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Metal organic frameworks (MOFs) are crystalline, 3-dimensional structures with high surface areas and tunable porosi-
ties. Made from metal nodes connected by organic linkers, the exact properties of a given MOF are determined by
node and linker choice. MOFs hold promise for numerous applications, including gas capture and storage. M2(4,4’-
dioxidobiphenyl-3,3’-dicarboxylate) - henceforth simply M2(dobpdc), with M = Mg, Mn, Fe, Co, Ni, Cu, or Zn -
is regarded as one of the most promising structures for CO2 capture applications. Further modification of the MOF
with diamines or tetramines can significantly boost gas species selectivity, a necessity for the ultra-dilute CO2 con-
centrations in the direct-air capture (DAC) of CO2. There are countless potential diamines and tetramines, paving the
way for a vast number of potential sorbents to be probed for CO2 adsorption properties. The number of amines and
their configuration in the MOF pore are key drivers of CO2 adsorption capacity and kinetics, and so a validation of
computational prediction of these quantities is required to suitably use computational methods in the discovery and
screening of amine-functionalized sorbents. In this work, we study the predictive accuracy of density functional theory
(DFT) and related calculations on amine loading and configuration for one diamine and two tetramines. In particular,
we explore the Perdew-Burke-Ernzerhof (PBE) functional and its formulation for solids (PBEsol) with and without
the Grimme-D2 and Grimme-D3 pairwise corrections (PBE+D2/3 and PBEsol+D2/3), two revised PBE functionals
with the Grimme-D2 and Grimme-D3 pairwise corrections (RPBE+D2/3 and revPBE+D2/3), and the non-local van der
Waals correlation (vdW-DF2) functional. We also investigate a universal graph deep learning inter-atomic potential’s
(M3GNet) predictive accuracy for loading and configuration. These results allow us to identify a useful screening pro-
cedure for configuration prediction that has a coarse component for quick evaluation and a higher accuracy component
for detailed analysis. Our general observation is that the NNP can be used as a high-level and rapid screening tool,
whereas PBEsol+GD3 gives a completely qualitatively predictive picture across all systems studied, and can thus be
used for high accuracy motif predictions. We close by briefly exploring the predictions of relative thermal stability for
the different functionals and dispersion corrections.

I. INTRODUCTION AND MOTIVATION

Among the numerous materials being considered for solid
CO2 sorbents, metal-organic frameworks (MOFs) are some of
the most promising1–3. Through tuning the substituent metal
nodes and organic linkers, these highly crystalline materials
allow altering of their surface areas, pore sizes, and open
metal sites to optimize their structural and adsorption prop-
erties. MOFs also show promise for, e.g., capture of other
gases4,5, energy storage6,7, and drug delivery8, and so the re-
search community has intensively investigated this class of
materials. In 2020, it was estimated that there are over 90,000
MOFs synthesized and 500,000 theorized9, giving way to an
enormous search space for finding the optimal structure for a
particular application.

For CO2 capture applications, an ideal MOF will exhibit
structural stability, be robust to thermal fluctuations and con-
taminant molecules, and display high species selectivity for
CO2. In the direct-air capture (DAC) of CO2, where con-
centrations are around 400ppm10, selectively adsorbing only
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CO2 is critical for deployable systems. There are numerous
different mechanisms for tuning a material to be highly se-
lective for CO2

11, including gating of the kinetic diameter12,
geometry gating13, and amine-functionalization14. The latter
approach is the focus of this paper. In this situation, an envi-
ronment exists that selectively allows the adsorption of CO2
via a chemical bond15–18, so-called chemisorption.

Amine functionalization refers to the attachment of amines
to the open metal sites of the MOF. This can be physi-
cally realized by soaking a M2(dobpdc) preparation in amine
solution15,19. There are different classes of amines be-
ing studied for carbon capture applications, most commonly
diamines15,17,18,20–24 (wherein the molecule has two amine
groups) and tetramines19 (wherein the molecule has four
amine groups). This enhanced capability comes with an in-
crease in complexity and size of the search space. The need
to predict, from first principles, the structure of a hypothetical
MOF + amine combination is thus crucial for material discov-
ery.

There is a wealth of experimental14,15,17,19–26 and
theoretical26–32 literature exploring the fundamentals of the
chemisorption process. The general understanding is that CO2
adsorption in amine-functionalized MOFs mostly manifests in
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the form of insertion of CO2 between the metal node and pri-
mary amine, with proton transfer and the formation of am-
monium carbamate chains15,17,19,21,28,33, causing step-shaped
isotherms, and thus greater working capacity with smaller
temperature or pressure swings. The other predominate chem-
istry is carbamic acid formation17,33, assumed to be in pairs on
the secondary amines. With these chemistries, the maximum
theoretical capacity is 1 CO2 molecule per diamine or 2 CO2
molecules per tetramine. As such, an accurate prediction of
amine loading (i.e., how many amines can fit in the unit cell
of a MOF) allows predicting maximum sorbent capacity. A
particular configuration of an amine in the pore (a so-called
motif) also influences the stability, pore volume, and binding
energy.

All of this leads to the inevitable conclusion that being
able to accurately predict the motif and loading of a hypo-
thetical MOF and amine combination is required to make ac-
curate predictions of a sorbent’s CO2 capture performance.
Prior work by Lee, et al. shows large changes in quantitative
predictive quality for various functionals and van der Waals
schemes for CO2 adsorption energies34. In this work, we eval-
uate the predictive accuracy of the density functional choice
and dispersion corrections on amine configuration and load-
ing. Though we are studying structures with known configu-
rations, we approach each structure how we would study it if
we had no knowledge of the true motif.

We systematically study one diamine34 and two
tetramines19 with crystallographically well-defined experi-
mental structures, giving 3 starting motifs. We additionally
draw hypothetical motifs that one might predict if they
had not known the structure. The experimental structures,
combined with some drawn alternatives, give a total of 6
motifs. See Figures 1, 3, and 8. For every motif, we study
the binding energy of a single amine in the MOF pore and
the average binding energy of a fully loaded system for that
configuration. In each of these 12 systems, we evaluate
the relative energetics for 11 different functional/dispersion
corrections35–43, as well as structural relaxations with atomic
interactions parameterized by a neural network potential
(NNP)44, M3GNet, to determine the predicted loading and
configuration.

The goal of this paper is to identify a framework for ac-
curately and reliably predicting amine binding and loading
configuration, thereby giving trustworthy predictions of struc-
tures as a starting point for further computational study. The
rest of the paper is structured as follows: Section II outlines
our methods for hypothesizing structural motifs, discusses the
density functional theory calculations performed and func-
tionals and non-local effects considered, gives an overview of
the neural network potential (NNP) used, and finally defines
the adsorption energy formulae used in the subsequent evalu-
ations. Section III gives the computed results for the different
materials and methods, with detailed discussions of the re-
sults and difference in the subsection of each unique material.
Section IV gives a higher-level, conceptual discussion and in-
terpretation of the results presented in the previous section.
It also offers a potential screening pipeline for a novel mate-
rial. Finally, Section V contains a brief discussion of thermal

stability predictions from the amine binding strength. In the
Supplemental Information (Section VII A), the performance
of the different functionals and dispersion corrections with re-
spect to thermal stability via ab initio molecular dynamics cal-
culations is outlined.

II. METHODS

A. Structures

The magnesium variant of M2(dobpdc) (Mg2(dobpdc)) is
the most promising for CO2 adsorption applications, but it is
difficult to obtain a well-resolved single-crystal structure19.
Most crystallographically resolved structures are thus for the
zinc variant, Zn2(dobpdc)19. For the remainder of this paper,
we will be discussing different amines and their configura-
tions on this base MOF of Zn2(dobpdc). Generally speak-
ing, M2(dobpdc) with different metal species are known to be
isostructural19.

The initial motifs for all three amines were extracted from
publicly available CIFs19,34. Based on the size and nature of
the amine, different possible configurations in the pore were
hypothesized. For N,N’-dimethylethylenediamine, we simply
rotated the diamine by 90 degrees to point along the crystallo-
graphic c-axis. This decision is discussed in Section III A. For
norspermine (N,N’-bis(3-aminopropyl)-1,3-diaminopropane),
the general flexibility of the molecule gives rise to different
configurations of the gaseous phase. We chose two: one
was the linear configuration, which is what one would get if
they downloaded the molecular coordinates on ChemSpider45,
and the other was the ‘S-shaped’ configuration, which is ob-
served in the bound state in the pore19. For spermine (N,N’-
bis(3-aminopropyl)-1,3-diaminobutane), we studied the sole
gaseous configuration to be the mostly linear one, which again
is close to what is observed in the experimental structure19.
These different structures allow 8 unique motifs.

The drawn structures were initially generated via man-
ual insertion with Avogadro46,47, then coarsely relaxed using
M3GNet44 in the Atomic Simulation Environment48. From
these coordinates, we applied the space group symmetries to
the pre-relaxed structure to fill the pore more accurately (and
less tediously) than drawing the amines at the equivalent sites.
For each motif, we consider two situations: one in which a
single amine binds and one in which we look at the average
binding energy of a fully loaded pore.

B. Density functional theory calculations

DFT calculations were performed with GPU-accelerated
Quantum ESPRESSO49–51, version 7.2. A plane wave cut-
off of 85 Ry (1156 eV) and Monkhorst-Pack sampling52

of 1 × 1 × 2 k-point grid for structures with only one c-
repetition and 1 × 1 × 1 grid for structures with more than
one c-repetition gave converged energies within 0.001 Ry ( 2
kJ/mol). The structures were relaxed in a variable cell scheme
to have forces less than 0.0001 Ry/Bohr ( 0.002 eV/Å) and
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∆Etot < 0.00084 Ry ( 1 kJ/mol). The tetragonal symmetry of
the structure was retained, as the angles between the crystal-
lographic axes were kept fixed, but the magnitudes of the cell
parameters (|a|= |b|, |c|) were varied.

A mixture of plane-augmented wave (PAW)53 and ultra-
soft (US) pseudopotentials53–56 were used, depending on the
particular calculation. US pseudopotentials were used in the
Grimme-D2 calculations, as these served as the starting point
for our AIMD runs, which can only use US pseudopotentials,
as implemented in Quantum ESPRESSO.

CIF input files for the initial structures from the literature,
and subsequently drawn structures, were converted into the
PWscf input format using the Materials Cloud tool provided
by the Materials Project57.

1. Functionals

We here want to understand how variations in func-
tional choice and van der Waals treatment affect the qual-
itative and quantitative prediction of amine binding en-
ergy, and how that affects the predicted loading and motif.
We explore the Perdew-Burke-Ernzerhof (PBE) functional37

and its formulation for solids (PBEsol)40 with and with-
out the Grimme-D241 and Grimme-D342 pairwise correc-
tions (PBE+D2/3 and PBEsol+D2/3), two revised PBE
functionals38,39 with the Grimme-D2 and Grimme-D3 pair-
wise corrections (RPBE+D2/3 and revPBE+D2/3), and the
non-local van der Waals correlation (vdW-DF2) functional43.

Ordinary PBE was chosen because of its status as the
standard GGA functional, as well as its accurate prediction
of CO2 chemisorption energies34. PBEsol was designed to
give some improvements in packed solid systems and sur-
face energies40. RPBE and revPBE were developed to specif-
ically improve chemisorption energies38,39, and also were ob-
served to give the best compromise between structural param-
eters and chemisorption energies in diamine-functionalized
MOFs34. Lastly, vdw-DF2 was selected as a representative
fully non-local functional, with density dependence of the
non-local correlation (Eq. 12). This functional has also been
used in other works studying both chemisorption19,24 and
physisorption58,59. A more detailed discussion of the different
functionals and how their form affects the predicted binding
motifs can be found in Section IV.

2. van der Waals

Stefan Grimme and colleagues60 have a thorough review of
dispersion-corrected mean-field electronic structure methods,
discussing the relative benefits and drawbacks of various ap-
proaches for different applications. For our case of MOFs,
there are existing systematic studies of CO2 adsorption in
MOFs considering different dispersion corrections61. Early
work considered physisorption on bare M-MOF7458,59,61.
More recently, work by Lee, et al. performed a similar study
on the chemisorption of diamine-functionalized MOFs34.

Surprisingly, this work reported the standard PBE func-
tional gives accurate CO2 binding energies and enthalplies in
diamine-functionalized MOFs, though gave less accurate lat-
tice parameters. Regardless, it is generally expected that some
form of van der Waals consideration must be used to accu-
rately understand amine-appended MOFs and their potential
as chemisorbents61.

The Grimme D2 scheme provides an empirical dispersion
correction to the DFT energy41, and the D3 scheme im-
proves this method by adding higher order corrections to the
energy42, and by taking the chemical environment of a par-
ticular ion (i.e., its coordination number) into account. The
vdW-DFx methods, like vdW-DF2 explored here, explicitly
account for a density dependent non-local correlation term.
The mathematical form of these methods, and a deeper dis-
cussion of them, can be found in Section IV C.

C. Neural Network Potentials (NNP)

Neural network potentials (NNPs) have recently become a
vital component of the computational materials toolkit44,62,63.
They are used to parameterize the potential energy surface
(PES) of an atomic system by leveraging machine learning
techniques to model it as a function of local environment de-
scriptors. NNPs generally achieve superior accuracy in com-
puted energies and forces compared to traditional inter-atomic
potentials, while also facilitating precise and efficient simula-
tions over length and timescales that exceed the capabilities
of ab initio methods. Graph neural networks (GNNs) enable
a natural representation of molecules and crystals, wherein
nodes and edges represent atoms and the bonds between them.
We use a GNN trained by the Materials Project64, the Mate-
rials 3-body Graph Network (M3GNet) architecture44. It is
trained on more than 187,000 energies, 16,000,000 forces and
1,600,000 stresses from DFT structural relaxations using PBE
or the GGA+U method and is applicable for 89 elements of the
periodic table with low energy, force and stress errors. It can
be used for structural relaxations, molecular dynamics simu-
lations, etc. M3GNet’s training set does not include van der
Waals effects, and so the computed binding energy deltas we
consider will likely be weaker (less negative). In our work, a
slight improvement is made to the M3GNet source code to en-
able structural relaxation of crystal structures with fixed cell
symmetry while both the cell volume and atomic positions of
atoms are allowed to move.

D. Amine binding energy calculations

The single amine binding energy is calculated as

∆Eads = EMOF+amine −EMOF −Eamine, (1)

where EMOF+amine is the energy of the MOF and a single
amine, EMOF is the energy of the non-functionalized MOF,
and Eamine is the energy of the gaseous amine in a 28×28×28
Å3 super-cell.

https://doi.org/10.26434/chemrxiv-2024-j3pmv ORCID: https://orcid.org/0000-0001-9140-1309 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0

https://doi.org/10.26434/chemrxiv-2024-j3pmv
https://orcid.org/0000-0001-9140-1309
https://creativecommons.org/licenses/by/4.0/


4

We also consider the binding energy of a system when all
of the OMS are bound (or at least blocked), deemed a fully
functionalized pore. In this case, we average the binding en-
ergy over the number of amines in order to compare across
materials, which may have different loadings. In this case,
when there are N amines in the fully loaded pore, the binding
energy is computed as

∆Eads =
1
N
(EMOF+N amines −EMOF −N ×Eamine). (2)

In the case of norspermine, which has two studied gaseous
conformations, the considered Eamine is the energy of the con-
formation predicted for a given method.

The interaction energy between the binding of a single
amine and a full pore can be quantified by observing a dif-
ference between the single amine binding and average amine
binding. In cases where these values are approximately the
same, one can suppose that there is little interaction energy.
Larger discrepancies indicate an interaction energy that could
make a given prediction less favorable in the presence of many
amine molecules. Indeed, results in the next sections show
that, in the case of the tetramines, the single amine binding
energy does not always align with the prediction in the case of
a fully loaded pore.

III. FUNCTIONAL AND DISPERSION CORRECTION
DEPENDENCE OF BINDING AND LOADING

In the next three subsections (Sections III A, III B, III C),
we present the predictions of the different functionals and van
der Waals treatments on the loading and amine configuration,
along with material-specific commentary. Higher-level com-
mentary and interpretation of the results will be presented in
Section IV.

Because some of the energy deltas approach degeneracy,
we have to define some cutoff wherein if two configurations
have an energy separation less than some value, we consider
either of them possible. We set that value to 10 kJ/mol.

A. N,N’-dimethylethylenediamine

N,N’-dimethylethylenediamine, or m2m, is a diamine that
that has one amine group coordinatively bound to an OMS
and one amine group dangling in the pore (Figure 1). The
singly-bound attachment generally gives this material more
rotational freedom in the pore, making distinctions between
its configuration somewhat blurrier than the tetramines we
will discuss in the next section. In fact, there is evidence that
there are multiple motifs that are energetically available at fi-
nite temperatures34,65. However, as in Lee, et al., we take the
‘true’ ground state configuration to be the one in which the
ethylene-based arm is parallel to the crystallographic ab-plane
(Figure 1a). The alternate configuration is the one in which
this ethylene arm is pointing in the direction of the crystallo-
graphic c-axis (Figure 1b).

FIG. 1: Two different binding motifs for m2m: a) the
ab-aligned configuration, wherein the ethylene-based arm is

mostly in the ab-plane. b) the c-aligned configuration,
wherein the ethylene-based arm is aligned along the

crystallographic c-axis. Some of the linker molecules have
been removed for visual clarity. The gray atoms are Zn, the
red are O, the brown are C, the blue are N, and the white are

H.

TABLE I: Comparison of the predicted energies for the two
different motifs, for a single amine and averaged over

6-amines in a full pore. A negative value indicates that the
prediction is for the ab-aligned motif, the ground truth.

Calculation 1-amine 6-amines
∆Eb,ab −∆Eb,c (kJ/mol) ∆Eb,ab −∆Eb,c (kJ/mol)

PBE -9 -21
PBE+GD2 -20 -21
PBE+GD3 -25 -21

PBEsol -23 -20
PBEsol+GD2 -17 -24
PBEsol+GD3 -19 -21
revPBE+GD2 -7 -18
revPBE+GD3 -26 -18
RPBE+GD2 -8 -19
RPBE+GD3 -22 -18

vdW-DF2 -25 -19
NNP -25 -8

Table I shows the difference in the binding energies for the
ab and c motifs for m2m. Since there are only two motifs, we
present the difference in the binding energies between the two
configurations, both for a single amine and the fully-loaded
pore of 6 amines, computed as described in Equations 1 and
2.

Inspection of Table I shows that all of the methods predict
the correct configuration. However, at non-zero temperatures,
one could argue that the single amine energy deltas for PBE
(-9 kJ/mol), revPBE+GD2 (-7 kJ/mol), and RPBE+GD2 (-8
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TABLE II: Comparison of the predicted binding motif for
m2m-Zn2(dobpdc) for different methods.

Calculation 1-amine prediction 6-amine prediction
PBE ab or c ab

PBE+GD2 ab ab
PBE+GD3 ab ab

PBEsol ab ab
PBEsol+GD2 ab ab
PBEsol+GD3 ab ab
revPBE+GD2 ab or c ab
revPBE+GD3 ab ab
RPBE+GD2 ab or c ab
RPBE+GD3 ab ab

vdW-DF2 ab ab
NNP ab ab or c

kJ/mol) are small enough that one would consider both con-
figurations. In the case of the full pore, all methods predict the
correct configuration, though the NNP prediction approaches
degeneracy with the true prediction only being 8 kJ/mol more
favorable than the alternate motif. These predictions are qual-
itatively summarized in Table II.

What’s interesting about this amine and configuration is
that it is known to take multiple stable conformations at room
temperature, as mentioned before. It is thus surprising to
have such uniform agreement across the board for the differ-
ent methodologies employed, given that even at 100K, there
doesn’t seem to be a single motif, but freedom of move-
ment. There has been evidence of amine swapping reported,
as well65. The c-aligned configuration, however, seems to suf-
fer from strong enough steric repulsion along the c-axis that
is unfavorable (without chemisorption of CO2), meaning that
it likely is not a physical motif.

B. N,N’-bis(3-aminopropyl)-1,3-diaminopropane

The next molecule we consider is the tetramine N,N’-
bis(3-aminopropyl)-1,3-diaminopropane, henceforth called
norspermine for succinctness. Norspermine has many confor-
mations in the gaseous phase. We choose to study two main
parent conformations, as show in Figure 2. These conforma-
tions are a subset of a large number of possible configurations,
primarily owing to the flexibility of the alkyl chains and at
the amine sites. The linear conformation of the molecule is
what one would obtain were they to download the coordinates
from ChemSpider45, and so was explicitly considered here.
Although one would not expect the tetramine to stay purely
linear in the pore, due to energetic and geometric constraints,
the nature of the bound norspermine in this conformation re-
mains mostly linear, hence the terminology.

For each of these conformations, we draw the amine bound
diagonally across the ab-plane and vertically, or column-
bound, along the c-axis. See Figure 3. The S-shaped, diag-
onally bound motif is known to be the ground-state configu-
ration, as reported in19.

FIG. 2: The two different conformations of gaseous
norspermine. a) is the ‘S-shaped’ conformation and b) is the

linear one.

FIG. 3: The four different motifs studied for norspermine in
the Zn2(dobpdc) pore. a) is the S-shaped, diagonal (SD), to
experimentally characterized motif. b) is the linear, diagonal
(LD) motif. c) is the S-shaped, column (SC) motif. And d) is

the linear, column (LC) motif.

While this known ground-state conformation looks some-
what perplexing and could be considered difficult to guess,
the metal node-node distance in the unit cell of Zn2(dobpdc)
in the ab-plane is known to be about 10.4 Å, which aligns well
with the 8.5 Å separation of the primary amines in norsper-
mine. Indeed, performing a conformer search with Spartan66

and constraining the terminal amine distance will discover the
S-shaped configuration. Drawing a hypothetical functional-
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TABLE III: Comparison of the predicted molecular
conformation for norspermine. The negative value in

∆ES −∆Elinear indicates that all methods predict a gaseous
S-shaped conformation. As in the case of m2m, we do
consider energy differences of less than 10 kJ/mol to

approach degeneracy.

Calculation Predicted conformation ∆ES −∆Elinear (kJ/mol)
PBE S or linear -8

PBE+GD2 S -15
PBE+GD3 S -12

PBEsol S -13
PBEsol+GD2 S or linear -4
PBEsol+GD3 S -17
revPBE+GD2 S or linear -9
revPBE+GD3 S -12
RPBE+GD2 S or linear -9
RPBE+GD3 S -11

vdW-DF2 S -10
NNP S -14

ized motif with unknown crystallographic structure is diffi-
cult, and knowledge of the base framework and amine must
be incorporated.

In the linear, column-bound configuration, the geometry is
such that there would be an uncapped metal site. These sites
can cause increased water uptake67, and therefore would gen-
erally want to be avoided. This motif has a different loading
value. Amine loading is typically measured as the ratio of
number of amines to the number of linkers. This value can be
readily measured experimentally via NMR19. In the case of
m2m, the loading is 2 diamines per linker. For norspermine,
in the known configuration, the ratio is 1 tetramine per linker.
The ratio holds for the linear, diagonally bound motif. It also
holds for the column-bound S-shaped motif. For the column-
bound linear motif, however, one would measure a loading of
2/3 (6 amines per 9 linkers, see image). Using this loading as
the predicted value for amine screening would have you un-
derestimate the capacity by about 33%, using the theoretical
capacity of 2 CO2 molecules per tetramine.

Figure 4 shows the computed binding energies across all
of our calculation schemes for a single norspermine molecule
attaching to the framework. A true ground-truth prediction
would have the blue bar being the highest (most negative),
which is true across all methods except regular PBE. The rel-
atively large numbers compared to m2m and other diamines
can be attributed to the fact that, for the most part, two bonds
are forming: each primary amine is attaching to a Zn atom.

In PBE and PBEsol, we see the addition of the Grimme
terms increases the binding strength substantially. Changing
from GD2 to GD3 in the case of PBE and PBEsol decreases
the binding strength, whereas it increases the binding strength
for revPBE and RPBE. vdW-DF2 seems to most closely align
with binding energy values of Grimme-D3. The NNP results
most closely mimic the PBE values, though they do tend to
under-bind in comparison. This alignment is likely due to
NNP being primarily trained on PBE calculations in solids.

FIG. 4: A comparison of the calculated binding energies of a
single norspermine attaching to the MOF for calculation

schemes.

The more striking difference is in the substantial change of
the S-column motif upon addition of the Grimme terms. It is
very far from being as stable as the S-diagonal motif for PBE
and PBEsol, but becomes much more favorable with the in-
troduction of the dispersion corrections. Examination of the
structures sheds some light on why this is the case, as shown in
Figure 5. For PBE, the addition of the Grimme terms induces
an attraction that allows for the amines to attach to two nodes,
which is not the case in standard PBE. There is also clear for-
mation of hydrogen bonds with the secondary amine and the
oxygen backbone. For PBEsol, it is doubly-attached even in
the absence of dispersion corrections. However, the geometry
is such that formation of a stabilizing hydrogen bond is only
allowed when including GD2 or GD3.

In the case of the full pore, the interaction energy plays
a large role. The general width (and loss of surface area)
in the S-shaped, column bound configuration makes it a
much less likely conformation in a full pore. Adjacent S-
shaped, column-bound amines became crowded and detached
(or nearly so) at one site. There are also strong interaction en-
ergies between all configurations when the pore is full, except
for the linear, column configuration. This can be attributed to
the compact nature of amine in this motif, as seen in Figure 7
and the fact that the norspermine tends to have a position that
is relatively unchanged between the single amine loading and
the full pore.

Table IV presents a qualitative summary of the predicted
binding motif for norspermine using the single-amine binding
energy and the full pore, averaged binding energy. The dif-
ferences in the functionals and how they alter the predictions
will be discussed in more rigorous detail in Section IV. In the
table, a shorthand is used to express the motifs, where the first
letter is the amine conformation (S = S-shaped, L = linear)
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FIG. 5: View down the c-axis of a single S-shaped, column
bound norspermine for PBE and PBEsol with different

dispersion corrections, showing how the presence of such
dispersion corrections bind this motif stronger, both via
double amine attachment and hydrogen bonding on the

backbone.

and the second letter is the binding orientation (D = diagonal,
C = column).

C. N,N’-bis(3-aminopropyl)-1,3-diaminobutane

The third species we study is N,N’-bis(3-aminopropyl)-1,3-
diaminobutane, also called spermine. It is another tetramine
and is known to be a particularly promising candidate for scal-
able deployment of carbon capture systems19. Spermine is
very similar to norspermine. The difference is that the mid-
dle alkane between the secondary amines is butane instead of
propane. This difference alters the length between the primary
amines enough that it can span across three unit cell repeti-
tions in the c direction, while retaining its linear character.
See Figure 8.

The full pore motif predictions for spermine are unambigu-
ously the experimentally characterized structure. The single
amine binding energies tell a different story. One possible
reason for this discrepancy is because the longer length of the
center alkane chain (compared to norspermine) causes a buck-

FIG. 6: A comparison of the calculated binding energies of a
single norspermine attaching to the MOF for calculation

schemes.

FIG. 7: A single linear, column-bound norspermine (left) and
the full pore (right), displayed side-by-side to show how the
amine does essentially no reconfiguring between these two

scenarios, accounting for the low interaction energy.

FIG. 8: Different binding motifs for spermine: diagonally
bound (left), from the crystallographic structure and

column-bound (right), a drawn motif. Notice the open metal
sites in the column-bound configuration.
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TABLE IV: Comparison of the predicted motifs for
norspermine bound in the Zn2(dobpdc) pore. A shorthand is
used to express the predicted motif, wherein the first letter is

the amine conformation and the second is its bound
alignment in the pore. SD, for example, would be the

S-shaped, diagonal alignment, etc.

Calculation 1-amine Full-pore Predicted loading
PBE LD LD | LC 1

PBE+GD2 SD LD | SD | LC 1
PBE+GD3 SD LD | LC | SD 1

PBEsol SD SD 1
PBEsol+GD2 SD SD 1
PBEsol+GD3 SD SD 1
revPBE+GD2 SD LD | LC 1
revPBE+GD3 SD LC | LD | SD 0.67
RPBE+GD2 SD LD | LC 1
RPBE+GD3 SD LD | LC | SD 1

vdW-DF2 SD LD | LC | SD 1
NNP SD LC | SD | LD 0.67

TABLE V: Comparison of the predicted spermine binding
energies for the two different motifs, for a single amine and

averaged over 3 (or 6) amines in a full pore. A negative value
indicates that the prediction is for the diagonally-aligned

motif, the ground truth.

Calculation Single tetramine Full pore
∆Eb,d −∆Eb,c (kJ/mol) ∆Eb,d −∆Eb,c (kJ/mol)

PBE 10 -11
PBE+GD2 -13 -32
PBE+GD3 -2 -26

PBEsol -6 -25
PBEsol+GD2 -31 -44
PBEsol+GD3 -17 -35
revPBE+GD2 7 -19
revPBE+GD3 4 -19
RPBE+GD2 7 -16
RPBE+GD3 4 -20

vdW-DF2 3 -16
NNP -90 -88

ling in the column-bound configuration, forcing the molecule
to expand in the ab-plane, thereby interacting with its column-
bound neighbors in the full pore. The diagonally bound con-
figuration is further stabilized by inter-molecular hydrogen
bonding between adjacent molecules along the c-axis.

IV. DISCUSSION AND INTERPRETATION OF RESULTS

A. High-level summary

The notional results can be summarized by saying that all
methods are able to properly predict the ‘true’ configuration
for the diamine m2m, both in the case of a single amine and a
full pore. For norspermine, the single amine calculations sug-

TABLE VI: Comparison of the predicted binding motif for
spermine-Zn2(dobpdc) for different methods.

Calculation 1-amine prediction full pore prediction
PBE C | D D

PBE+GD2 D D
PBE+GD3 D | C D

PBEsol D | C D
PBEsol+GD2 D D
PBEsol+GD3 D D
revPBE+GD2 C | D D
revPBE+GD3 C | D D
RPBE+GD2 C | D D
RPBE+GD3 C | D D

vdW-DF2 C | D D
NNP D D

gest a robustness in most of the methods, as they all predict
the experimental configuration of S-shaped, diagonal except
standard PBE. In the case of the full pore, interaction ener-
gies between adjacent amines come into play, complicating
the predictions and only 3 out of 12 (25%) of the considered
methods predict the experimental configuration. The situation
is reversed for spermine: the single amine binding energies
tend to predict a column-bound motif, while the full pore pre-
diction is unanimously the diagonal conformation.

As the full pore configurations correspond to the true struc-
tures, one would put more weight on a method’s ability
to properly account for amine-amine interaction, as well as
amine-MOF interactions, when assessing the general accu-
racy of its predictions. With this logic, and ignoring possible
degeneracy and just taking the lowest predicted configuration
as the sole prediction, one would say that only PBEsol and
PBEsol+GD2/3 all predict the loading and configuration cor-
rectly. This accounts for 3 out of the 12 considered calculation
schemes, or 25%. If one were instead to only use the single
amine binding as a quick screening, and again ignore possible
degeneracy, PBE+GD2, PBE+GD3, PBEsol, PBEsol+GD2/3,
and NNP would have accurate predictions of the full pore:
50%.

These results are summarized in Table VII. As above, in
cases where the predictions are within 10 kJ/mol of each other,
we do list all possible motifs. However, if the lowest energy
one is still the correct one, we highlight it as green. If the
lowest energy motif is different than the experimental one, we
highlight it as yellow. If it is not in the same ballpark, we
highlight it as red.

Although we have shown in Table VII that, across sin-
gle amine and full pore predictions of amine motifs, PBEsol
with or without Grimme dispersion corrections performs the
best in terms of identifying the correct motif, the quantita-
tive accuracy of this functional and dispersion correction(s)
are different considerations. For example, while PBE gives
the best binding enthalpy, revPBE and RPBE give the best
overall compromise between the energetics and structural
parameters34.

Given these numbers, an appropriate screening pipeline for
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TABLE VII: Summary qualitative comparison of the
predicted binding motif for the different amines considered

in this work for different density functionals and van der
Waals treatments.

1 m2m 1 NS 1 S 6 m2m Full NS Full S
PBE ab | c LD C | D ab LC | LD D

PBE+GD2 ab SD D ab LD | SD | LC D
PBE+GD3 ab SD D | C ab LD | LC | SD D

PBEsol ab SD D | C ab SD D
PBEsol+GD2 ab SD D ab SD D
PBEsol+GD3 ab SD D ab SD D
revPBE+GD2 ab | c SD C | D ab LD | LC D
revPBE+GD3 ab SD C | D ab LC | LD | SD D
RPBE+GD2 ab SD C | D ab LD | LC D
RPBE+GD3 ab SD C | D ab LD | LC | SD D

vdW-DF2 ab SD C | D ab LD | LC | SD D
NNP ab SD D ab LC | SD | LD D

loading and motif determination would entail using the NNP
for initial screening, and the higher accuracy calculations of
PBEsol + GD3 could be used in the case of small energy deltas
between full-pore motifs. Then, one could in principle use the
methods that are known to be most accurate for their targeted
application using the predicted motif.

B. Functional-specific discussions

Attempts to construct a better functional in the generalized
gradient approximation (GGA) face a trade-off. Functionals
with an enhanced gradient dependence improve atomization
and total energies, but worsen bond lengths. Some sugges-
tions of a GGA for solids have a reduced gradient dependence
and typically do improve lattice parameters and/or surface en-
ergies, but have been criticized for worsening total and atom-
ization energies. No GGA can do both: Accurate atomic ex-
change energies require violating the gradient expansion for
slowly-varying densities, which is valid for solids and their
surfaces40.

The GGA form for the exchange energy is:

EGGA
x =

∫
d3reLDA

x (n(r))Fx(s(r)). (3)

Here, n(r) is the electron density, eLDA
x (n(r)) is the exchange

energy density of LDA, s ∝ |▽ n|/n4/3 is the dimensionless
density gradient, and Fx(s) is the enhancement factor for the
given GGA. This density gradient can be understand as be-
ing small in relatively uniform regions of electron density, but
being larger in areas with greater variation in the electronic
structure, such as surfaces. This physical understanding will
be important as we decode the performance of the different
functionals throughout this section.

For PBE and revPBE, this exchange enhancement factor
has the form:

Fx(s) = 1+κ − κ

1+µs2/κ
. (4)

µ and κ are constants. µ = µGE = 10/81 will recover the
uniform electron gas, while, for PBE, µ = 2µGE in order to
approximate the exchange energies of neutral atoms.

RPBE slightly modifies the functional form of this enhance-
ment factor:

Fx(s) = 1+κ(1− e−µs2/κ). (5)

This change in functional form ensures that the RPBE func-
tional satisfies the Lieb-Oxford bound, applicable as s gets
larger38. In both cases, the s → 0 limit, given by the Taylor
expansion, is:

Fx(s)≈ 1+µs2, (6)

meaning that the behavior in the slowly-varying density re-
gions is the same.

Several suggestions explaining the reduction in the over-
binding in GGA functionals have been put forward, the sim-
plest of which is: (i) GGA functionals favor reduced density
gradients, s ∝ |▽n|/n4/3; (ii) the volume of space with large s
values scales with the free surface area, where “surface” may
represent both a solid surface and the surface of molecules and
atoms; (iii) a system with a molecule bound on a solid surface
exposes less surface (and therefore has less volume with large
s values) than do the reference systems of a clean solid surface
and a gas phase molecule; (iv) consequently, the adsorption
system is destabilized over the reference system. That is, the
attachment will become less attractive and the binding energy
will become less negative when using a GGA.

PBEsol’s40 tendency towards LDA-like behavior (as µ =
µGE = 10/81 for PBEsol), and the demonstration of the LDA’s
large over-binding of adsorbates to transition-metal surfaces
from38 makes us expect it to over-bind relative to PBE. In-
deed, this is observed in Figures 4 and 6. In addition, from
Figures 2 and 3 of Hammer, Hansen, and Nørskov 38 , revPBE
and RPBE favor the reduced density gradients s, so that both
revPBE and RPBE destabilize the adsorption system and give
less attractive chemisorption energy. From Hammer, Hansen,
and Nørskov 38 and Lee, Hyldgaard, and Neaton 34 , we might
expect the binding energy to follow the order to LDA ∼
PBEsol > PBE > revPBE ∼ RPBE. Although we didn’t do
plain revPBE and RPBE, we have shown that PBEsol and PBE
follow this trend, and the GD2 correction applied to all four
functions maintains this trend, too, for both the single amine
and full pore cases.

This reasoning, from the perspective of the reduction of ex-
posed surface area can also help understand the unexpected
stability of the linear, column bound motif in the full pore
norspermine, while the binding energy of a single norsper-
mine in the pore predicts diagonal binding. Because it relates
the stability of adsorption system to the amount of surface area
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TABLE VIII: Comparison of the calculated accessible
surface area (ASA) of different norspermine binding

configurations in full pore loading from Zeo++ with 1.2 Å
probe.

Motif SD SC LD LC
ASA [Å2] 447 466 458 525

loss, and more loss of exposed surface will destabilize the ad-
sorption system, from Figure 3, diagonally bound amines can
fully cover the surface area of the DOBPDC linker, but the
linear, column bound amines leave most of the linker surface
area open.

In order to validate this, the accessible surface areas are
calculated for all the different norspermine binding configu-
rations in full-pore loading by Zeo++68,69 with a 1.2 Å probe,
shown in Table VIII. The SD, SC, and LD motifs all have
similar surface areas, whereas the LC has one that is notably
higher. This, along with the relatively small interaction en-
ergy in the linear, column-bound motif, can help explain its
unexpected stability. This means when using GGA function-
als, the diagonally bound amines destabilize the system more
than the linear, column bound. On the other hand, when it
comes to only absorbing 1 norspermine, the loss of surface
area does not differ too much for different binding configura-
tions, so that the column bound is never predicted to be close
to the stability of SD or LD.

C. Dispersion corrections

The Grimme D241,60 dispersion correction is formulated as
an additional contribution to the energy, accounting for the
dipole-dipole interaction, and is mathematically defined as:

Edisp =−1
2

Nat

∑
i=1

Nat

∑
j=1

∑
L

C6i j

r6
i j,L

fd,6(ri j,L), (7)

where the first two sums are over all Nat in the unit cell and
the third summation is over all translations L of the unit cell,
i ̸= j for L = 0. C6i j is the dispersion coefficient for atoms i
and j. The values for C6ii are parameterized for each element
and are invariant to the chemical environment, meaning C6ii
for carbon in ethene is the same as carbon in ethane60.

A modification of this method is called Grimme D342,60:

Edisp =−1
2

Nat

∑
i=1

Nat

∑
j=1

∑
L
(
C6i j

r6
i j,L

fd,6(ri j,L)+
C8i j

r8
i j,L

fd,8(ri j,L)). (8)

There are two significant changes in the Grimme D3 scheme.
The C6ii coefficients are now geometry dependent: for each
element, the value of C6ii considers the coordination number.
Second, there is the inclusion of an 8th order dispersion term.
Generally speaking, the Grimme-D3 method is more accu-
rate than Grimme-D2. As stated above, the reason we include

Grimme-D2 in our analysis is because Quantum ESPRESSO
does not yet have Grimme-D3 implemented for AIMD. Since
we are interested in the thermal stability of our structures, sup-
port for AIMD is a requirement, so we also want to understand
the performance of Grimme-D2 corrections.

The differences between the Grimme-type dispersion cor-
rections (D2 and D3) are subtle, and can have many compet-
ing effects. While the GD3 scheme adds an additional energy
term (R8) (Equation 8), it does not always bind more strongly
than GD2 (see Figures 4 and 6). The dispersion coefficients
are different between GD2 and GD3, but, so are the damping
functions used to force the dispersion correction to 0 at small
atomic distances.

GD2 uses the Fermi damping function, defined as:

f Fermi
damp (R) =

1
1+ e−20[R/srRvdw−1] , (9)

where R is the ionic spacing, sr is a functional-specific con-
stant, and RvdW is the sum of the van der Waals radii of to
atoms.

GD3, by default in Quantum ESPRESSO, uses zero damp-
ing, for which the exact value depends on the R6 term or R8

term (n = 6 or n = 8, respectively):

f (n)damp,zero(R) =
1

1+6(R/(sr,nRAB
0 ))−an

. (10)

here R is the ionic spacing, sr,n is a functional-specific con-
stant, RAB

0 is the species-specific vdW cutoff, and an = 14,16
for n = 6 and n = 8, respectively. The exponential nature of
Fermi damping makes it more aggressive at damping and thus
the energetic contribution may fall off more rapidly at smaller
distances. These considerations are in addition to the different
correlation coefficients and the fact that Grimme D3 explicitly
considers the atomic coordination number.

One interesting trend from Figure 6 is that the change from
Grimme D2 to Grimme D3 decreases the magnitude of bind-
ing energy for PBE and PBEsol, but increases it for revPBE
and RPBE. This is borne out it the numbers when you look at
the dispersion contribution to the energy

Referring to Table VII, the change between GD2 and GD3
changes the nature of the predictions of the motif for the full
pore of norspermine for PBE, revPBE, and RPBE. As such,
these cases deserve some scrutiny. Table IX shows the contri-
bution of the dispersion correction to the energy of the differ-
ent systems, in units of meV/atom.

These numbers do make sense with the qualitative changes
in the predictions. For PBE, interestingly enough, we see that
the GD3 dispersion correction actually has smaller in magni-
tude energy contributions than GD2. This could happen based
on the form of the different methods, as discussed above. As
the SD motif becomes more favorable changing from GD2 to
GD3, we see that the contribution of GD3 is larger in magni-
tude than for LD and LC, which qualitatively makes sense.

For revPBE and RPBE, the SD motif only becomes feasible
when you switch from GD2 to GD3. Again, this makes sense
based on the numbers in Table IX: SD has the largest change
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TABLE IX: Comparison of the contribution to the total
energy of the dispersion correction for full pore norspermine,

for PBE, revPBE, RPBE, and vdW-DF2. Units are in
meV/atom.

Calculation SD LD LC
PBE+GD2 -69 -65 -63
PBE+GD3 -49 -46 -46

revPBE+GD2 -63 -61 -59
revPBE+GD3 -101 -96 -95
RPBE+GD2 -62 -60 -58
RPBE+GD3 -97 -93 -92

vdW-DF2 762 766 857

in magnitude (and becomes more negative) compared to LD
and LC.

While the Grimme methods use a semi-empirical disper-
sion correction, there are other ways to account for the van
der Waals interaction. One prominent method is to use a fully
non-local functional, like vdW-DF2. In this formulation, the
exchange correlation energy takes the form

Exc = EGGA
x +ELDA

c +Enl
c . (11)

In this case, you have a non-local correlation term (Enl
c ), in

addition to the GGA exchange and LDA correlation. This en-
ergy has a density-dependent kernel:

Enl
c [n] =

1
2

∫
d3r

∫
d3r′n(r)Φ[n](r,r′)n(r′). (12)

This kernel has a complicated expression, with the presence
of a spatial double integral60. In fact, the non-local energy
contributions are positive for vdW-DF2, as seen in Table IX.
The magnitude and trend of these numbers do not provide
a clear understanding of the motif prediction for vdW-DF2.
vdW-DF2, as compared to its predecessor vdW-DF1, changes
the revPBE functional to the revised version of the PW86
functional60. Indeed, when compared with revPBE+GD2, we
see that vdW-DF2 does bind the amines more favorably across
the board. Its magnitude is similar, though, to revPBE+GD3.
GD3 accounts more generally for interaction energies, as well,
so both methods could be correcting similarly for the interac-
tion energies. More studies are needed on the performance of
non-local functionals.

V. THERMAL STABILITY

In addition to high capacity, fast sorption kinetics, and
lower cost, thermal stability is a key requirement for a scal-
able and deployable CO2 sorbent70–73. A quality sorbent must
be thermally stable enough to withstand large numbers of ad-
sorption and desorption cycles without losing chemical in-
tegrity or capacity74,75. In amine-functionalized MOFs, like
we study here, thermal stability is especially important be-
cause the comparatively weaker coordination bonds that bind

TABLE X: Computed average binding energies of the
crystallographically determined structures for each functional

and dispersion correction. Units are in kJ/mol.

Calculation Spermine Norspermine Prediction
PBE -148 -98 S

PBE+GD2 -335 -261 S
PBE+GD3 -307 -233 S

PBEsol -203 -89 S
PBEsol+GD2 -420 -395 S
PBEsol+GD3 -338 -306 S
revPBE+GD2 -228 -170 S
revPBE+GD3 -312 -247 S
RPBE+GD2 -234 -178 S
RPBE+GD3 -291 -225 S

vdW-DF2 -297 -228 S
NNP -72 -59 S

the amines to the framework are prone to detachment, exac-
erbated by thermal cycling and the adsorption/desorption pro-
cess, and thus sorbent degradation, as the number of amines
directly corresponds to CO2 capacity.

The amine binding energy for the predicted motif could be
used as a proxy for thermal stability and robustness to amine
detachment, enabling the prediction of relative thermal sta-
bility between two amines. In Table X, we show the aver-
age binding energy (thus, coordination bond strength) of the
known configurations for our battery of calculations. Sper-
mine is generally thought to be more thermally stable19, which
is unanimously predicted by all calculations.

The above analysis hinges on the idea that a stronger co-
ordination bond predicts a more thermally stable material.
There is a trade-off, however: a weaker coordination bond
between the amine and the metal nodes is also thought to be
an indicator of allowing a CO2 molecule to chemisorb easier,
thereby lower the pressure at which the stepped adsorption
takes place65,76,77. Further study is needed to quantitatively
understand the trade-offs between these two effects.

In addition to the above analysis, the thermal stability of
different motifs for norspermine is assessed via ab initio
molecular dynamics and discussed in the Supplemental Ma-
terial (Section VII A).

VI. CONCLUSIONS

The predictive landscape of the amine binding configu-
ration of functionalized Mg2(dobpdc) was explored using a
variety of density functionals and dispersion corrections, as
well as a neural network potential. PBEsol (with and with-
out Grimme dispersion corrections) have the best performance
in predicted the observed crystallographic motifs. We ex-
plored the reasons for these conclusions via analysis of prop-
erties of the different functionals considered. We demon-
strated that calculations with a neural network potential and
a single amine in the hypothesized motifs can reliably predict
the binding configuration, and are appropriate for use as an
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initial screening mechanism. Finally, we discussed the pre-
dicted strength of the coordination bond of the amine to the
Zn nodes, and its proxy as an indicator of material thermal
stability.

VII. SUPPLEMENTAL INFORMATION

A. Thermal stability via ab initio molecular dynamics

Molecular dynamics enables the simulation of atomic-scale
events on a very fine time-scale, allowing for the study of
rapid events like amine-detachment, at finite temperatures. In
classical molecular dynamics, a force field typically repre-
sents a single potential energy surface, often the ground state,
as a result of the Born–Oppenheimer approximation78,79.
However, in cases involving excited states, chemical reac-
tions, or when a more precise representation is required, elec-
tronic behavior can be derived from first principles using a
quantum mechanical approach, such as density functional the-
ory, leading to what is known as ab initio molecular dynam-
ics (AIMD)80,81. Ab initio quantum mechanical and chem-
ical techniques can be employed to dynamically calculate
the potential energy of a system, particularly for conforma-
tions within a trajectory. These calculations, while poten-
tially utilizing various approximations, are grounded in the-
oretical principles rather than empirical fitting. Ab initio com-
putations yield extensive data that goes beyond what can be
obtained through empirical methods, including information
on electronic state densities and other electronic properties.
Notably, one of the key advantages of employing ab initio
methods is their capacity to investigate reactions involving
the breaking or formation of covalent bonds, encompassing
multiple electronic states. With recent advances in (AIMD)
simulations and high performance computing systems80, and
the Car-Parrinello molecular dynamics (CPMD) framework82

specifically, it is possible to study the dynamics of amine de-
tachment.

All computations were conducted utilizing the Kohn-
Sham Density Functional Theory (DFT) method in its plane
wave/pseudopotential configuration, employing the CPMD
code as implemented in Quantum ESPRESSO (QE)83. We
selected the ultrasoft pseudopotentials84 for this purpose, as
required by the CPMD code implemented in QE. The in-
put structures for the AIMD simulations were obtained from
the previously optimized cells discussed in the main text sec-
tion. Constant temperature AIMD simulations under the Car-
Parrinello scheme82 were performed and used Nose-Hoover
chain thermostats85,86 for the nuclei. Each system was care-
fully thermostatted to both 400K and 500K for a minimum
duration of 1 picosecond (ps). These temperatures are chosen
because it has been reported that the spermine or norspermine
can be thermally stable up until approximately 500K19. A
time step of 5 atomic units (au), equivalent to 0.121 femtosec-
onds (fs), was employed for integrating the equations of mo-
tion during both production and equilibration runs. In these
calculations, an assumed mass of 700 atomic units (au) was
used for the electrons. The Grimme D2 scheme was applied

TABLE XI: Summary of qualitative comparison of the
predicted thermal stability by showing the number of Zn-N
bond breaks every 6 norspermine during AIMD runs for the
different amine configurations of norspermine for different

density functionals and dispersion corrections.

T LD SD LC SC
PBE 400K 4 0 6 7
PBE 500K 4 4 6 7

PBE+GD2 400K 2 0 2 2
PBE+GD2 500K 2 0 6 2

PBEsol 400K 12 6 11 8
PBEsol 500K 10 8 11 10

PBEsol+GD2 400K 10 6 6 6
PBEsol+GD2 500K 10 8 9 9
revPBE+GD2 400K 0 2 3 /
revPBE+GD2 500K 4 4 4 /
RPBE+GD2 400K 2 2 2 /
RPBE+GD2 500K 4 2 5 /

as an empirical correction to the AIMD energy, again due to
the CPMD implementation in QE.

In this work, the thermal stability of an AIMD run is quan-
titatively described by the number of Zn-N bond breaks per
six norspermines, which can vary from 0 to 12. In this way,
we can normalize the numbers since different motifs have dif-
ferent loadings/number of amines per unit cell. The results
for the various norspermine motifs are shown in Table XI. For
these runs, we want to determine if AIMD can help to find the
correct amine motif when different motifs approach degener-
acy based on their binding energy?

We say the MOF-amine system is more thermally stable
if the number of Zn-N bonds that break are fewer. We look
at both 400K and 500K. If one accounts for 500K being the
ultimate indicator of a functional and dispersion correction’s
prediction of the most stable motif, we see that PBE+GD2,
PBEsol, PBEsol+GD2, and RPBE+GD2 all predict the exper-
imentally resolved motif as the most thermally stable.

B. N-Zn bond strength: stability vs. isotherm step location

As mentioned in the main text, other work has looked at the
N-M (where M is one of Mg, Mn, Fe, Co, Ni, Cu, or Zn) bond
strength as an indicator of the location of the step pressure in
the isotherm65,76,77. A weaker bond allows for easier separa-
tion of the N and M atoms, thereby enabling CO2 chemisorp-
tion at lower partial pressures. Shaidu et al. 77 point out that
there is more nuance here, and that the binding enthalphies do
not tell the whole story, and entropic effects must be included
as a correction to the enthalpies, à la Gibbs free energy, are
necessary for this description to fully correlate with the ex-
perimental data.

If one is thus interested in steps at lower partial-pressures,
one would target materials that we have discussed as being
less thermally stable. Further study is needed to understand
the associated trade-offs.
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