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ABSTRACT: The nature and magnitude of effects of residual
solvent on gas uptake and selectivity in metal−organic frameworks
(MOFs) have been systematically studied using high-throughput
Monte Carlo simulations in the Grand Canonical ensemble. We
focus on the uptake and separation of the essential CO2 and CH4
gases, which are pertinent to biogas upgrading and other common
industrial processes and represent distinct types of interaction with
the host MOF structures. We demonstrate that in circumstances
where the residual solvent has a significant effect, CO2 uptake and
selectivity in a curated data set of MOFs are likely to be affected
negatively by its presence, while CH4 uptake may be affected either
positively or negatively with a preference for positive effects. Both
negative and positive residual solvent effects become greater at a higher pressure. Chemical, physical, and geometrical origins of the
residual solvent effect have also been discussed. The relationship between various geometrical properties of MOFs and the extent of
the residual solvent effect has been assessed, showing the greatest impact on MOFs with a pore diameter of around 5 Å. These
results inform whether the presence of residual solvent is likely to be useful or detrimental in a MOF for a given application.

■ INTRODUCTION
Adsorption in porous materials provides an attractive route to
efficient gas storage and separation, which are central to several
industrial and environmental processes. These processes
include safe and efficient delivery of next-generation
methane1,2 and hydrogen3,4 fuels, capture and sequestration
of greenhouse gases including CO2,

5,6 and separation of CO2
and CH4 for biogas upgrading,

7,8 among many others. Metal−
organic frameworks (MOFs) stand out as candidate materials
which can be readily tuned to gas sorption requirements due to
the modular nature of their assembly permitting high internal
volume and surface area and a vast range of possible structures
and compositions.9,10 However, the presence of defects or
disorder in MOFs may have significant impact, either positive
or negative, on gas sorption performance.11

The presence of residual solvent molecules is a pertinent
example of disorder, which may impact sorption properties. It
is very common for the residual synthesis solvent to remain
within the MOF pores (and consequently to be included in
published structural information files). Experimental gas
uptake studies are routinely preceded by evacuation processes
aimed at solvent removal, and the effect of solvent is not
regularly assessed in depth, although the impacts of incomplete
or unsuccessful desolvation can be significant. Erhart et al.12

observed this, describing the effects of the desolvation process
on geometrical properties. Turning to sorption behavior, Konik
et al.13 observed reduction in CO2 and CH4 uptake in two
MOFs in the presence of coordinated amide solvents, noting

particular effects of the nature of the solvent. Ethiraj et al.14

examined the effect of the degree of desolvation in MOF-76-
Ce on CO2/N2 separation. A fully desolvated form of the MOF
displayed a higher total uptake, while a partially desolvated
structure displayed higher selectivity, thus confirming the well-
known trade-off relationship between selectivity and up-
take15,16 and indicating that the influence of the solvent
molecules can be positive or negative depending on the desired
outcome.
In computational studies, evacuation is commonly per-

formed by algorithmic removal of free and coordinating
solvent molecules,10,17 so that solvent effects are also likely to
be overlooked, though where studied their potential to impact
gas sorption processes has been clear. A study by Haldoupis et
al.18 involved developing optimal computational models for
CO2 adsorption in a small group of MOFs through tuning
force-field parameters and adjusting the degree of solvation in
the structures with water and methanol solvents. It concluded
that the residual solvent molecules were likely to influence gas
sorption in MOFs while commonly being overlooked. Up to
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around 30% of metal centers in the group of MOFs could not
be detected based on surface area. The effects of the solvents
on uptake events were also analyzed. While both solvents
reduced total CO2 loading due to free volume effects, the
presence of water molecules led to an increase in the heat of
adsorption of CO2, while the presence of methanol led to a
decrease.
In later work, Altintas et al.19 compared CH4 and H2 uptake

at 1 bar in pairs of structures representing the same MOF but
taken from two different common MOF databases.10,20

Different algorithms for solvent removal used in these
databases account for a substantial proportion of the
differences: of the 387 MOFs whose gas uptake properties
differed between the two databases, the differences in 116 were
defined by the presence of the bound solvent. That is, the
MOF structure was given in solvated form in one database and
in desolvated form in another. Comparing uptake in the
solvated and desolvated forms of MOFs was not the primary
purpose of the Altintas et al. study,19 but it is possible to make
this comparison using their data. For example, for CH4 uptake,
higher loading in the desolvated form (solvent has a negative
effect on loading) is rather common, but instances where
loading is higher for the solvated form (solvent has a positive
effect on loading) are also observed (Figure S1 of the
Supporting Information). Similarly, while not directly consid-
ering solvent effect on uptake, Nazarian et al.21 made an
instructive comparison of MOF structures optimized by
density functional theory (DFT) and the structures taken
directly from the Computation Ready Experimental (CoRE)
MOF database,

20 where they had been deposited following
crystallographic structure determination and algorithmic
cleaning procedures, but not structural optimization. The
results of the study by Nazarian et al.21 showed that MOFs
from which solvent had been stripped were more likely to
experience a change in sorption behavior following structural
optimization, thus highlighting the geometric effects of residual
solvent.
The 2019 release of the CoRE MOF database17 includes

systematic consideration of solvent effects. In the database, as
in this work, distinction is made between bound solvent, which
is directly associated with an otherwise undercoordinated
metal site, and free solvent, which interacts only weakly with

the framework. Two forms of each MOF are published: an all-
solvent removed form (henceforth referred to as the desolvated
form), which underwent the full desolvation procedure, and a
free-solvent removed form (referred to here as the solvated
form), in which the solvent identified as bound remained, and
only the free solvent was stripped. The published database
containing both forms was used in a high-throughput
computational study of Xe and Kr uptake properties, which
sought Xe-selective MOFs. It was observed that in some cases,
solvent blocked favorable Xe binding sites leading to reduced
uptake and selectivity. In other cases, the presence of solvent
helped to provide conditions conducive to Xe uptake.17

Later, Velioglu and Keskin22 additionally measured solvent
effect on processes relevant to CO2 adsorption in a small
selection of MOFs taken from the CoRE MOF database17 and
Cambridge Structural Database (CSD)23 MOF subset.10

Solvent presence was found to generally hinder the CO2
uptake processes. This observation is of high relevance to
several applications of MOFs, though it has not until now been
studied on a high-throughput scale. For the CO2 uptake
process that was the focus of the study,22 positive solvent
effects were not observed by Velioglu and Keskin. Removal of
solvent in computational CO2 sorption studies as a matter of
course was advised. We note, however, the notable previously
mentioned studies of both computational and experimental
nature,11,14,17 which have indicated that negative effects are not
exclusively observed for every process and that positive effects
of solvent can also be seen.
These valuable observations of significant positive and

negative impacts of solvent on gas uptake in MOFs prompt the
current study, which is aimed at a greater understanding of the
conditions under which elimination of residual solvent is of
particular importance and those under which solvent presence
should be promoted. In this work, we use high-throughput
Monte Carlo simulations in the Grand Canonical ensemble
(GCMC) to assess the effect of solvent on selected gas
sorption processes. We focus on the uptake and separation of
the essential gases CO2 and CH4, which also represent distinct
types of interaction with the host MOF structures. Methane,
the simple nonpolar hydrocarbon, is commonly modeled with
no partial atomic charges, while CO2 possesses a quadrupole
moment and significant partial charges. Host structures in both

Figure 1. Histograms illustrating the abundance of metals (a) and solvents (b) in the curated data set of 225 MOFs.
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the solvated and desolvated forms are taken from the 2019
CoRE MOF database.17 We define solvent effect as the
difference between the uptake in the desolvated and solvated
forms of MOFs and establish relationships among solvent
effect, the identity of the guest gas, and a number of
geometrical properties available as part of the CoRE database.
We also consider the impact of external pressure on the solvent
effect.

■ METHODS
In any high-throughput screening study of MOFs taken directly from
a database, consideration of the viability of the structures used is
critical. The persistence of unfeasible structures in published
databases is gaining attention as a clear limitation of the studies of
this nature.19,22,24−27 Problems are reflected in crystallographic
information files (cifs) as a result of issues with experimental
crystallographic structure determination and/or with computational
cleaning and postprocessing of files. Common symptoms include
missing hydrogen atoms, overlapping atoms, and stripping of integral
parts of structures by overly zealous solvent removal algorithms.
Oxidation state counting has previously been used as an efficient and
effective way to detect problematic reported structures, which imply
unviable or highly unlikely oxidation states.26

Here, a robust data curation procedure based on a number of
criteria8,26,28 and described in the Supporting Information, was
applied to the CoRE database, and as a result, several problematic
structures were eliminated. Following the curation procedure, a total
of 225 out of 5,928 MOFs (450 out of 11,856 structures in total, in
both solvated and desolvated form) remained, which (i) possess
desolvated structures different from their solvated form, (ii) were not
identified as unviable structures in either form, (iii) possess
geometries in both forms which indicate the possibility of admitting
CO2 and CH4 molecules, with some leeway for flexibility,

29,30 and (iv)
had reasonable partial charges successfully assigned to their atoms
using charge equilibration.31 Among these 225 MOFs, 24 different
metal atoms make up the metal centers. In most cases, there is only
one type of metal in a given MOF, but in a handful of cases, there are
two. The abundance of each of the 24 metals in the data set is shown
in Figure 1a, indicating that the most abundant metal is Co, which
appears in 37 structures, followed by Cu with 24 appearances and Mn
with 22.
A MOF in the solvated subset differs from its equivalent in the

desolvated subset in the presence of one or more solvent molecules.
The solvent molecules that are present in the solvated subset but not
in the desolvated subset were identified using a modified version of a
solvent stripping python script available in the literature.10 The
abundance of each of the solvents in the data set is shown in Figure
1b, indicating that water is by far the most abundant solvent. The
script identifies solvent molecules based on comparison of MOF
fragments to a list of known solvents; however, some solvents (labeled
as “Unidentified” in Figure 1b) were not present in the list utilized by
the script.
With the curated data set identified, computational predictions for

uptake of both CH4 and CO2 at 298 K in the solvated and the
desolvated form of each MOF were calculated using GCMC
simulations with the RASPA software package.32 With CH4 and
CO2 uptake and separation being relevant in multiple contexts to
several important industrial processes, there are sets of conditions
relevant to their uptake and separation. The common pressure swing
adsorption separation tends to require operation at high pressures
above 10 bar,33 while other common separation processes such as
temperature swing adsorption can be carried out at lower pressures
close to or below 1 bar.33,34 Meanwhile, the sources of CH4 and CO2
exist with a range of gas compositions. The biogas stream which is an
important source of biomethane is composed of CH4, CO2, and trace
gases, and the CH4 and CO2 compositions vary between around 50−
65% and 35−50%, respectively.7,8,35 Gas uptake in this work was
calculated at 0.1 and 1 bar for both pure single-component gases and
a binary 50/50 CH4/CO2 gas mixture. These conditions are selected

to be appropriate for an exploratory study, which falls within relevant
and readily interpretable ranges. The CO2 selectivity, SCO /CH2 4

, was
also calculated from the binary mixture results, and is defined as

=S
q y

q yCO /CH
CO CH

CH CO
2 4

2 4

4 2 (1)

where qi is the loading of component i in the adsorbed phase and yi is
the mole fraction of component i in the gas phase. Host MOFs were
taken to be rigid, with solvent molecules treated as part of the rigid
structure. Host−guest and guest−guest van der Waals and, in the case
of CO2, Coulomb interactions were computed. The van der Waals
interactions were modeled using Lennard-Jones parameters taken
from the Transferable Potentials for Phase Equilibria (TraPPE)
formalism36,37 for guest gases and from the Universal Force Field
(UFF)38 for the host structures (including bound solvent molecules).
In the high-throughput spirit of this work, standard UFF parameters
were used for all of the framework atoms. This includes cases in which
adjustments to parameters can improve representations, such as metal
centers and, in solvated cases, for the hydrogen atoms of bound water
solvent. In line with the TraPPE representations, CH4 was
represented as a single-site united atom, and CO2 using three sites,
each with a partial charge. The partial charges of framework atoms
and, for solvated MOFs, also of the solvent atoms were calculated
using the extended charge equilibration method, which, along with
related Qeq methods, provides a reasonable compromise between the
speed of charge evaluation and its accuracy, as shown in several high-
throughput studies.8,15,27,39 The method was used within the RASPA
software package32 and was applied with Ewald summation and a
cutoff of 10−6. For the Monte Carlo simulations, 15,000 equilibration
cycles and 15,000 production cycles were used, with a Monte Carlo
cycle consisting of N trial moves, where N is the number of molecules
in the system if the system contains 20 or more molecules or 20 if the
system contains fewer than 20 molecules. The trial moves translation,
rotation, insertion, deletion, and, for the binary mixture case, identity
change were available for selection.
The UFF is not specifically tuned to individual kinds of chemical

environments and is likely to underestimate the interactions between
guest gases and open metal sites (OMSs), yet it gives a physically
reasonable representation of framework atoms across the periodic
table, a necessary requirement for high-throughput studies. On a small
computational scale, it is possible to tune the parameters for specific
chemical environments, as shown successfully by Haldoupis et al.18

for a small family of M-MOF-74 structures. However, the corrected
parameters fitted to systems of a particular type are unlikely to
translate accurately to other systems, even to those containing the
same metal center. This task would not be feasible on the scale of
hundreds of MOFs used in this work. All interactions must therefore
be treated with standard parameters as a compromise between the
accuracy and cost. The adopted computational setup, although
necessarily limited by the computational cost requirements associated
with studying large numbers of MOF structures, has previously
functioned well in high-throughput modeling of gas uptake in diverse
MOF frameworks.8,17,19,27

Similarly, development of new parameters for solvent molecules, or
indeed the unique application of particular parameters to all atoms of
a MOF designated as “solvent”, would be impractical for a high-
throughput study. Although solvent molecules may be more labile
than other MOF atoms, their movement is severely restricted,
justifying their representation as rigid.18 Similar setups have been used
in the previous studies which have made explicit consideration of
solvent effects.17,22 To investigate further the nature of interactions
relating to residual solvent and gas guest molecules, we carried out
DFT calculations on small model systems representing solvated and
desolvated metal centers (see the section “Density Functional Theory
Investigation of Binding Energy to Solvated and Desolvated Metal
Centers” of the Supporting Information). The DFT results provide
further justification of the selected methodology.
Solvent Effects on Gas Uptake. For both the solvated and the

desolvated forms of MOFs in the curated data set, uptake of CH4 and
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CO2 was determined in the single component and the binary mixture
case at 298 K and both 0.1 and 1 bar. From the binary mixture results,
the CO2 selectivity was additionally calculated. A comparison of
solvated and desolvated uptake and selectivity is aided by plotting
solvated values against their desolvated counterparts. This is shown in
Figure 2 (single component) and Figure 3 (binary mixture), which
display a range of solvated and desolvated gas uptakes and in Figure 3
selectivity values, at both pressures. The figures show, in general,
higher uptake of CO2 than that of CH4. The line y = x is included in
each plot in Figures 2 and 3 for guidance as points that lie close to the
line y = x correspond to MOFs which possess similar uptake or
selectivity in the solvated and desolvated forms. For points that lie
above the line, the solvated uptake or selectivity is higher than the
desolvated uptake or selectivity, meaning that solvent has a positive
effect on the measured property. For points below the line, the reverse
is true: solvated uptake or selectivity is lower than the desolvated
value, so solvent has a negative effect. To facilitate observation of the
relationship between the atomic composition and solvent effect,
points in Figures 2 and 3 are colored according to the metal center of
the MOFs, including only the ten most abundant metals for clarity.
It is useful to define a measure of the effect of solvent on the

considered MOF properties (CH4 loading, CO2 loading, and, in the
case of a binary mixture, CO2 selectivity). Throughout this work, we
use the simple metric of the difference between the values in the
solvated form and the values in the desolvated form of a MOF. A
positive loading (or selectivity) difference corresponds to a positive
effect of the solvent on loading (or selectivity). Loading and
selectivity differences may be used to quantify the number of
MOFs experiencing positive, negative, or little solvent effect under the
conditions considered. Thresholds of loading difference slightly below
and slightly above zero may be used to define the three categories of
MOFs, with those falling close to zero having a small effect. The
number of MOFs falling into each category using selected thresholds
are summarized in Table S2 of the Supporting Information. There is a

large difference in the total magnitude of CH4 and CO2 loading.
Therefore, different thresholds, ±0.01 mol kg−1 for CH4 and ±0.1
mol kg−1 for CO2, are used to distinguish the loading differences for
the two gases. The threshold value of ±5 is used for selectivity.
The definition of solvent effect based on loading difference was

selected for its relevance to useful MOF applications. Alternative
metrics may also be used, for example, the ratio of uptake in the
solvated form to that in the desolvated form. However, at very low
total uptake, the ratio may be very high even where total uptake is not
usefully large, while at higher total uptake, an increase or decrease in
loading that does not amount to a very significant ratio may be
relevant for gas sorption applications. On the other hand, representing
the threshold as the ratio of uptake in the solvated form to uptake in
the desolvated form can be useful in discussions of the nature and
origin of solvent effect. Plots similar to those in Figures 2 and 3, which
illustrate the use of ratio metrics, along with a table equivalent to
Table S2 with thresholds defined by ratio rather than difference, are
given in the Supporting Information. In these plots, solvated to
desolvated ratios of 0.9 and 1.1 (an effect of 10%) are used as
thresholds for the loading metrics, and ratios of 0.8 and 1.2 (an effect
of 20%) are used as thresholds for the selectivity metric. Possible
alternatives may additionally be used that attempt to retain ratio
information while avoiding exaggeration of solvent effect at very small
loading. For example, a weighted loading or selectivity ratio may be
employed in which the ratio is multiplied by the absolute loading.
For the single-component CH4 gas, a significant proportion of

MOF structures lie on either side of the y = x line at 0.1 and 1 bar
pressure, indicating that solvent may have either a positive or a
negative effect on adsorption. More MOFs, however, lie above the
line than below, and the points farthest from the line are on the
positive side. Although both positive and negative effects are seen, the
positive effect of solvent is more prevalent and, in some MOFs, can
have a stronger impact than that of the negative effect. This
contradicts a common and natural perception that solvent presence is

Figure 2. For 225 MOFs of the curated data set, single-component CH4 and CO2 loading in the solvated form against the desolvated form at 0.1
bar and at 1 bar pressure. Points are colored according to the identity of the metal center, with the ten most abundant metals in the data set colored
explicitly.
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always negative, blocks binding sites, and must be minimized.13,22 The
dominance of the positive solvent effect is slightly reduced as pressure
increases, at which point the total magnitude of loading increases and
the effect of volume, which is always reduced by solvent presence,
thus gains significance. In the binary mixture case, although negative
solvent effects on CH4 loading remain present, the increased
prevalence of positive effects is enhanced at both pressures as
compared to that in the single-component case. Increased CH4 uptake
with the presence of solvent is now accompanied by reduced CO2
uptake and, therefore, a reduction in the competition experienced by
CH4. Due to the rich diversity of MOFs, the chemical origins of both
positive and negative solvent effects on CH4 loading depend heavily
on the MOF structure and may relate to a number of different factors.
These include van der Waals interactions between CH4 and the host,
direct interactions with metal centers and/or ligands, and specific
geometric favorability. Chemical origins of solvent effect are discussed
in further detail in the section “Geometrical and Chemical Origins of
Solvent Effect”.
The trends in solvent effect on CH4 loading are fairly broad, with a

range of effects observed; however, there are clear outliers, which
significantly deviate from the line y = x. In particular, a group of three

MOFs has been noted for which in the 0.1 bar binary mixture case,
the solvated loading is close to 0.2 mol kg−1, but the desolvated
loading is significantly less than 0.1 mol kg−1. The same MOFs display
qualitatively similar outlying behavior in the 0.1 bar single-component
case. These MOFs have refcodes EBEXEQ, EBEXEQ01, and
BUKMUQ01, and their structures are displayed in Figure 4a−c.
The structures of EBEXEQ and EBEXEQ01, containing the Gd metal
center and ethanol solvent, are near-identical; they represent the same
MOF deposited separately in the database following separate
synthesis procedures. The presence of a solvent significantly alters
the nature of the space available within the pores of these MOFs. In
this case, the unusually high solvated loading compared to the
desolvated loading is likely related to stronger van der Waals
interactions between CH4 and the hydrocarbon part of the ethanol
solvent than that between CH4 and the Gd center. The strength of
these interactions may be affected by the ethanol solvent creating a
geometrically favorable environment for CH4 to experience multiple
simultaneous interactions. Meanwhile, in BUKMUQ01, the metal is
Zn, and the solvent is dimethylformamide (DMF). Again, it appears
that the van der Waals interactions of CH4 with the solvent are
stronger than the interactions with the exposed metal center, possibly

Figure 3. For 225 MOFs of the curated data set, CH4 and CO2 loading in the solvated form against the desolvated form for the 50/50 binary
mixture at 0.1 bar and at 1 bar pressure. Points are colored according to the identity of the metal center, with the ten most abundant metals in the
data set colored explicitly.
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influenced by the reduction in pore size engendered by the solvent
creating a geometrically more favorable environment.
The effect of solvent on the CO2 uptake is clearly different from the

CH4 effects under each set of conditions. The majority of points fall
below the y = x line, indicating a negative effect of the solvent on
uptake. Those which fall above the line (positive solvent effect)
remain near it, and the effect is small. This is in line with the
intentions to minimize solvent presence in MOFs, particularly when
seeking CO2 uptake.

22 The significant increase in the negative effects
of CO2 loading compared to those of CH4 loading is likely to be due
to strong interactions of CO2 with metal sites that are blocked by
bound solvent. This reasoning implies that in only very few cases does
CO2 interact more strongly with solvent molecules than with the
metal sites that they block. This is supported by the significance of the
Coulomb interactions for CO2 uptake. The partial positive charge on
a metal center is generally much larger than the partial positive
charges on solvent molecules, allowing the Coulomb interactions
between the partially negative O atoms of CO2 and the metal centers
to be stronger than the solvent interactions. Similar to CH4, the
specifics of the CO2 solvent effects, their varying magnitude, and the
few cases in which they are positive are governed by various factors
relating to individual MOFs, which are discussed further in the section
“Geometrical and Chemical Origins of Solvent Effect”.
The high prevalence of negative solvent effects on the CO2 loading

may additionally or alternatively be attributed to volume effects: the
total magnitude of the CO2 loading is in general significantly higher
than that of the CH4 loading. At a higher total loading, the available
volume becomes more important, and negative solvent effects become
more likely. This was probed further by normalizing solvated and
desolvated loading and selectivity by accessible void fraction (VF).
That is, values pertaining to solvated MOFs were divided by the
accessible VF of the solvated MOF and values pertaining to
desolvated MOFs were divided by the accessible VF of the desolvated
MOF to give values of uptake per available volume. VFs for this
purpose were taken from the CoRE MOF database.17 The VF-
normalized values for desolvated loading and selectivity were then

plotted against VF-normalized values for solvated loading and
selectivity and are shown in Figures S7 and S8 of the Supporting
Information. If the only effect of residual solvent molecules were a
volumetric one, all points in these plots would be expected to fall on
the line y = x. Although some points do move closer to the y = x line,
a spread of points is still seen, implying that the solvent has energetic
as well as volumetric effects on loading.
MOFs displaying an extreme solvent effect on CO2 uptake are

additionally considered. In particular, two MOFs whose desolvated
loading is much higher than their solvated loading are those with
refcodes BUKMUQ01 (which was also an outlier for CH4) and
UZIJET. The binary mixture CO2 loading of BUKMUQ01 is 7.64
mol kg−1 in the desolvated form and 3.46 mol kg−1 in the solvated
form. Under the same conditions, UZIJET has a loading of 7.46 mol
kg−1 in the desolvated form and a loading of only 1.71 mol kg−1 in the
solvated form. The structures of the two MOFs are illustrated in
Figure 4c,d. In both cases, the solvent effectively blocks guest access
to a metal center, which may otherwise have been a favorable
interaction site, and fails to provide an equally strong interaction site
to replace it.
Selectivity for CO2 over CH4 experiences a qualitative solvent effect

similar to that of raw CO2 loading, although the scale of the total
values of selectivity is much larger (note that the selectivity plots in
Figure 3 are on a logarithmic scale). The large scale of selectivity is a
result of some MOFs displaying a very low CH4 loading. The
presence of solvent molecules is likely to reduce the rate of CO2
uptake and increase CH4 uptake, concurrently reducing the rate of
CO2 selectivity. In no case in either the desolvated or the solvated
form of any MOF does selectivity fall below 1, which would indicate a
reversal of selectivity, with a MOF going from CO2-selective to CH4-
selective.
The atomic composition of a MOF also impacts solvent effects, and

a comparison can be made among the MOFs with different metal
centers. The MOFs containing the most abundant metal, cobalt, are
seen to experience a range of different solvent effects, while not
reaching the extremes of loading or selectivity difference. Meanwhile,
copper, the second most abundant metal, appears to engender only
modest solvent effects. This is in spite of the prevalence of solvated
copper centers, such as copper paddlewheels, which may readily be
revealed by solvent removal. These effects may be understated due to
the lack of adjusted parameters in used classical force fields; however,
DFT analysis included in the Supporting Information also indicates
modest solvent effects for a copper center. Interestingly, in those few
cases in which positive effects of CO2 loading and selectivity are seen,
copper appears frequently. The third most abundant metal,
manganese, appears to follow behavior in line with the general trends
of the data set: Mn-containing MOFs generally experience positive
solvent effects on CH4 loading and negative effects on CO2 loading.
Among the ten metals identified as the most frequently present in
MOF structures (Figures 2 and 3), these three particularly abundant
metals, along with Zn and Ni, are first-row transition metals. The
remaining metal centers contain considerably more diffuse f-block
elements. Although the divide between the first-row transition metal
and the f-block metals is not well-defined, the f-block metals, in
general, appear to display fairly strong solvent effects.
In seeking MOFs for CO2 uptake or for selectivity of CO2 over

CH4, the results overall indicate that it is very rare that the presence of
solvent should be encouraged. However, with the CO2 uptake and
selectivity plots including some points close to the y = x line and other
points very far from it comes the additional indication that in some
cases, minimizing the solvent effect should be a priority, while in
others, it can be overlooked without a significant effect on
performance. When it comes to CH4 capture, MOF structures exist
on a significant scale in which the presence of a bound solvent ought
to be encouraged in order to encourage uptake, particularly for low-
pressure applications.
Relationship between Solvent Effect and Pressure. The

effect engendered by the residual solvent may differ depending on
external pressure, and this relationship may be examined in greater
detail. We compare the solvent effect at the two pressures 0.1 and 1

Figure 4. Desolvated (left) and solvated (right) structures of MOFs
exhibiting unusual solvent behavior: (a) EBEXEQ: Gd metal center,
ethanol solvent; (b) EBEXEQ01: Gd metal center, ethanol solvent;
(c) BUKMUQ01: Zn metal center, DMF solvent; (d) UZIJET: Nd
metal center, water solvent.
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bar, as measured by the loading difference and selectivity difference.
In Figure 5 (single-component case) and in Figure 6 (binary mixture
case), the loading difference at 0.1 bar is plotted against the loading
difference at 1 bar for each of the two gases. Figure 6 additionally
contains a plot of the selectivity difference at 0.1 bar against the
selectivity difference at 1 bar on a symmetric log scale, as calculated
from binary mixture uptake data. Points in Figures 5 and 6 are colored
according to the nature of the solvent in the MOFs.
In these plots, the MOFs which lie close to the line x = 0

experience little solvent effect at 0.1 bar; those to the left of it
experience a negative effect, i.e., presence of solvent reduces uptake or
selectivity, and those to the right of it (in the orange hashed region)
experience a positive effect at the same pressure. The MOFs close to
the line y = 0 experience little effect at 1 bar; those below it experience
a negative effect at 1 bar, and those above it (in the purple hashed
region) experience a positive effect at 1 bar. Meanwhile, for points
close to the line y = x, the magnitude of solvent effect as measured by
difference is similar at the two pressure points; for points above the
line y = x (in the green hashed region) the magnitude of solvent effect
is more positive at 1 bar than at 0.1 bar, and for those below it, the
reverse is true. Therefore, the octant or quadrant defined by the three

lines that a point falls into describes the nature of the solvent effect on
that MOF as described by the difference metric, as follows.
MOFs in the upper half of the top right quadrant (the north−

northeast octant as defined by compass points, orange, purple, and
green hashes) have a positive solvent effect at both pressures, and this
effect is more pronounced at 1 bar than at 0.1 bar. The MOFs in the
lower half of the top right quadrant (east−northeast, orange and
purple hashes) have a positive solvent effect at both pressures, which
is more pronounced at 0.1 bar than at 1 bar. The MOFs in the bottom
right quadrant (southeast, orange hashes only) have a positive solvent
effect at 0.1 bar but a negative effect at 1 bar. The MOFs in the lower
half of the bottom left quadrant (south−southwest, no hashes)
experience a negative solvent effect at both pressures, and the effect is
more negative at 1 bar than at 0.1 bar. The MOFs in the upper half of
the bottom left quadrant (west−southwest, green hashes only) also
experience negative solvent effects at both pressures, but the effects
are more negative at 0.1 bar than at 1 bar. The MOFs in the top left
quadrant (northwest, green and purple hashes) experience a positive
solvent effect at 1 bar and a negative effect at 0.1 bar. Alongside each
plot in Figures 5 and 6 are grids giving the MOF population of the
octants and quadrants.

Figure 5. CH4 (a) and CO2 (b) loading difference at 0.1 bar against loading difference at 1 bar as calculated from single-component GCMC
simulations. Loading difference is defined as the difference between the gas uptake of a MOF in the solvated and desolvated form. Lines x = 0 and y
= 0 are given in black and line y = x is given in red for guidance. Alongside each plot is a grid showing the number of MOFs populating the octants
and quadrants formed by the guiding lines. On the CH4 plot, a dashed regression line is shown, which has the equation y = 3.39x − 0.051.
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The relationship between the pressure and solvent effect on CH4
adsorption is somewhat opposite to that for CO2 adsorption in both
the binary mixture and the single-component case. For CO2
adsorption, the majority of points fall into the octant without hashes,
which denotes a negative solvent effect at 0.1 bar and a more negative
solvent effect at 1 bar. Negative solvent effects at 0.1 bar are more
likely to be due to the strength of framework interactions, while the
enhancement of negative effects at 1 bar is more likely related to
volume availability. For CH4, on the other hand, the most populated
octant in both cases lies opposite: the north−northeast octant dashed

in purple, orange, and green, in which positive solvent effects as
measured by difference are observed at both pressures, and the effects
are more positive at the higher pressure. It should be noted that the
behavior of CH4 is more varying than that of CO2, with an
appreciable number of MOFs falling into the opposite south−
southwest octant, particularly in the single-component plot. However,
compared to CO2, the general behavior of CH4 molecules involves a
greater likelihood of more positive interactions with solvent molecules
than that with metal centers. At higher pressure, it might be expected
that volume effects would countermand any increased loading, but for
CH4, the higher pressure instead facilitates an increase in the loading
difference. In the single-component case, it is easily seen that the total
magnitude of CH4 loading is not sufficient for volume effects to be
particularly relevant. In the binary mixture case, the presence of CO2
dominates compared to that of CH4, so volume effects may be
expected. Indeed, the magnitude of loading difference is smaller for
the binary mixture case than that for the single-component case, but
the points remain in the north−northeast octant.
Interestingly, for CH4, the MOFs fall into a reasonable

approximation of a straight line, particularly in the single-component
case: an approximately linear relationship exists between the solvent
effect at 0.1 bar and the solvent effect at 1 bar. If the CH4 loading
difference at one pressure is known, it could be used to predict the
solvent effect at the other pressure. To this end, regression lines were
fit for both CH4 loading difference cases. For the binary mixture case,
the fitted line is y = 2.03x + 0.027 with an R2 value of 0.43, while for
the single-component case, the fitted line is y = 3.39x − 0.051 with a
higher R2 value of 0.71.
A general observation that stems from the analysis of all four

loading plots in Figures 5 and 6 is the dominance of the northeast and
southeast quadrants and within those the northeast and south−
southwest octants. Few points fall into either the northwest or
southeast quadrants; if the solvent has a particular effect on loading at
one of the two pressures studied, that effect may be reduced or
enhanced at the other pressure but is unlikely to be reversed. Once
positive or negative effect at both pressures is established, an increase
in pressure from 0.1 to 1 bar is likely to enhance rather than reduce
the effect. That is, if the effect is negative at 0.1 bar, it is likely to be
more negative at 1 bar (south−southwest octant), and if the effect is
positive at 0.1 bar, it is likely to be more positive at 1 bar. From a
volumetric perspective, this is intuitive for MOFs experiencing
negative solvent effects. Solvent reduces the uptake in these MOFs
at 0.1 bar and also reduces the available volume. At an increased
pressure, the most significant expected change is a reduction in the
available volume as more adsorption events occur, leading to
reduction in loading. However, it might be expected that positive
effects on loading would reduce as pressure increases and available
volume decreases. The observed phenomenon is most likely explained
by the fact that solvent effect is defined here by the difference in
loading between the solvated and the desolvated form of a MOF. At a
higher pressure, total loading generally increases for both forms,
which causes the difference to increase, though it may decrease in
relative terms.
When it comes to selectivity, the majority of MOFs fall into the

west−southwest octant in Figure 6, which is on a symmetric
logarithmic scale. Of those which do not fall into the west−southwest
octant, the majority of MOFs lie in its neighboring south−southwest
octant and are not far from the y = x line which divides them. The
positioning means that in most cases, the solvent has a negative
impact on selectivity at both pressures, and the effect is more negative
at the lower pressure. Selectivity of CO2 over CH4 depends on the
uptake of the two gases. It relies on the magnitude of uptake, not just
on uptake difference. Total selectivity tends to be higher at lower
pressures, so any absolute change in selectivity is likely to be larger
also, meaning a negative change in selectivity will be more negative. A
potentially useful implication is that at a high enough pressure, there
would be very little effect of solvent on selectivity. However, this must
be balanced by the fact that at high pressure, selectivity itself can be
expected to be very low, and the solvent effect on CO2 uptake may be
very negative.

Figure 6. CH4 (a) and CO2 (b) loading difference at 0.1 bar against
loading difference at 1 bar as well as selectivity (c) difference at 0.1
bar against selectivity difference at 1 bar, as calculated from binary
mixture GCMC simulations. Loading difference is defined as the
difference between gas uptake of a MOF in the solvated and
desolvated forms, and selectivity difference is defined as the difference
between the selectivity in the solvated form of a MOF and selectivity
in the desolvate form. On the CH4 plot, a dashed regression line is
shown, which has the equation y = 2.03x + 0.027.
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Similar to the thresholds defined in the previous section, the
relationship between the pressure and solvent effect may be examined
in the context of metrics other than loading difference, such as the
ratio or a weighted ratio. With this in mind, plots of loading and
selectivity ratio at 0.1 bar against the same metrics at 1 bar, similar to
the difference plots given in Figures 5 and 6, are given in the
Supporting Information. The effect of pressure on ratio metrics is not
always the same as the effect on the difference metrics. Additionally,
plots of loading and selectivity ratio weighted by total uptake in the
desolvated form are given in Figures S13 and S14 of the Supporting
Information. This is a further alternative, which may alleviate some of
the drawbacks of the ratio metric but with which it is not
straightforward to define universal solvent effect thresholds.
Geometrical and Chemical Origins of Solvent Effect. We

have thus far established that CO2 uptake and CO2 selectivity in
MOFs are likely to be affected negatively by the presence of solvent if
at all, while CH4 uptake may be affected in either direction with a

preference for positive effects. Clearly, the effect of solvent depends
on more than just the guest molecule. Dependence on the features of
the host MOF has been indicated by the analysis of metal centers and
of outlying MOFs in the section “Solvent Effect on Gas Uptake”.
Further understanding of the relationship between the solvent effect
and MOF properties is desirable. We therefore compare the solvent
effect metrics, uptake difference, and selectivity difference, with a
selection of geometrical properties, which are available as part of the
CoRE MOF database.17 We also provide additional discussion of the
possible geometrical and chemical origins of the solvent effect.
The geometrical properties published in the CoRE MOF database

are the largest cavity diameter (LCD), pore limiting diameter (PLD),
largest free pore diameter, density, volumetric and gravimetric
accessible surface area (ASA), volumetric and gravimetric non-
accessible surface area (NASA), accessible volume (AV), both
gravimetric and in the form of VF, and gravimetric nonaccessible
volume. Further geometrical properties can be obtained from these

Figure 7. Desolvated PLD, LCD, and pore morphology plotted against binary mixture CH4 uptake, CO2 uptake, and CO2 selectivity (symmetric
log scale) at 0.1 bar. Red points: the MOF has no OMS in the solvated form. Blue points: the MOF has an OMS in the solvated form.
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data. Total surface area and volume are the sums of ASA, NASA, and
volume. Pore morphology, which describes whether the pores are
uniform channels or have changing diameter, is given by the LCD/
PLD ratio. In the CoRE database, structural information is contained
for both the desolvated and solvated forms of MOFs. The database
also contains information about whether an OMS is present in both
forms.
We focus on data relating to structures in the desolvated form. This

form is often used in computational study, and desolvated structures
are readily accessible from solvated structures by use of solvent
stripping scripts, which may be found in the literature.10 In many
cases, the structure of the solvated form of a MOF is also available,
and relationships between solvent effect and the geometry of the
solvated form can also be established (see Figures S22−S29 of the
Supporting Information). Complex predictive relationships between
uptake and selectivity of the considered two gases and a combination
of pore sizes, surface area, VF40−42 and, more rarely, density41 have
been established previously. Gaining further understanding of the
impact of these geometric properties on solvent effects is the next
valuable step.
A close analysis of the relationship between geometry and solvent

effect on uptake in the solvated and desolvated forms of MOFs does
not yet exist in the literature, but a particular relationship appears to
exist between the degree of solvation, gas uptake, and pore size and
shape as defined by PLD, LCD, and pore morphology.12,17,19,21 Pore
sizes can certainly be of critical importance for gas uptake and
selectivity,43−46 and the finely tuned interactions that are engendered
by well-selected pore sizes may be influenced by solvent presence. In
Figure 7, we observe this relationship on a large scale, where PLD,
LCD, and pore morphology are plotted against the uptake and
selectivity difference at 0.1 bar. Equivalent plots for a 1 bar pressure
are given in Figure S15 of the Supporting Information. Only plots for
the binary mixture case are presented; single-component plots display
similar behavior and are also shown in Figure S7 of the Supporting
Information.
The existence of a relationship between the pore size and solvent

effect is apparent: it is clear that smaller pores in general engender the
largest solvent effect. This is particularly seen at 0.1 bar (Figure 7).
While the nature of the solvent effect reverses between CO2 and CH4
and its magnitude reduces, the dependence of the effect on pore size
is similar for the two gases. Although a small loading difference is
possible over the full range of LCD and PLD, particularly large effects
are for the most part only observed in MOFs with small pores. The
greatest solvent effects occur in MOFs with pores of around 5 Å. The
relationship between pore morphology and the solvent effect at 0.1
bar pressure follows a pattern similar to that of pore size, with the
maximum solvent effect on loading occurring for small pores with the
LCD/PLD ratio between 1 and 1.25 for CH4 and between 1 and 1.5
for CO2. There is a significantly populated tail of points
corresponding to the LCD/PLD ratio greater than around 1.5 for
which the solvent effect is not large, and it can be recommended that
for these MOFs, significant solvent effect as measured by difference is
unlikely.
When it comes to solvent effect on selectivity at 0.1 bar, the

behavior is in some respects similar to the behavior of solvent effect
on uptake, although the range of selectivity values, as seen in previous
sections, is much larger than the range of uptake values (the selectivity
plots are on a symmetric logarithmic scale). The relationships of the
selectivity difference with LCD, PLD, and, in particular, pore
morphology are less well-defined than those with the uptake
differences. For example, there is a cluster of MOFs with LCD/
PLD larger than 2 and selectivity difference between 101 and 102. The
largest magnitude of the observed selectivity difference approaches
104, but a selectivity difference of 102 is certainly significant. This
cluster of points presents an obstacle to any suggestion that solvent
effect can be dismissed entirely for selectivity discussions relating to
MOFs with an LCD/PLD larger than a certain value. The general
statement that the MOFs with a smaller LCD/PLD are more likely to
have a larger absolute selectivity difference may nonetheless be made.

At a higher pressure of 1 bar (Figure S15 of the Supporting
Information), the general behavior of the solvent effect with changing
pore size and shape follows a similar pattern to that at 0.1 bar,
although the behavior is less well-defined, and more outliers persist. In
the same way as for selectivity at 0.1 bar, the poor definition hinders
clear assignment of cutoffs beyond which the solvent may as a general
rule be ignored, but it does not prevent general observations about the
likelihood of solvent effect in MOFs of different kinds.
In Figures S16 and S17 of the Supporting Information (and Figures

S18 and S19 for the single-component case), ASA (in m2 g−1), VF,
and density of each MOF are plotted against the solvent effect
metrics. At both pressures, the relationships between these properties
and the solvent effect are in general less well-defined than the
relationships between the pore size and shape and solvent effects.
Across the range of surface areas, a very small effect of solvent on all
metrics is observed at 0.1 bar (Figure S14). For CH4 and CO2 uptake,
higher loading difference is more likely to be observed for MOFs with
lower ASA, with distributions centered around 1000 m2 g−1. However,
a very high loading can be observed outside of the general
distribution. At 1 bar (Figure S15), a loose pattern of a similar
nature exists between the surface area and solvent effect. At both
pressures, the selectivity difference is generally large and negative at
low surface area and becomes closer to zero with increasing surface
area, though with many outliers. The relationships between VF and
the solvent effect metrics are perhaps the most poorly defined among
the geometrical properties considered at both 0.1 and 1 bar. An
intermediate VF range may be seen at which particularly positive or
negative CH4 loading difference and particularly negative CO2 loading
difference are more likely to occur. However, several outliers persist
for both gases. An intermediate range of densities at which a
particularly positive CH4 loading difference and particularly negative
CO2 loading difference is evident at 0.1 bar (Figure S14) but less well-
defined at 1 bar (Figure S15). Furthermore, density is unusual among
the geometric properties in that it correlates negatively with selectivity
difference, which is the case at both pressures. Though the
relationship is somewhat loose, in general, the selectivity of denser
MOFs is affected more by solvent than that of the less dense MOFs.
For MOFs which possess OMSs, interaction of guests directly with

these sites has commonly been seen to be an important mechanism of
uptake.47,48 Since bound solvent is defined as the solvent interacting
directly with an OMS, it may be supposed that the presence of an
OMS relates strongly to the solvent effect, and indeed, the blocking of
an OMS by solvent has previously been discussed in this context.17 By
the definition of a bound solvent in the CoRE MOF database from
which the structures were taken, desolvated MOFs are likely to
possess OMSs. The majority of the solvated MOFs possess no OMS,
but some possess such a site, for example, where a metal was already
undercoordinated prior to desolvation or where a MOF contains
more than one metal site. Examples of relevant cases are illustrated in
the Supporting Information (Figure S30). We assess the relationship
between the solvent effect and presence of an OMS in the solvated
form of a MOF. In Figure 7, all points are colored according to
whether the solvated form of the MOF possesses an OMS (blue) or
not (red). An OMS is a natural location for a solvent molecule to
bind, generally displaying particularly strong interactions not only
with guests but also with the solvent molecules. However, as Figure 7
shows, there remains an appreciable number of MOFs in the database
with an OMS in the solvated form. This illustrates the prevalence of
interesting cases, such as those seen in Figure S30 of the Supporting
Information, in which bound solvent is present, but metal site remains
open.
For the more common and intuitive case of MOFs without an

OMS in the solvated form, more negative CH4 loading differences,
selectivity differences, and in particular CO2 loading differences are
reached at both pressures than those for the interesting cases in which
the solvated form does possess an OMS. Very strong negative effects
are seen when desolvation uncovers an OMS in a MOF, which
previously contained none: where there is no OMS in the solvated
form, the presence of solvent can be instrumental in preventing the
strongest interactions possible and so in negatively affecting uptake.
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Positive solvent effects in MOFs with an OMS in the solvated form
are more likely to be comparable to the positive solvent effects in
MOFs with no OMS in the solvated form.
There are a few particularly interesting outlying points in which

there is an OMS in the solvated form, and notably positive solvent
effects on CO2 uptake are seen. This includes the most positive CO2
loading difference in the data set. Similarly, some of the most positive
selectivity differences are seen in the MOFs whose solvated form
contains an OMS. In these MOFs, an OMS persists despite the
presence of a bound solvent in the system. Under such circumstances,
a guest CO2 molecule retains the opportunity for direct interactions
with an OMS, and so the negative effect of blocking that site is
avoided. This allows the solvent effect to be determined by other
chemical or geometrical factors. These factors may be positive, and in
such a case, positive solvent effects can be seen.
The nature of the chemical, physical, and geometrical factors,

which may impact the solvent effect in such circumstances, as well as
in general, must be discussed. Since diversity is a prominent
characteristic of MOFs, they may be expected to display many
chemical reasons for the solvent effect phenomenon. This becomes
apparent considering the wide spectrum of types and magnitudes of
solvent effects that have been seen to occur in this high-throughput
computational study.
Most obviously, the effect of solvent on gas adsorption is likely

related to the strength of interaction between a guest gas molecule
and a bound solvent molecule compared to the strength of the
alternative interaction between a guest gas molecule and the metal
atom, which the solvent blocks. In many cases, it appears to be the
dominant factor. For CO2, these interactions are modeled using a
Coulomb and a van der Waals contribution, while for CH4, only the
van der Waals contribution is considered.36,37 Metal atoms are
typically assigned high positive partial charges. This means that the
Coulomb contribution from direct interactions between the partial
negative charges on the O of CO2 and the metal centers will be
particularly high, and blocking these centers with solvent is likely to
reduce uptake. As CH4 is modeled as a nonpolar molecule without
partial charges, Coulomb interactions, which have a high likelihood of
engendering negative solvent effects, are not relevant to CH4 loading
where van der Waals interactions dominate. These do not rely on the
significant partial charges present on metal atoms, and van der Waals
interactions between CH4 and the solvent may be stronger than those
between CH4 and the metal center. Hence, positive effects could be
seen. This was observed for EBEXEQ, EBEXEQ01, and BUKMUQ01
MOF structures and described in the section “Solvent Effect on Gas
Uptake”.
Although metal centers are a common and intuitive binding site for

guest molecules, more general effects of the MOF structure must also
be considered. The binding sites in MOFs for various guest gases,43

including CO2 and CH4,
49 can be complex; ligands, as well as metal

centers, can be instrumental to guest binding. This can be particularly
true for nonpolar guests. It is also more likely to occur for molecular
guests of larger size since a possible reason for the phenomenon is
relative inaccessibility of the metal center. CH4 is therefore more
likely to be affected by these considerations, but they may also be
relevant to CO2. In cases where primary binding sites occur on ligands
rather than on metal centers, it may be expected that only small,
volumetric solvent effects on loading would be seen. There are other
ways that the solvent may affect loading. If a solvent molecule is large
enough or the metal center is close to a ligand binding site, the solvent
may sterically block the site and negatively affect loading. However, a
solvent molecule in the vicinity of a ligand binding site may
alternatively enhance binding to that site and positively affect loading
by providing an additional van der Waals (or Coulombic) interaction
for a guest molecule occupying the site. Similarly, if the metal center is
inaccessible to a guest but accessible to a smaller solvent molecule, the
solvent molecule, once bound, may provide an additional favorable
binding site for the guest gas that was not present in the desolvated
form of the MOF and so engender positive effects on loading.
Finally, bound solvent molecules have the potential to impact the

geometry of a MOF and thereby influence solvent effects. It is well-

known that the close geometrical compatibility between a guest gas
molecule and a MOF framework can be instrumental in facilitating
adsorption and selectivity. MOF pore sizes can be carefully tuned to
different uptake scenarios and cause favorable interactions on multiple
sites at once. However, solvent molecules may alter pore size and
disturb the tuning, which can have a negative effect on uptake by
reducing geometrical compatibility or a positive effect by increasing
compatibility. In summary, the observed solvent effects can have a
variety of underpinning causes including a combination of volumetric
and geometric effects and strong interactions with metal centers and
ligands.

■ CONCLUSIONS
In this study, the effect on the adsorption of residual solvent in
MOF pores has been systematically assessed with the aid of
GCMC calculations. This solvent may persist in MOF pores
following its use in synthesis and may have a significant effect
on gas uptake and selectivity if it does. To further understand
this phenomenon, uptake and selectivity of CH4 and CO2 have
been calculated for MOFs with and without bound solvent in
their pores. The difference in uptake and selectivity afforded by
the solvent has been used to draw conclusions about the nature
and magnitude of solvent effects in situations relevant to
common industrial processes.
Both positive and negative effects of the solvent have been

observed. Where solvent does have a significant effect on CO2
uptake, it is seen that the effect is almost exclusively negative
under various conditions and tends to be more negative at
higher pressure. Uptake of CH4 is more likely to be positively
affected by solvent presence, although it can be negatively
affected also. Where it is positively affected, the effect tends to
be more positive at higher pressure.
The physical, chemical, and geometrical origins of solvent

effect have also been discussed, and the relationship between
the geometrical properties of MOFs and the extent of solvent
effect has been assessed. A relationship between the pore size
and shape and solvent effect is seen in which smaller pores are
more likely to be affected strongly by solvent presence than the
larger pores. Other geometrical properties, surface area,
volume, and density, display similar but looser relationships
with solvent effect. All of the individual geometrical relation-
ships are complex. Alone, they cannot be used to make
confident predictions for a given MOF, but they can be used to
state general guidelines about the likelihood of significant
solvent effects in different types of geometry.
The results of this work may be used to provide guidance

about whether and to what extent the presence of a solvent is
likely to be useful or detrimental in a MOF for a given
application. They may also be used to inform future studies
attempting to establish further statistical relationships between
MOF properties and solvent effects or pursuing detailed
modeling of solvent effects in individual structures.
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