Journal of

Materials Chemistry A

Accepted Manuscript

Journal of

Materials Chemistry A

ergy and sustainability
o lsh

ROYAL SOCETY
OF CHEMISTRY
4

ROYAL SOCIETY
OF CHEMISTRY

This is an Accepted Manuscript, which has been through the
Royal Society of Chemistry peer review process and has been
accepted for publication.

Accepted Manuscripts are published online shortly after
acceptance, before technical editing, formatting and proof reading.
Using this free service, authors can make their results available

to the community, in citable form, before we publish the edited
article. We will replace this Accepted Manuscript with the edited
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes

to the text and/or graphics, which may alter content. The journal's
standard Terms & Conditions and the Ethical guidelines still

apply. In no event shall the Royal Society of Chemistry be held
responsible for any errors or omissions in this Accepted Manuscript
or any consequences arising from the use of any information it
contains.

www.rsc.org/materialsA


http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/

Page 1 of 8

Journat of Materials Chemistry A

CHEMISTRY

Journal of Materials Chemistry A

Received 00th January 20xx,
Accepted 00th January 20xx

DOI: 10.1039/x0xx00000x

www.rsc.org/

Efficient Identification of Hydrophobic MOFs: Application in the
Capture of Toxic Industrial Chemicals

Peyman Z. Moghadama#, David Fairen-limenez™ and Randall Q. Snurr®’

Water is an ever-present component in the air, and competitive adsorption of water is a major challenge in many
applications of adsorbents, including capture of toxic industrial chemicals (TICs) from the atmosphere. For metal-organic
framework (MOF) adsorbents, the presence of water often leads to major material instabilities that could limit their
practical performance. MOFs displaying hydrophobic behavior might be useful in overcoming these problems. In this
work, we present a new computational strategy to quickly identify hydrophobic MOFs based on their water Henry’s
constants. Starting with a database of 137,953 hypothetical MOFs, we identified 45,975 structures as hydrophobic based
on their simulated water Henry’s constants. Using grand canonical Monte Carlo simulations, we further analyzed 2,777 of
these hydrophobic materials whose linkers did not contain chemical functionalization. The results show insignificant water
uptake in the identified MOFs, confirming their hydrophobic nature. The capability of the hydrophobic MOFs was assessed
for ammonia capture under humid conditions, and analysis of the data generated from this high-throughput
computational screening revealed the role of the textural properties and surface chemistry on the removal of toxic
compounds. The results suggest that if materials are too hydrophilic, they adsorb too much water and show little or no

selectivity towards TICs. On the other hand, if they are too hydrophobic, they adsorb too little ammonia.

Introduction

Water adsorption is one of the most important characteristics
of porous metal-organic frameworks (MOFs)l'3 because the
co-adsorption of water can greatly affect the ability to
selectively adsorb a target species. Capture of volatile toxic
industrial chemicals (TICs) is a potential application of MOFs
where competitive water adsorption is a particular challenge.4
TIC capture has historically been centered on adsorption and
trapping by activated carbon.>” While activated carbon is
clearly useful, its capacity is lower than desired and its ability
to capture low-molecular-weight chemicals such as ammonia,
NO,, and formaldehyde is somewhat limited.” For example,
maximal NH; adsorption capacity is 130 mg/g for highly
activated carbons impregnated with HZSO4.8 The relatively low
capacity of carbons is a consequence of their ill-defined
porosity, less than optimal pore and channel dimensions, and
weak adsorbate-adsorbent interactions  with these
compounds.4 Therefore, capturing chemical agents requires

novel adsorbents featuring specific characteristics such as
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strong adsorption sites to create very high gravimetric and
volumetric adsorption capacities. Furthermore, structures with
synthetically tunable cavities are highly desired since they
allow for structural design for optimal capacity and selectivity.
MOFs are, in principle, capable of satisfying these
requirements. The tunability of the pore textural properties
(i.e. pore surface area, volume, size, and shape) as well as
surface chemistry (i.e. functional groups) allows for generation
of an almost limitless number of MOFs and the ability to tailor
their features for separation applications.g'12 A number of
MOFs have been examined in the literature for the removal of
TICs from air with both experiments and molecular
simulation.”™® Numerous reports have discussed detrimental
water effects on MOF’s adsorption performance.ls' 1721
Indeed, an inherent challenge in the capture of TICs in humid
conditions is the competitive adsorption of water from the
atmosphere. In order to produce optimal MOF adsorbents, it is
therefore desirable to design porous structures that have high
affinity for TICs but not for water. This suggests that
hydrophobic materials might be a good starting point. A
number of studies in the literature have focused on different
strategies to increase MOF hydrophobicity — and stability with
respect to water vapor — by introducing hydrophobic moieties
such as fluorinated functional groups or shielding the metal
clusters with bulky functional groups.zz'27 However, the
principles for designing hydrophobic MOFs and the effects of
textural properties on hydrophobicity are not well understood.
Molecular simulations can provide insights into water
adsorption in MOFs, but equilibrating water isotherms using
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grand canonical Monte Carlo (GCMC) simulations is
notoriously tedious and time consuming.28 These simulations
require a large number of Monte Carlo steps, as slight changes
in water arrangements result in drastic energy changes in the
system and low acceptance rates of the Monte Carlo moves.
Moreover, performing experimental water adsorption tests for
the thousands of known MOF structures is not feasible. To
address the above challenges, we present a fast and efficient
computational approach involving calculation of Henry’s
constants to predict the water adsorption capabilities of a
large number of adsorbents, and we apply it to identify
hydrophobic structures in a database of 137,953 MOFs.? We
also determine the affinities of ammonia and methane, as
representative polar and non-polar molecules, in these MOFs
and compare them with the adsorption affinity of water. As a
complement to the Henry’s constant calculations, which are
relevant at very low loadings, the performance of the selected
hydrophobic MOFs for water adsorption and ammonia capture

at finite loading is tested using GCMC simulations.

Approach: Henry’s Constant (Ky) Calculations for
Efficient Screening

The shape of an adsorption isotherm provides a great deal of
information about the interactions present in a system30 and,
in the case of water adsorption, about the hydrophilic or
hydrophobic character of the material. Water in hydrophobic
MOFs exhibits Type V adsorption isotherms, which indicate
weak water-MOF with
pressures followed by water condensation in the pores at

interactions, low loadings at low
higher pressures due to strong water-water interactions.
Examples of Type V isotherms in MOFs include water
adsorption in ZIF-8,*" Zn(pyrazol),32 and AI(NDC).33 In contrast,
hydrophilic MOFs such as HKUST-1 and MOF-74 exhibit Type |
isotherms and adsorb large amounts of water at low pressure
as a consequence of strong water-MOF interactions, which are
due to the presence of open metal sites in the case of HKUST-1
and MOF-743% 3436 Regardless of their
adsorption isotherms can be interpreted in simple terms by
plotting them on a log-log scale as illustrated in Figure 1. For
all isotherms, the low pressure regime can be described by a
Henry’s constant (K,), identified in this log-log representation
by a slope of 1. In a standard representation, K, is the slope of
the isotherm in the Henry region at very low loadings and is a
simple way to quantify the adsorbate-adsorbent interaction
affinity. At the highest pressures, the saturation capacity of a
given adsorbate is determined by the available pore volume
(V,,) and the density of the adsorbed fluid. As shown in Figure
1, the difference between Type | and Type V isotherms is the
deviation of the isotherm from linearity as the pressure
increases; for Type | isotherms the slope becomes less than
unity due to pore saturation, and for Type V isotherms the
slope becomes greater than unity due to a cooperative
adsorption effect at a given pressure which we will call P;.
Ghosh et al.?® suggested that the hydrophobicity of MOFs
could be quantified by the pressure at which water condenses

classification,

2| J. Name., 2012, 00, 1-3

in the pores, with a higher pressure indicating a more
hydrophobic MOF. However, calculating or measuring the full
isotherm is very time consuming. We hypothesized that P;
could be correlated with the more easily calculated Ky, and Ky
therefore could be used as a metric to estimate the
hydrophilicity or hydrophobicity of a given MOF.

Capacity, V,

Widom
Insertion, K

Log Loading (a. u.)

Log Pressure (a. u.)

Figure 1. Schematic showing different regions of Type | and V adsorption
isotherms on a log-log scale.

Henry’s constant can be obtained from the low pressure
regime of a simulated or experimental adsorption isotherm.
However, using this approach is not efficient for screening a
large number of structures, especially for water adsorption.
Alternatively, K, can be computed by using the Widom
insertion method.?” In this method, the adsorbate molecule is
inserted in the adsorbent at randomly chosen positions and its
energy is calculated each time before it is removed from the
system. By repeating the process over a large number of
random points, it is possible to quickly evaluate the guest-MOF
interaction without including the contribution of guest-guest
interactions.®® The benefit of this method is that the
calculations are orders of magnitude faster than calculating
water adsorption isotherms using GCMC simulations. Figure S1
compares the Henry’s constants obtained from the slope of
the isotherm at low pressure from GCMC simulations with
those computed from the Widom method for water and
methane in a number of selected MOFs. Given the excellent
agreement observed between the two methods, we decided
to carry out all other Ky calculations in this work using the
Widom insertion method.

Simulation Details

Adsorbate-adsorbent and adsorbate-adsorbate interactions
were modeled with a Lennard-Jones (LJ) plus Coulomb
potential with a L cut-off distance of 12.8 A and no tail
corrections. Electrostatic interactions were computed using
the Ewald summation method for both adsorbate-adsorbent
and The field
parameters for water were taken from the TIP4P*® model. The
TraPPE force field was used for ammonia®® and methane.** All
adsorbate force field parameters are listed in the Supporting
Information. The force field parameters and partial charges for
ZIF-8, AI(NDC), and Zn-pyrazole are described in our previous
publication.28 The L parameters for the framework atoms of

adsorbate-adsorbate interactions. force

This journal is © The Royal Society of Chemistry 20xx

Page 2 of 8



Page 3 of 8

all other MOFs were taken from the Universal Force Field
(UFF).*? For FMOF-1, the partial charges on CF; groups were
taken from the work of Dalvi et al.* The partial charges for all
other atoms in FMOF-1 were obtained from DFT calculations
(see Sl). The partial charges for MIL-47 were obtained from the
work of Yazaydin et al.** and those for the hypothetical MOFs
were calculated from the extended charge equilibrium
method.* All MOFs were treated as rigid in the simulations.

Henry’s constants were computed using the Widom
insertion method. We used orientational-biasing to insert the
adsorbate molecules at positions throughout the simulation
cell. We first compared results with 10,000, 100,000, and
1,000,000 insertions in MIL-47, ZIF-8, AI(NDC), and Zn-
pyrazole, and found that 100,000 provided sufficient accuracy
(see Figure S1). For the screening of the hypothetical MOFs,
we therefore used 100,000 insertions. The amount adsorbed
for water and ammonia at finite loading was calculated using
grand canonical Monte Carlo (GCMC) simulations*®
implemented in the RASPA molecular simulation software.”’
The Monte Carlo moves attempted were insertions, deletions,
displacements, and rotations plus, for binary mixtures of water
and ammonia, identity changes. We used 1x10° cycles for
equilibration and another 1x10° cycles for production in the
ammonia pure component simulations. For water simulations
(pure and mixtures), we used at least 4x10° cycles each for the
equilibrium and production periods. A cycle is defined as the
maximum of 20 or the number of molecules in the system. The
number of unit cells in each MOF was adjusted to be at least
twice the UJ cut-off distance.

Results and Discussion

TICs present in the air are generally found as trace amounts
with very low partial pressures, where adsorption is in the
Henry’s law region of the adsorption isotherms. Lab-scale
experiments for ammonia capture often use a partial pressure
of ca. 290 Pa, for example.48’ * For hydrophobic MOFs, water
adsorption before condensation is also in the Henry’s law
region. In this case, the selectivity of a TIC over water can be
estimated simply by the ratio of the individual Ky values.”® We
initially calculated and compared the K, values for water,
ammonia as a representative TIC, and methane as a
representative non-polar molecule for a small number of
MOFs with different levels of hydrophobicity: AI-NDC, MIL-47,
Zn-pyrazole, and ZIF-8. Using the same force field parameters
as used here, Ghosh et al. simulated water uptake in AI-NDC,
Zn-pyrazole, and ZIF-8 and found good agreement between
experimental and simulated water adsorption isotherms.”®
Figure 2 shows the K, values for water, ammonia, and
methane in the selected MOFs, as well as the selectivity of
ammonia and methane over water as calculated by the ratio of
their Henry’s constants. Surprisingly, among the hydrophobic
MOFs studied, the structure with the highest affinity for water
(i.e. AI-NDC, the least hydrophobic) presents high selectivities
for ammonia and methane. Furthermore, the MOF with the
lowest affinity for water (i.e. ZIF-8, the most hydrophobic)
shows the Jowest selectivity for ammonia and moderate

This journal is © The Royal Society of Chemistry 20xx
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selectivity for methane. One question that arises is whether
this observed trend can be generalized towards a larger
number of hydrophobic MOFs and to what extent the relative
hydrophobicity in MOFs can provide preferential adsorption
towards a specific toxic chemical. To answer this question, we
calculated Ky and the selectivities of ammonia and methane
over water for a larger number of hydrophobic and hydrophilic
MOFs.

4.0 12.0
BMIL-47
uZIF-8 10,04
<
S 30 BAI-NDC %
x BZn_pyrazole 3 8.0
g g
E’ 2.0 %‘ 6.0
= >
£ B 40
= o
10 °
b4 N 50l
0.0+ 0.0+

H,0 CH, NH;, CH, NH,
Figure 2. (left) Henry’s constants (Kj) for water, methane, and ammonia and (right)
selectivities for methane and ammonia over water for the four selected MOFs.

First, we wanted to validate approach for
discriminating between different levels of hydrophobicity in
MOFs via their water Henry’s constants. We had previously
simulated water adsorption isotherms in AI-NDC, MIL-47, Zn-
pyrazole, and ZIF-8 and compared them with experiments
where available.”® In addition to these MOFs, we simulated the
adsorption FMOF-1 (Figure S2), a
superhydrophobic MOF with fully fluorinated pores.zs’ >
Predicted water isotherms for these 5 MOFs (Figure 3a) show
that water condenses at different pressures for the different
MOFs, indicating a range of water affinities. Note that in
FMOF-1, water does not condense in the pores even at 100%
RH in agreement with experimental measurements.”® Figure
3b shows that the water condensation P; inversely correlates
with water K, For example, the superhydrophobic MOF,
FMOF-1, has the lowest water K, (i.e. 2x107 mmol/g/Pa) and
the highest P;(The P; for FMOF-1 is set to be equal to the water
saturation vapor pressure). For ZIF-8, condensation occurs
around 80% RH. Zn-pyrazole, AI-NDC, and MIL-47 exhibit
relatively less hydrophobic behavior, as the condensation
steps occur at ca. 40%, 30%, and 20% RH, respectively.

For TIC capture, we consider a scenario where the relative
humidity is 80% in the atmosphere. Under these conditions,
we want a MOF to be hydrophobic enough that only a very
small amount of water is adsorbed. Using ZIF-8 as a
benchmark, we will consider MOFs to be hydrophobic if their
water Ky, values are lower than 5x10°° mmol/g/Pa, shown by
the vertical, blue, dashed line in Figure 3b. To support this
choice, we collected experimental water isotherms for another
19 MOFs from the literature (Figure S4).27' 35,3258 £rom the
selected MOFs, 16 have Type V water isotherms and three
have Type | isotherms (Figure S4). From the experimental
isotherms, we calculated the condensation pressure P; and the
water Henry’s constants and plotted P; versus Ky (Figure S3). If
our criterion of Ky < 5x10°° mmol/g/Pa for hydrophobic MOFs
is reasonable, then any MOF with Ky less than this value
should have a value of P; of at least 80% RH. Similarly, MOFs

our

water isotherm for
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with K,, > 5x10° mmol/g/Pa should have a value of P less than
80% RH. Figure S3 shows that this is, indeed, true for the 19
MOFs for which we could find experimental water isotherms,
thus supporting our proposed Ky threshold for hydrophobicity.
Note that very hydrophilic MOFs such as HKUST-1** and Mg-
MOF-74°® have water Ky values orders of magnitude higher
than the proposed K threshold, with values larger than 0.05
mmol/g/Pa.

T
10ty 9278 é 400001
— @ Zn-Pyrazole 1 0,
2 AMIL-47 < b === - - - S_Of’ Bﬂ
© 10'4 mA-NDC - Q 30004 |
E OFMOF-1 . y & I
a = 1
5 1034 A % 2000 9
P g o0 270 _____ 40% R
£ = 0 s | A
2 105 A & 10004 !
> [ ] ] 1 L
8 a. I b.
107 ‘ : 0+ ‘ ‘ ‘
102 100 102 10 0.0 1x10% 2x105 3x105 4x10°

Pressure (Pa) Water K, (mmol/g/Pa)

Figure 3. a) Simulated water adsorption isotherms for five MOFs studied at 298 K. b)
Water condensation pressures P; versus Henry's constants (Ky). The blue dashed line
represents the Ky = 5x10° mmol/g/Pa threshold criterion for hydrophobicity. Light
green hexagons, FMOF-1; blue circles, ZIF-8; orange diamonds, Zn-pyrazole; green
triangles, MIL-47; red squares, AI-NDC.

After validation of our Ky criterion, we applied it to a
database of MOFs with 137,953 hypothetical
previously developed in our group.29 Given the very large

structures

number of structures, it is not practical to calculate water
adsorption isotherms for every structure and examine their
water affinities. On the other hand, by calculating water Ky
using the Monte Carlo Widom insertion method we can rapidly
screen the database for hydrophobic MOFs. Following this
approach, we calculated the water K, for all 137,953
structures in the database, and by implementing the Ky
criterion described above we identified 45,975 hydrophobic
hypothetical MOFs. To analyze their selectivity, we also
calculated the K, values for ammonia and methane and
compared them with those obtained for water.
The hypothetical MOF database contains
structures with a wide range of textural properties (i.e. pore
size, surface area, and pore volume) but also contains a
diverse surface chemistry due to the presence of different
functional groups. In order to investigate first the effects of
textural properties on structure-property relationships, we
studied the 2,777 non-functionalized hydrophobic structures
present in the database. Figure 4 shows the selectivity values
for ammonia and methane over water versus the pore volume
for the hydrophobic MOFs (i.e. water K}, < 5x10°® mmol/g/Pa —
Figures 4 a and b) and 3372 unfunctionalized MOFs with
somewhat higher affinities for water (i.e. water Ky < 50x10°®
mmol/g/Pa — Figures 4c and d). For both groups, the color
code in Figure 4 represents the K, values for water. In general,
MOFs with pore volumes larger than 1 cm3/g exhibit very low
selectivities towards both ammonia and methane. In contrast,
MOFs with lower pore volume can exhibit either low or high
TIC selectivity. The differences found in the selectivity of these

not only

4| J. Name., 2012, 00, 1-3

lower pore volume MOFs related to their
hydrophobic/hydrophilic character. In particular, MOFs with
only moderate hydrophobicity (i.e. K;; values between 2x10°
and 4x10° mmol/g/Pa, green to blue in Figure 4a and b)
exhibit high TIC selectivity, whereas highly hydrophobic MOFs
with very low water K, (red to yellow in Figure 4a and b) do
not show high selectivity. This is more prominent for ammonia
than methane. MOFs with higher affinities for water (i.e. MOFs
with larger water K, shown by darker colors in Figure 4c and d)
show low TIC selectivity, suggesting that competitive water

adsorption is important in these MOFs.
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Figure 4. Calculated ammonia and methane selectivity over water as a function of pore
volume for (a) and (c) ammonia and (b) and (d) methane for non-functionalized MOFs
at 298 K. The graphs in (a) and (b) are for the 2,777 non-functionalized hydrophobic
MOFs, whereas the graphs in (c) and (d) are for 3372 non-functionalized MOFs as
described in the text. The color code represents water Ky values; note the different
scales in the upper and lower graphs. Every point in the graphs is a different MOF
structure.

Figure 5 shows the relationship between TIC selectivity and
other textural properties, namely the pore size and pore
volume, for the non-functionalized hydrophobic MOFs. The
pore size is characterized here by the largest cavity diameter.”’
The highest selectivity is achieved when the largest cavity
diameter is ca. 4 A, which is comparable to the kinetic
diameter of CH, (3.8 A) and NH; (3.6 A)°® vs. the smaller H,0
(2.6 A).m’ 9 As illustrated by the color codes in Figure 5, the
pore size and pore volume are interrelated parameters. Note
that with a 4 A largest cavity diameter, only one methane or
ammonia molecule can fit across the pore. MOFs containing
pores of up to ca. 8 A diameter, i.e. with the possibility of
adsorbing a double layer of ammonia and methane, show
rather good selectivities with higher pore volumes.

This journal is © The Royal Society of Chemistry 20xx
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Figure 5. Calculated ammonia and methane selectivity over water as a function of the
MOF’s largest cavity diameter for (left) ammonia and (right) methane for non-
functionalized hydrophobic MOFs at 298 K. The color code represents the MOF’s pore
volume.

Following the textural property analysis, we assessed the
effects of surface chemistry on ammonia and methane
selectivity. We classified the 45,975 hydrophobic MOFs
present in the database into five different categories
depending on the functional groups present: i)
functionalized MOFs; ii) polar groups (i.e. -NH,, -OH, and —CN);
iii) alkyl; iv) ether; and v) halogens. Figure 6 shows this
classification as well as the resulting frequency of occurrence
for each category versus the selectivities.

[ Non-Funct ] [R/F

non-

a

- R/B’] [R/ e R/\/]

NH OH N ) 0 0.
o 2 e R/ e e N e ~TN
0.4 0.6
0.3 4
> 0.4 4
Q
5
S 0.2 1
o
o
- 0.2 4
0.1 1
0.0 . . 0.0 . .
5 10 15 20 5 10 15 20

Selectivity (NH4/H,0) Selectivity (CH,/H,0)

Figure 6. The effects of different functional groups on (left) ammonia and (right)
methane selectivity over water for all hydrophobic hypothetical MOFs.

In general, the structures with halogens show the lowest
ammonia and methane selectivity. In the case of methane,
frameworks with non-functionalized structures also exhibit low
selectivities. Frameworks containing alkyl groups can show low
selectivities, but also the highest selectivity towards methane
and ammonia. These longer functional groups affect TIC
selectivity by a combination of decreasing the pore size and
being more hydrophobic. No clear trends were evident for
other functional groups due to the dependency of selectivity
on a combination of factors that arise from both structural
properties as well as the presence and the density of the
functional groups.

In the results above, 2,777 non-functionalized hydrophobic
MOFs were identified from the hypothetical MOF database

This journal is © The Royal Society of Chemistry 20xx

Journal of Materials Chemistry A

based on the water K criterion, and the selectivities were all
estimated based on the ratio of Henry’s constants. To further
explore these materials, we performed GCMC simulations for
the adsorption of ammonia, water, and their mixtures,
focusing on conditions of 80% RH, i.e. a water partial pressure
of 3280 Pa. Figure 7a shows the water uptake versus the
largest cavity diameter for adsorption of pure water at 3280
Pa. Since the MOFs were selected based on the satisfaction of
our defined hydrophobicity criterion, the majority of the MOFs
in Figure 7a exhibit very low water uptake (i.e. less than 0.1
mmol/g) even at 80% RH. Notably, the water adsorption
correlates very well with the calculated water Henry’s
constants as illustrated by the color coding in Figure 7a and
not with the pore size. The small magnitude of water
adsorption provides further confidence in the hydrophobic
nature of the studied MOFs and the computational strategy
we used to define hydrophobicity in MOFs.

As discussed above, for practical applications it is necessary
to capture trace amounts of TICs at very low partial pressures
from the atmosphere, and competitive water adsorption
needs to be minimized. Aiming to evaluate ammonia
adsorption in the identified unfunctionalized hydrophobic
MOFs, we also performed GCMC simulations for pure-
component ammonia at 290 Pa, corresponding to the partial
pressure commonly used in breakthrough experiments.“' 9 As
shown in Figure 7b, ammonia adsorption under dry conditions
(i.e. pure-component ammonia) is quite low and does not
exceed 0.1 mmol/g even for optimal pore sizes of ca. 4-5 A;
none of the hydrophobic MOFs meet the target of 6 mmol/g60
for ammonia capture under these conditions. Interestingly, the
ammonia uptake is also correlated with the water K, values
(color coding): the more hydrophobic a MOF is, the less affinity
it has towards ammonia.

Figure 7c shows the ammonia selectivity for a binary
mixture of ammonia and water as a function of ammonia
uptake at 290 Pa of ammonia and 80% RH. The selectivity is
defined as:

XNH; /tzo
YNH; /J’Hzo

where x; denotes the mole fraction of component i in the
adsorbed phase and y; the mole fraction in the gas phase.
Selectivity values greater than unity mean that ammonia is
more strongly adsorbed than water. For MOFs with water K, <
1x10® mmol/g/Pa, although the selectivity can be as high as
20, ammonia uptake is quite low since the majority of these
MOFs have small pores. As the water K, values become larger
and approach 5x10°° mmol/g/Pa, high selectivity as well as
relatively higher ammonia uptakes are attained. As shown in
Figure S5, the mixture simulations predict rather similar
uptakes for either ammonia or water in comparison with their
pure-component adsorption amounts at the same partial
pressures, indicating no significant co-adsorption effects for
either component under these conditions. In general, and in
correlation with the results shown in Figures 4-5 based on Ky
values, the results in Figure 7 confirm that if the structures are

SNHs/Hp0 =
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too hydrophobic, they are not good candidates for the capture
of ammonia under dry or humid conditions.

In order to test if the selected MOFs are capable of
reaching the 6 mmol/g target for ammonia capture at a higher
pressure, we also performed GCMC ammonia simulations at
100,000 Pa (1 bar) and compared the results with those
obtained at 290 Pa. As shown in Figure 7d, the ammonia
uptake is much higher under these conditions, with 97
hydrophobic MOFs above the 6 mmol/g target. At this high
pressure, the peak in ammonia uptake is slightly shifted
towards MOFs with larger pores because more ammonia
molecules are able to fill the additional adsorption sites at
higher pressure. The frequency of different structural
properties are shown in Figure 8 for the top 97 MOFs, in which
the optimal textural properties are observed for MOFs with
pore sizes between 5-7.5 A, void fractions of 0.6-0.7, and pore
volumes in the range of 0.6-0.8 cms/g. A number of top MOF
structures along with their constituent building blocks are
shown in Figure S6.
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Figure 7. Simulated adsorption amounts for a) pure-component water at 80% RH, b)
pure-component ammonia at 290 Pa, c) selectivity of ammonia over water for a binary
mixture of ammonia at 290 Pa and water 80% RH, d) pure-component ammonia at 290
Pa and 100,000 Pa. All simulations were performed for 2,777 unfunctionalized

hydrophobic MOFs at 298 K.
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Figure 8. Structure-property relationships derived for the top 97 MOF candidates with

ammonia uptake greater than 6 mmol/g at 100,000 Pa and 298 K. @) ammonia uptake

vs. largest cavity diameter. Histograms of structural properties of the top 97 MOFs are

plotted for b) largest cavity diameter, ¢) void fraction, and d) pore volume.

Conclusions

We presented a new computational strategy based on Henry’s
constants to quickly identify hydrophobic MOFs and applied it
to identify 45,975 hydrophobic materials from a pool of
137,953 hypothetical MOFs. The Henry’s constants also
allowed the efficient calculation of the adsorption selectivity
for toxic industrial chemicals (TICs) and other molecules in
competitive adsorption with water. GCMC simulations of
water adsorption at 80% relative humidity corroborated the
existence of little water adsorption in the subset of 2,777
unfunctionalized hydrophobic MOFs, providing further proof
of the hydrophobic nature of the identified MOFs and the
reliability of our method. The selected MOFs were also studied
for methane and ammonia capture as representative non-
polar and polar molecules. The simulations results show that,
on the one hand, strongly hydrophilic MOFs present high
competitive water adsorption and therefore exhibit poor
selectivity towards TICs. On the other hand, MOFs that are too
hydrophobic present low affinity for the TICs and therefore
exhibit low selectivity as well. However, MOFs with moderate
hydrophobicity and pore sizes comparable to the TIC’s kinetic
diameter deliver the highest selectivities over water.
Investigation of the surface chemistry effects revealed that
structures containing alkyl groups present high TIC selectivity
due their high hydrophobicity as well as pore size effects.
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A novel and quick computational strategy is developed based on water Henry’s constants to distinguish
different levels of hydrophobicity among metal-organic frameworks. The technique is applied to a large
database of MOFs to identify hydrophobic materials.



