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Understanding Small-Molecule Interactions in Metal-
Organic Frameworks: Coupling Experiment with Theory

Jason S. Lee, Bess Vlaisavljevich, David K. Britt, Craig M. Brown, Maciej Haranczyk,
Jeffrey B. Neaton, Berend Smit, Jeffrey R. Long, and Wendy L. Queen*

Metal-organic frameworks (MOFs) have gained much attention as next-
generation porous media for various applications, especially gas separation/
storage, and catalysis. New MOFs are regularly reported; however, to develop
better materials in a timely manner for specific applications, the interactions
between guest molecules and the internal surface of the framework must
first be understood. A combined experimental and theoretical approach is
presented, which proves essential for the elucidation of small-molecule inter-
actions in a model MOF system known as M,(dobdc) (dobdc* = 2,5-dioxido-
1,4-benzenedicarboxylate; M = Mg, Mn, Fe, Co, Ni, Cu, or Zn), a material
whose adsorption properties can be readily tuned via chemical substitution.
It is additionally shown that the study of extensive families like this one can
provide a platform to test the efficacy and accuracy of developing computa-
tional methodologies in slightly varying chemical environments, a task that

are intensive scientific efforts focused on
the development of new physical adsor-
bents that might enable more energetically
favorable gas separation, relative to tradi-
tional distillation or absorption processes.
This feat is not easy, as the differences
in the molecules of interest, such as CO,
and N, — the main components in a post-
combustion flue gas, are minimal.>3l As
such, these separations require tailor-made
adsorbent materials with molecule-specific
chemical interactions on their internal
surface.*>!  Metal-organic  frameworks
(MOFs) are a particularly attractive class of
porous adsorbents that are under intense
investigation for gas separation due to

is necessary for their evolution into viable, robust tools for screening large their

numbers of materials.

1. Introduction

Separation processes consume an estimated 10-15% of global
energy.!! With the expectation that this consumption will greatly
increase with population growth and the implementation of
large-scale carbon capture and sequestration technologies, there

unmatched structural versatility.
Many stable, 3D frameworks that offer
unprecedented internal surface areas and
the selective adsorption of a wide range of
small guest molecules have been discov-
ered.’l The molecular nature of the organic ligand in an MOF
provides a convenient modular approach to their synthesis and
facile chemical tunability, creating a surge towards the directed
design of new materials (Figure 1).”-%) Through judicious selec-
tion of the ligand and metal, which control pore size/shape
and MOF-adsorbate interactions, MOF uptake properties,
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Figure 1. Cartoon image depicting the structural versatility of metal—
organic frameworks (SBU = secondary building unit and represents
metal-ions or metal-ion clusters).

such as gas selectivity, can be tuned.'” While there have been
many MOFs discovered to date that exemplify future promise
in a myriad of applications such as gas storagel''®l and sepa-
ration,!1%1618] catalysis,'%2! and sensing,??! the rate at which
materials with optimal properties are discovered is still limited
by empirical exploratory syntheses, which sometimes require
hundreds or even thousands of chemical reactions to isolate a
single, new, porous hybrid framework. As such, computational
efforts, focused on both the structure and property prediction of
MOFs, are currently underway.?!l The development of computa-
tional methodologies that might provide experimentalists with
targeted frameworks with predefined func-
tion would significantly aid their rapid imple-
mentation for technological exploitation, a
paradigm that defines research-funding ini-
tiatives such as the Materials Genome.**
Although the process of performing
theory and simulation can be faster than its
experimental counterpart, the accuracy of
simulation tools will govern which types of
predictions can be made and the types of
systems that can be studied.”>?¢ As such,
experiments are often required for validation
of developing computational models. This »
practice will allow their evolution into viable
tools that can be used to answer experimen-
tally intractable questions pertaining to struc-
ture—property relationships in large numbers
of hypothetical (not yet synthesized) MOFs[?’]
and to evaluate the performance of reported
structures for varying applications.?¥l Here,
we highlight the importance of coupling
experimental and theoretical efforts to under-
stand small-molecule interactions within
metal-organic frameworks; while this part-
nership has been difficult to forge in the past,
its presence is becoming more prevalent
throughout the literature and will certainly
have a strong impact in the implementation
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of MOFs in many energetically relevant applications in the
future.

2. MOFs with Open Metal Coordination Sites

In many MOFs, weak van der Waals (vdW) forces are the domi-
nant interactions between the framework and surface-bound
guest species; recent work has shown that an effective strategy
to increase binding energy and hence the surface packing
density of adsorbates is through the generation of MOFs that
contain high concentrations of coordinatively unsaturated
metal centers.?”) These open metal sites are shown to induce
framework selectivity in the adsorption of small molecules and
provide a mechanism for charge transfer on the framework
surface.3%33 While open metal sites provide strong interac-
tions allowing gas adsorption at higher temperatures and lower
pressures than typically used for energy-consuming cryodistil-
lation processes, the adsorbate—adsorbent interactions are often
weak relative to the formation of chemical bonds, providing
facile release of the molecules during the regeneration step of a
separation process. Recent work by McDonald and co-workers
also revealed that certain diamines, grafted to open metal sites,
can offer strong, selective binding of CO, at low pressures
(ca. 400 ppm at room temperature),?**! properties that are
maintained even after water exposure.>® All of these attributes
have brought understanding of small-molecule interactions in
materials with open metal sites to the forefront of MOF chem-
istry. One of the most well-studied MOFs to date is M,(dobdc),
alternatively known as M-MOF-74 or CPO-27-M, where M = Mg,
Mn, Fe, Co, Ni, Cu, or Zn (Figure 2).3%3~#] The significance of

%
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e
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Figure 2. Ball and stick model of the Fe,(dobdc) framework, featuring 1D honeycomb-like
channels that are lined with open Fe(ll) sites (top right) and 2,5-dioxido-1,4-benzenedicarboxy-
late ligands (bottom left). The open metal sites offer selective binding of O, over N,, as well
as C,H, over C;Hg; the binding mechanisms (right) were unveiled by neutron powder diffrac-
tion.%31 The metal, carbon, oxygen, nitrogen, and deuterium atoms are drawn as orange,
grey, red, royal blue, and light blue spheres, respectively. Ball and stick model of M,(dobdc)
structure): reproduced with permission.%® Copyright 2014, The Royal Society of Chemistry.
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Figure 3. Excess CO, adsorption isotherms collected for the M,(dobdc)
series at 298 K. Reproduced with permission.l®® Copyright 2014, The
Royal Society of Chemistry.

this framework is related to the interesting adsorption proper-
ties that derive from the existence of unique structural features.
For instance, upon solvent removal, this material offers one of
the highest densities of open metal sites of any framework dis-
covered to date. It also undergoes chemical substitution with
a wide range of first-row transition metals, which is perhaps
only rivaled by MOFs of the type M-BTT (BTT?~ = 1,3,5-ben-
zenetristetrazolate), where M = Mn, Fe, Co, Ni, Cu or Cd ¥
and M;(btc), (btc*™ = 1,3,5-benzenetricarboxylate), where M =
Cr, Cu, Zn, Mo, or Ru,**-3 providing a mechanism for tuning
the adsorption properties (Figure 3) whilst retaining the same
framework bonding motif.P* Furthermore, all structural ana-
logs within the M,(dobdc) family are of high crystalline quality,
allowing for detailed studies of structure—property relationships
and providing an experimental platform to test how accurately
developing force fields can describe the guest interaction in
slightly varying chemical environments.[>¢ Recent studies
on this framework encompass a wide range of experimental
and theoretical methodologies utilized to characterize interac-
tions with various guests in the M;(dobdc) compound family
(Figure 3).57) While this is certainly not the only important
MOF, it is highly prominent and has been the focus of many
theoretical and experimental studies alike and consequently
was chosen to be our focus within the context of this article.

3. Examples of Studies Coupling Experiment
and Theory

3.1. CO, Adsorption in the M,(dobdc) Series

The realization that Mg,(dobdc) exhibits an exceptionally high
CO, uptake at low pressure (<0.1 bar, Figure 3) and room
temperature, as well as rapid, reversible adsorption/desorp-
tion of CO,, sparked much interest in this framework for
post-combustion CO, capture.’®**] While it was hypothesized
from high initial isosteric heats (—47 k] mol™),* derived
from gas-adsorption measurements, that CO, molecules pref-
erentially bind at the open metal site, other methods such as

Adv. Mater. 2015, 27, 5785-5796
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diffraction, IR and Raman spectroscopy, and density functional
theory (DFT) have been used to afford direct evidence of the
location and orientation of CO, molecules binding within the
pore.[0-6] From neutron powder diffraction (NPD) data, it has
been found that CO, molecules bind in an “end-on” orientation
with Mg-O(CO,) distances and angles that range from 2.24
to 2.39 A and 125 to 144°, respectively, depending on the CO,
loading level.°) These results agree well with DFT-derived Mg—
0O(CO,) distances and angles computed at the B3LYP-D level to
be 2.31 A and 129°, respectively.®’]

While the local structure around the CO, adsorption site
seems to agree well with theoretical efforts, there has been
on-going debate within the MOF community as to whether
the CO, molecule adsorbs in a linear or non-linear geometry.
This debate is an important one, as intramolecular bending has
strong implications for proposals that have been made to uti-
lize MOFs with open metal sites for the activation and chem-
ical conversion of CO,. Several diffraction studies show that
the O-C-O angle within the adsorbed CO, molecule deviates
significantly, >15°, from the expected 180°;°0:%] however, first-
principles studies carried out by Wu et al. indicate a significant
energy penalty for such a bend;®¥ this result calls into ques-
tion whether the experimentally determined bending could be
the result of a misinterpretation of the diffraction data due to
statically disordered molecules on the framework surface. This
debate has since been laid to rest as a recent study shows that
an improvement in the crystalline quality of Mg,(dobdc) and
slowly cooling the CO,-adsorbed sample before the diffraction
experiments yields an intramolecular CO, angle with minimal
deviation from the expected linear geometry, 179(2)°. Within
the error of the experiment, bending cannot be observed. While
this work shows a nice correlation between experiment and
theory, it also highlights the importance of sample quality and
proper handling.

While many of the aforementioned techniques have indi-
cated that the exposed open metal sites are the preferential
binding sites for CO, in Mg,(dobdc), a gap in understanding
the diffusive properties of CO, is still elusive. 13C NMR meas-
urements of CO, adsorbed Mg,(dobdc)®”! have been carried
out, revealing a distinct chemical shift anisotropy (CSA) powder
pattern, which was, at the time, interpreted to be the result of
a uniaxial rotation with a fixed rotation angle 6 that ranged
from 56° to 69° (200 K to 400 K). However, a more recent study
used molecular simulations to probe the free-energy landscape
of CO, in Mg,(dobdc) under conditions similar to those used
in the NMR study. Monte Carlo simulations, used to simu-
late CSA powder patterns, suggested that the NMR signature
was instead the result of a molecular-hopping motion between
metals within the crystallographic ab plane, indicating that the
dynamics of CO, within Mg,(dobdc) were likely more complex
than originally expected (Figure 4).1%8]

Since these studies of CO, adsorption in Mg,(dobdc), sev-
eral combined experimental and theoretical approaches have
been taken to identify the host-guest interactions that lead
to significant differences in isosteric heats among all of the
metal-substituted analogs in the M,(dobdc) series.>*% Among
those members, isosteric heats of adsorption (Figure 3) follow
a trend (Mg > Ni > Co > Fe > Mn > Zn >Cu) that unexpectedly
does not correlate with the ionic radii.l®®! A recent study by Yu
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Figure 4. Ball and stick model of Mg,(dobdc) with CO, adsorbed at
the open metal site, as determined by NPD. The arrows represent the
CO,-hopping mechanism proposed by molecular simulations used to
interpret NMR data. The higher-magnification view represents the fixed
rotation angle, 6. The green, red, and grey spheres represent Mg, O, and
C, respectively.

et al.b¥ gives an explanation for the observed trend through
a description of nuclear screening effects by M?* d-orbitals.
Their first-principles study reveals that the relative strength of
the electrostatic interaction is dictated by the effective charge
of the metal cation at the open coordination site where the CO,
binds. The most recent study of CO, adsorption in M,(dobdc)
additionally used diffraction experiments to unveil the site-
specific binding properties of CO, within most of the analogs.
DFT calculations accounting for vdW interactions quantita-
tively corroborate and rationalize the observations regarding
intramolecular CO, angles and trends in relative geometric
properties and heats of adsorption in the M,(dobdc)-CO,
adducts (Table 1). Huck et al.’% compared the different metals
in their performance for carbon capture and showed that for
an ideal dry flue-gas mixture, the Mg version of M,(dobdc) per-
formed optimally. However, Lin and co-workers” showed that
the presence of a trace amount of water makes Mg,(dobdc)
lose its selectivity.[®®]
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Of particular interest was the weakest CO, adsorbent,
Cu,(dobdc) (Figure 3). The structural analysis of this frame-
work resulted in a local minimum with CO, bound in a parallel
orientation with the framework wall, rather than bound to the
open metal site, a result that did not agree with the vdW-DF2
calculations. To investigate this mismatch between experiment
and theory, the nudged elastic band transition state method,/”!!
was used to assess the potential existence of a kinetic barrier
between the two structures. When no such barrier was found,
high-intensity diffraction data obtained from a synchrotron
source was assessed. The data revealed a secondary adsorp-
tion site unidentified in the lower-intensity NPD data, a direct
result of weakly bound/slightly disordered CO,. Assignment
of the secondary site resulted in stabilization of the expected
structural model proposed from DFT, with CO, adsorbed at
the open metal, and an overall improvement in the structural
refinement.[%]

Given the recent success of computational methods in the
prediction of adsorbate interactions with open metal sites, as
determined through experimental validation, recent quantum
mechanical calculations have been applied to predicting the
CO, adsorption properties of hypothetical materials within the
M;(dobdc) family. The goal is to provide experimentalists with
guidance toward synthesizing the most-useful materials. A
recent study of Poloni et al.’? utilized vdW-corrected DFT and
a local chemical bond analysis to explain trends in the binding
between CO, and open metal sites. They, and others”? sug-
gest that two yet-to-be synthesized materials, V,(dobdc) and
Ti,(dobdc), would exhibit CO, binding energies that are signifi-
cantly stronger than any of the existing analogs. They reason
their result using the electronic configuration of these two diva-
lent cations and symmetry of the metal coordination site upon
CO, binding, which give rise to empty antibonding orbitals
between the CO, and the metal cation. It is additionally worth
noting that other studies have predicted, using both DFT and
quantum-chemical methods, that V,(dobdc) could be of poten-
tial utility for the separation of N, from CH,, a particularly chal-
lenging separation, which is of critical value in natural-gas uti-
lization.”* The vanadium(II) ions have a binding energy that
is significantly increased due to m back-bonding with N, but
not with CH,. While both these theoretical efforts give a target

Table 1. Experimental and theoretical (DFT) data, comparing CO, adsorption properties of the M,(dobdc) series.?

M M--O(CO,) [A] £ 0-C-0(COy) [7] Z M-0-C(CO,) [7] —QP [ mol] —AH9 [k] mol]
Experiment Theory Experiment Theory Experiment Theory Experiment Theory
Mg 2.27(1) 2.41 178(2) 178.3 131(1) 1238 435(2) 409
Mn 25103) 257 176(3) 178.8 120(2) 122.2 31.7(1) 33.9
Fe 2.29(3) 2.62 179(3) 178.7 106(2) 120.6 33.2(1) 34,1
Co 2.23(4) 2.56 174(4) 178.7 118(2) 118.6 33.6(1) 33.8
Ni 2.29(3)9 2.52 162(3)9 178.6 117(2)9 120.1 38.6(6) 373
Cu 2.86(3) 2.87 180(2) 179.1 117(1) 112.4 22.1(2) 27.1
Zn 2.43(4) 2.84 178(6) 178.7 117(3) 114.6 26.8(1) 302

AValues reported are from ref. [69] unless otherwise specified; structural parameters from NPD data were obtained from CO, loadings ranging from 0.35 to 0.82 CO, per
MZ?* at 10 K; Y)Low-coverage CO, isosteric heats of adsorption for the M,(dobdc) analogues were calculated at a loading of 0.1 CO, per M?¥; 9Theoretical values were
calculated using 0 K DFT binding enthalpies corrected at the harmonic level for ZPE and TE contributions, at loadings of 0.167 CO, per M?*. The DFT binding energies on
which these binding enthalpy calculations are based were published in ref. [72]; 9Values were reported by Dietzel et al. in ref. [39].
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for experimentalists to synthesize, to date the reaction condi-
tions necessary for the isolation of V,(dobdc) or Ti,(dobdc) have
not been identified. This lack of success calls into question the
experimental feasibility of theoretical targets. As such, compu-
tational methods to help identify the practicality of materials
synthesis through predictions of potential reaction conditions
will be a worthwhile effort in the future.

Aside from structural properties, a strong synergy between
experiment and theory exists in the prediction of adsorp-
tion isotherms. The exceptional capacity for CO, adsorption
in Mg,(dobdc) cannot be reproduced with off-the-shelf force
fields, as they do not properly describe the CO,~metal inter-
action. However, quantum-chemical methods can be used to
fit force fields from ab initio. Dzubak et al.””! showed that by
fitting a force field from the interaction energies of a cluster
model of Mg,(dobdc) at the MP2 level of theory, adsorption iso-
therms can be computed in good agreement with experimental
data. Furthermore, by comparing the computed and experi-
mentally determined isosteric heats of adsorption, they showed
that approximately 20% of the metal sites are not accessible in
the experimental structure. This finding was recently supported
by an experimental study, which revealed, from a combination
of diffraction data and adsorption measurements, that a large
percentage of open metal sites in the M,(dobdc) series, up to
30%, are inaccessible.[”) Subsequently, Lin et al.’® developed
a scheme to fit force fields from periodic DFT (vdW-DF2 in
particular) eliminating the need to choose a cluster model. In
this work, CO, and water force fields were developed and, by
calculating mixture isotherms, they discovered that CO, uptake
drops to nearly zero even when small amounts of water are pre-
sent. Studies like these are successful if one wishes to study a
particular framework for which force fields in the literature fail;
however, challenges remain when MOFs with open metal sites
are included in screening studies of large databases. Ongoing
work in this area focuses on first identifying materials with
open metal sites, computing charges for a large database, and
improving the force fields used in screening to reliably capture
binding at the open metal site.

3.2. Hydrocarbon Separation in M,(dobdc)

Likewise, members of the M,(dobdc) family have shown signifi-
cant promise for the separation of light hydrocarbons, namely
paraffin/olefin mixtures such as ethane/ethylene and propane/
propylene.317¢ These separations, which are currently carried
out via distillation at low temperatures and high pressures, are
among the most energy consuming in the chemical industry.””)
A physical adsorbent that could permit an efficient paraffin/
olefin separation at higher temperatures could offer remarkable
energy savings.

An in situ diffraction study revealed that the high selec-
tivity of O, over N, observed in Fe,(dobdc) resulted from
m-complexation of the open iron(Il) site with oxygen, as indi-
cated by a side-on binding mechanism (Figure 2);B% this
discovery led Bloch et al.P!l to subsequently begin investi-
gating olefin/paraffin separations in this same analog. Single-
component isotherms, breakthrough experiments, and NPD
were used to determine isosteric heats and selectivities, the

Adv. Mater. 2015, 27, 5785-5796
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separation ability of binary mixtures, and the binding geom-
etries of C2 and C3 hydrocarbons, respectively. Results from
the single-component isotherms indicated a high affinity for
unsaturated hydrocarbons versus their saturated counterparts,
and NPD also revealed the expected side-on binding for acety-
lene, ethylene, and propylene (Figure 2). Breakthrough experi-
ments, carried out on equimolar mixtures of ethane/ethylene
and propane/propylene at 318 K, indeed revealed good separa-
tion performance, with greater than 99% purity (at 318 K) of
the separated components in all cases.!!

As breakthrough experiments are extremely time consuming,
Krishna and co-workers,1317¢ in parallel, developed method-
ologies to simulate the breakthrough characteristics to assess
many materials and for a variety of industrially relevant hydro-
carbon separations. The aforementioned experimental results
were first used to validate these tools to show that the simu-
lations could reproduce breakthrough experiments obtained
from Fe,(dobdc) with reasonable accuracy. Then, the tools were
subsequently applied to make quantitative comparisons with
many other competitive adsorbent materials, including both
zeolites and other MOFs with open metal sites; the studies
indicate the superiority of Fe,(dobdc) for paraffin/olefin sepa-
rations over all of those computationally analyzed. These pre-
dictive tools were additionally applied to simulate breakthrough
experiments for the iron(Il) analog in a quaternary gas mixture
including methane, ethane, ethylene, and acetylene at 318 K.
While this separation is of high importance in the purification
of natural gas, breakthrough experiments with such complex
gas mixtures are still experimentally intractable. The simula-
tion results suggest a successful separation could be carried out
(Figure 5) with three adsorbent beds packed with Fe,(dobdc).
Finally, the tools were used to assess the separation of low con-
centrations of acetylene (0.01 bar) from ethylene (1 bar), as the
former is not tolerable in ethylene-polymerization reactors. The
simulations suggest that acetylene concentrations of approxi-
mately 10 ppm could be realized at 318 K with Fe,(dobdc) as

2 2.5+
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<

CaHs

-
()]
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Figure 5. Simulated breakthrough curves for an equimolar mixture of
methane, ethane, ethylene, and acetylene at 1 bar flowing through a bed

of Fe,(dobdc) 318 K. Reproduced with permission.B'l Copyright 2012,
American Association for the Advancement of Science.
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the solid adsorbent.3!l All of these studies are prime examples
that highlight the evolution of computational tools and their
application in assessing materials properties that would other-
wise be experimentally challenging.

Since then, several other comprehensive experimental and
theoretical studies have been carried out to assess other metal-
substituted analogs of M,(dobdc).l>767879] Geier et al.”? dem-
onstrated from adsorption-isotherm data and breakthrough
experiments collected on the Mg-, Mn-, Fe-, Co-, Ni-, and Zn-
containing analogs that the highest achievable separation
selectivity for ethane/ethylene and propane/propylene could
be realized with the Fe?* and Mn?" analogs, respectively (from
318 to 358 K). In a recent study, Lee et al.l%l utilized vdW-DF2
with Hubbard U corrections to assess 140 unique systems; they
studied 10 metal-substituted M,(dobdc) analogs, both hypothet-
ical and known, and their interactions with 14 different small
molecules, including C1-C3 hydrocarbons. Compared with
experimental results, the theoretically predicted binding geom-
etries and enthalpies indicated good agreement across all the
hydrocarbon systems studied, with the exception of C3Hg, which
has more internal degrees of freedom relative to other small
molecules, making it difficult to resolve the global minimum.

To the best of our knowledge, only a few other theoretical
studies have been applied to understand small-hydrocarbon—
M,(dobdc) interactions, and those are solely focused on the Fe?*
analog. Verma et al.®% studied an 88-atom (3 Fe atoms) and a
106-atom (5 Fe atoms) cluster model using the MOG6L functional
for C1-C3 hydrocarbons. While they were able to show that
unsaturated hydrocarbons adsorb more strongly to open metal
sites than saturated analogs and accurately predict the trend
observed in the experimentally determined binding enthalpies
(C,H, > C,H, > C3Hg > C3Hg > C,Hy > CH,), the calculated
enthalpies overestimated the experimental values by 8.4 to
20.9 k] mol!. Furthermore, the binding energy was decom-
posed and the damped dispersion term was shown to correlate
with the bonding trends observed, with the exception of acety-
lene. Additionally, Kim et al.B!l used first-principles calculations
to determine the orbital interactions between the open metal
site and C1-C3 hydrocarbons, allowing them to directly assess
the olefin/paraffin separation ability in Fe,(dobdc). Their peri-
odic DFT calculations were equipped to fully describe both inter-
molecular interactions and magnetic ordering from the host
lattice. They found that the highest occupied molecular orbital
(HOMO) of the paraffin only weakly interacts with iron(II)
without back-donation, implying that the separation is predomi-
nately facilitated by the well-known n-interaction of the olefins.
However, intermolecular interactions and magnetic ordering of
the host lattice have also shown to make a significant contribu-
tion to the binding energy, 2-28% and 6-8% respectively.’!]

It is clear from the aforementioned results that many com-
putational methodologies have been used to assess hydro-
carbon interactions in this extensive family of MOFs; however,
it is worth noting that the comprehensive experimental study
presented by Geier et al.’% also shows that methods of sample
preparation and activation greatly influence materials perfor-
mance. As such, we again reiterate that experimental efforts
focused on maximizing the sample quality are an essential
component when trying to draw direct correlations between
experimental and theoretical results.
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3.3. Small-Molecule Activation and Conversion in M,(dobdc)

While most of this article has focused on gas separation, which
is reliant on weaker, electrostatic-type interactions between
open metal sites and adsorbates, open metal coordination sites
also offer an opportunity for charge transfer on the pore sur-
face, making the line between gas separation and chemical con-
version on some occasions a bit obscure. This was highlighted
in a recent study of O,/N, adsorption in Fe,(dobdc).*% While
it was determined that the material was highly selective for
O, over N,, it undergoes a crossover from a physisorption to a
chemisorption regime (above 225 K), rendering the O, adsorp-
tion process irreversible. It was found that the framework
undergoes oxidation to form Fe** and a surface-bound per-
oxide species, as determined by a signiﬁcant elongation in the
0-0 distance from 1.25(1) to 1.6(1) A.?% Maximoff and Smit®
explained these observations in terms of charge-transfer-medi-
ated adsorption of electron-acceptor oxygen molecules in the
MOF, which is driven by quasi-1D metal-insulator—metal tran-
sitions that localize or delocalize the quasi-1D electrons.

This study and many others32#3-38 have bolstered interest
in developing new MOF platforms that offer catalytically active
sites for the conversion of small molecules into value-added
chemicals, a task that offers a strong economic and environ-
mental payoff. MOFs offer many attractive features as heteroge-
neous catalysts, which include well-defined and isolated active
sites that potentially prevent unwanted side reactions, crystal-
line lattices that are conducive to understanding structure—
property relationships, and size, shape, and chemical exclusion
that can make reactivity and product formation selective. One
recent example in the literature shows a comparative study
between Mg,(dobdc) and Ni,(dobdc) for the gas-phase oligo-
merization of propylene into longer-chain hydrocarbons (at
453 K and 5 bar), a study relevant to the production of liquid
fuels and detergents. While the Mg?" analog was found to be
inactive, the Ni?* derivative showed not only a relatively good
reactivity compared with Ni?"-exchanged aluminosilicates but
also a significantly higher selectivity for the production of linear
over branched chain oligomers. The increase in selectivity is
likely related to steric effects that result from active Ni?* sites
embedded in the MOF wall.[®8]

While it is possible, in principle, to rationally design the active
site and control its surrounding environment with an unparal-
leled degree of precision, MOFs also have several limitations
related to their stability and, as a result, long term cyclability.®!
With few tandem experimental and theoretical studies, there
is currently a lot of room for strong partnerships, particularly
related to targeted design of materials with predefined function,
identifying reaction mechanisms or short-lived reaction interme-
diates, and understanding mechanical, chemical, and thermal
stability of materials in various application relevant environ-
ments. While it is not our goal to review heterogeneous catalysis
in MOFs, as that has been done elsewhere,*3 we will briefly
highlight a couple of tandem studies involving M,(dobdc).

Efficient catalysts that can aid in the activation C-H bonds
could help to transform the chemical industry by allowing
the conversion of cheap, abundant alkanes into other valuable
organic compounds. Currently, activation is readily carried out in
nature by metalloenzymes, but mimicking this reactivity is quite
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Figure 6. Ball and stick model of Fey Mg o(dobdc)¥l showing ethane
conversion to ethanol after framework oxidation with N,0O, which likely
forms a transient Fe(IV)-oxo. The green, orange, grey, red, dark blue, and
light blue spheres are Mg, Fe, C, O, N, and D, respectively.

difficult in synthetic systems that do not have the protective pro-
tein superstructure, making reactive iron(IV)-oxo sites suscep-
tible to decomposition. A recent study by Xiao et al.® showed
the conversion of ethane to ethanol with N,O oxidation of
Fe,(dobdc) (Figure 6). NPD was first used to unveil the binding
mechanism of N,O at low temperatures where the coordination
is reversible. It revealed the Fe’*~N,0 adduct has mixed n'-O
and n'-N coordination, with distances of 2.42(3) A and 2.39(3) A
from the metal, respectively. This was further validated by DFT
studies with the M06 functional, which also showed that n'-O is
favored over 17!-N by only 1.1 k] mol™!, further supporting the
observation of mixed coordination. When heating the N,0O-dosed
framework to 348 K, there is an irreversible transformation to
Fe,(OH),(dobdc) with an Fe-OH distance of 1.91(1) A, a value
that was further corroborated both by extended X-ray absorption
fine structure (EXAFS) measurements and periodic DFT calcu-
lations. When the framework is heated in mixtures of N,O, Ar,
and ethane, the reaction yields various ethane-derived products.
The authors proposed that a short-lived iron(IV)-oxo is the active
species; however, they were unable to capture this using these
standard characterization methods as it quickly decomposes to
an iron(IIl)-containing material, Fe,(OH),(dobdc). Electronic-
structure calculations via periodic DFT (PBE+U) and a cluster
model at the M06/MOGL level of theory were used to characterize
the active site. Both methods predict the existence of a quintet
ground state with a short Fe—O bond distance of 1.64 A, a value
consistent with previously characterized iron(IV)-oxo species.**l
It should be additionally noted that the authors synthesized
a material that was diluted with Fe?*, Fe,;Mg; o(dobdc), in the
hope of separating the reactive sites and inhibiting other side
reactions. Indeed, this yielded the exclusive formation of ethanol
and acetaldehyde (in a 10:1 ratio).

To the best of our knowledge, other combined theoretical and
experimental studies focused on small-molecule activation and
conversion in the M,(dobdc) compounds appear to be limited to a
recent study of Tan et al.’® that investigates the water dissociation
mechanism on the surface of several M,(dobdc) analogs. This
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understanding is very difficult in many materials, such as
nanocrystals, that rely on surface defects as active sites, making
the process much less straightforward to characterize; however,
MOFs, particularly the system of interest, offer a nice means to
study water dissociation on open metal sites with easy structural
characterization. In this study, the authors used a combination of
in situ IR spectroscopy with first-principles calculations to charac-
terize the materials. They found a dissociation of D,0O at tempera-
tures above 423 K, as determined by the appearance of an absorp-
tion band at 970 cm™!. DFT calculations indicate the O-D bend
is attributed to that of a D atom attached to the phenolate linker,
while the (OD)~ binds to the metal. It was suggested that the
reactivity of the metal-substituted frameworks has the following
trend: Zn> Mg > Ni > Co, as determined by the intensity of the
absorption bands for each material under the same conditions;
however, the authors make no assessment of sample quality nor
the number of open metal sites likely available in the materials,
which has proven important in many previous studies.*’!

4, Characterization of MOFs

4.1. Experimental Approaches, Limitations, and the
Need for Theory

Since the discovery of the first MOF with open metal sites,
Zn(bdc) (bdc = 1,4 benzenedicarboxylate),® synthetic efforts
based on multiple strategies have led to the generation of many
materials that contain open metal sites. These approaches
include the incorporation of metalloligands!®’% and syntheses
where metal clusters containing open metal sites are used ab
initio.'%101 Tn other cases, serendipity has led to the incor-
poration of solvent into a coordination site of the metal, upon
framework formation.*”l In any of these instances, activation
procedures, which are typically carried out with a combination
of vacuum and heat, are necessary to liberate solvent molecules
from the metals for subsequent in situ characterization of
adsorption properties.

For most in situ measurements, customized cells are inte-
grated with gas-dosing manifolds that deliver predefined
amounts of adsorbate to materials that are then cooled or heated
in situ to the temperature regime of interest. For example, for
measurements meant to unveil static structural properties,
low temperatures less than 100 K are typically used, while for
spectroscopic measurements, used to observe phenomena such
as diffusion, much higher temperatures are often required to
activate dynamic modes.[”] Much recent effort has also been
put into studying materials in more-application-relevant envi-
ronments, such as high pressures and temperatures that are
required for many gas-storage and separation applications;
these studies are focused on unveiling information related to
framework flexibility and mechanical stability.19%

With most practical applications of MOFs reliant on specific
interactions with small guest molecules, understanding these
interactions is a necessity to interpret the properties of existing
frameworks, and in turn, inform the design of new and improved
MOFs with desired function. The crystalline nature of these
materials gives rise to a non-homogeneous potential-energy
landscape that dictates how incoming guest species arrange
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themselves on the framework surface. As such, in situ diffrac-
tion techniques are the most-direct way to characterize static
host—guest interactions, and are particularly powerful when
paired with adsorption measurements. Diffraction can reveal, for
example, the location and orientation of static guest molecules,
relative differences in binding energies between sites, the nature
of binding interactions, and the framework response to various
stimuli, such as pressure and temperature.

While in situ structural characterization of MOFs has
become relatively common, there are inherent limitations in
this approach. For instance, position- and time-averaged diffrac-
tion experiments can be limited by static or dynamic disorder,
making it difficult to elucidate, on some occasions, the fine struc-
tural detail associated with important bond angles and distances.
These problems can become even more significant with varia-
tions in sample handling and low crystalline quality, as previously
discussed. Recent theoretical work suggests that inconsistencies
of the crystal-structure inputs obtained from experimentally
determined diffraction data can greatly influence the results of
molecular simulation studies;?® Dzubak et al.”®! report Grand
Canonical Monte Carlo (GCMC) simulations of CO, adsorption
isotherms from several experimentally determined structures of
M, (dobdc). It was found that the predicted adsorption isotherms
obtained from the experimental data deviated greatly from the
experimental isotherm, while those obtained from the DFT-
optimized structures showed good agreement.”! It was hypoth-
esized that the lack of agreement was the result of variations in
the lattice parameters from the as-prepared samples, highlighting
the sensitivity of these calculations to atomic structure.’>103]

A wide range of in situ spectroscopic methodologies such as IR
and Raman,[1%1%] inelastic neutron scattering (INS),[1%/ NMR,[¢7]
and others!'7-1% are highly sensitive to molecular interactions
in porous media, and they have been used to successfully char-
acterize various guest-framework interactions. While many of
these techniques directly probe small-molecule dynamics related
to rotations, vibrations, and diffusion, the resulting spectra can
also be used to extract binding configurations, binding enthal-
pies, and even loading levels. While we do not intend to review
all of these techniques individually, as they have been thoroughly
covered elsewhere,[104109-113] we would like to
point out that there are limitations related to
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theoretical study of Nijem et al.,['' who studied H, adsorption
in the M,(dbodc) series. They found that high H, loadings in
Mg,(dobdc) resulted in a counterintuitive decrease in IR inten-
sity due to a decrease in the effective charge of H, at the open
metal site. While these tools are widely accepted as a means to
assess host—guest interactions, interpretation of the data should
proceed with caution and, when relevant, theory that is capable
of incorporating vdW interactions should be used as a tool to
help interpret the data.

In many instances, computational tools have proven neces-
sary for the interpretation of spectra. This was highlighted by
the work of Lin et al.l’®® wherein molecular simulations were
used for the first time to reproduce CSA powder patterns of 13C
NMR, work that was proven to be essential for the interpreta-
tion of diffusive motions of CO, in Mg,(dobdc). More recently,
near edge X-ray absorption fine structure (NEXAFES), an ele-
ment-specific technique, was used to probe the Mg K-edge in
the activated Mg,(dobdc), and then with DMF and CO,, bound
to the open metal site. Spectra, simulated using a DFT-based
protocol and compared with the experimental spectra, proved
essential in understanding the variations in the local electronic
environment around the open metal site with adsorption.'?’]

4.2. Computational Approaches, Limitations, and Comparison
with Experiment

In the study of the adsorption properties of MOFs, there are
many opportunities to draw comparisons between experiment
and theory. DFT can be used to optimize structures, predict
binding energies, and compute spectroscopic properties com-
parable with diffraction data, isosteric heats derived from
adsorption measurements, and experimental spectra. On the
other hand, molecular simulations such as Grand Canonical
Monte Carlo (GCMC) are used to simulate single- or mixed-
component adsorption isotherms, the Henry coefficient, and
the heat of adsorption, while molecular-dynamics simulations
are used to obtain diffusion coefficients (Figure 7). The devel-
opment of a computational toolbox for characterization is not

data interpretation that can be significantly
aided by theoretical investigations.'1

MOF Structure » Choose a » Test the Force Field Molecular
(DFT optimization) Force Field (Improve if needed) Simulations

Information pertaining to small-molecule
interactions is often extracted from line
shifts, widths, and/ or intensities. There
are false assumptions throughout the litera-
ture that correlate line shifts in IR, Raman,
and INS spectra with adsorption energy;
this is often not the case as peak positions
are extremely sensitive to the coordina-
tion environment around the open metal
site.10410615] n addition, integrated peak
intensities are often assumed to be associated
with the loading level;* however, in sys-
tems where increased loading results in addi-
tional intermolecular interactions, this cor-
relation does not always hold true. This was
highlighted by a combined experimental and
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Figure 7. Steps required to obtain a reliable calculated adsorption isotherm: i) determine struc-
ture of the activated MOF; ii) choose the guest geometry and force field (e.g., all atom or
united atom force field); iii) test the force-field performance and determine if any corrections
or development are needed; iv) perform molecular simulation.
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only meant to aid in small-scale experimental endeavors like
understanding host—guest interactions in families of MOFs
as presented here, but is also ultimately meant to be applied
to large-scale computational screening of databases derived
from both experimental and hypothetical materials. From an
experimental perspective, while the synthesis of large numbers
of frameworks in a high-throughput manner is already time
intensive, large-scale experimental screening of materials prop-
erties is still non-existent.

For any calculation, computationally ready structure files,
either derived from diffraction data or structure simulations,
are first required. It should be noted that experimentally deter-
mined structures must first be corrected, so they are devoid
of missing protons, adjusted for solvent, or partially occupied
or disordered atoms. With this purpose in mind, the Compu-
tationally Ready, Experimental (CoRE) MOF database, which
contains ca. 5000 structures that have been deemed “compu-
tationally ready” was created.?! A hypothetical framework can
also be generated either by modifying an existing experimental
structure (e.g., ligand functionalization or metal substitution)
or through the use of an MOF-building algorithm."'7118 Gen-
erally, both experimental structures and those generated via
assembling building blocks should be optimized by either
molecular mechanics or electronic-structure calculations prior
to their use. Due to the large size of the unit cells of MOFs,
DFT seems to be the only viable quantum-mechanical (QM)
method to study MOFs across their diverse chemistries. While
the accuracy of DFT always depends on the functional, the gen-
eralized gradient approximations (GGAs) are typically in good
agreement with experiment. For example, the M,(dobdc) series
(M = Mg, Mn, Fe, Co, Ni, Cu, and Zn) optimized with PBE+U
resulted in mean absolute errors (MAEs) in the metal-oxygen
bonds ranging from 0.9-2.1% and lattice constants in good
agreement with experiment.l®! Finally, we should note that the
current efforts in generating hypothetical structures have many
limitations. For example, trade-offs in computational costs
between evaluating structures for synthetic accessibility and
exploring additional degrees of structural freedom make it dif-
ficult to develop a high-throughput algorithm that still yields an
accurate, yet exhaustive list of predicted structures.'’]

A significant challenge in DFT is related to the develop-
ment of functionals that are able to account for the contribu-
tion that dispersion forces have on adsorbate-adsorbent inter-
actions.['20121] The local density approximation (LDA) or GGA
exchange correlation functionals do not accurately account
for dispersion forces, causing an overestimation or underesti-
mation of the interaction energies, respectively. As such, sev-
eral approaches have been taken to include dispersion within
the DFT formalism, including the semi-empirical correction
approaches developed by Grimme (DFT-D2 or DFT-D3)[122123]
and the nonlocal vdW-DF functionals.'?#125] The vdW-DF2[!24
functional, among the best-performing vdW-DF functionals,
slightly overestimates distances between adsorbed guest spe-
cies and the metal site; however, the binding energies are gen-
erally in good agreement with experiment. More-extravagant
methods include several high-level corrections to the DFT ener-
gies, but these methods require system-specific correction fac-
tors and are not transferable from one MOF system to another.
Additionally, meta-GGAs like the Minnesota functionals!!?®!
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have been shown to account for dispersion to some extent
(see a recent review on vdW forces in DFT!'?’]). Furthermore,
MOFs that contain metals with unpaired d electrons located
on the metal center require the use of Hubbard U corrections
to properly describe the electronic structure when employing
periodic DFT and a plane-wave basis.'?!l In open metal sites,
this correction is required to properly predict the spin ground
state and improve the energetics of the d band. If either is not
correct, the interaction with the open metal site and the guest
will not be accurate. While these QM methods have not been
used in a truly high-throughput manner for screening mate-
rials, they have been applied to families of materials to under-
stand, for example, how metal substitution affects adsorption
properties.[©]

For molecular simulations, a classical force field that prop-
erly describes the host-guest and guest—guest interactions
must be chosen. For other classes of porous materials (e.g.,
zeolites and the isoreticular MOF series), well-established
force fields in the literature have been shown to perform well.
However, for the strong interactions in MOFs with open metal
sites, off-the-shelf force fields fail to describe the guest-open
metal site interactions, underestimate the binding strength,
and result in an adsorption isotherm that is in poor agreement
with the experiment (Figure 7).7%%] Two approaches have
been used to develop force fields for open metal site MOFs.
One approach is to employ a standard force field but scale the
partial charges or empirically refit the vdW parameters in order
to obtain good agreement with a set of experimental data.*3
However, this approach requires accurate experimental data
and, while the adsorption isotherm or heat of adsorption may
be well reproduced, it does not guarantee that the physics of the
system are properly described. In other cases, force fields are
fit to quantum-chemical calculations.[?67>131-136] This approach
does not require any input from experiment, but does require a
significant amount of work. The choice of the level of theory for
the QM calculation, to use a cluster model or periodic approach,
the charge model, and the functional form of the force field are
all essential choices one must make (see recent review by Yang
et al.'¥”! for more details).

GCMC simulations have been used successfully not only
to study specific MOFs, but also to perform high-throughput
screening!'3”) of MOF databases (see recent reviews).l?) MOFs
with open metal sites are particularly challenging for these
types of studies. Not only is it challenging to identify which
of the MOFs in the database contain open metal sites without
visually inspecting each MOF, one must decide if the force
field being used in the screening is able to treat that metal site
appropriately. Due to the large number of MOFs included in a
screening study, a new force field cannot be developed for each
material, and ongoing work in this field is focused on these
types of problems.

5. Future Outlook

Though progress has been made in cooperative advancement
of both theory and experiment in understanding MOF-small-
molecule interactions, the rate at which materials are symbi-
otically being discovered, characterized, and actively utilized
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remains slow. One challenge is the difficulty of developing
synthetic pathways toward a specific structure containing
the desired building blocks. Even when a new MOF is suc-
cessfully synthesized, there are few guarantees, aside from
chemical intuition and empirical trends, that it can be used
for the application motivating its development. Hence, a
genomic approach to MOF design/?*?* would enable scien-
tists to screen many hypothetical structures, identify those
with the highest potential for a specific application, and pro-
pose possible synthetic conditions to expedite the discovery
process. Alongside the computational frameworks utilizing
high-level theory, computational tools, such as Zeo++,138 are
being developed to further bridge the gap between theoretical
prediction and experimental synthesis, by integrating high-
throughput exploration of materials space. Some of the chal-
lenges to be addressed in the near future are better control
of the diversity and biases in the libraries being generated,
and better assessment of synthetic feasibility during the enu-
meration process. Such algorithms have been published for
zeolites, 139140 and similar tools need to be developed to cap-
ture the structure and pore diversity of MOFs. Similarly, data
mining and machine-learning approaches!'1*2l will require
more MOF-focused classifiers, including structure and pore
geometry, to correlate available simulation and experimental
data with possible applications. Hence, tools that do not uti-
lize intensive QM calculations are offering valuable infor-
mation, even if it’s just pore geometry and species-specific
accessible void space, toward guiding the discovery and appli-
cation of MOFs.

These tools, along with high throughput screening with QM
and GCMC methods, will push past the era of largely seren-
dipitous MOF discoveries!'*} and allow for engineered porous
media for solving specific problems. Despite the successes that
have been demonstrated in M,(dobdc), transferring that suc-
cess to other materials of interest and executing the “genomic
approach’ remains challenging. Computational tools are still
uncertain as to the limits of valid MOF structures. Regardless,
the MOF field continues to be a rapidly growing field for both
experimental and theoretical work due to the cooperative efforts
that push both to grow together.
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