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Two-dimensional (2D) metal—organic frameworks (MOFs) hold
immense potential for various applications due to their distinctive
intrinsic properties compared to their 3D analogues. Herein, we
designed a highly stable NiF,(pyrazine), 2D MOF in silico with a
two-dimensional periodic wine-rack architecture. Extensive first-
principles calculations and molecular dynamics (MD) simulations
based on a newly developed machine learning potential (MLP)
revealed that this 2D MOF exhibits huge in-plane Poisson’s ratio
anisotropy. This results in anomalous negative in-plane stretchabil-
ity, as evidenced by an uncommon decrease in its in-plane area
upon the application of uniaxial tensile strain, which makes this 2D
MOF particularly attractive for flexible wearable electronics and
ultra-thin sensor applications. We further demonstrated the unique
capability of MLP to accurately predict the finite-temperature pro-
perties of MOFs on a large scale, exemplified by MLP-MD simu-
lations with a dimension of 28.2 x 28.2 nm?, relevant to the length
scale experimentally attainable for the fabrication of MOF films.

Introduction

Metal-organic frameworks (MOFs) have attracted substantial
interest from both academic and industrial perspectives owing
to their unique features such as high porosity, tunable struc-
tures and versatile functionalities."® An almost infinite
number of MOF architectures with different pore sizes/shapes
and a wide range of chemical functionalities can thus be
designed by assembling a rational selection of inorganic and
organic secondary building units.*® Highly flexible MOFs
have emerged as an intriguing sub-class of porous hybrid
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porous materials that undergo reversible/irreversible changes
in their crystalline structures and pore dimensions (ligand flip,
gating, swelling, and breathing) in response to external stimuli
such as guest adsorption, temperature or mechanical
pressure.” '* Some of these flexible three-dimensional (3D)
MOFs have demonstrated unusual mechanical properties, i.e.,
superhigh flexibility, negative gas adsorption, and negative
linear compressibility (NLC) among others, which have pro-
moted new applications of this family of materials in the fields
of gas separation, sensors and micromechanics.®'"'?
Typically, the wine-rack MIL-53 built up of infinite ¢rans chains
of corner-sharing MO,(OH), octahedra (M = AI**, Cr*, etc.)
and other related flexible MOFs have been computationally
and experimentally proved to exhibit significant anisotropy in
their Young’s modulus and/or shear modulus at the origin of
their anomalous mechanical properties.'*°

Despite the fact that an exhaustive list of mechanical
studies have been reported on 3D MOFs over the last 20 years,
much less attention has been paid to two-dimensional (2D)
MOFs. One of the main reasons for this is that 2D MOFs only
make up a tiny portion of all known MOFs; this is especially
true for 2D MOFs with the wine-rack pore geometry, of which
only a very small number of instances have been reported with
a perfect square lattice (sql) topology.>'**> Compared to their
3D analogues, 2D materials generally exhibit higher strength
and toughness due to the limited number of constitutive
atomic layers.”® As a result, they can undergo plastic defor-
mation under high strain without fracturing, making them
more flexible, highly resilient, and capable of withstanding
high stresses without breaking, and therefore they can be
adjustable into a variety of shapes.>*** Therefore, the design
of 2D MOFs with a wine-rack topology is anticipated to lead to
inherent flexibility and potentially unusual mechanical pro-
perties, making them promising candidates for a wide range
of applications, including flexible electronics like wearable
devices, sensors, and smart patches.>*™’

In this context, a 2D NiF,(pyz), (where pyz stands for pyra-
zine) with 2D wine-rack topology was constructed in silico and
its flexible behaviour was systematically investigated at

This journal is © The Royal Society of Chemistry 2024


http://rsc.li/nanoscale
http://orcid.org/0000-0002-1785-9861
http://orcid.org/0000-0002-2096-0450
https://doi.org/10.1039/d3nr05966a
https://doi.org/10.1039/d3nr05966a
https://doi.org/10.1039/d3nr05966a
http://crossmark.crossref.org/dialog/?doi=10.1039/d3nr05966a&domain=pdf&date_stamp=2024-02-13
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3nr05966a
https://pubs.rsc.org/en/journals/journal/NR
https://pubs.rsc.org/en/journals/journal/NR?issueid=NR016007

Open Access Article. Published on 16 January 2024. Downloaded on 7/19/2025 3:33:01 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Nanoscale

different length scales by combining high-precision first-prin-
ciples calculations and large-scale machine learning potential
(MLP)-based molecular dynamics (MD) simulations. The MLP
strategy has been shown to significantly enhance the efficiency
of molecular simulations by using high-quality datasets from
first-principles calculations to accurately predict material pro-
perties while reducing computational costs dramatically.>$°
However, developing high-quality MLPs for MOFs is still a
great challenge because the training time increases exponen-
tially with the increase of system size and the number of
chemical species.”® To date, only a few MLPs for MOFs have
been reported, exclusively for 3D MOFs, including UiO-66,
MOF-5, ZIF-8, and MOF-74.>'° Herein, systematic phonon
spectrum calculations and first-principles MD simulations
first revealed that the proposed 2D MOF material does not
exhibit any imaginary phonon modes in the whole Brillouin
zone and that it can maintain its structural integrity at room
temperature as well as in an aqueous solution. Large-scale
modelling of the MOF system, ie. length scale >10 x 10 nm®
with over thousands of atoms and a time scale of 1 ns, largely
beyond the realm of first-principles calculations, was further
achieved by developing the first MLP for a 2D MOF that was
implemented into a MD scheme. This novel MLP was first vali-
dated by a fair reproduction of the first-principles calculations
performed on 2D NiF,(pyz),, e.g. energy profiles, phonon pro-
perties and thermodynamics data. Its implementation into a
MD-scheme enabled the exploration of the structural respon-
siveness of the 2D MOF to external tension strain at finite
temperatures. The MLP-based MD simulations revealed an
enormous in-plane flexibility of the 2D NiF,(pyz), structure
(originating from the notable difference in Poisson’s ratio
along the different directions), with a resulting simulated frac-
ture strain up to 19% even at room temperature, similar to the
value reported previously for graphene.*® Decisively, we
revealed an anomalous negative in-plane stretchability of 2D
NiF,(pyz), upon uniaxial stretching both at 0 K and finite
temperature. This intriguing phenomenon implies a counter-
intuitive decrease in the MOF in-plane area upon the appli-
cation of a wide range of uniaxial stretching modes below the
fracture strain. Such an abnormal mechanical response may
have potential applications in wearable devices and flexible
electronic material applications. Beyond the design of a novel
2D MOF material with unconventional mechanical properties,
we further applied the well-trained MLP to a large-scale 2D
NiF,(pyz), atomistic model (size ~28.2 x 28.2 nm® corres-
ponding to 36 800 atoms) that reduces the gap between experi-
mental and theoretical attainable length scales in the field of
MOFs, which is of key importance to venture into phenomena
yet to be discovered.

Results and discussion
Structure and stability of 2D NiF,(pyz), at the quantum level

We first built a structure with a metal node and a pyz linker
arranged in a 2D array. Three initial atomistic models were
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considered corresponding to the distinct orientations of pyz
and Ni** in ab planes with dihedral angles (£y_ni_-n-c) Of +45°
and 90° leading to different space group symmetries as shown
in Fig. S1.T These 3 models were geometry optimized at the
density functional theory (DFT) level and converged towards a
perfect square planar geometry (tetragonal space group P4/
mmm) as shown in Fig. S2. The resultant 2D NiF,(pyz), geo-
metry, depicted in Fig. 1a, consists of pyz moieties coordinated
to two Ni atoms via their opposite N atoms. Each Ni atom is
coordinated to four pyz moieties and two fluorine atoms, fea-
turing a perfect 2D sql topology with a = b = 7.061 A and a = 8
=y =90° as defined at the DFT+U®’ level (¢f Table S17 for the
lattice parameters simulated by using other functionals). The
proposed 2D NiF,( pyz), structure exhibits a pattern resembling
a wine-rack motif that has been only rarely reported so far for
2D MOFs.”"?*%%3% We then computed the formation energy
using the formula: Ef = Eyor — (2Epy, + Enir,), Where Eyor,
Enir, and Ep, represent the total energies of the 2D
NiF,(pyz),, NiF, cluster, and pyz ligand, respectively, to assess
the stability of the proposed structure. The calculated for-
mation energy of 2D NiF,(pyz), is —5.47 eV per f.u., which is
comparable to or lower than that of Cr(pyz), and Cr(diarse),
monolayers (—4.18-—5.57 eV per f.u.) reported before.’® The
negative formation energy value indicates the energetically
favorable formation of the structure. Therefore, the even lower
formation energy suggests that 2D NiF,(pyz), can be
synthesized.

To gain more structural details of 2D NiF,(pyz),, we
employed the Tersoff and Hamann approximation®! in con-
stant height mode to simulate its scanning tunneling
microscopy (STM) image, as depicted in Fig. 1b. This approach
mimics the standard experimental setup applied to collect
STM images of MOFs,"* delivering a precise description of the
structure at the atomic level. The simulated STM image of
NiF,(pyz), reveals a symmetrical square grid shape, resem-
bling the 3D Nb-OFFIVE-Ni MOF along the [001] direction.*?
Typically, the theoretical X-ray diffraction (XRD) pattern along-
side the simulated Raman spectrum of 2D NiF,(pyz), is pro-
vided in Fig. 1c, to assist in the identification of such a 2D
MOF in future experimental studies.

The dynamic and thermal stabilities of the resulting 2D
NiF,(pyz), are key features prior to considering further appli-
cations. To evaluate these stabilities, high-precision calcu-
lations of the phonon spectrum were performed based on
ab initio molecular dynamics (AIMD) simulations at 300 K.
Notably, there is no observable imaginary frequency present in
the phonon dispersion curves as shown in Fig. 1d, suggesting
that 2D NiF,(pyz), is dynamically stable. The peak associated
with the highest frequency at around 94.5 THz (~3118 cm™")
corresponds to the vibrational stretching mode of the C-H
bond (Movies S1-S3t), while the frequency of the metal node
is mainly localized in the low frequency range (below 15 THz).
AIMD simulations were further performed at 300 K for 10 pico-
seconds (ps) to further assess the thermal stability of 2D
NiF,(pyz), under ambient conditions. The resulting energy
fluctuation of the system over time, as shown in Fig. S3,1 is
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Fig. 1 (a) Side and top views of the DFT+U-geometry optimized structure of 2D NiF,(pyz),. Ni is shown in orange, N in blue, F in green, H in light

pink, and C in dark-gray. The black line delimits the unit cell. (b) Simulated STM image of the DFT+U-geometry optimized 2D NiF,(pyz),, by using
the constant height mode at Vo5 = 1.5 V. The corresponding atoms are also superimposed on the STM image with the same color code as in (a). (c)
Simulated XRD pattern (top) and the Raman spectrum (bottom) of 2D NiF,(pyz),. (d) Simulated phonon spectrum and the corresponding phonon
density of state (Ph DOS) for 2D NiFx(pyz),. (e) Evolution of the total energy (top) and temperature (bottom) obtained during the AIMD simulations
for 2D NiF,(pyz), (2 X 2 supercell) in an aqueous solution. AIMD simulations conducted for 5 ps in the NVT ensemble (T = 300 K) with a timestep of
0.5 fs. (f) Side view of a representative snapshot of 2D NiF,(pyz), in an aqueous solution at 300 K after 5 ps-AIMD simulations. The color code of the
atoms is the same as described before. Water molecules in the snapshot are marked by magenta (O) and white (H). The green dashed line represents

hydrogen bonding interactions between water molecules.

very limited, suggesting that the 2D NiF,(pyz), structure
remains intact without undergoing reconstruction during the
simulation period. Therefore, 2D NiF,(pyz), exhibits both
dynamic and thermal stabilities. Another important require-
ment for potential applications is the hydrolytic stability of the
designed 2D NiF,( pyz),. While many MOFs may not have long-
term water stability,** it is critical to investigate the structural
integrity of 2D NiF,(pyz), in aqueous media using AIMD simu-
lations. As shown in Fig. 1e and f, the resulting simulations
performed in water at 300 K demonstrated that both tempera-
ture and total energy remained constant during the AIMD cal-
culations, and analysis of the 2D NiF,(pyz), frameworks over
the overall AIMD simulations evidences the absence of struc-
tural change, supporting the high robustness of 2D NiF,(pyz),
(notes and Fig. S47 for details).

MLP training and validation for 2D NiF,(pyz),

The target MLP was trained on the energy and force deter-
mined at the DFT level for 2D NiF,(pyz),. We applied a variety
of strategies, e.g. static calculations with different supercells,

3440 | Nanoscale, 2024, 16, 3438-3447

AIMD simulations at different temperatures, and datasets with
the application of different stresses, to expand the diversity of
the structure space (¢f. ESI notes, Fig. S5 and Table S2t). To
further validate the accuracy of the trained MLP, the energies
and forces were calculated for a test set of 1000 structures
initially generated by AIMD at 300 K and compared with the
values obtained at the DFT level. The accuracy of the trained
MLP is demonstrated by the nearly linear fit of the predicted
MLP-derived energies (forces) versus the DFT-calculated ener-
gies (forces), as shown in Fig. 2a and b, respectively. The root
mean square errors for the MLP-derived energy and force are
0.083 meV per atom and 0.013 eV A™*, respectively. This result
reveals the remarkable accuracy of the developed MLP in cap-
turing the properties of the trained systems. The strain-energy
relationship of 2D NiF,(pyz), was calculated for further vali-
dation of the trained MLP, as an accurate description of the
energies under strain conduction is essential to avoid unphysi-
cal phase dissociation/reconstruction during the simulations.
As depicted in Fig. 2c, our findings proved that the trained
MLP describes very well the energetics of the strained phases

This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3nr05966a

Open Access Article. Published on 16 January 2024. Downloaded on 7/19/2025 3:33:01 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online

Nanoscale Communication
a ) Y o P b 3 I C
50'07' ——DFT
-6.315 24 £ 0.06+ —@—MLP
§ b2 ] 8005/
© F o5 L >
o o I 20.044
9.6.320 ' > 04 ) >
3 13° ' 2003
~ B 5 [T aC)
0, = 0.02
= = 2
-6.325- y 2l 50011
14
0.00
T T T -3 T T - T - T - T T -
-6.325 -6.320 -6.315 -3 -2 -1 0 1 2 3 -10 -5 0 5 10
DFT (eV per atom) Strain (%)
e 500 500
d 104 € 16{—nippFT =’ f_,\
—DFT P b s 5 —~
——MLP = 14{—NPFT] S| M L | € 400 T L b
= § e oFY éo E 400 400 %5
N8 < 12{——HDFT] & X -~ £
= 3 ~=Ni[MLP 5 | 3> T
> 6 s 101 -Fmp Z* £ 300+ L300 X
9 * —-=N[MLP] ¢ =} =
5 ] 5 8{- -cmp &° > =
g ] 2 {—-HMP) 3 200 L200 &
e o 6 ! E Free energy [DFT] ]
3 4] ' S Free energy ([MLP] =
5 | £ 1001 ——C,[DFT] H100 &
2 i ° C, [MLP]
T
0 0 a4 : 0 , . . , 0
f 0 10 20 30 40 80 90 100 0 200 400 600 800 1000
X s r Frequency (THz) Temperature (K)
g 20 . h -6.30 i
:f"';[gin 3x3 supercell [207 atoms]
C'C [[DF'II]] - 5x5 supercell [575 atoms] . s 3
150 4 —C-NDFT] | § £ H
C-H[DFT] | ® ~ 2PEPn-0lPmnioigie
" - = NiF [MLP] ?g § H
= —+ = Ni-N[MLP] [ < 1 ] %
o> 100 —.-C-C[MLP] | @ P T S L SRR
C-NMLP] | 3 g IS
C-HMLP] | 5 £ 2 €
50 ﬁ B R i e S
) 3 3
t ? ]
| "
04 ta A.___.‘ a t T T T T (a & b Piel
0 6 8 0.0 0.2 0.4 0.6 0.8 1.0 4 M > g
Time (ns)

Fig. 2 MLP-derived (a) energies and (b) forces vs. the corresponding DFT values. (c) Strain—energy curves for 2D NiF,(pyz), simulated using MLP
and DFT calculations. (d) Phonon dispersion of 2D NiF,(pyz), computed using MLP and DFT calculations (for clarity only dispersion curves below 11
THz are displayed). (e) Phonon density of states (Ph DOS) computed using the DFT and MLP calculations, where the inset highlights the low fre-
quency region. (f) Helmholtz free energy and specific heat capacity (C,) computed using the DFT and MLP calculations as a function of temperature.
(g) Radial distribution functions (RDFs) calculated for different atom pairs of 2D NiF,(pyz), at 300 K computed using MLP and AIMD, respectively. (h)
Total energy fluctuations of 2D NiF,(pyz), during the MLP-MD simulations at 300 K with 3 x 3 and 5 x 5 supercells. (i) Snapshots of the MLP-MD-
derived NiF,(pyz), with 3 X 3, (left) and 5 x 5 (right) supercells containing 207 and 575 atoms respectively after 1 ns MD simulation. Ni, F, N, C, and H
atoms are marked with orange, green, blue, dark-gray, and light-pink, respectively.

referring to DFT data, suggesting that the trained MLP can be
effectively applied to configurations not included in the train-
ing set. Fig. 2d shows that the phonon spectrum predicted by
the MLP approach is in good accordance with the reference
data obtained at the DFT level using the density functional
perturbation theory method.*> The phonon density of states
(Ph DOS) is also predicted accurately with peak positions well
reproduced (Fig. 2e). This demonstrates that our MLP model
predicts well not only pair potentials and forces but also col-
lective phonon dynamics of the lattice. Thermal properties,
such as the Helmholtz free energy and the specific heat
capacity (Cy), computed using the phonon relationships repro-
duced also very well the corresponding DFT data, as shown in
Fig. 2f. Notably, our MLP was trained with AIMD simulations
performed in the temperature range of 100-300 K, but we

This journal is © The Royal Society of Chemistry 2024

showed that it can still accurately predict thermal properties
beyond room temperature, demonstrating its ability to antici-
pate properties over a wide range of temperatures accurately.
We further evaluated the capability of the trained MLP to
describe the lattice dynamics of the structure at finite tempera-
tures (from 100 to 300 K). AIMD and MLP-MD simulations
using the Nosé-Hoover thermostat®® were thus performed for
10 ps and 1.0 ns, respectively. The excellent agreement
between the radial distribution functions (RDFs) calculated for
different atom pairs of 2D NiF,(pyz), from both simulations at
300 K (see Fig. 2g) revealed the accuracy of our MLP in describ-
ing the structural behavior of 2D NiF,(pyz), at finite tempera-
tures. It should be emphasized here that AIMD simulations for
MOFs are computationally expensive and usually run for only a
few ps.”” However, as evidenced in Fig. 2g and h, based on a

Nanoscale, 2024, 16, 3438-3447 | 3441
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well-trained MLP, we can scale up the AIMD simulations to the
ns scale, while maintaining an accurate description of the
structure. We demonstrated that MLP trained using a relatively
small lattice for NiF,(pyz), (i.e., a 3 x 3 supercell with 207
atoms) is transferable to an accurate exploration of the struc-
tural properties of a larger system (i.e., 5 x 5 with 575 atoms)
as shown in Fig. 2h and i. Therefore, given the high accuracy
and good transferability of our MLP in capturing the intera-
tomic forces of the 2D NiF,(pyz), overall system, one can
expect to accurately predict the physical properties of this 2D
MOF derived from the calculated force constants.

Anisotropic in-plane mechanical properties of 2D NiF,(pyz),

Fig. 3a predicts the highly anisotropic in-plane flexibility of 2D
NiF,(pyz), once applying uniaxial tensile strain is applied,
which is unique for such a 2D-wine-rack topology. To gain
insight into this intriguing behaviour, the ideal tensile strength
and critical strain were further explored by applying uniaxial
strain along the I'-M and I'-X directions (¢f. Fig. S77 for the defi-
nition of the strain directions), as shown in Fig. 3b. The uniaxial
strain is defined as ¢ = (a — a,)/ay, where a, and a are the lattice
parameters of the original and strained 2D NiF,(pyz),, respect-
ively. For each applied strain, the lattice is also relaxed along the
direction normal to the layer during the MLP-geometry optimiz-
ation to ensure that the forces are minimal. The resulting
strain-stress relationship is shown in Fig. 3c. The 2D NiF,(pyz),
structure exhibits ideal strengths of 13 N m™ and 23 N m™" in
the I'-X and I'-M directions, respectively, with critical strains of
12% (I'-X) and 40% (I'-M). Evidently, the critical strain along
the I'-M direction is three times higher than that along the I'-X
direction, indicating significant in-plane anisotropy of the
mechanical properties of 2D NiF,(pyz),.

Fig. 3d and Fig. S61 show that the resultant strain (with
Poisson’s ratio) and shear modulus along the I'-M direction
are ~6 and ~20 times higher than those along the I'-X direc-
tion, respectively, in line with the very large in-plane an-
isotropy of the mechanical properties of 2D NiF,(pyz),. Such
anisotropy is a signature of a substantial difference in terms of
flexibility of NiF,(pyz), along different directions. It should be
noted that the Poisson’s ratios calculated from the linear fits
of the resultant strain curve are consistent with those calcu-
lated using the elastic constant method, as shown in Fig. S8.1
The resulting difference of 0.72 (0.14 along the I'-X direction
and 0.86 along the I'-M direction) is considerably larger than
those reported for other systems including tetraoxa[8]circu-
lene-based COFs (0.04-0.384),*% Fe,(TCNQ), MOF (0.41),*° and
M;(CeXe)2 (M = Co, Cr, Cu, Fe, Mn, Ni, Pd, Rh and X = O, S, Se)
MOF (0-0.04),>° that highlight an ultra-high in-plane flexibility
of 2D NiF,(pyz),. Such ultra-high in-plane Poisson’s ratio com-
bined with high anisotropy makes 2D NiF,(pyz), a good candi-
date for practical large-magnitude strain engineering.>!

Negative in-plane stretchability of 2D NiF,(pyz),

Typically, when an in-plane tension strain (below the fracture
strain) is applied to a 2D crystal, it will elongate in the direc-
tion of the applied tension and shrink on the other side, while

3442 | Nanoscale, 2024, 16, 3438-3447
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resulting in an increase in the change of the in plane-area
(Aarea)- This conclusion remains valid even for some materials
with negative Poisson’s ratio, called auxetic materials.*>>* In
this respect, 2D-NiF,(pyz), exhibits a standard behaviour with
a DFT-predicted increase of A,.., when a stretching is applied
along the I'-X direction (Fig. 3e). However, the situation is
reversed when the stretching is applied along the I'-M direc-
tion with 2D NiF,(pyz), predicted to show an anomalous
decrease of A, as shown in Fig. 3e. In this later case, even at
>30% strain, A, still decreases. This unexpected phenomenon
originates from the very high anisotropic in-plane flexibility of
this 2D wine-rack MOF featuring high Poisson’s ratio and high
shear modulus along the I'M direction (¢f Fig. S8%). As
depicted in Fig. S9, when the material is stretched, i.e. 24%
along the direction of uniaxial tensile strain applied, the lattice
parameters become significantly shorter on the opposite side
along the I'-M direction, i.e. a decrease of 20% and 1.8% along
the I'-M and I'-X directions, respectively, leading to a decrease
of Aarea. We further revealed that this variation is primarily due
to structural changes occurring at the connections between the
ligand and the metal node (namely Ni-N bonds), while the
strain has almost no impact on the pyz ligand both in the I'-X
and I'-M directions (¢f. Fig. S10 and S11}). These conclusions
were drawn from DFT calculations performed at 0 K, while
experimental nanoindentation measurements are usually per-
formed at finite temperatures. However, incorporating the temp-
erature effect into DFT calculations to investigate the structural
changes of materials under strain is theoretically highly challen-
ging. Interestingly, we revealed above that our MLP-MD simu-
lations performed at finite temperatures were also able to
capture the same trend as that obtained by DFT at 0 K (Movies
S5 and S67). Fig. 3f and g show that in the temperature range
100-300 K, the MLP-derived energy of the structure increases
more rapidly along the I'-X direction than that along the I'-M
direction, as the applied uniaxial tensile strain increases, in line
with the DFT calculations. In addition, we found that even at
300 K, 2D-NiF,(pyz), still has a high fracture strain of 19%
(14%) along the I'-M ( I'-X) directions, indicating its exceptional
flexibility under finite temperature conditions (see comparison
with other 2D materials in Fig. S12}). We also observed the
negative in-plane stretchability phenomenon in the A,, calcu-
lation at 100 K, as shown in Fig. 3h. At the same time, such a
phenomenon gradually becomes imperceptible as the tempera-
ture rises, as shown in Fig. S13.1 This is because the free-energy
landscape of transitions typically gets smoother with increasing
temperature and the probability of being trapped in local
minima decreases. However, the material still exhibits a notice-
ably different response to tension changes along the I''X and I'-
M directions, even at 300 K. Therefore, both DFT and MLP-MD
simulations demonstrated the unique negative in-plane stretch-
ability phenomenon exhibited by the 2D NiF,(pyz), structure.

Large-scale MLP applied to extended 2D NiF,(pyz), MOF
models

Our MLP strategy was applied to a 2D NiF,(pyz), model with
moderate size (up to a 5 x 5 supercell with 575 atoms, ~3.5 x

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 (a) Illustration of the deformation of the 2D periodic wine-rack structure upon applying uniaxial tensile strain. The blue stick is analogous to
the ligand in 2D NiF,(pyz),, while the intersection of the hinges is the location of the metal nodes. (b) Schematic representation of 2D NiF,(pyz),
with uniaxial strain applied along different directions (F'-X and '-M according to the Brillouin zone of the lattice) of the plane. Color code: Ni:
orange; N: blue; C: dark-gray; F: green; H: light pink. (c) Stress—strain responses of 2D NiF,(pyz), upon applying strains. (d) Resultant strain induced
by the uniaxial strain along the I'-X and I'-M directions, respectively. The inset shows the polar diagrams for Poisson’s ratio of 2D NiF,(pyz),. (e)
Relative in-plane area changes (A,ea, %) under a strain deformation along the two different directions. MLP-MD derived strain—energy (Es) curves
along the (f) '-M and (g) I'-X directions upon applying uniaxial tensile strain at different temperatures (100, 200, and 300 K). E; is defined as E; =
Estrain — Eo, Where Eg.in is the total energy of the strained system and Eg is the total energy of the original system. (h) MLP-MD derived A, upon a
strain deformation applied along the two different directions at 100 K. The colored dots represent the real MLP-MD simulation data points, and the
solid lines represent the corresponding fitted data.

3.5 nm?); however, the dimensions of experimentally prepared atoms) nm?, as described in Fig. 4a-f. It is clear that no energy
2D films are generally above 10 x 10 nm”. Therefore, we jump was detected in the energy fluctuations of the 2D MOF
extended the use of our MLP to 2D NiF,(pyz), models of much framework over the whole simulation time-scale (100 ps, as
larger size, from 7.1 x 7.1 (2300 atoms) to 28.2 x 28.2 (36 800 shown in Fig. 4a—c), whatever the dimension of the system con-
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Fig. 4 MLP-MD simulated fluctuation of the total energy of 2D NiF,(pzy), with different sizes and a simulation time of 100 ps at 300 K, (a) 7.1 x

7.1 nm?, (b) 15.5 x 15.5 nm?, and (c) 28.2 x 28.2 nm?, respectively. (d—f)
in each system. The black boxes show the boundary of the periodic cell.

The corresponding color coding represents the out-of-plane displacement
Radial distribution functions (RDF) for different atom pairs of 2D NiF,(pzy),

at 300 K computed via (g) MLP-MD (28.2 x 28.2 nm?) and (h) AIMD (2.0 x 2.0 nm?) simulations in the NVT ensemble. (i) ADF (zan_ni—n) of 2D
NiF2(pzy), at different temperatures from MLP-MD and AIMD simulations in the same 2D NiF,(pzy), systems as described in (g and h). The slightly
more “jagged” appearance of the AIMD data in panel i is due to the smaller number of configurations that are sampled from the MD trajectory com-

pared to MLP data.

sidered, while the out-of-plane displacements of the structure
tend to become apparent as the system size increases. We also
evidenced that the 2D MOF containing >10 000 atoms reaches
its equilibrium state only after ~20 ps of MLP MD simulations,
which is almost unattainable in AIMD calculations with this
size of the system. Fig. 4g and h show the RDFs calculated for
different atom pairs of 2D NiF,(pyz), MOF models from the
MLP-MD simulations performed on the 28.2 x 28.2 nm> model

3444 | Nanoscale, 2024, 16, 3438-3447

that compare very well with the AIMD-calculated profile on the
small 2.0 x 2.0 nm> model. The MLP-MD simulated angular
distribution function (ADF) reported in Fig. 4i also shows a
single peak at ~90°, consistent with the angles formed by the
pzy ligand and Ni metal in the pristine 2D NiF,(pyz), configur-
ation. The atoms are more mobile at a higher temperature,
resulting in slightly broader features in the RDF and ADF at
300 K compared to those calculated at 100 and 200 K, but

This journal is © The Royal Society of Chemistry 2024
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there is no quantitative change between these different temp-
erature settings, and the MLP-based simulations reproduce all
features obtained by AIMD in the small system. All these
results demonstrated the effectiveness and accuracy of our
derived MLP in handling a large 2D NiF,(pyz), system.

Conclusions

In conclusion, we proposed and in-depth explored a super-flex-
ible 2D MOF with wine-track architecture, 2D NiF,(pyz),, by
combining systematic first-principles calculations and MLP-
large-scale MD simulations. The mechanical, thermal and
water stabilities of 2D NiF,(pyz), were first evidenced through
systematic phonon spectrum AIMD calculations. Interestingly,
benefitting from the unique 2D wine-rack motif, 2D NiF,(pyz),
was shown to exhibit anisotropic in-plane flexibility with a frac-
ture strain of up to 40% (0 K) and 17% even at room tempera-
ture, suggesting that this material can be used for wearable
devices and flexible sensors. We also identified a counterintui-
tive negative in-plane stretchability phenomenon in 2D
NiF,(pyz),, whereby the surface area decreases with the
applied tensile strain. Our systematic theoretical investigation
showed that this behaviour originates from its unique 2D sql
topology and anisotropic Poisson’s ratio. Finally, we demon-
strated that well-trained MLP can yield nanosecond MD simu-
lations while maintaining first-principles accuracy and can
scale the MD simulation to more than tens of thousands of
atoms. We believe that the multi-scale computational approach
presented here can greatly accelerate the theoretical design
and understanding of novel flexible 2D MOF materials.

Methods

First-principles calculations

The Vienna ab initio simulation package® (VASP, version:
5.4.4) was used to perform structural relaxation and total
energy calculations with an energy cut-off of 900 eV (see more
information regarding convergence testing in the ESIY).
Exchange—correlation potentials were treated within the gener-
alized gradient approximation (GGA) employing the Perdew-
Burke-Ernzerhof (PBE) functional.® The density functional
theory (DFT) calculations used 6 x 6 x 1 G-centered
Monkhorst-Pack k-point sampling.>® The DFT+U (U = 6.4 eV)
scheme®” was used to account for the strong correlation of an
unfilled d orbital of the Ni atom. The spin polarization was
fully considered for all calculation processes unless specifically
mentioned. A 300 K AIMD simulation was run in the NVT
(canonical ensemble) employing the Nosé-Hoover thermo-
stat'® to check the stability of the 2D NiF,(pyz), structure at
room temperature.

Dataset preparation

To obtain training data for all the MLPs presented in this
paper, finite temperature ab initio molecular dynamics (AIMD)
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simulations based on DFT were performed using the VASP.>*
The PAW method and the GGA of the PBE type for the
exchange-correlation functional were used during the AIMD
simulations. The simulations consisted of more than 10 000
time steps with a time step of 0.5 fs in the 3 x 3 supercell.
Brillouin zone sampling was performed using a Monkhorst-
Pack k-point grid size of 1 x 1 x 1. All AIMD simulations were
conducted in the NVT (canonical ensemble) employing the
Nosé-Hoover thermostat*® with fixed temperatures of 100 K,
200 K and 300 K.

MLP development

A deep neural network based approach was utilized to develop
a MLP for the proposed NiF,(pyz), by using the DeePMD-kit
package (version 2.0.1).>” A total of 14 788 snapshots were col-
lected, with 13 788 used for MLP training and 1000 used for
MLP validation. The DeepPot-SE model was used to train the
MLP using the DeePMD-kit code.>”*® The model contains two
networks: the embedding network and the fitting network.
Both networks utilize the ResNet architecture.’ The size of the
embedding network was set to {25, 50, 100}. The size of the
fitting network was set to {240, 240, 240}. The cutoff radius
was set to 6.0 A and the smoothing parameter was set to 4.9 A.
It should be noted that the choice of cutoff in the MLP train-
ing is important and significantly affects the speed of training
and the accuracy of the trained MLP, and we point out here
that our choice of cutoff of 6 A is sufficient for our 2D system
to contain sufficient many-body information between adjacent
atoms.®™®* Throughout the training, we employed three layers
of NN, where each layer consisted of 240 neurons. The loss is
defined by:

Upepin) = pebe® + 3 3 IR + 45 |

where A means the difference between the MLP results and
the training data during the training process, ¢ is the energy
per atoms, N is the total number of atoms, F; is the force of
atom i, and 7 is the tensor divided by N. The number of
batches and the steps of decay were set to 1 000 000 and 5000,
respectively. The initial learning rate was set to 0.001 and
decays every 5000 steps. The number of batches was set to
1 000 000.

MLP-MD simulations

The MLP obtained from the training process was utilized for
MLP-MD simulations using the DeepMD-kit interface with the
LAMMPS code.’”’®> To compute energy and force during MD
simulations, the trained model was used as a pair style in
LAMMPS.** We performed 1 ns long-time simulations in two
systems, one system consistent with the AIMD simulation and
one larger model initially, namely 3 x 3 and 5 x 5 supercells.
To examine the applicability of our trained MLP, we conducted
large-scale molecular dynamics simulations for three large
systems (including 2300, 11132, and 36 800 atoms, respect-
ively) of 100 ps length. MLP-MD simulations were executed
within the NVT ensemble with the Nosé-Hoover thermostat*®
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at 300 K. The time step was set to 0.5 fs and the periodic
boundary conditions were employed along all three dimen-
sions in the simulations. Two python-based tools, Phonopy
and phonoLAMMPS,*>** were utilized to compute phonons
for the 2D-NiF,(pyz),. The phonon bands for a 2 x 2 supercell
were calculated with a consistent Brillouin-zone phonon
sampling of a 22 x 22 mesh. The path inside the Brillouin
zone was from I (0.0, 0.0, 0.0) to X (0.5, 0.0, 0.0) to S (0.5, 0.5,
0.0) to T" (0.0, 0.0, 0.0). VESTA and OVITO packages®>®® were
employed to plot the atomistic results.
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