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Abstract

New functional materials, such as mixed matrix membranes and metal-organic
framework (MOF) monoliths, outperform traditional materials in gas separation and
storage applications, among other pressing challenges. However, while most engineered
materials nowadays exhibit spatial heterogeneities on different length scales, available
simulation techniques to date cannot capture this spatial complexity fully. Herein,
we present the MicMec implementation of the micromechanical model we introduced
earlier as a systematic coarse-graining approach to routinely access these larger length
scales and characterize the mechanical properties of these materials. We thoroughly
discuss the key components of our open-source code and validate it both on an analyt-
ical system and a case study on correlated reo defects in the UiO-66 MOF. We reveal
that the timestep that can be reached in micromechanical simulations is two to three
orders of magnitude larger than for atomistic simulations, while still capturing well the
macroscopic mechanical properties of the spatially disordered UiO-66 material. It is
our hope that the MicMec implementation discussed here may provide a complemen-
tary tool to existing atomistic and coarse-grained software and aid the computational

design of new materials for pressing applications.



1 Introduction

Computational material design evolved into a thriving field of research driven by the advent of
high-performance computing infrastructure, progress in (open-source) simulation codes and
material databases, and the development of highly accurate electronic structure methods
and interatomic potentials.'® One of the principal outstanding challenges for computational
chemists lies in reconciling structural models of increasingly complex materials with accurate
but expensive descriptions of the interparticle interactions in a given material.® For instance,
consider metal-organic frameworks (MOFSs), a diverse class of often highly porous materi-
als composed of organic and inorganic building blocks.”® Their intricate composition and
anomalous behavior motivated extensive research to design these materials for applications

11,12 and even drinkable water harvesting in

in, among others, catalysis,*!° gas separation,
arid environments without the need for external energy sources. 14 Computational research
may speed up identifying interesting MOFs for these and other applications, but only when
the considered in silico models capture the structural complexity of experimentally synthe-
sized MOFs.% This is by no means a straightforward challenge since MOFs exhibit spatial
heterogeneities on different length scales—such as the well-documented linker and node va-
cancies or correlated spatial disorder—and since their macroscopic behavior depends on the
size of the MOF crystal. %1720 This multiscale challenge is complicated further when combin-
ing MOFs with other materials into structurally complex composites.?!?? For example, mixed
matrix membranes combine the attractive behavior of MOFs with the easier processibility of
polymer matrices. ?*?* Current MOF simulation procedures overwhelmingly rely on methods
that cannot reach the length scales needed to describe these structural heterogeneities be-
yond a few tens of nanometers. Therefore, we herein implement the micromechanical model,
outlined in ref. 25, into the MicMec software and validate this open-source python code.
Furthermore, we demonstrate how our simulation code can model the impact of correlated

node defects on the mechanical stability of UiO-66(Zr), a prototypical MOF, as an example

of how MicMec can drive research into structurally complex framework materials.



The majority of current simulation techniques describe the interparticle interactions in a
MOF material following one of two approaches: either by treating the material’s electronic
structure explicitly, such as wave-function-based methods and more popular techniques based

%26 or by approximating the internuclear interactions

on density functional theory (DFT),
via classical potentials or force fields.?” Although such atomic force fields already yield a
substantial scale-up in attainable simulation models, they still fall short of the computa-
tional efficiency needed to describe MOF models beyond a few tens of nanometers in size.
Compared with these two commonly adopted methods, recent developments such as machine-

4,28,29

learned potentials, coarse-grained (CG) force fields,3°3* and finite element methods?®

have increased the attainable simulation size. Machine-learned potentials achieve this by
approximating the electronic interactions, similar to classical interatomic potentials.*2%2°
However, they do so more accurately than classical potentials by using various machine-
learning techniques. As a result, they are able to describe structural models up to the size
described by classical force fields while reaching an accuracy comparable to DF'T methods.
CG force fields and finite element modeling achieve an even more significant scale-up in
structural models they can treat. For CG models, this is achieved by grouping atoms in so-
called CG beads or CG nodes according to a specified mapping and analytically prescribing
the interbead interactions.3%:3133 Like classical force fields, CG force fields can be developed
either top-down, which relies on tuning the model parameters to match experimental obser-
vations, or bottom-up, which optimizes the model parameters to best reproduce the atomic
free energy surface or derivatives thereof. As CG beads lack internal structure, this approach
reduces the degrees of freedom in the system and thus allows one to consider larger models.
At the moment, CG work on MOFs is scarce, the only exceptions being the pioneering work
of Diirholt et al. on HKUST-13! and the works of Semino and co-workers on HKUST-1 and,
very recently, ZIF-8.3234 Finally, finite element methods depart entirely from the atomic
structure of MOF's and instead subdivide the material into finite elements whose behavior

is dictated by constitutive relations. For instance, Evans et al. adopted this approach to
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Figure 1: The three steps in the micromechanical model, illustrated for UiO-66 containing
nodal defect regions (green), defect-free regions (blue) and surface regions (orange). Step 3
shows a close-up of the model for the region defined by the red rectangle in step 1. Repro-
duced with permission from ref 25. Copyright 2021 Royal Society of Chemistry.

determine the effective bulk modulus of various MIL-53(Al)-NHs-containing mixed matrix
membranes with sizes of several hundreds of micrometers.3® Like CG methods or machine-
learned potentials, their application to MOFs remains limited to date, and it remains unclear
to which extent these approaches are transferable to other materials and geometries.
Inspired by these techniques, some of us introduced the micromechanical model as an
intermediate between CG models and finite element methods.?® This model defines mi-
cromechanical CG nodes or beads and the corresponding internode interactions following
the three-step approach illustrated in Figure 1. Firstly, the material to be simulated is
subdivided into smaller cells that correspond to conventional unit cells or small supercells
thereof, which are called nanocells because their cell lengths are within the nanometer range.
This approach maps the atomic content of each nanocell to interaction nodes located on the
corners of these nanocells. In 3D, each nanocell is hence defined by eight nodes, which can
each be shared by a maximum of eight neighboring nanocells. Furthermore, a nanocell type
is assigned to each of these different nanocells. This nanocell type indicates their structural

content and will define the interactions between the interaction node on the corners of the



nanocell. For instance, for the UiO-66 example of Figure 1, different cell types are introduced
for pristine UiO-66 nanocells, node-defective UiO-66 nanocells, and surface-terminated UiO-
66 nanocells. Secondly, for each nanocell type, a limited set of parameters are defined that
describe how the nodes on the corners of the nanocell interact. These parameters, defined
bottom-up by preceding atomic simulations or top-down by mechanical experiments, de-
scribe the response of the nanocell upon an external trigger. If a nanocell can only adopt a
single phase, the equilibrium cell matrix hy and the equilibrium elastic stiffness tensor C, are
sufficient to describe these interactions in the elastic regime. These parameters incorporate
the material’s topology, which is a vital descriptor for predicting a material’s mechanical
response.®® In case the nanocell can adopt multiple phases, the equilibrium cell matrices
and elastic stiffness tensors for each phase are required, as well as the free energy differ-
ences between the different phases, AF', and the free energy barrier separating each pair of
phases, AF,. As outlined in ref. 25, this free energy barrier can also be defined through
an effective temperature 7. For unistable and multistable phases alike, the amount of hi-
erarchical parameters defined in this way scales only with the number of different nanocell
types. Thirdly, this information is used to simulate how the mesoscopic material responds to
external triggers. To this end, the positions of each micromechanical bead are adopted to de-
fine the different instantaneous nanocell matrices h,, throughout the mesoscopic material.
By comparing this instantaneous cell matrix with the equilibrium matrix for that nanocell
type, the 3 x 3 Lagrangian strain tensor €, can be defined for each nanocell.?”*® Together
with the elastic stiffness tensor, this defines the potential deformation energy U,.», needed to
adopt this specific configuration of micromechanical nodes in the given nanocell. Summing
this potential deformation energy for each nanocell and taking the derivative with respect
to each micromechanical bead’s position results in the total force acting on that bead which
can be used to update the equations of motion in a micromechanical simulation.

The micromechanical model’s focus on the elastic deformation energy is reminiscent of

the landmark works of Triguero et al., in which a model Hamiltonian was introduced to



investigate the adsorption-induced breathing in MIL-53.3%4° In their approach, the Hamil-
tonian of the guest-free framework also contained a local deformation energy contribution,
which, however, depended on a scalar strain metric and an effective elastic constant as a fit-
ting parameter. Furthermore, their Hamiltonian was supplemented with a non-local elastic
energy depending on the gradient of this strain and an interfacial energy fitting parameter.
In contrast, our micromechanical model is parametrized by the experimentally verifiable
stiffness tensor, which makes it easier to transfer the approach to other systems. Moreover,
the nonlocality of the deformation energy, i.e., the fact that the deformation of one cell may
affect neighboring cells, is an inherent part of our micromechanical model since the grid
of interaction nodes and the grid of cells are staggered with respect to one another. As a
result, if one node moves from its equilibrium position, it deforms all cells surrounding this
node without the need for extra terms in our Hamiltonian. The micromechanical model
also fundamentally departs from the more traditional CG techniques for MOFs mentioned
above.313%34 Tn the micromechanical model, the internode interactions are determined by
unit cell properties—the unit cell matrix and elastic stiffness tensor—rather than fitted to re-
produce the interactions in, and configurations of, atomic models. This not only circumvents
the need for tedious parameter fitting, but may also improve reproducing the mechanical
properties in our CG model.

While we postulated this micromechanical workflow and the associated equations of mo-
tion in ref. 25, the validation of the model and different fundamental questions remained
unresolved up to this point. Firstly, mapping the different atoms onto the heavier microme-
chanical nodes that define the nanocells averages out high-frequency motions. Nevertheless,
it needs to be quantified to what extent this increases the maximum timestep to be used
in a molecular simulation while still satisfying the Nyquist sampling criterion and reliably
sampling the interbead interactions. Secondly, the transformation from the micromechanical
nodes to the instantaneous nanocell matrix is non-bijective. As a result, multiple bead con-

figurations can give rise to the same nanocell matrix in the original micromechanical model.



This should be fine as long as the nodes remain close to their original positions. However, it
remains to be investigated if and when this non-bijective character poses problems in defining
representative instantaneous nanocell matrices. Thirdly and most importantly, the lack of
an easily interpretable and open-source software code that incorporates the micromechanical
model hampers the adoption and further development of the micromechanical model as an
alternative approach, next to traditional CG and finite elements methods.

In this work, we answer these questions by implementing the micromechanical model into
the open-source MicMec code. Besides validating our implementation through analytical
examples, we also investigate through the micromechanical model how the concentration
and distribution of node defects alter the mechanical properties of UiO-66(Zr) materials.*!
UiO-66(Zr) is chosen here as a prototypical MOF exhibiting spatial disorder on different

15,16:42-49 Tochniques such as transmission electron microscopy and single-crystal

length scales.
X-ray diffraction revealed that the spatial disorder in these materials, such as linker and
node vacancies, are strongly correlated and give rise to local domains in which the material
adopts bcu, reo, or scu nets within the pristine fcu matrix. ¢ Given the experimental
prevalence of reo node defects in the otherwise fcu material, we will herein vary the reo:fcu
concentration as well as the distribution of the reo cells inside the parent fcu material and
validate in how far our MicMec implementation succeeds in predicting how this impacts the
mechanical behavior of these structures. We hope that this validation and the availability

of the open-source MicMec code may provide the computational material design community

with a complementary tool to investigate increasingly complex framework materials.

2 Theoretical methods

Before discussing the validation of the micromechanical model, this section will give an
overview of its implementation in the MicMec software. We will firstly focus on an aspect

that was not discussed when we first proposed the micromechanical model in ref. 25: the need



to introduce different representations to resolve potential non-uniqueness problems that arise
when defining nanocell matrices in a non-bijective way, based on the positions of the eight
micromechanical nodes surrounding each nanocell. The actual implementation of the MicMec
workflow builds on four core routines: the System object that connects the micromechanical
nodes and nanocells, the MicMecForceField object that defines the elastic deformation
energy and associated micromechanical forces, and the Optimizer and VerletIntegrator
objects used to perform optimizations and molecular dynamics simulations, respectively. We
refer the interested reader to Section S2 in the Supporting Information for more information
about these core routines. Together with the documentation provided in the corresponding
GitHub repository at https://jlvdwall.github.io/micmec/, this workflow should make
it possible to adopt the code for any system of interest. This section concludes with the

computational details used in this work.

2.1 MicMec: Implementation of the micromechanical model

At the core of the micromechanical model lies the elastic deformation energy U,.»,, experienced
by a nanocell with indices (x, A, 1) when it is deformed from its equilibrium cell matrix hy,,
to an instantaneous cell matrix h,,. To this end, we defined the 3 x 3 Lagrangian strain

tensor>738
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in which a” and a™! are the transpose and inverse of the matrix a, a7 = (a=1)T = (a?)7!,
and 1 is the unit tensor of rank two. In this expression, only the cell matrix h, and its
transpose change during a simulation. This allowed us to define the deformation energy of
that nanocell at each time instant as"°
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witha:b = Zij a;jb;; denoting a double tensor contraction. At this stage, it is important
to point out that the factor Vi, in Eq. 2, which indicates the equilibrium cell volume
Viap,o0 = det hyy,, 0, replaces the instantaneous cell volume V.5, = det h,, used in our origi-
nal formulation.?® The current formulation of Eq. 2 corresponds with the first non-vanishing
term when expanding the Helmholtz free energy F'(g) as a function of the strain around the
unstrained equilibrium state.? It is therefore the formulation that should be used to define
the deformation energy, as this is the coarse-grained potential energy surface on which our
micromechanical nodes will move. While the difference between using the equilibrium and
the instantaneous nanocell volume is small near equilibrium, our UiO-66 simulations show
that using the instantaneous volume may lead to artifacts when reducing the nanocell volume
by more than 10%, as outlined in Section S1 of the Supporting Information. Furthermore,
using Eq. 2 simplifies the resulting equations of motion, since only the two strain tensors
€.xu depend on the positions of the different nodes.

Given the relations between the cell matrix, strain, and deformation energy for any given
nanocell given in Egs. 1 and 2, the only open question at this point is how to define the
nanocell matrix hy,, from the eight micromechanical nodes at positions 7, that surround
it. In what follows, we will denote this set of eight nodes that define the nanocell at index
(K, A; 1) by Seaus so that the eight nodal positions are collectively given by {T4m}s,,,. We
will also use Latin letters to indicate nodal indices and distinguish them from the Greek
letters used for nanocell indices. Naively, one could be tempted to define the nanocell
matrix by defining the twelve internodal vectors connecting adjacent nodes, as in the top
pane of Figure 2, and by averaging over each group of four vectors that would be equivalent
in a parallelepiped. However, in general, the positions of the eight micromechanical nodes
{'l"klm}gn/\u are arbitrary and do not need to form a perfect parallelepiped. In that case,
this naive averaging procedure will smoothen out local deviations in the positions of the
micromechanical nodes. For instance, consider the two nodal configurations in the top right

pane of Figure 2. In the top nanocell, one node strongly deviates from the cubic positions
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Figure 2:  Any nanocell matrix h,), is defined by the positions of the micromechanical
nodes that surround it, {Txim}s,,,- Naively, one could construct this matrix by averaging,
for each of three cell vectors, over the four equivalent definitions of this cell vector, which
are indicated by the same color in the upper panel. However, due to the non-bijectiveness of
this operation, the resulting nanocell matrix may not represent the actual nodes well. The
two distinct node configurations in the top right inset exemplify this, as they would yield the
same averaged nanocell matrix. Therefore, we define in the lower pane eight representations
hf(:gu for each nanocell with index (k, A, 1). Each representation s corresponds to one of the
eight micromechanical nodes surrounding the nanocell and properly considers the energy
needed to deform the node to that position.

adopted by the other seven nodes, which results in strong deviations within each group
of four ‘equivalent’ cell vectors. However, by averaging over each group, the average cell
vectors of this first nanocell completely coincide with those of the second nanocell beneath
it, which is a perfect parallelepiped. One cannot expect both deformations to require the
same deformation energy, which implies that a different approach should be adopted to define
the nanocell matrix h,, from its surrounding micromechanical nodes {’l"klm}gn)\u.

To solve this non-bijectiveness between the micromechanical nodes and the nanocells they

11



define, we opted to work with different representations h)

N for each nanocell matrix h,,, in

MicMec. Each representation corresponds to one of eight corners of the nanocell, as indicated
in Figure 2, and considers the three vectors of the specified nanocell that arrive in, or depart
from, that node. In this way, when some micromechanical nodes deviate strongly from their

equilibrium positions, they will also induce strong deviations in some of the nanocell matrix

(s)

o With s € {0,1,2,3,4,5,6,7}. In turn, for each nanocell representation,

representations h

a distinct strain tensor can be defined:
© _ 1o (0O 1 -
E/@)\,u, - 5 |:h/<)\,u,0 (hﬁ)\p> h/-t)\,uhn)\,u() 1:| ) (3)
which in turn leads to eight different deformation energies for each nanocell:

s Vn s T s
u( ) = 20 (6:;(4)?#) : CN)\M,O : 5( ) . (4)

KA 9 KA

In contrast to the naive averaging procedure, a deformation in one node will here result
in large deformation energies for some representations. By defining the total deformation

energy of a given nanocell as the average over the eight different representations for that cell,

7
1
HA# - g Z H)\u’ (5)
s=0

this MicMec procedure ensures that the total deformation energy does take these local devi-
ations into account.

Following our original procedure, the force acting on the micromechanical node with
index (k,l,m) can now be defined by taking the derivative of the total deformation energy
of the system U,s—obtained by summing Eq. 5 over each nanocell—with respect to that

node’s position. By defining S, as the set of eight nanocells that surround the node with
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index (k, [, m), we can determine this force as

7
1 s
fklm = _v"'klmusys = - Z kazmuHAM = _g Z vrklmufg)\)u' (6>

(R X 10) ESpim (kA1) ESpim =0

For further use in the MicMec code, we will also define the force acting on node (k, 1, m) due

to representation s of nanocell (k, A, 1) as

FumlS = Vi, U, (7)

Trim ™ KAWL
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Finally, the gradients of the strain defined in Eq. 7 can be evaluated by inserting Eq. (3):

S T S 1 —_ S T S S r S —
Vo (00) = Tl = g [T (05) 0+ (05,) " 5]

Tkim ){)\}L
(8)

2.2 Computational details

In what follows, two types of systems are considered. Firstly, the MicMec model will be
validated using an analytical and homogeneous test system, for which the unique cell matrix

and elastic stiffness tensor in equilibrium are postulated as

50 30 30 0O 0O O
i T 30 50 30 0 O O

. 03050 0 0 o0
hi* =0 10 0 |[A C™= GPa. 9)
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A mass m = 10"m, is assigned to each node, with m, the electron mass. While the magnitude
of the node mass is arbitrary in our test system, we were inspired by the rounded unit cell
mass of a conventional UiO-66 unit cell (m = 1.21 x 10m,). This simple, homogeneous
test system is chosen because its equilibrium state is well-known. The elastic stiffness tensor
corresponds to a cubic system that satisfies the Born stability criteria in equilibrium.?!>2
This system will be adopted to compare the potential deformation energy induced by and
the force acting on a single displaced node when calculated either analytically or through
the MicMec implementation. In addition, also the bulk modulus of this test system will be
validated by performing a relaxed energy scan, as implemented in the Optimizer object. In
this relaxed scan, the volume of the test system is changed by small increments and a full
optimization of the micromechanical nodes is performed. This allows us to record the total

potential energy Usys of the system as a function of the volume around its equilibrium value

Vo = det hg, from which the bulk modulus follows as

PUsys| 0 (Usys/ Vo)
ove |y, O(V/Vo)? |y,

0

K=V,

(10)

This same system is also adopted to test the gain in maximum timestep during an (N, V, E)
simulation implemented in the VerletIntegrator object, by keeping track of the total
energy of the system, which should remain conserved.

Secondly, we also validated our MicMec model on a real-life example. To this end, we
constructed various periodic micromechanical UiO-66 models containing a combination of
pristine fcu and node-defective reo nanocells. The input parameters for these nanocell
types are defined by preceding atomic force field optimizations using the force fields of ref.
53. All optimizations on the atomic level were performed on a 1 x 1 x 1 system with the
conjugate gradient algorithm implemented in Yaff,? using the default convergence criteria
(dpos_rms = le-4 and gpos_rms = le-6). The equilibrium cell matrices of the fcu type

and the reo type were obtained by simultaneously optimizing the atomic coordinates and
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the cell parameters, yielding the following equilibrium cell matrices:

fcu __
hy" =

21.0 -04 0.6
04 21.0 0.0
—-0.6 0.0 21.0

reo __
hy®™® =

0.1

21.0 0.2 -0.1
-0.2 21.0 -0.3
0.3 21.0

A (11)

To obtain the equilibrium stiffness tensors, a set of twenty-four optimizations were per-

formed for both the fcu and reo nanocell types: four for each of the six deformation modes

of a crystal. The deformation modes were simulated by imposing a fixed finite strain on

the system during a full optimization of the atomic coordinates. As stated by Hooke’s law,

strain in a system around equilibrium is directly related to stress, which is measured by the

virial tensor of the optimized atomic system. By performing four simulations with different

strain values of any given deformation mode, an estimate of the elasticity value for that mode

can be obtained, following the procedure outlined in ref. 55. The following elastic stiffness

tensors were found:

fcu
CO -

46.0

18.0

18.0

0.0

0.0

0.0

18.0

46.0

18.0

0.0

0.0

0.0

18.0

18.0

46.0

0.0

0.0

0.0
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0.0 0.0 0.0
0.0 00 0.0
0.0 0.0 0.0
16.8 0.0 0.0
0.0 16.8 0.0
0.0 0.0 16.8

GPa,

(12)



230 94 94 0.0 0.0 0.0
9.4 230 94 00 0.0 0.0
9.4 94 230 0.0 0.0 0.0
Cree = GPa. (13)
0.0 00 00 84 0.0 0.0
0.0 00 00 00 84 0.0

0.0 00 00 0.0 0.0 84

These equilibrium cell matrices and elastic stiffness tensors were used as input for the
different micromechanical models discussed hereafter. For each fcu:reo micromechanical
model, the full elastic stiffness tensor was defined by measuring stress-strain relations from
a set of twenty-four optimizations, analogous to the atomic workflow discussed above. From
the full elastic stiffness tensor, the eigenvalues and corresponding eigenvectors are determined

and the directional Young modulus is calculated.

3 Results

3.1 Analytical validation of the micromechanical model

As a first validation of the micromechanical model, we sought to test whether the proposed
micromechanical forces of Eqs. 6 and 7 are derived correctly. To do so, we constructed a
micromechanical model consisting of 2 x 2 x 2 nanocells of the ‘test’” type, outlined in the
computational details section. Given that periodic boundary conditions are adopted, this
micromechanical model consists of eight distinct nodes, as shown in Figure 3a. Because of
the homogeneity of this specific model and the equilibrium cell matrix of the test nanocell,
no internal forces are acting on the system when the nodes lie on a cubic grid with a spacing
of 10 A. In this configuration, the total deformation energy equals zero.

When moving one of the micromechanical nodes from its equilibrium position while
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Figure 3: Validation of the MicMec implementation using the test system. (a) The 2 x 2 x 2
test system with periodic boundary conditions, containing eight distinct nodes. Seven of
these nodes are kept fixed, while the eighth is displaced. (b) Static energy scan Usys(T)
obtained by displacing one node in pane (a) along the x or y direction. Given the system’s
symmetry, any displacement along the z, y, or z direction will give the same deformation
energy. (c) Comparison of the negative numerical gradient of the total potential energy of
pane (b) with the analytical expression of the force acting on the node, given in Eq. 6, for
various displacements along the x direction.

keeping the other nodes’ positions fixed, the potential deformation energy becomes a three-

dimensional function of the displaced node’s position:

usys = usys('rly Tro,..., T, ’l”) = usys<r)~ (14)

The resulting potential energy function, visualized in Figure 3b, is spherically symmetric
given the symmetry of the micromechanical model. While this symmetry is broken once
different nanocell types are introduced in the model, the symmetry observed here allows us
to easily validate the force calculation, which is a vital part of MicMec. To this end, we
compared the analytical expression of the forces, given in Eqs. 6 and 7, with the negative
numerical gradient of the potential energy Usys(r) of Figure 3b. As illustrated in Figure
3¢, the numerical and analytical expressions coincide, illustrating that the micromechanical
forces in the MicMecForceField module are implemented correctly.

Finally, we also validated that the bulk modulus of the micromechanical test system

corresponds with the value that can be extracted from the predefined elastic stiffness tensor
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Figure 4: Potential deformation energy density, Usys/Vo, as a function of the normalized
volume, V/Vj, for a 2 x 2 x 2 and a 3 x 3 x 3 micromechanical model containing nanocells
of the ‘test’ type.

to check our implementation of the Optimizer module. From the postulated stiffness tensor
Ci™, the bulk modulus follows as K = (Cg%) + 2C¢%5)/3 = 36.7 GPa. To find the bulk
modulus in the micromechanical model, energy scans as a function of the volume were
performed for both a 2 x 2 x 2 and a 3 x 3 x 3 test system. For each volume point, the
structure was rescaled isotropically from equilibrium and the micromechanical nodes were
allowed to relax at this given volume. The resulting potential energy is depicted in Figure 4.
For both system sizes, a quadratic fit to the ten data points between a normalized volume of

0.98 and 1.02 reveals a bulk modulus of 36.7 GPa, in agreement with the analytical value.

3.2 Scale-up in simulation timestep achieved by the micromechan-

ical model

One of the main advantages of the micromechanical model—similar to other CG models—is
that the high-frequency motions of the atomic system, such as O-H stretches, are removed
by grouping atoms into massive beads. As a result, the frequency with which the forces on
the system must be sampled, and hence the simulation timestep, can be increased compared

to a typical value of 0.5-1.0 fs used in atomic simulations. The theoretical upper limit is
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dictated by the Nyquist sampling theorem, which states that the maximum timestep in a
simulation is given by half the period of the fastest motion in the sampled system. This
value is typically taken as a rule of thumb, and actual sampling timesteps are about one
order of magnitude smaller than the period of the fastest motion.

For our test system—whose parameters are in the same order of magnitude as realistic
systems—we can approximate the slowest period ATy, based on information on the unit
cell length (a = 10 A), the mass of the micromechanical nodes (m = 107m,), and the largest

component of the stiffness tensor (Cf=t = 50 GPa). This yields:

max

Mmin
Cmax a

AT pin =T = 1.34 ps. (15)

Similarly, this slowest period can also be deduced based on the elastic constant entering

Hooke’s law, kj.x, in Figure 3c:

Mmin
ATmin =T

= 0.79 ps. (16)

kmax

Both equations indicate that the smallest period lies in the picosecond range, pointing to a
maximum simulation timestep of a few tenths of a picosecond. This would imply an increase
in timestep compared to atomic simulations of about two to three orders of magnitude.

To verify this statement, we performed MD simulations of the 2 x 2 x 2 micromechanical
test system in the (N, V) E) ensemble. In this ensemble, the system’s equations of motion

are Hamiltonian in nature, defined by the Hamiltonian

Hos({rm . P }) = Y b N (i })- (17)

2Mmim,
m KA

In this expression, Prim = MpimTrim and my,, are the momentum and mass associated
with the micromechanical node with indices (k,l,m), and U, is the elastic deformation

energy associated with the nanocell with indices (k, A, i), as given in Egs. 4 and 5. As the
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Figure 5: Total energy as a function of the simulation time for an (N,V, E) simulation
of a 2 X 2 x 2 micromechanical model containing nanocells of the ‘test’ type, with various
timesteps.

microcanonical ensemble is dictated by a Hamiltonian, the total energy, being the sum of
the kinetic and elastic potential energy, should be conserved during the simulation except
for possible minor short-term deviations. Therefore, the actual maximum timestep that
can be reached in a micromechanical simulation can be obtained by checking the maximum
timestep for which the conserved energy is indeed conserved. To this end, we systematically
increased the timestep At from 0.1 ps with increments of 0.1 ps and initiated short (N, V, E)
MD simulations. As illustrated in Figure 5, increasing the timestep to 0.2 ps and even 0.3
ps only leads to short-term deviations in the total energy, without any long-term drift. Only
when the timestep is increased to 0.4 ps or above, long-term drifts are observed, indicating
that the maximum simulation timestep has been exceeded. Therefore, the maximum allowed
timestep for this system amounts to circa 0.3 ps. Furthermore, the conservation of the total

energy for lower timesteps validates the implementation of the VerletIntegrator module.

3.3 Equilibrium mechanics of correlated node defects in UiO-66

Before turning our attention to the mixed reo:fcu UiO-66 materials, we first confirmed that

the elastic stiffness tensors of the pure reo and pure fcu materials are well reproduced by
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LAYER 1 LAYER 2 LAYER 3 LAYER 1 LAYER 2 LAYER 3

line defects
planar defects

Figure 6: The eight 3 x 3 x 3 reo:fcu configurations considered in this manuscript, with
the atomic composition of each nanocell given in the top part of the figure. Layers 1, 2, and
3 are stacked on top of each other along the z direction.

the micromechanical model. As in the mixed configurations below, we considered a 3 x 3 x 3
micromechanical model and determined the elastic stiffness tensors following the approach
outlined in the computational details section. As presented in Section S3 of the Supporting
Information, the elastic stiffness tensors of the 3 x 3 x 3 micromechanical model simulations
are in excellent agreement with those of the 3 x 3 x 3 atomic simulations, as well as with the
input elastic stiffness tensors presented in Eqgs. 12 and 13.

Inspired by these results, we constructed a diverse set of eight mixed reo:fcu configu-
rations each consisting of 27 nanocells, as illustrated in Figure 6. Configuration 1 consists
of a single node-defective reo nanocell in an otherwise fcu material. Given the periodic
boundary conditions, the location of this isolated reo nanocell is arbitrary. Configurations 2

to 4 correspond to three reo nanocells and 24 fcu nanocells, distributed in such a way that
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Figure 7: Equilibrium mechanical moduli of the different reo:fcu configurations. (a) Bulk
modulus K for the eight configurations of Figure 6, calculated either atomically or with the
micromechanical model. The bulk moduli of the atomistic fcu and reo systems are indicated
with a horizontal line. (b) Range of directional Young modulus E for the eight configurations
of Figure 6 as well as the 3 x 3 x 3 homogeneous fcu and reo systems, calculated either
atomically or with the micromechanical model.

they form a correlated line of node defects. This line is oriented along one of the periodic
axes in configuration 2, a face diagonal in configuration 3, and a body diagonal in configu-
ration 4. Configuration 5 consists of a 2 x 2 x 2 cluster of eight correlated reo cells whose
position within the larger 3 x 3 X 3 micromechanical model is again arbitrary due to the
periodic boundary conditions. Finally, configurations 6 to 8 correspond to correlated planes
of nine node-defective reo cells, whose normal is oriented along one of the periodic axes in
configuration 6, a face diagonal in configuration 7, and a body diagonal in configuration 8.

For all reo:fcu configurations, the full elastic stiffness tensors are tabulated and com-
pared to their atomic counterparts in Section S3 of the Supporting Information. Figure 7
summarizes the most important elastic moduli: the bulk and the Young modulus. In all
cases, good agreements are found between the atomic and the micromechanical results, with
deviations that do not exceed a few percent. The bulk modulus visualized in Figure 7a
decreases more or less linearly upon increasing reo content. For configurations 2, 3, and 4,

as well as for configurations 6, 7, and 8, the orientation of the linear or planar reo defective

22



a (b) configuration 2 (c) configuration 6

30 30 30

© © ©
o [a o
0] 9 0 9 0 9
LUN UJN LLJN
-30 -30 -30
30 30 30
-30 0 oo -30 0 o -30 0 oo
& 0] \(_9 & 0] \(_9 & 0] @
X (Gpa) 30 -30 Q’* X (Gpa) 30 -30 Q/* X (Gpa) 30 -30 Q/*

Figure 8: Directional Young modulus of (a) the fcu model, (b) configuration 2, containing
a linear reo defect, and (c) configuration 6, containing a planar reo defect.

cells only induces minor variations in bulk modulus. While this is in line with the bulk mod-
ulus being a direction-averaged mechanical property, it is a significant result. For instance,
while configurations 2, 3, and 4 correspond with line defects, two neighboring reo nanocells
in the micromechanical model of configuration 2 share four nodes. In contrast, neighboring
reo nanocells share two nodes and one node in configurations 3 and 4, respectively. These
differences, which are induced by the discretization of the material into the micromechan-
ical model, have only a minor effect on the obtained bulk modulus and support using the
micromechanical model for this type of simulations.

The same conclusions can be drawn for the Young modulus visualized in Figure 7b. The
Young modulus provides an even more stringent test for our MicMec implementation, as it
is direction-dependent. Figure 7 shows, for each configuration, the different Young moduli
the material exhibits when varying the direction along which the strain is applied, which
coincides with the direction along which the stress is measured for the Young modulus.
Of special attention are configurations 6, 7, and 8, for which a significantly larger spread
is found between the material’s minimum and maximum Young modulus compared to the
other configurations.

To understand this phenomenon, Figure 8 visualizes the directional Young modulus for
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the configuration 6 structure, containing a planar reo defect perpendicular to the z direction,
alongside the ones for the homogeneous fcu model and configuration 2, containing a linear
reo defect along the y direction. Compared to the defect-free structure, the Young modulus
for configuration 2 shrinks isotropically, thereby largely retaining its anisotropy. Indeed,
independent of the direction along which a strain is applied in configuration 2, the plane
perpendicular to this direction contains sufficient fcu cells to counteract this strain. For con-
figuration 6, this is different. When a strain is applied along the z direction, one of the layers
perpendicular to this direction is completely composed of reo nanocells and will therefore
compress more easily. This substantially lowers the Young modulus along this direction,
while the Young modulus along other directions remains substantially larger. Also here, the
micromechanical model succeeds in reproducing these fine mechanical details, outperforming
the semiquantitative mechanical moduli obtained through traditional CG methods.?'** This
excellent agreement between the atomic and micromechanical results is a direct consequence
of relying on the unit cell matrices and—potentially anisotropic—elastic stiffness tensors in
equilibrium as input parameters for the micromechanical model. This agreement also further

adds to our model’s validation on realistic materials.

4 Conclusions

Crucial to advancing computational material design is routine access to the model sizes
needed to describe realistic disordered materials, such as MOF mixed matrix membranes,
which may require simulation models in the micrometer range. To this end, in this work, we
implemented the micromechanical model into the open-source MicMec software, discussed
the main features of our implementation, and extensively validated it on both analytical
systems and disordered reo:fcu UiO-66 structures. From a theoretical point of view, this
implementation allowed us to properly define the elastic deformation energy, which lies at

the heart of the forces acting on the micromechanical nodes in our model. In addition, we
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demonstrated the importance of using different representations to construct a given nanocell
matrix to capture the local motion of each individual micromechanical node. These represen-
tations systematically deal with the non-bijective connection between the micromechanical
nodes and the micromechanical nanocells they define.

An analytical micromechanical test model was adopted to thoroughly verify the different
core MicMec components: the connection between micromechanical nodes and nanocells in
the System object, the definition of the elastic deformation energy and associated microme-
chanical forces in the MicMecForceField object, and the execution of both optimizations
and molecular dynamics simulations in the Optimizer and VerletIntegrator objects, re-
spectively. Besides passing each of these tests, this analytical model also demonstrated that
the maximum allowed timestep in a micromechanical simulation amounts to a few tenths of
a picosecond. As this is two to three orders of magnitudes larger than in an atomistic simula-
tion, the micromechanical model provides access to phenomena occurring on correspondingly
larger length and longer time scales.

Finally, we considered how the concentration and distribution of correlated node-defective
reo cells within a defect-free fcu UiO-66 matrix affect the spatially disordered material’s
mechanical properties as a real-life example of our model. We observed that both the bulk
and the Young moduli decrease with increasing reo content. Additionally, a larger spread
between the material’s maximum and minimum Young’s modulus was observed in the case
the reo defects cluster into layers, as this exposes weak directions in the material. An
excellent agreement between the atomic and micromechanical elastic stiffness tensors was
obtained for all systems under study, underpinning the veracity of our micromechanical
predictions and improving on more traditional CG techniques.

In conclusion, we herein demonstrated the advantages and accuracy of the microme-
chanical model and provided our MicMec implementation as an open-source code at https:
//github.com/J1lvdwall/micmec. We hope this software may help the community to shed

light on the role of spatial heterogeneities in real-life materials on yet unexplored length
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scales, and this in a complementary and hierarchical fashion with both atomic simulations

and macroscopic experiments.
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