspects, which include the 
Born stability criteria [32], the anisotropy in elastic moduli [33], and 
the pressure-versus-volume equations of state (P–V EOS) [34–36]. 
Recently, Rogge et al. [37] presented a comprehensive review on the 
comparison among these existing computational methods determining 
the mechanical stability of MOFs. Their study suggests that the MOFs 
whose pressure-induced transition (PIT) occurs at the pressure below 
100 MPa are defined as flexible MOFs, while others are defined as rigid 
MOFs [37]. Although numerous computational approaches have been 
developed, there is no general rule describing the relationship between 
the mechanical instability of MOFs and their structures. Hence, a theo
retical model that can evaluate the mechanical stability of MOFs is 
indispensable for their practical applications. 

To this end, the PIT of five isoreticular DUT crystals (DUT-48, -46, 
− 49, − 50, and − 151) is comprehensively investigated in this work. The 
organization of this work is briefly shown in Fig. 1. We first employ four 

computational approaches including real-time MD simulations, Born 
stability criteria, the anisotropy in elastic moduli, and P–V EOS to 
investigate the PIT of isoreticular DUT materials (see Fig. 1(a–d)). Based 
on the results obtained from molecular simulations, we find that the 
global instability of DUT materials is driven by the local buckling of their 
ligand backbones, which indicates that the critical transition pressure is 
strongly dependent on the ligands. We further find that the relation 
between the critical transition pressure and the ligands obeys the well- 
known Euler law, which is often utilized in analyzing the instability of 
a slender column under compression (see Fig. 1(e)). This finding is also 
verified by another isoreticular MOF, i.e., IRMOFs. Based on structural 
mechanics together with the computational results, we finally develop 
an analytic model to unravel the nature behind the mechanical insta
bility of isoreticular DUTs (see Fig. 1(f)). 

2. Computational methods 

2.1. Crystal models 

Five isoreticular DUT materials including DUT-49 (Fig. 2(a)) and 
four DUT-49 derivatives, i.e., DUT-46, -49, − 50 and − 151 in Fig. 2(b) 
are investigated here. The atomistic models constructed for MD simu
lations were extracted from the original synthetic report [6]. As shown 
in Fig. 2(b), the length of ligand backbone of all considered isoreticular 
DUT materials increases following the order of DUT-48, -46, − 49, − 50 
and − 151. It is noted that the ligand backbone of DUT-48 (L1), − 49 (L3), 
− 50 (L4) and − 151 (L5) is, respectively, composed of one, two, three and 
four units of 1,4-substituted phenylene, while DUT-46 (L2) has a 2, 
6-substituted naphthalene making it possess an intermediate length 

Fig. 1. (a) Real-time MD simulations, (b) Born stability criteria, (c) anisotropy in elastic moduli, and (d) P–V EOS employed here to evaluate the critical transition 
pressure Pcr of MOFs. (e) The Euler law from macroscopic mechanics, which is adopted to investigate the buckling behavior of ligands. (f) A mechanical model 
developed here to predict Pcr of MOF crystals, which is based on the computational approaches and Euler law. 
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between DUT-48 and DUT-49. The interactions between atoms in DUT 
materials are described by the first-principles derived MOF-FF force field 
[6,38]. This force-field has been successfully utilized to reproduce the 
unit-cell parameters of DUT-49 and its derivatives measured in experi
ments [39]. Through MD simulations together with this force field, the 
NGA phenomena also have been repeated [6,39]. 

The initial structural parameters such as lattice length, ligand length, 
porosity, and the largest pore diameter of isoreticular DUT materials are 
listed in Table 1. Here, the lattice length was calculated at room tem
perature (300 K), which is slightly smaller than the value reported at 0 K 
in Ref. [6]. This difference can be attributed to the negative thermal 
expansion usually existing in isoreticular DUT materials [40]. The ligand 
length is defined as the N–N distance of the ligand backbone in Fig. 2(b). 
The porosity and the largest pore diameter were calculated by the 
Zeo++ code [41,42] with the probe sphere radius being set as 2.0 Å. The 

structural parameters listed in Table 1 clearly illustrate the impact of 
ligand substitution on the general network design of ultraporous 
frameworks. In general, when the length of ligand backbone increases 
from DUT-48 to − 151, a nearly linear growth is found in the lattice 
length, porosity, and the largest pore diameter. 

Eleven isoreticular IRMOFs (IRMOF-1, -2, -3, -4, -6, -7, -8, -10, − 12, 
− 14, and − 16) are also considered in this study, which are treated as 
supplements of aforementioned DUT materials to further reveal the 
general relation between the mechanical instability of isoreticular MOFs 
and their ligand backbone. The crystal structures of IRMOF series 
considered here were extracted from Ref. [1]. Another four double 
interpenetrating structures (IRMOF-9, -11, − 13, and − 15) and IRMOF-5 
reported in Ref. [1] are excluded in our work. The crystal structures and 
ligand configurations of eleven investigated IRMOF materials are shown 
in Fig. 2(c) and (d), respectively, while their crystal parameters are listed 
in Table S1. Considering the fact that abundant organic linkers exist in 
these IRMOFs, the UFF4MOF force field [43] is employed in the present 
MD simulations. In addition to the easily transferable feature, this 
forcefield also provides an accurate prediction of the bulk modulus and 
thermal expansion coefficient of IRMOF series such as IRMOF-1 and 
IRMOF-10 [43]. Hence, this forcefield is believed to be reliable in 
qualitatively examining the ligand-dependent stability of IRMOF mate
rials upon pressure. The LAMMPS-interface code tool [43] is used here 
to prepare the input files for MD simulations of IRMOF materials. 

2.2. Computational methods 

All MD simulations were performed by using the publicly available 
simulation code LAMMPS [44]. Here, the standard Newton equations of 

Fig. 2. (a) Atomistic structures of 2 × 2 × 2 
supercells of DUT-49. Cu, O, C, N and H 
atoms are colored in red, purple, gray, azure 
and white, respectively. (b) Ligands of DUT- 
48, -46, − 49, − 50 and 151. (c) Atomistic 
structures of 2 × 2 × 2 supercells of IRMOF- 
10. Zn, O, C, N and H atoms are colored in 
blue, purple, gray and white, respectively. 
(d) Ligands of IRMOF-2 through − 16. Here, 
all ligands are divided into two groups: the 
eccentric ligands of IRMOF-2 through − 7, 
and the straight ligand of other IRMOFs. (For 
interpretation of the references to color in 
this figure legend, the reader is referred to 
the Web version of this article.)   

Table 1 
Structure parameters of isoreticular DUT materials.  

DUT 
series 

Atom 
numbers 

Lattice 
length (Å) 

Ligand 
length (Å) 

Porosity Largest pore 
diameter (Å) 

DUT- 
48 

1488 40.5 5.6 0.79 18.3 

DUT- 
46 

1632 43.9 7.9 0.81 21.4 

DUT- 
49 

1728 46.7 10.0 0.84 24.3 

DUT- 
150 

1968 52.6 14.3 0.87 30.1 

DUT- 
151 

2208 58.7 18.7 0.90 36.2  
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motion were integrated in time by using the velocity Verlet algorithm 
with a time step of 1.0 fs. Unless otherwise specified, all MD simulations 
were performed at the room temperature of 300 K. Four kinds of 
computational methods were adopted in the present study to evaluate 
the mechanical stability of MOFs under the hydrostatic pressure, which 
include real-time MD simulations, Born stability criteria, anisotropy in 
elastic moduli, and P–V EOS. The schematic overview of these compu
tational methods is graphically shown in Fig. 1(a)–(d). Specifically, the 
instability or phase transition of crystals can be directly observed in 
real-time MD simulations by gradually increasing the pressure at a fixed 
rate in simulations. 

Due to high symmetry, the Born stability criteria for cubic crystals 
under the hydrostatic pressure P can be simplified as [45]. 

C11 + 2C12 + P ≥ 0  

C11 − C12 − 2P ≥ 0  

C44 − P ≥ 0 (1)  

where C11, C12, and C44 are moduli for axial compression, dilation on 
compression, and shearing, respectively. 

The criterion of anisotropy in elastic moduli can be written as [33]. 

A=max
{

Gmax/Gmin
,Emax/Emin

}

< 100 (2) 

Here, A is the anisotropic ratio of elastic modulus, which represents 
the degree of anisotropic. Gmax and Gmin represent the maximum and 
minimum values of shear modulus, respetively. Similarly, Emax and Emin 
are the maximum and minimum Young’s modulus along axial direction, 
respectively. 

For P–V EOS method, the transition of the slope of pressure (P)- 
volume (V) from negative to positive as shown in Fig. 1(d) denotes the 
thermodynamically transition from stable state to unstable state. Hence, 
the instability criteria could be written as [34]. 

∂P
∂V

≥ 0 (3) 

In the above discussion we just present a brief introduction to the 
criteria of four computational methods employed here. The theories and 
more computational details of these four computational methods are 
provided in the supplementary materials. In addition, we also refer the 
readers to the paper by Rogge et al. [37] for additional examples and 
detailed discussion. 

First-principles calculations were conducted here to calculate the 
Young’s modulus of ligands in IRMOFs series. All first-principles cal
culations were based on the density functional theory, which were 
implemented by the CASTEP package [46] together with the generalized 
gradient approximation of the Perdew-Burke-Ernzerhof functional form 
[47]. A 400 eV cutoff was employed for the plane wave basis. In the 
present calculations, the convergence threshold was set as 10− 6 eV in 
energy and 10− 3 eV/Å in force. 

3. Results and discussion 

3.1. PIT of DUT materials by computational approaches 

Isoreticular DUTs exhibit the attractive NGA phenomenon, which is 
closely related to their designable flexible property. In previous studies, 
the flexibility feature of MOF crystals is found to be characterized by 
some of their mechanical properties such as bulk modulus [10], 
anisotropy in elastic properties [33], and the transition of thermody
namic equation [34]. In what follows, four computational approaches 
introduced above are adopted to investigate the PIT of DUT materials. 
Special efforts are made to clarify the relation between the flexible 
property of DUT materials and their aforementioned mechanical 

properties. Meanwhile, the dependence of mechanical behaviors of DUT 
materials on the extended organic linker and the pressure is carefully 
examined.  

(i) Real-time MD simulations 

We first perform real-time MD simulations on the isoreticular DUT 
materials to investigate their mechanical stability under compression. In 
doing this, volume, pressure, and internal energy of these MOF materials 
are calculated, which are extracted by averaging values in MD simula
tions every 100 ps to avoid the effect of thermal fluctuation. The 
structure evolution of DUT-48, DUT-49 and DUT-151 during the loading 
process is plotted in Fig. 3, while the result of other two DUT materials 
(DUT-46 and DUT-50) is plotted in Fig S1. As shown in Fig. 3(a) and Fig 
S1(a), a shrinkage in the volume is found in all five DUT materials when 
the applied pressure is in the range from 0 to 50 MPa. The corresponding 
internal energy evolution of these five DUT materials during the loading 
process is plotted in Fig S2, which is found to be in accordance with the 
volume change shown in Fig. 3(a). The abrupt drop of volume in Fig. 3 
(a) (or the corresponding abrupt increase of energy in Fig S2) represents 
the occurrence of phase transition. Three distinct phases including the 
open pore (op) phase, the closed pore (cp) phase and the dense phase are 
successively found in DUT materials during the loading process. Upon 
the unloading process, i.e., the release of pressure, DUT materials retain 
the cp phases rather than fully recover to the initial op phases (see Movie 
S1-S5 in supplementary materials). As for all five DUT materials, the 
internal energy of their final cp phases is larger than that of their initial 
op counterparts. These results indicate that the dense phase is a tem
porary state, while the cp phase is metastable. Fig. 3(c) and Fig S1(c) 
show the atomic structures of these three phases of five DUT materials, 
which are extracted from the trajectory files in MD simulations. Spe
cifically, op, cp and dense phases are, respectively, obtained at the stages 
after the initial relaxtion (t = 1 ns), during the loading process (t = 6 ns) 
and after the unloading process (t = 12 ns). The most distinctive feature 
among the three phases is their porosity distribution (see Fig S3). The op 
phase exhibits a porous structure, while a nearly zero porosity is found 
in the dense phase. As the intermediate stage between op and dense 
phases, the cp phase has a medium porosity [7]. For convenience, in 
what follows, the dense phase is named as no pore (np) phase. This phase 
transition process leads to the loss of crystallinity, which is similar to the 
pressure-induced amorphization (PIA) process widely observed in 
various MOF crystals [5,48–51]. 

Supplementary video related to this article can be found at https:// 
doi.org/10.1016/j.micromeso.2020.110765 

As represented in Fig. 3(a) and Fig S1, the op→cp phase transition 
(marked by solid arrows) is observed in all considered DUTs. This initial 
op→cp phase transition is accompanied with a sharp volume contrac
tion, which corresponds to the mechanical instability occurring in all 
DUTs. If we keep compressing the DUTs within the cp phase, different 
phenomena are observed in different DUTs. One direct transition pro
cess (marked by dotted arrows) is observed during the op→cp phase 
transition in DUT-48, -50, and − 151. Although similar op→cp phase 
transition is also observed in DUT-49, this process includes two stages. 
As for DUT-46, no op→cp phase transition is observed, which means that 
the atomic structure of DUT-46 shrinks gradually and continuously after 
the initial op→cp phase transition. 

Inspired by the previous studies on the NGA of DUT49,[39] in Fig. 3 
(b) and Fig S1(b) we show the local deflection of ligand backbones in all 
DUTs considered here, which is helpful for better understanding the 
microscopic mechanism of the mechanical instability occurring in DUTs 
under compression. Here, ligand backbones of different DUT materials 
are, respectively, noted as L1 to L5 shown in Fig. 2(b). As plotted in Fig. 3 
(b) and Fig S1(b, no significant deflection is found in the ligand back
bone at the beginning, which corresponds to the elastic deformation of 
DUT materials without any topological changes. When the applied 
pressure is larger than a critical value, a large deflection suddenly occurs 
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in ligands (see the solid arrows), which denotes the occurrence of 
buckling instability in ligands. The critical buckling pressure of ligands 
is identical to the critical pressure triggering the mechanical instability 
of DUT materials. This agreement reveals that the buckling of ligands 
accounts for the global phase transition occurring in DUTs after they lose 
the mechanical stability. With increasing pressure, the ligands undergo 
larger buckling deformations, which result in the futher phase transition 
of DUT materials from the cp phase to the np phase (see the dotted ar
rows). After the pressure is completely released, deflections can retain in 
ligands, which denotes that the DUT materials can no longer recover to 
their initial op phases. Moreover, a larger buckling deformation is 
observed in longer ligands during both the loading and unloading pro
cesses, which indicates more significant volume contraction occurring in 
DUTs with longer ligands as shown in Fig. 3 and Fig S1(a). 

Although all five isoreticular DUT materials have the similar phase 
transition feature in real-time MD simulations, the critical pressures of 
phase transition are different for different DUT materials. The critical 
pressures of op→cp phase transition and cp→np phase transition of DUT 
materials obtained from real-time MD simulations are shown in Table 2 
and Fig S4, respectively. It is worth mentioning that because we mainly 
focus on the mechanical instability of DUT materials correspoinding to 
the first phase transition observed, the critical pressure of the first op→cp 

phase transition will be mainly discussed in the rest part of this paper.  

(ii) Born stability criteria 

To understand the mechanical instability of isoreticular DUT crystals 
from the global viewpoint, we investigate the evolution of the Born 
criteria when the pressure grows from − 200 MPa to the value corre
sponding to the failure of materials. Here, all material parameters 
involved in the Born criteria are calculated from the strain fluctuation 
method [52], which include elastic constants (C11, C12 and C44), elastic 
moduli (bulk, Young’s and shear modulus), Poisson’s ratio, and the 
anisotropy in Young’s and Shear modulus. The maximum and minimum 
Young’s moduli of DUT materials are observed in the crystal axis and 
body diagonal, respectively, since DUT materials possess the smallest 
and largest porosity in the diagonal direction and the crystal axis, 
respectively. In contrast, the shear modulus has the maximum value and 
the minimum value along the crystal axis and body diagonal direction, 
respectively (see Fig S5). As expected, the elastic moduli including 
Young’s, bulk, and shear modulus of DUTs shown in Fig. 4(a) follow the 
order of DUT-48, -46, − 49, − 50 and − 151, since the elastic moduli 
decrease as the porosity of DUT materials increases. 

According to Eq (1), the critical transition pressure corresponds to 
the smallest extrapolated value among three independent Born stability 
criteria, which represent three instability deformation modes. Fig. 4(b) 
shows the evolution of Born stability criteria of five DUTs with 
increasing pressure. As for DUT-48 and DUT-151, C44–P is found to be 
the primary criterion determining the phase transition, which indicates 
that the mechanical instability occurs in a shear deformation mode. 
However, as for other DUT materials such as DUT-46, DUT-49 and DUT- 
50, the isotropic tensile deformation is responsible for the mechanical 
instability, because in these three materials C11–C12–2P turns to be the 
primary criterion. 

As predicted from Fig. 4, the critical transition pressures of DUT-48, 

Fig. 3. Evolutions of (a) the normalized volume, (b) the deflection of ligand backbone, (c) the crystal structure, and (d) the ligand backbone structure of DUT-48, 
DUT-49, and DUT-151 upon pressure (see Fig S1 in supplementary materials for results of DUT-46 and DUT-50). Here, the closed and open circles in (a) and (b) 
correspond to loading and unloading processes, respectively. The arrows in (a) refer to the instability point at the critical pressure. The deflection in (b) is measured 
by the N-centroid-N angle. The snapshots of open and closed pore phases in (c) are extracted from the molecular simulations at the initial relaxation stage and the 
final stage after the entire loading and unloading processes. 

Table 2 
The critical pressure accounting for mechanical instability of isoreticular DUT 
materials.  

DUT crystals Pcr (MPa)

Real-time MD P–V EOS Born stability criteria 

DUT-48 125.8 138.8 145.4 
DUT-46 88.3 81.4 67.7 
DUT-49 57.0 59.6 55.1 
DUT-150 31.6 35.2 30.3 
DUT-151 21.1 21.3 19.9  

P. Ying et al.                                                                                                                                                                                                                                     



Microporous and Mesoporous Materials 312 (2021) 110765

6

-46, − 49, − 50, and − 151 are 145 MPa, 68 MPa, 55 MPa, 30 MPa, and 
20 MPa, respectively. Expect DUT-46, the critical transition pressures of 
other DUT materials predicted from the Born criteria are very close to 
the results obtained by real-time MD simulations shown in Fig. 7. The 
difference between two methods observed in DUT-46 can be attributed 
to the fact that the results obtained near the instability region are not 
reliable due to numerical errors. As suggested by Rogge et al. [37], the 
instability pressure (responsible for PIT or PIA) of flexible MOFs such as 
MIL-53(Al) [34], COMOC-2,[53] and DUT-49[39] is usually less than 
100 MPa, while the rigid MOFs including MOF-5,[22] Uio series 
(Uio-66, -67 and − 68) [54], ZIF-4, and ZIF-8[49] can withstand a larger 
pressure. Based on this discrepancy, our calculations show that the 
isoreticular DUT materials with different ligands can shift from a rigid 
material (DUT48) to a flexible material (other DUT materials). The 
flexible/rigid features of DUT materials can also be detected from the 
changes in their mechanical properties including bulk, Young’s and 
shear modulus as plotted in Fig. 4(a), since the elastic moduli of iso
reticular DUT materials generally decrease with increasing link length 
resulting in the increase of porosity of isoreticular DUT materials.  

(iii) Anisotropy in elastic moduli 

Anisotropy of mechanical properties shown in Fig. 1(c) is another 
widely used flexible/rigid criterion for MOF crystals. Thus, in what 
follows, we examine the evolution of the anisotropy in the elastic 

properties of isoreticular DUT materials when they shift from rigid 
materials to flexible materials with increasing organic linker length. 
Fig. 5(a) shows the anisotropy in Young’s and shear moduli of DUT 
materials upon different pressures. The yield anisotropy factors of all 
DUT materials are less than 4.0, which is in contrast to the value larger 
than 100 previously suggested for flexible crystals as shown in Fig. 1(c) 
[33]. The anisotropy in Young’s and shear moduli shows the similar 
relation with the applied pressure. The anisotropy in both elastic moduli 
is found to grow gently as the pressure grows at the initial stage. When 
approaching the instability region, a great increase is found in the 
anisotropy in Young’s and shear moduli for all DUT materials expect 
DUT-50, whose anisotropy in Young’s and shear moduli experiences a 
sudden drop. 

It is found that the mechanical anisotropy of flexible DUT materials 
calculated in this study (<4.0) is much smaller than 100. The present 
result is similar with the value of rigid Uio-66 (1.2)[27, 37] and ZIF-8 
(1.4) [33,55], but is in contrast to the values of some other flexible 
MOF crystals such as MIL-53(Al) (105), MIL-53(Ga) (444), and MIL-47 
(108) [33]. The exception of DUT materials in our study suggests that 
the high anisotropy ratio (>100) of an MOF crystal can be used to 
determine its flexible property, but the anisotropy factor of a flexible 
MOF is not necessary to be larger than 100. 

Considering three representative pressure states (− 200 MPa, 0 MPa, 
and the critical pressure near the instability region), in Fig. 5(b) we show 
the spatial dependence of Young’s and shear moduli, which are, 

Fig. 4. (a) The bulk modulus, Young’s modulus 
and shear modulus of five DUT materials at 0 GPa. 
(b) Born stability criteria of five DUT materials as a 
function of the applied pressure at 300 K. The tri
angle, square and circle symbols refer to three in
dependent criteria, i.e., resistance to hydrostatic 
loading, to tensile loading with conserved volume 
in first order, and to the shear loading. The dotted 
line is an extension of the linear fitting of two 
closest data points. The critical pressure of insta
bility is predicted as the intersect point between 
zero horizon and dotted line.   
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respectively, depicted in 3D spherical and 2D plane coordinates. Inter
estingly, it is found that DUTs materials under some certain pressures 
can transform from anisotropic materials to isotropic materials. For 
example, DUT-46, DUT-50, and DUT-151 under − 200 MPa and DUT-50 
under 30 MPa are found to possess isotropic elastic properties. 

In Ref. [6], Krause et al. investigated the PIT in DUT serials from the 
view of free energy by calculating P–V EOS. Inspired by this work, we 
adopt a similar approach to obtain P–V EOS of five DUT materials, which 
provides thermodynamics insights into the phase transitions of DUTs. 

Fig. 6(a) and (b), respectively, show the pressure and free energy of 
DUT-49 with different volumes. Here, the free energy was obtained from 
Eq S(7) in supplementary materials. The corresponding results of other 

DUT materials are shown in Fig S6 and S7 in the supplementary mate
rials. According to Eq S(6), the critical transition pressure Pcr is the local 
maximum of pressure, at which the slope of the pressure-volume curve 
in Fig. 6(a) transforms from negative to positive. The critical transition 
pressure of five DUT materials obtained from P–V EOS method is sum
marized in Table 2, in which the results obtained from real-time MD 
simulations and Born stability criteria are also shown for the sake of 
comparison. The critical transition pressures obtained by these three 
methods are very close to each other, especially for the most flexible 
DUT-151 crystal. It was suggested in the previous study [34] that due to 
the pressure fluctuations, real-time MD simulations may lead to a great 
underestimation of the critical transition pressure. However, the 

Fig. 5. (a) The evolution of anisotropy in Young’s and shear moduli of five DUT materials upon pressure. (b) Spatial dependence of Young’s modulus (left, rep
resented in 3D spherical coordinates) and shear modulus (right, represented in 2D plane coordinates) of five DUT materials under three different loading states: 
− 200 MPa, 0 MPa, and the critical pressure close to the instability region. Here, the spatial values are normalized by their corresponding maximum values.  

(iv) Pressure-versus-volume equations of state 

Fig. 6. (a) P–V EOS and (b) corresponding free energy of DUT-49 crystal. (c) Free energy difference between op and cp phases of different DUT materials as a function 
of the ligand length. (d) Energy barrier of op→cp and inverse cp→op transition as a function of the ligand length. 
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underestimation of critical transition pressure does not exist in the 
present real-time MD simulations. We even find the critical transition 
pressure of DUT-46 calculated by real-time MD simulations is signifi
cantly larger than the result extracted from EOS method. In other iso
reticular MOF series such as IRMOFs, which will be discussed in detail 
later, a large underestimation of the critical transition pressure is found 
in real-time MD simulations. 

The free energy, as shown in Fig. 6(b), is obtained by integrating the 
results in Fig. 6(a) by the trapezoidal rule. Here, the original op phase is 
set as the base point. Three zero points of pressure in Fig. 6(a) from right 
to left, respectively, represent the state of original op phase, the barrier 
of op→cp transition, and the metastable cp phase. The simple relation
ship among the free energies at different states can be written as: 

Fop→cp
b =ΔF + Fcp→op

b (4)  

where ΔF is the free energy difference between the transformed cp phase 
and the original op phase, Fop→cp

b is the energy barrier of the op→cp 
transition, and Fcp→op

b denotes the energy barrier of the inverse 
cp→optransition. The specific values of free energy at different states in 
five DUT materials are graphically shown in Fig. 6(c) and (d). All values 
of ΔF are positive, indicating that the cp phases of all DUT materials are 
metastable. This result is in good agreement with the result obtained 
from the above real-time MD simulations. ΔF of isoreticular DUT series 
significantly declines from 961.8 kJ/mol to 408.0 kJ/mol when the 
ligand length is extended from 5.6 Å (DUT-48) to 18.7 Å (DUT-151). A 
similar relation is also found between the energy barrier Fop→cp

b and the 
ligand length, since Fop→cp

b is found to almost linearly decrease with 
increasing ligand length. However, the energy barrier Fcp→op

b shows an 
opposite relation with the ligand length, which increases as the ligand 
length increases. These results indicate that the isoreticular DUT mate
rials with longer ligand possess a more stable cp phase, which are easier 
to experience the op→cp transition and thus are more difficult to recover 
from the cp phase. As described in above real-time MD simulations and 
previous studies [7,39], the global instability occurring in DUT mate
rials originates from the local buckling of their ligand. The Euler buck
ling law indicates that the critical buckling force of a column is inversely 
proportional to the square of the length [56]. Accordingly, a longer 

ligand requires a smaller force (and corresponding a smaller work) to 
drive the global instability, which can well explain the smaller ΔF and 
Fop→cp

b observed in isoreticular DUT materials with a longer ligand (see 
Fig. 6(c) and (d)). 

The bulk modulus K can be estimated from the P–V curves shown in 
Fig. 6(b): 

K = − V
∂P
∂V

(5) 

Based on Eq (5), we calculate the bulk modulus of op and cp phases, 
which is implemented by applying the linear fitting to the data near the 
equilibrium state. The obtained results are shown in Fig S8. For the sake 
of comparison, the bulk modulus of op phase of isoreticular DUT series 
obtained by the above strain-fluctuation method is also shown here (see 
Eq S(2) and Fig. 5(b)). It is found that the bulk Young’s modulus 
extracted from these two methods have the similar relation with the 
ligand length, which decreases as the ligand length grows. However, the 
magnitude of the bulk Young’s modulus calculated by the EOS method is 
slightly smaller than the result obtained by the strain-fluctuation 
method. This difference mainly can be attributed to the fact that only 
limited discrete points are available in the EOS method. In addition, the 
bulk modulus of DUT materials within the cp phase is found to be only 
~2.0 GPa, which is much lower than the value 3.7–8.2 GPa of their 
counterparts within the op phase. This fact indicates that the cp phase of 
DUT materials has the weak ability to resist isotropic compression 
deformation, which thus is easy to transform into the np phase under 
hydrostatic pressure. 

Based on molecular simulations, in this section we have conducted a 
comparative study of four different computational approaches in 
dealing with the phase transition occurring in isoreticular DUT materials 
under compression. In summary, real-time MD simulations indicate that 
PIT is caused by the buckling of ligands; the Born stability criteria prove 
that the mechanical instability of DUT materials is dominated by shear 
and isotropic tensile deformation modes; the anisotropy factor of flex
ible DUT crystals is found to be in the range of 0–5, which is in contrast 
to the value larger than 100 suggested in the previous theory [33]; the 
P–V EOS method presents a thermodynamic insight into the mechanism 
of the ligand-dependent instability of isoreticular DUT materials. 

Fig. 7. (a) The critical transition pressure Pcr of DUTs obtained from real-time MD simulations, P–V EOS method, and Born stability criteria. (b) The relationship 
between Pcr of DUTs and their ligand length l, which is calculated from three computational approaches and also predicted from the mechanical model, i.e., Eq (9). (c) 
The critical transition pressure Pcr of IRMOFs obtained from real-time MD simulations and P–V EOS method. (d) The relationship between Pcr of IRMOFs and their 
ligand length l, which is calculated from P–V EOS method and also predicted from the mechanical model. Here, IRMOFs with straight ligand linker, i.e., IRMOF-1, -8, 
-10, − 12, − 14, and − 16, are adopted for the curve fitting. 
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3.2. Ligand-dependent critical transition pressure of DUTs and IRMOFs 

As plotted Fig. 7(a), we compare the critical transition pressures Pcr 
of isoreticular DUT materials obtained from three different methods 
including real-time MD simulations, P–V EOS method, and Born stability 
criteria. Results obtained from these three methods are found to be 
identical to each other. Specifically, the obtained results show that Pcr 
decreases with increasing ligand length l, which indicates that the me
chanical instability is easier to occur in isoreticular DUT materials with a 
longer ligand. To figure out whether the relation between Pcr and l 
extracted from the present isoreticular DUT materials is general for 
other isoreticular MOF crystals, we investigate another isoreticular MOF 
series, i.e., the classical IRMOFs. Similar to DUTs, IRMOFs are also cubic 
materials. The only difference between these two materials is that the 
metal group of oxide-centered Zn4O in IRMOFs is edge-bridged by six 
ligand linkers of carboxylates as shown in Fig. 2(b), while in DUTs each 
12-connective cuboctahedral building block is bridged by twelve ligand 
backbones as shown in Fig. 2(a). This structural difference is analogous 
to the difference between a simple-cube crystal and a face-centered-cube 
crystal (see Fig S9). All IRMOFs can be divided into two groups based on 
whether the centroid of ligand deviates from the center line connected to 
the second build units: one is with straight ligand and the other is with 
eccentric ligand. Accordingly, IRMOF-2 through − 7 are IRMOFs with 
eccentric ligand, while others are IRMOFs with straight ligand. 

Both real-time MD simulations and P–V EOS method are used to 
estimate the critical transition pressure of IRMOF series. The obtained 
results are shown in Fig. 7(c) and also are listed in Table S2. Here, the 
calculation methods are exactly the same as the those previously 
adopted for DUTs. Pcr obtained from both methods shows the similar 
relation with the ligand length, which decreases with increasing ligand 
length. However, a significant gap is still detected between the values 
obtained from these two methods. Especially for the flexible IRMOFs 
such as IRMOF-12 and IRMOF-16, the ratio of result obtained from EOS 
method to that extracted from real-time MD simulations can even be up 
to ~4.8. This difference is probably caused by the characteristics of the 
UFF force field. Compared to the state of art first-principle derived MOF- 
FF force field, the present UFF4MOF force field is less accurate to 
describe dynamic properties in real-time MD simulations, because it can 
cause serious pressure fluctuations [57]. However, in EOS calculations 
each simulation is conducted in the thermodynamic ensemble with the 
fixed volume [34,37,58], which, to some extent, can mitigate the effect 
of pressure fluctuations. As a result, EOS method provides more accurate 
results compared to those directly from real-time MD simulations. Under 
this circumstance, Pcr extracted from EOS method is selected as the 
estimated critical transition pressure in the following discussion. 

Fig. 7(d) shows the critical transition pressure Pcr of IRMOF crystals 
with different ligand lengths l. A relation between Pcr and l similar to the 
result observed in above DUT series is found in IRMOF crystals with 
straight ligand, i.e., IRMOF-1 and -8 through − 16. However, the critical 
transition pressure Pcr of IRMOFs with eccentric ligand, i.e., IRMOF-2 
through − 7, is quite lower than that of IRMOF-1 (with straight 
ligand), though they almost have the same ligand length. As plotted in 
Fig S11, the centroid line of IRMOF-2 through − 7 is deviated from the 
centerline of the compressive force, which thus equivalently induces an 
additional bending moment on these IRMOFs. This additional bending 
moment makes IRMOF-2 through − 7 easier to lose stability, which is 
responsible for lower critical transition pressure observed in them. A 
similar mechanism was also reported very recently for Uio series, whose 
distorted linkers are responsible for their small bulk modulus [59]. 

Based on the above results of two isoreticular MOF series, i.e., DUTs 
and IRMOFs, we can conclude that the PIT behavior of DUT materials is 
dependent heavily on their ligand, especially the length of ligand. It is 
noted that although the above computational approaches can be applied 
to determine the stability of MOFs from different aspects, they all have 
their own limitations. Real-time MD simulations may underestimate the 
hydrostatic pressure in some cases; the evolution of Born stability 

criteria may exhibit strong nonlinearity when approaching the insta
bility region; the theory of anisotropy in elastic moduli is inaccurate in 
calculating the instability pressure as it fails to predict the flexible/rigid 
property of DUTs; the P–V EOS method relies on a large number of 
discrete points, each of which needs long time relaxation and sampling. 
In addition, the aforementioned computational approaches cannot 
automatically reveal the physics behind the observed behaviors, espe
cially the ligand-dependent critical transition pressure of isoreticular 
MOFs. Under these circumstances, it becomes crucial to construct a 
reliable analytic model to predict the stability of MOF crystals under 
compression. As an initial attempt, in what follows, we develop a pre
liminary mechanical model for isoreticular MOFs. This model is not only 
helpful for understanding the nature of the mechanical instability 
occurring in isoreticular MOFs, but also can be utilized to give a quick 
estimation of the critical transition pressure of isoreticular MOFs. 

3.3. A mechanical model to predict the critical transition pressure of 
isoreticular MOFs 

As mentioned above, the instability of isoreticular MOF crystals is 
driven by the local buckling of their ligand backbones. Herein, the Euler 
buckling law as shown in Fig. 1(e) is introduced to describe the buckling 
of ligand linkers, which is usually employed to calculate the critical 
buckling force of a slender column and to predict the out-of-plane 
buckling behaviors of thin films such as 2D covalent organic frame
work [60]. 

Considering the fact that the ligand backbone can be equivalently 
treated as a slender column, the buckling of ligand backbone thus obeys 
the Euler buckling law fcr = β1EI/l2, where fcr is the critical buckling 
force, E is the equivalent elastic modulus, I is the second moment of area, 
and β1 is a structural parameter depending on the boundary conditions. 
After treating the ligand backbone as a column with length l, width b and 
thickness h (as depicted in Fig S12), I can be written as bh3/12. Then, the 
Euler buckling law can be rewritten as 

fcr =
β1Ebh3

12l2 (6) 

As the ligand has a single-chain structure, it is difficult to define its 
cross-sectional area S. Thus, we define the elastic modulus Ef here as Ef 
= ES = Ebh, which has a unit of nN. Then, Eq (6) can be further 
simplified into 

fcr =
β2Ef

l2 (7)  

where β2 = β1h2/12. It is reasonable to assume that the ligands in iso
reticular MOFs in one series have the same thickness, since they all share 
a single atomic layer in the thickness direction. Thus, β2 is a constant for 
the same series of isoreticular MOFs. This assumption can be verified by 
Fig. 8(a), which shows that the previously calculated results of fcr can be 
well fitted by Eq (7). 

In addition, as shown in Fig. 8(b), the critical transition pressure of 
isoreticular MOFs is almost proportional to the critical buckling force of 
their ligand, which results in the following linear relation between Pcr 
and fcr: 

pcr = γfcr (8)  

where γ is a scale factor related to the crystal structure of MOFs. 
Substituting Eq 7 into 6, we obtain the following expression of Pcr: 

Pcr =
μEf

l2 (9) 

Here, μ = β2/γ is a dimensionless topology parameter related to 
structural topology of isoreticular MOFs. Thus, Eq (9) implies that the 
stability of isoreticular MOF crystals is generally determined by three 
parameters: the topology parameter μ, the elastic modulus of ligand Ef, 

P. Ying et al.                                                                                                                                                                                                                                     



Microporous and Mesoporous Materials 312 (2021) 110765

10

and the ligand length l. The value of μ can be easily obtained by fitting 
Eq (9) to the results extracted from the above computational ap
proaches, which equals to 0.0005386 and 0.002944 for DUTs and 
IRMOFs, respectively. 

Next, we apply the mechanical model of Eq (9) to predict the critical 
transition pressure Pcr of both DUTs and IRMOFs. It should be noted that 
IRMOFs with eccentric ligand, i.e., IRMOF-2 through − 7 are not 
considered here. As shown in Fig. 8(c) and (d), the critical transition 
pressure Pcr predicted from the present mechanical model is identical to 
the result extracted from P–V EOS method. In addition to the results 
obtained from the computational method, as shown in Fig S14, the re
sults of DUTs measured from experiments [6] also can be fitted by the 
proposed mechanical model though the fitting parameter μ is slightly 
smaller than that from above simulation results. This difference can be 
attributed to the fact the Hg intrusion in experiments can possibly the 
additional pressure in isoreticular MOFs [6,61], which can cause bond 
breakage and thus accelerate the occurrence of transition. These facts 
indicate that our mechanical model is reliable and accurate in estimating 
the critical transition pressure for both DUT and IRMOF series. On the 
other hand, our mechanical model also has some limitations, which thus 
needs further improvement. For example, in terms of some IRMOF 
crystals such as IRMOF-8 and IRMOF-14, the difference between the 
mechanical model and P–V EOS method can be larger than 20% (see Fig 
S15). This significant difference might originate from the fact that some 
nonbonding effects such as the van der Waals and Coulombic in
teractions cannot be included in the mechanical model. Moreover, our 
mechanical model is based on the assumption that the mechanical 
instability of isoreticular MOFs is totally induced by the buckling of their 
ligand backbone; however, some factors such as shear modulus soft
ening [19,27,49], node-linker bond effect [16,25,62], and configura
tional (or vibrational) entropic effect [35,36] may also contribute to the 
mechanical instability of isoreticular MOFs, which are ignored in the 
present mechanical model for simplicity. 

According to Eq (9), when compared to other two parameters μ and 
Ef, the ligand length l has a more profound impact on the flexible/rigid 

property of isoreticular MOFs. A similar strategy by changing the ligand 
length has been previously adopted in chemical synthesis and experi
ments to achieve the NGA transitions in isoreticular DUT materials [6]. 
Another good strategy to control the flexible/rigid property of MOF 
crystals is to change the elastic modulus, i.e., the stiffness of ligand 
linker. Very recently, Krause et al. [63] developed a novel DUT series by 
softening the ligand backbone via the incorporation of sp [3] hybridized 
carbon atoms. Specifically, among these new DUT series, the new 
DUT-160 is found to possess the largest NGA ever observed [63]. As for 
one series of isoreticular MOF crystals, the elastic modulus Ef could be 
reasonably assumed to keep unchanged. Thus, our mechanical model 
can be further simplified into an equation that only depends on a single 
parameter l: 

Pcr = a/l2 (10) 

Here a = μEf, which can be regarded as a constant parameter for MOF 
crystals in one isoreticular series. As plotted in Fig. 7(b) and (d), the 
results of critical transition pressure of both DUTs and IRMOFs extracted 
from the computationally expensive P–V EOS method can be well fitted 
by Eq (10), which indicates that this simple model can be utilized to give 
a quick estimation of the critical transition pressure of isoreticular 
MOFs. 

4. Conclusions 

In this paper, PIT of isoreticular DUT materials is investigated by four 
computational approaches at the molecular scale, which include real- 
time MD simulations, Born stability criteria, the anisotropy in elastic 
moduli, and the P–V EOS method. The results extracted from different 
methods shed lights on the nature and mechanism of the stability of 
MOF crystals from different aspects. Moreover, the critical transition 
pressures calculated from real-time MD simulations, Born stability 
criteria, and P–V EOS method are found to be identical to each other, 
which indicates their reliability in determining the mechanical insta
bility of isoreticular DUT materials. However, the approach of 

Fig. 8. (a) The relationship between fcr and Ef/l2 in 
Eq (7). (b) The relationship between fcr and Pcr in 
Eq (8). Here, the ligand length l and critical tran
sition pressure Pcr are listed in Tables 1 and 2, 
respectively. Values of critical load fcr and elastic 
modulus Ef of ligand linkers are obtained from 
first-principles calculations in Ref. 6 (these specific 
values are listed in Table S3). The comparison of 
the critical transition pressure of isoreticular (c) 
DUTs and (d) IRMOFs calculated from P–V EOS 
method and estimated by the mechanical model. 
Here, elastic moduli of six IRMOF materials are 
obtained by first-principle calculations as shown in 
Fig S13.   
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anisotropy in elastic moduli fails to evaluate the flexible/rigid property 
of isoreticular DUT crystals, since the rigid feature of isoreticular DUT 
crystals determined from the anisotropy of their elastic moduli is in 
conflict with the low critical transition pressures obtained from the 
previous computational approaches. 

Our computational studies also reveal that the global instability of 
MOF crystals is driven by the local buckling of their ligands. Based on 
this finding, we develop a simple mechanical model to predict the crit
ical transition pressure of isoreticular MOF materials, which only con
tains three parameters including the topology constant, the elastic 
modulus of ligand and the ligand length. It is found that our mechanical 
model can reliably describe the transition pressure of various iso
reticular MOF materials such as DUT and IRMOF materials. In addition, 
our mechanical model also provides a design criterion for isoreticular 
MOF crystals to modify their rigid/flexible properties by changing the 
aforementioned three parameters. Actually, similar ligand- and elastic 
modulus-dependent critical transition pressure have been successfully 
employed in the very recent experiments of isoreticular DUT crystals [6, 
63]. Overall, this work not only provides molecular insights into the 
ligand- and pressure-dependent mechanical behaviors of isoreticular 
MOFs, but also offers a predictive equation for quickly predicting the 
mechanical stability of isoreticular MOFs. 
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