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Computation Challenge
Chemical Flexibility of MOFs

• We can change the metal: Fe, Mg, Ca, Zn, Cu, etc
• We can change the linker
• We can change the pore topology

Out of these many many millions of structures, 
which one is the best for a given applications?
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Making and Testing Materials on Computers

Researchers have also been working on a method to make models of materi-
als on a computer. By snapping together different molecular building blocks, 
much like they were Lego blocks or K’NEX, researchers can make computer 
models of these materials. As making model materials on a computer goes 
much faster than making real materials in the laboratory, many model mate-
rials can be made.

Once we make a material on a computer, we can run Computer simulations of 
methane adsorbing into the pores of the material. These computer simulations 
resemble a flight simulator for molecules; the algorithm inserts, deletes, and 
moves around methane molecules inside the pores of the material to explore 
the most favorable configurations. With molecular simulations, we can predict 
how many methane molecules a given material will adsorb on the basis of the 
computer-generated structures.

Researchers have constructed over 650,000 different nanoporous materials 
on computers so far. They have done this by choosing different molecular 
building blocks and combining them according to rules based on what is 
known from the laboratory about how to synthesize these materials. Using a 
molecular simulation computer code that we wrote [4], we simulated meth-
ane adsorption and thus predicted how much methane each of these 650,000 
nanoporous materials adsorbs.

Out of our database of over 650,000 materials, the structure that we pre-
dicted to achieve the highest methane energy density is shown in Figure 5. 
Our simulations predict that this top material can achieve a methane 
energy density of 7.8 MJ/L. We hope that this prediction will motivate the 
synthesis and testing of this computer-generated [4] structure. Still, this 
structure achieves only 62% of the ARPA-E storage goal of 12.5 MJ/L. Since 
the best material in our database is quite far from meeting the ARPA-E 
storage goal, it seems to be very unlikely that the ARPA-E storage goal 
can be reached.

Computer 
simulation
running a computer 
program that is designed 
to imitate and reproduce 
the behavior of a certain 
system. Here, our 
computer program 
imitates methane 
molecules entering, 
leaving, and moving in 
the pores of a 
nanoporous material.

Figure 4

Figure 4
Chemical tunability of 
advanced nanoporous 
materials. On the right is 
the structure of a 
metal-organic framework 
(MOF) called 
IRMOF-1 [3]. IRMOF-1 is 
made in the laboratory 
by combining two 
different molecular 
building blocks: metal 
nodes and organic 
linkers. These linkers and 
nodes assemble 
themselves in solution to 
form the repeating 
nanoporous crystal 
structure of IRMOF-1. By 
changing the linkers and 
metal nodes, millions of 
different metal-organic 
frameworks can be 
created (Image concept 
by Katie Deeg).
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Mg MOF-74

units (SBUs) extend as a rod innitely in one direction. MOFs
exhibiting this topological feature have demonstrated extremely
interesting behavior including remarkable CO2 capture in MOF-
7417 and so called breathing frameworks18,19 which can yield
stepped adsorption isotherms.

Yet thus far, reticular chemistry studies on 1-D rod MOFs
have been almost exclusively limited to the experimental realm,
with intense focus on exploring analogs of MOF-74 to increase
its already remarkable potential for CO2 capture. One of the
original works in this area performed an isoreticular expansion
of MOF-74 through exchange of the 2,5-dioxidobenzene-1,4-
dicarboxylate (DOBDC) linker for ligands extended by an
increasing number of benzene rings,20 thereby increasing the
channel volume of MOF-74. Other efforts have aimed to tune or
alter the open-metal site chemistry by utilizing different metal
elements during synthesis21,22 or through functionalization of
the open-metal site by appendage of amine based molecules.23

Our reticular chemistry study combines an application that
has only been studied experimentally, the creation of MOF-74
analogs, with a computational method for the automated
generation of hypothetical analogs of MOFs exhibiting a 1-D rod
topology. In place of brute-force enumeration of hundreds or
thousands of structures across various topologies seen in
previous in silico studies, we take a more directed approach to
investigate the MOF-74 structure and vary the chemical compo-
sition of the ligand to alter its geometric and chemical properties.
While this has been done previously for structures in the simpler
MOF-5 topology,14 MOF-74 requires a novel building algorithm
since it exhibits 1-D SBU rods and complex connectivity between
ligands and SBUs. Furthermore, in this study we explore the
chemical space represented by the!60 000 000 distinct chemical
species in the PubChem Compounds database24 and exchange
linkers found within this space with the DOBDC linker in the
original structure. Only 61 molecules (0.0001% of this database)
are identied as feasible MOF-74 analog linkers, which provides
a concise starting point for attempts at experimental synthesis.
One ligand in the set that was also commercially available,
known by it’s pharmaceutical name olsalazine or 3,30-azobis(6-
hydroxybenzoate)salicylic acid, was used to successfully synthe-
size a MOF-74 analog. We signicantly increase the impact of our
in silico screening by demonstrating that novel, predicted struc-
tures are indeed synthesizable.

Hence we develop a hypothetical structure generation
method using a geometric optimization routine which permits
the rapid in silico assembly of 1-D rod MOF analogs (specically
MOF-74 structures in this study) while only using linkers
guaranteed to represent an experimentally realizable molecule.
The library of hypothetical MOF-74 analogs was structurally
analyzed and screened for CO2 capture potential by comparison
to the performance of the original structure based on the
DOBDC linker. Finally, the knowledge ascertained from this
computational study was utilized to direct efforts to synthesize
a particular MOF-74 analog from a commercially available
linker, yielding an experimental structure in excellent agree-
ment with the in silico generated and optimized structure. Thus
we have introduced a set of experimentally realizable structures
that can now be targeted in future synthetic efforts.

Methods
The overall workow for in silico generation, analysis, and
experimental synthesis of hypothetical MOF-74 analogs consists
of ve steps and is summarized below:

1. Identication of potential ligands. Chemical substructure
searching and ligand conformational analysis is performed to
select potential substitutes for the MOF-74 DOBDC linker from
the PubChem Compounds database.

2. Crystal structure assembly. Potential ligands are inserted
into the MOF-74 topology through geometric optimization of
the crystal structure.

3. Dispersion corrected DFT. Dispersion corrected DFT calcu-
lations are performed to optimize each assembled structure.
REPEAT25 derived partial atomic charges are obtained following
the optimization, required for step 4.

4. Grand Canonical Monte Carlo (GCMC) simulations. CO2

adsorption is simulated at ue gas conditions with GCMC for
each structure in the library of MOF-74 analogs.

5. Prioritization of synthetic targets. Hypothetical crystal
structures constructed from commercially available linkers are
identied as synthetic priority targets. The hypothetical MOF-74
analog, hereon named Mg2(olsalazine), was synthesized from
the commercially available olsalazine linker to validate our
approach of generating experimentally realizable crystal struc-
tures in silico.

The visualization of important structural features in MOF-
74, shown in Fig. 1, is intended as a visual aid for the reader
throughout the Methods section. This crystal exhibits innite 1-
D hexagonal channels, where adjacent metal-oxide rods are
bridged by a DOBDC linker. A DOBDC linker connects to each
rod through its two carboxylic acid oxygen atoms and an adja-
cent phenolic oxygen.

Identication of potential ligands

To create a library of hypothetical MOF-74 analogs requires
identifying linkers which can feasibly be exchanged with the
DOBDC linker in the original structure. The steps through
which ligands were identied and chosen for MOF-74
enumeration is summarized in Fig. 2.

Fig. 1 The ab face of Mg-MOF-74 illustrates the hexagonal channel
shape. A slice of the channel wall demonstrates the extension of the 1-
D metal–oxide (Mg–O, Green-Red, respectively) rods in the c-direc-
tion and the connectivity of the DOBDC linker to two adjacent rods.

6264 | Chem. Sci., 2016, 7, 6263–6272 This journal is © The Royal Society of Chemistry 2016
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(1) Database selection. For this study we expand the scope of
our exploration of chemical space from a commercial database
such as eMolecules (https://www.emolecules.com), sometimes
referred to as the ‘http://amazon.com’ for chemicals, to the
larger PubChem Compounds database. This PubChem library
of molecules consists of !160 000 000 user deposited struc-
tures, from which 60 000 000 are chemically validated and
determined to be unique. This subset of unique molecules is
known as the PubChem Compounds database and is approxi-
mately nine times larger than the eMolecules database. While
these PubChem compounds may not necessarily be commer-
cially available, any ligand identied from this library should
indeed represent a feasible, experimentally realizable chemical
structure.

(2) Connectivity lter. The chemical connectivity of MOF-74
demonstrates greater complexity than the connectivity seen in
the broad class of MOFs where the ligand attaches to the SBUs
by two or more carboxylic acid groups. Here we require a phenol

group directly adjacent to the carboxylic acid group in order to
have the correct connectivity. We impose the constraint that
a molecule must have exactly two of these identical substruc-
tures shown in Fig. 2 to satisfy the particular chemical
connectivity of MOF-74. This substructure can be abstracted as
a SMARTs string, or a textual representation of a substructure
within a molecular graph, which can be readily identied by the
open-source soware package OpenBabel.26 Thus each molec-
ular entry in PubChem can be quickly analyzed and identied if
it contains a particular SMART. Aer removing database entries
that contained fragmented structures, salts, or net charged
species and ltering for molecules that contained exactly two of
the required SMARTs for MOF-74 connectivity, only !400
molecules remained as potential ligands. Thus simply identi-
fying molecules with MOF-74 connectivity indicates we can only
investigate 0.0007% of the chemical space contained in the
PubChem database.

(3) High energy conformer lter. Additional ltering was
required to identify potential linkers that could adopt
a conformation suitable for building a MOF-74 analog. The
DOBDC linker is connected to a given metal rod SBU by three
Mg–O bonds, one at each carboxylic acid oxygen and a third at
the phenolic oxygen (see Fig. 1). This third connection point
from the linker to the SBU adds the constraint that the terminal
benzene ring which connects to the SBU is not free to rotate
about the axis dened by the carboxylic acid bond vector. Since
the original linker consists of just one benzene ring, any
proposed linker from which we attempt to build a MOF-74
analog must have terminal benzene rings that lie in the same
plane. An additional requirement is imposed in which the angle
between the two vectors represented by the carboxylic acid
carbon to benzene ring bond in both connection groups are
required to have an angle of 180 degrees or 120 degrees. If the
angle between the vectors is 180 degrees, then the assembled
crystal structure will be a variant of the originally published
MOF-74 structure.27 If the angle between vectors is 120 degrees,
then the assembled structure will be a variant of the m-MOF-74
structure.21 These orientation constraints signicantly affect the
number of linkers that can be used to enumerate MOF-74
analogs. The Confab tool in OpenBabel, which systematically
generates diverse, low-energy conformers,28 was used to
generate a set of low-energy conformers for each of the 400
remaining linkers. The criteria for a low-energy conformer was
set at 50 kJ mol"1 above the minimum energy conformer in
vacuum and was calculated via the Merck Molecular Force Field
(MMFF94).29 The molecules that passed the conformational test
were those that contained at least one conformer in which the
planes dened by the terminal benzene atoms were within
#10% of 180 degrees and carboxyl acid bond vectors that were
within #10% of 120 degrees or 180 degrees. Discarding mole-
cules that could not realistically achieve the required confor-
mational constraints of MOF-74 resulted in the removal of all
but 61 structures from the set of potential ligands, yielding
a collection of molecules representing 0.0001% of the PubChem
database. While not a quantitative predictor of the synthesiz-
ability of a MOF-74 analog, the use of only low energy
conformers suggests that the assembled MOF-74 analog may be

Fig. 2 Step 1: PubChem Compounds database is chosen to screen
!60 000 000 chemicals. Step 2: filtering out molecules not appro-
priate for MOF ligands and those that do not satisfy MOF-74 chemical
connectivity removes all but 0.0007% of compounds. Step 3: mole-
cules that cannot achieve a low energy conformer compatible with
MOF-74 geometric requirements are filtered, thereby removing 84%
of the remaining potential ligands.

This journal is © The Royal Society of Chemistry 2016 Chem. Sci., 2016, 7, 6263–6272 | 6265
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Mg MOF-74

units (SBUs) extend as a rod innitely in one direction. MOFs
exhibiting this topological feature have demonstrated extremely
interesting behavior including remarkable CO2 capture in MOF-
7417 and so called breathing frameworks18,19 which can yield
stepped adsorption isotherms.

Yet thus far, reticular chemistry studies on 1-D rod MOFs
have been almost exclusively limited to the experimental realm,
with intense focus on exploring analogs of MOF-74 to increase
its already remarkable potential for CO2 capture. One of the
original works in this area performed an isoreticular expansion
of MOF-74 through exchange of the 2,5-dioxidobenzene-1,4-
dicarboxylate (DOBDC) linker for ligands extended by an
increasing number of benzene rings,20 thereby increasing the
channel volume of MOF-74. Other efforts have aimed to tune or
alter the open-metal site chemistry by utilizing different metal
elements during synthesis21,22 or through functionalization of
the open-metal site by appendage of amine based molecules.23

Our reticular chemistry study combines an application that
has only been studied experimentally, the creation of MOF-74
analogs, with a computational method for the automated
generation of hypothetical analogs of MOFs exhibiting a 1-D rod
topology. In place of brute-force enumeration of hundreds or
thousands of structures across various topologies seen in
previous in silico studies, we take a more directed approach to
investigate the MOF-74 structure and vary the chemical compo-
sition of the ligand to alter its geometric and chemical properties.
While this has been done previously for structures in the simpler
MOF-5 topology,14 MOF-74 requires a novel building algorithm
since it exhibits 1-D SBU rods and complex connectivity between
ligands and SBUs. Furthermore, in this study we explore the
chemical space represented by the!60 000 000 distinct chemical
species in the PubChem Compounds database24 and exchange
linkers found within this space with the DOBDC linker in the
original structure. Only 61 molecules (0.0001% of this database)
are identied as feasible MOF-74 analog linkers, which provides
a concise starting point for attempts at experimental synthesis.
One ligand in the set that was also commercially available,
known by it’s pharmaceutical name olsalazine or 3,30-azobis(6-
hydroxybenzoate)salicylic acid, was used to successfully synthe-
size a MOF-74 analog. We signicantly increase the impact of our
in silico screening by demonstrating that novel, predicted struc-
tures are indeed synthesizable.

Hence we develop a hypothetical structure generation
method using a geometric optimization routine which permits
the rapid in silico assembly of 1-D rod MOF analogs (specically
MOF-74 structures in this study) while only using linkers
guaranteed to represent an experimentally realizable molecule.
The library of hypothetical MOF-74 analogs was structurally
analyzed and screened for CO2 capture potential by comparison
to the performance of the original structure based on the
DOBDC linker. Finally, the knowledge ascertained from this
computational study was utilized to direct efforts to synthesize
a particular MOF-74 analog from a commercially available
linker, yielding an experimental structure in excellent agree-
ment with the in silico generated and optimized structure. Thus
we have introduced a set of experimentally realizable structures
that can now be targeted in future synthetic efforts.

Methods
The overall workow for in silico generation, analysis, and
experimental synthesis of hypothetical MOF-74 analogs consists
of ve steps and is summarized below:

1. Identication of potential ligands. Chemical substructure
searching and ligand conformational analysis is performed to
select potential substitutes for the MOF-74 DOBDC linker from
the PubChem Compounds database.

2. Crystal structure assembly. Potential ligands are inserted
into the MOF-74 topology through geometric optimization of
the crystal structure.

3. Dispersion corrected DFT. Dispersion corrected DFT calcu-
lations are performed to optimize each assembled structure.
REPEAT25 derived partial atomic charges are obtained following
the optimization, required for step 4.

4. Grand Canonical Monte Carlo (GCMC) simulations. CO2

adsorption is simulated at ue gas conditions with GCMC for
each structure in the library of MOF-74 analogs.

5. Prioritization of synthetic targets. Hypothetical crystal
structures constructed from commercially available linkers are
identied as synthetic priority targets. The hypothetical MOF-74
analog, hereon named Mg2(olsalazine), was synthesized from
the commercially available olsalazine linker to validate our
approach of generating experimentally realizable crystal struc-
tures in silico.

The visualization of important structural features in MOF-
74, shown in Fig. 1, is intended as a visual aid for the reader
throughout the Methods section. This crystal exhibits innite 1-
D hexagonal channels, where adjacent metal-oxide rods are
bridged by a DOBDC linker. A DOBDC linker connects to each
rod through its two carboxylic acid oxygen atoms and an adja-
cent phenolic oxygen.

Identication of potential ligands

To create a library of hypothetical MOF-74 analogs requires
identifying linkers which can feasibly be exchanged with the
DOBDC linker in the original structure. The steps through
which ligands were identied and chosen for MOF-74
enumeration is summarized in Fig. 2.

Fig. 1 The ab face of Mg-MOF-74 illustrates the hexagonal channel
shape. A slice of the channel wall demonstrates the extension of the 1-
D metal–oxide (Mg–O, Green-Red, respectively) rods in the c-direc-
tion and the connectivity of the DOBDC linker to two adjacent rods.
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(1) Database selection. For this study we expand the scope of
our exploration of chemical space from a commercial database
such as eMolecules (https://www.emolecules.com), sometimes
referred to as the ‘http://amazon.com’ for chemicals, to the
larger PubChem Compounds database. This PubChem library
of molecules consists of !160 000 000 user deposited struc-
tures, from which 60 000 000 are chemically validated and
determined to be unique. This subset of unique molecules is
known as the PubChem Compounds database and is approxi-
mately nine times larger than the eMolecules database. While
these PubChem compounds may not necessarily be commer-
cially available, any ligand identied from this library should
indeed represent a feasible, experimentally realizable chemical
structure.

(2) Connectivity lter. The chemical connectivity of MOF-74
demonstrates greater complexity than the connectivity seen in
the broad class of MOFs where the ligand attaches to the SBUs
by two or more carboxylic acid groups. Here we require a phenol

group directly adjacent to the carboxylic acid group in order to
have the correct connectivity. We impose the constraint that
a molecule must have exactly two of these identical substruc-
tures shown in Fig. 2 to satisfy the particular chemical
connectivity of MOF-74. This substructure can be abstracted as
a SMARTs string, or a textual representation of a substructure
within a molecular graph, which can be readily identied by the
open-source soware package OpenBabel.26 Thus each molec-
ular entry in PubChem can be quickly analyzed and identied if
it contains a particular SMART. Aer removing database entries
that contained fragmented structures, salts, or net charged
species and ltering for molecules that contained exactly two of
the required SMARTs for MOF-74 connectivity, only !400
molecules remained as potential ligands. Thus simply identi-
fying molecules with MOF-74 connectivity indicates we can only
investigate 0.0007% of the chemical space contained in the
PubChem database.

(3) High energy conformer lter. Additional ltering was
required to identify potential linkers that could adopt
a conformation suitable for building a MOF-74 analog. The
DOBDC linker is connected to a given metal rod SBU by three
Mg–O bonds, one at each carboxylic acid oxygen and a third at
the phenolic oxygen (see Fig. 1). This third connection point
from the linker to the SBU adds the constraint that the terminal
benzene ring which connects to the SBU is not free to rotate
about the axis dened by the carboxylic acid bond vector. Since
the original linker consists of just one benzene ring, any
proposed linker from which we attempt to build a MOF-74
analog must have terminal benzene rings that lie in the same
plane. An additional requirement is imposed in which the angle
between the two vectors represented by the carboxylic acid
carbon to benzene ring bond in both connection groups are
required to have an angle of 180 degrees or 120 degrees. If the
angle between the vectors is 180 degrees, then the assembled
crystal structure will be a variant of the originally published
MOF-74 structure.27 If the angle between vectors is 120 degrees,
then the assembled structure will be a variant of the m-MOF-74
structure.21 These orientation constraints signicantly affect the
number of linkers that can be used to enumerate MOF-74
analogs. The Confab tool in OpenBabel, which systematically
generates diverse, low-energy conformers,28 was used to
generate a set of low-energy conformers for each of the 400
remaining linkers. The criteria for a low-energy conformer was
set at 50 kJ mol"1 above the minimum energy conformer in
vacuum and was calculated via the Merck Molecular Force Field
(MMFF94).29 The molecules that passed the conformational test
were those that contained at least one conformer in which the
planes dened by the terminal benzene atoms were within
#10% of 180 degrees and carboxyl acid bond vectors that were
within #10% of 120 degrees or 180 degrees. Discarding mole-
cules that could not realistically achieve the required confor-
mational constraints of MOF-74 resulted in the removal of all
but 61 structures from the set of potential ligands, yielding
a collection of molecules representing 0.0001% of the PubChem
database. While not a quantitative predictor of the synthesiz-
ability of a MOF-74 analog, the use of only low energy
conformers suggests that the assembled MOF-74 analog may be

Fig. 2 Step 1: PubChem Compounds database is chosen to screen
!60 000 000 chemicals. Step 2: filtering out molecules not appro-
priate for MOF ligands and those that do not satisfy MOF-74 chemical
connectivity removes all but 0.0007% of compounds. Step 3: mole-
cules that cannot achieve a low energy conformer compatible with
MOF-74 geometric requirements are filtered, thereby removing 84%
of the remaining potential ligands.

This journal is © The Royal Society of Chemistry 2016 Chem. Sci., 2016, 7, 6263–6272 | 6265
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Question: how many Mg-
MOF-74 can we synthesize 
using known chemicals?



M. Witman, et al Chem. Sci. 7 (9), 6263 (2016) http://dx.doi.org/10.1039/c6sc01477a 

(1) Database selection. For this study we expand the scope of
our exploration of chemical space from a commercial database
such as eMolecules (https://www.emolecules.com), sometimes
referred to as the ‘http://amazon.com’ for chemicals, to the
larger PubChem Compounds database. This PubChem library
of molecules consists of !160 000 000 user deposited struc-
tures, from which 60 000 000 are chemically validated and
determined to be unique. This subset of unique molecules is
known as the PubChem Compounds database and is approxi-
mately nine times larger than the eMolecules database. While
these PubChem compounds may not necessarily be commer-
cially available, any ligand identied from this library should
indeed represent a feasible, experimentally realizable chemical
structure.

(2) Connectivity lter. The chemical connectivity of MOF-74
demonstrates greater complexity than the connectivity seen in
the broad class of MOFs where the ligand attaches to the SBUs
by two or more carboxylic acid groups. Here we require a phenol

group directly adjacent to the carboxylic acid group in order to
have the correct connectivity. We impose the constraint that
a molecule must have exactly two of these identical substruc-
tures shown in Fig. 2 to satisfy the particular chemical
connectivity of MOF-74. This substructure can be abstracted as
a SMARTs string, or a textual representation of a substructure
within a molecular graph, which can be readily identied by the
open-source soware package OpenBabel.26 Thus each molec-
ular entry in PubChem can be quickly analyzed and identied if
it contains a particular SMART. Aer removing database entries
that contained fragmented structures, salts, or net charged
species and ltering for molecules that contained exactly two of
the required SMARTs for MOF-74 connectivity, only !400
molecules remained as potential ligands. Thus simply identi-
fying molecules with MOF-74 connectivity indicates we can only
investigate 0.0007% of the chemical space contained in the
PubChem database.

(3) High energy conformer lter. Additional ltering was
required to identify potential linkers that could adopt
a conformation suitable for building a MOF-74 analog. The
DOBDC linker is connected to a given metal rod SBU by three
Mg–O bonds, one at each carboxylic acid oxygen and a third at
the phenolic oxygen (see Fig. 1). This third connection point
from the linker to the SBU adds the constraint that the terminal
benzene ring which connects to the SBU is not free to rotate
about the axis dened by the carboxylic acid bond vector. Since
the original linker consists of just one benzene ring, any
proposed linker from which we attempt to build a MOF-74
analog must have terminal benzene rings that lie in the same
plane. An additional requirement is imposed in which the angle
between the two vectors represented by the carboxylic acid
carbon to benzene ring bond in both connection groups are
required to have an angle of 180 degrees or 120 degrees. If the
angle between the vectors is 180 degrees, then the assembled
crystal structure will be a variant of the originally published
MOF-74 structure.27 If the angle between vectors is 120 degrees,
then the assembled structure will be a variant of the m-MOF-74
structure.21 These orientation constraints signicantly affect the
number of linkers that can be used to enumerate MOF-74
analogs. The Confab tool in OpenBabel, which systematically
generates diverse, low-energy conformers,28 was used to
generate a set of low-energy conformers for each of the 400
remaining linkers. The criteria for a low-energy conformer was
set at 50 kJ mol"1 above the minimum energy conformer in
vacuum and was calculated via the Merck Molecular Force Field
(MMFF94).29 The molecules that passed the conformational test
were those that contained at least one conformer in which the
planes dened by the terminal benzene atoms were within
#10% of 180 degrees and carboxyl acid bond vectors that were
within #10% of 120 degrees or 180 degrees. Discarding mole-
cules that could not realistically achieve the required confor-
mational constraints of MOF-74 resulted in the removal of all
but 61 structures from the set of potential ligands, yielding
a collection of molecules representing 0.0001% of the PubChem
database. While not a quantitative predictor of the synthesiz-
ability of a MOF-74 analog, the use of only low energy
conformers suggests that the assembled MOF-74 analog may be

Fig. 2 Step 1: PubChem Compounds database is chosen to screen
!60 000 000 chemicals. Step 2: filtering out molecules not appro-
priate for MOF ligands and those that do not satisfy MOF-74 chemical
connectivity removes all but 0.0007% of compounds. Step 3: mole-
cules that cannot achieve a low energy conformer compatible with
MOF-74 geometric requirements are filtered, thereby removing 84%
of the remaining potential ligands.
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(1) Database selection. For this study we expand the scope of
our exploration of chemical space from a commercial database
such as eMolecules (https://www.emolecules.com), sometimes
referred to as the ‘http://amazon.com’ for chemicals, to the
larger PubChem Compounds database. This PubChem library
of molecules consists of !160 000 000 user deposited struc-
tures, from which 60 000 000 are chemically validated and
determined to be unique. This subset of unique molecules is
known as the PubChem Compounds database and is approxi-
mately nine times larger than the eMolecules database. While
these PubChem compounds may not necessarily be commer-
cially available, any ligand identied from this library should
indeed represent a feasible, experimentally realizable chemical
structure.

(2) Connectivity lter. The chemical connectivity of MOF-74
demonstrates greater complexity than the connectivity seen in
the broad class of MOFs where the ligand attaches to the SBUs
by two or more carboxylic acid groups. Here we require a phenol

group directly adjacent to the carboxylic acid group in order to
have the correct connectivity. We impose the constraint that
a molecule must have exactly two of these identical substruc-
tures shown in Fig. 2 to satisfy the particular chemical
connectivity of MOF-74. This substructure can be abstracted as
a SMARTs string, or a textual representation of a substructure
within a molecular graph, which can be readily identied by the
open-source soware package OpenBabel.26 Thus each molec-
ular entry in PubChem can be quickly analyzed and identied if
it contains a particular SMART. Aer removing database entries
that contained fragmented structures, salts, or net charged
species and ltering for molecules that contained exactly two of
the required SMARTs for MOF-74 connectivity, only !400
molecules remained as potential ligands. Thus simply identi-
fying molecules with MOF-74 connectivity indicates we can only
investigate 0.0007% of the chemical space contained in the
PubChem database.

(3) High energy conformer lter. Additional ltering was
required to identify potential linkers that could adopt
a conformation suitable for building a MOF-74 analog. The
DOBDC linker is connected to a given metal rod SBU by three
Mg–O bonds, one at each carboxylic acid oxygen and a third at
the phenolic oxygen (see Fig. 1). This third connection point
from the linker to the SBU adds the constraint that the terminal
benzene ring which connects to the SBU is not free to rotate
about the axis dened by the carboxylic acid bond vector. Since
the original linker consists of just one benzene ring, any
proposed linker from which we attempt to build a MOF-74
analog must have terminal benzene rings that lie in the same
plane. An additional requirement is imposed in which the angle
between the two vectors represented by the carboxylic acid
carbon to benzene ring bond in both connection groups are
required to have an angle of 180 degrees or 120 degrees. If the
angle between the vectors is 180 degrees, then the assembled
crystal structure will be a variant of the originally published
MOF-74 structure.27 If the angle between vectors is 120 degrees,
then the assembled structure will be a variant of the m-MOF-74
structure.21 These orientation constraints signicantly affect the
number of linkers that can be used to enumerate MOF-74
analogs. The Confab tool in OpenBabel, which systematically
generates diverse, low-energy conformers,28 was used to
generate a set of low-energy conformers for each of the 400
remaining linkers. The criteria for a low-energy conformer was
set at 50 kJ mol"1 above the minimum energy conformer in
vacuum and was calculated via the Merck Molecular Force Field
(MMFF94).29 The molecules that passed the conformational test
were those that contained at least one conformer in which the
planes dened by the terminal benzene atoms were within
#10% of 180 degrees and carboxyl acid bond vectors that were
within #10% of 120 degrees or 180 degrees. Discarding mole-
cules that could not realistically achieve the required confor-
mational constraints of MOF-74 resulted in the removal of all
but 61 structures from the set of potential ligands, yielding
a collection of molecules representing 0.0001% of the PubChem
database. While not a quantitative predictor of the synthesiz-
ability of a MOF-74 analog, the use of only low energy
conformers suggests that the assembled MOF-74 analog may be

Fig. 2 Step 1: PubChem Compounds database is chosen to screen
!60 000 000 chemicals. Step 2: filtering out molecules not appro-
priate for MOF ligands and those that do not satisfy MOF-74 chemical
connectivity removes all but 0.0007% of compounds. Step 3: mole-
cules that cannot achieve a low energy conformer compatible with
MOF-74 geometric requirements are filtered, thereby removing 84%
of the remaining potential ligands.
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experimentally realizable. Three of the 61 selected linkers in the
PubChem database are shown in Fig. 3. Each ligand has access
to a low energy conformer that exhibits both planarity between
the terminal benzene rings and an angle between the two
carboxylic acid C–C bonds of either 120 degrees or 180 degrees.
All remaining linkers can be seen in the assembled MOF-74
analogs by visualizing the CIFs given in S5 of the ESI.†

Crystal structure assembly

The etb net of MOF-74, visualized in Fig. 4, exhibits special
complexities which preclude the use of previously developed
methods for in silico crystal design.11,13 Three distinct problems
arise. Firstly, not all edges in nets that abstract a 1-D rod MOF
represent a linker or segment of a linker. As seen in Fig. 4, only
some edges (highlighted in red) in the etb net abstract the
ligand that connects one SBU rod to another, while others
abstract edges that exist within the SBU rod itself (highlighted
by thin black lines). Secondly, each node in etb does not
abstract a single, discrete SBU in MOF-74 but rather they
abstract only the metal atom contained within the SBU rod. For
example, all nodes that can be visited without traversing a red
edge represent the three metals contained by one rod within
a single unit cell. Thirdly, attempting to dene the c-component
of the SBU rod's central (a, b, c) coordinates becomes ambig-
uous since the rod transverses periodic boundary conditions in
the c-direction. Thus the process of embedding the SBU rods in
three dimensional space can signicantly change depending on
the selected linker. Upon exchange of the red edges in Fig. 4b
with an alternative linker to DOBDC, the edge may in fact no
longer be parallel to the ab face and all the SBU rods will shi
relative to each other in the c-direction based on the new
ligand's geometry. These three difficulties necessitate a new
methodology to quickly assemble crystal structures from the 61
selected ligands.

We overcome these challenges by simplifying our view of the
MOF-74 net topology and by using a simple geometric optimi-
zation routine to assemble a new crystal structure for a given
ligand. We identify three geometric constraints that must
remain invariant aer ligand exchange, schematically repre-
sented in Fig. 5. Note that these constraints are net independent
and could therefore be identied for any MOF whose metal
oxide SBUs are indeed 1 dimensional (an example of MIL-53 is
shown in S4 of the ESI†). Firstly, the length of a ligand, L, is
quantied as the distance between the two carboxylic acid
carbons since they represent atoms that are immediately con-
nected to the SBU rods. Thus they are termed the connection
points of each rod. Upon enumerating a new crystal structure,
we require that the magnitude of the distance between the
connection points on two adjacent rods be equal to the length of
the ligand. Secondly, the chemical environment within the SBU
rod is invariant, so the relative coordinates of all Mg and O
atoms in the rod are xed. Thirdly, the a and b fractional

Fig. 3 A sample of the 61 molecules found in the PubChem database
that were identified as potential ligands for MOF-74 analogs. The
middle linker, olsalazine, is utilized to synthesize a novel MOF-74
analog.

Fig. 4 The etb net representation of MOF-74 where purple spheres
represent nodes and lines represent edges in the graph. Nodes
correspond to the metal atoms in each rod, red lines are edges that
abstract a ligand in MOF-74, and thin black lines abstract connections
within a single SBU rod. (a) View of the ab face of etb net. (b) View of
the bc face of the etb net.

Fig. 5 A simplified geometric representation of the MOF-74 unit cell.
Three constraints dictate how the SBU rods are able to position
themselves relative to one another in the crystal framework.
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(1) Database selection. For this study we expand the scope of
our exploration of chemical space from a commercial database
such as eMolecules (https://www.emolecules.com), sometimes
referred to as the ‘http://amazon.com’ for chemicals, to the
larger PubChem Compounds database. This PubChem library
of molecules consists of !160 000 000 user deposited struc-
tures, from which 60 000 000 are chemically validated and
determined to be unique. This subset of unique molecules is
known as the PubChem Compounds database and is approxi-
mately nine times larger than the eMolecules database. While
these PubChem compounds may not necessarily be commer-
cially available, any ligand identied from this library should
indeed represent a feasible, experimentally realizable chemical
structure.

(2) Connectivity lter. The chemical connectivity of MOF-74
demonstrates greater complexity than the connectivity seen in
the broad class of MOFs where the ligand attaches to the SBUs
by two or more carboxylic acid groups. Here we require a phenol

group directly adjacent to the carboxylic acid group in order to
have the correct connectivity. We impose the constraint that
a molecule must have exactly two of these identical substruc-
tures shown in Fig. 2 to satisfy the particular chemical
connectivity of MOF-74. This substructure can be abstracted as
a SMARTs string, or a textual representation of a substructure
within a molecular graph, which can be readily identied by the
open-source soware package OpenBabel.26 Thus each molec-
ular entry in PubChem can be quickly analyzed and identied if
it contains a particular SMART. Aer removing database entries
that contained fragmented structures, salts, or net charged
species and ltering for molecules that contained exactly two of
the required SMARTs for MOF-74 connectivity, only !400
molecules remained as potential ligands. Thus simply identi-
fying molecules with MOF-74 connectivity indicates we can only
investigate 0.0007% of the chemical space contained in the
PubChem database.

(3) High energy conformer lter. Additional ltering was
required to identify potential linkers that could adopt
a conformation suitable for building a MOF-74 analog. The
DOBDC linker is connected to a given metal rod SBU by three
Mg–O bonds, one at each carboxylic acid oxygen and a third at
the phenolic oxygen (see Fig. 1). This third connection point
from the linker to the SBU adds the constraint that the terminal
benzene ring which connects to the SBU is not free to rotate
about the axis dened by the carboxylic acid bond vector. Since
the original linker consists of just one benzene ring, any
proposed linker from which we attempt to build a MOF-74
analog must have terminal benzene rings that lie in the same
plane. An additional requirement is imposed in which the angle
between the two vectors represented by the carboxylic acid
carbon to benzene ring bond in both connection groups are
required to have an angle of 180 degrees or 120 degrees. If the
angle between the vectors is 180 degrees, then the assembled
crystal structure will be a variant of the originally published
MOF-74 structure.27 If the angle between vectors is 120 degrees,
then the assembled structure will be a variant of the m-MOF-74
structure.21 These orientation constraints signicantly affect the
number of linkers that can be used to enumerate MOF-74
analogs. The Confab tool in OpenBabel, which systematically
generates diverse, low-energy conformers,28 was used to
generate a set of low-energy conformers for each of the 400
remaining linkers. The criteria for a low-energy conformer was
set at 50 kJ mol"1 above the minimum energy conformer in
vacuum and was calculated via the Merck Molecular Force Field
(MMFF94).29 The molecules that passed the conformational test
were those that contained at least one conformer in which the
planes dened by the terminal benzene atoms were within
#10% of 180 degrees and carboxyl acid bond vectors that were
within #10% of 120 degrees or 180 degrees. Discarding mole-
cules that could not realistically achieve the required confor-
mational constraints of MOF-74 resulted in the removal of all
but 61 structures from the set of potential ligands, yielding
a collection of molecules representing 0.0001% of the PubChem
database. While not a quantitative predictor of the synthesiz-
ability of a MOF-74 analog, the use of only low energy
conformers suggests that the assembled MOF-74 analog may be

Fig. 2 Step 1: PubChem Compounds database is chosen to screen
!60 000 000 chemicals. Step 2: filtering out molecules not appro-
priate for MOF ligands and those that do not satisfy MOF-74 chemical
connectivity removes all but 0.0007% of compounds. Step 3: mole-
cules that cannot achieve a low energy conformer compatible with
MOF-74 geometric requirements are filtered, thereby removing 84%
of the remaining potential ligands.
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experimentally realizable. Three of the 61 selected linkers in the
PubChem database are shown in Fig. 3. Each ligand has access
to a low energy conformer that exhibits both planarity between
the terminal benzene rings and an angle between the two
carboxylic acid C–C bonds of either 120 degrees or 180 degrees.
All remaining linkers can be seen in the assembled MOF-74
analogs by visualizing the CIFs given in S5 of the ESI.†

Crystal structure assembly

The etb net of MOF-74, visualized in Fig. 4, exhibits special
complexities which preclude the use of previously developed
methods for in silico crystal design.11,13 Three distinct problems
arise. Firstly, not all edges in nets that abstract a 1-D rod MOF
represent a linker or segment of a linker. As seen in Fig. 4, only
some edges (highlighted in red) in the etb net abstract the
ligand that connects one SBU rod to another, while others
abstract edges that exist within the SBU rod itself (highlighted
by thin black lines). Secondly, each node in etb does not
abstract a single, discrete SBU in MOF-74 but rather they
abstract only the metal atom contained within the SBU rod. For
example, all nodes that can be visited without traversing a red
edge represent the three metals contained by one rod within
a single unit cell. Thirdly, attempting to dene the c-component
of the SBU rod's central (a, b, c) coordinates becomes ambig-
uous since the rod transverses periodic boundary conditions in
the c-direction. Thus the process of embedding the SBU rods in
three dimensional space can signicantly change depending on
the selected linker. Upon exchange of the red edges in Fig. 4b
with an alternative linker to DOBDC, the edge may in fact no
longer be parallel to the ab face and all the SBU rods will shi
relative to each other in the c-direction based on the new
ligand's geometry. These three difficulties necessitate a new
methodology to quickly assemble crystal structures from the 61
selected ligands.

We overcome these challenges by simplifying our view of the
MOF-74 net topology and by using a simple geometric optimi-
zation routine to assemble a new crystal structure for a given
ligand. We identify three geometric constraints that must
remain invariant aer ligand exchange, schematically repre-
sented in Fig. 5. Note that these constraints are net independent
and could therefore be identied for any MOF whose metal
oxide SBUs are indeed 1 dimensional (an example of MIL-53 is
shown in S4 of the ESI†). Firstly, the length of a ligand, L, is
quantied as the distance between the two carboxylic acid
carbons since they represent atoms that are immediately con-
nected to the SBU rods. Thus they are termed the connection
points of each rod. Upon enumerating a new crystal structure,
we require that the magnitude of the distance between the
connection points on two adjacent rods be equal to the length of
the ligand. Secondly, the chemical environment within the SBU
rod is invariant, so the relative coordinates of all Mg and O
atoms in the rod are xed. Thirdly, the a and b fractional

Fig. 3 A sample of the 61 molecules found in the PubChem database
that were identified as potential ligands for MOF-74 analogs. The
middle linker, olsalazine, is utilized to synthesize a novel MOF-74
analog.

Fig. 4 The etb net representation of MOF-74 where purple spheres
represent nodes and lines represent edges in the graph. Nodes
correspond to the metal atoms in each rod, red lines are edges that
abstract a ligand in MOF-74, and thin black lines abstract connections
within a single SBU rod. (a) View of the ab face of etb net. (b) View of
the bc face of the etb net.

Fig. 5 A simplified geometric representation of the MOF-74 unit cell.
Three constraints dictate how the SBU rods are able to position
themselves relative to one another in the crystal framework.
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Mg-MOF-74 osalazine

experimentally realizable. Three of the 61 selected linkers in the
PubChem database are shown in Fig. 3. Each ligand has access
to a low energy conformer that exhibits both planarity between
the terminal benzene rings and an angle between the two
carboxylic acid C–C bonds of either 120 degrees or 180 degrees.
All remaining linkers can be seen in the assembled MOF-74
analogs by visualizing the CIFs given in S5 of the ESI.†

Crystal structure assembly

The etb net of MOF-74, visualized in Fig. 4, exhibits special
complexities which preclude the use of previously developed
methods for in silico crystal design.11,13 Three distinct problems
arise. Firstly, not all edges in nets that abstract a 1-D rod MOF
represent a linker or segment of a linker. As seen in Fig. 4, only
some edges (highlighted in red) in the etb net abstract the
ligand that connects one SBU rod to another, while others
abstract edges that exist within the SBU rod itself (highlighted
by thin black lines). Secondly, each node in etb does not
abstract a single, discrete SBU in MOF-74 but rather they
abstract only the metal atom contained within the SBU rod. For
example, all nodes that can be visited without traversing a red
edge represent the three metals contained by one rod within
a single unit cell. Thirdly, attempting to dene the c-component
of the SBU rod's central (a, b, c) coordinates becomes ambig-
uous since the rod transverses periodic boundary conditions in
the c-direction. Thus the process of embedding the SBU rods in
three dimensional space can signicantly change depending on
the selected linker. Upon exchange of the red edges in Fig. 4b
with an alternative linker to DOBDC, the edge may in fact no
longer be parallel to the ab face and all the SBU rods will shi
relative to each other in the c-direction based on the new
ligand's geometry. These three difficulties necessitate a new
methodology to quickly assemble crystal structures from the 61
selected ligands.

We overcome these challenges by simplifying our view of the
MOF-74 net topology and by using a simple geometric optimi-
zation routine to assemble a new crystal structure for a given
ligand. We identify three geometric constraints that must
remain invariant aer ligand exchange, schematically repre-
sented in Fig. 5. Note that these constraints are net independent
and could therefore be identied for any MOF whose metal
oxide SBUs are indeed 1 dimensional (an example of MIL-53 is
shown in S4 of the ESI†). Firstly, the length of a ligand, L, is
quantied as the distance between the two carboxylic acid
carbons since they represent atoms that are immediately con-
nected to the SBU rods. Thus they are termed the connection
points of each rod. Upon enumerating a new crystal structure,
we require that the magnitude of the distance between the
connection points on two adjacent rods be equal to the length of
the ligand. Secondly, the chemical environment within the SBU
rod is invariant, so the relative coordinates of all Mg and O
atoms in the rod are xed. Thirdly, the a and b fractional

Fig. 3 A sample of the 61 molecules found in the PubChem database
that were identified as potential ligands for MOF-74 analogs. The
middle linker, olsalazine, is utilized to synthesize a novel MOF-74
analog.

Fig. 4 The etb net representation of MOF-74 where purple spheres
represent nodes and lines represent edges in the graph. Nodes
correspond to the metal atoms in each rod, red lines are edges that
abstract a ligand in MOF-74, and thin black lines abstract connections
within a single SBU rod. (a) View of the ab face of etb net. (b) View of
the bc face of the etb net.

Fig. 5 A simplified geometric representation of the MOF-74 unit cell.
Three constraints dictate how the SBU rods are able to position
themselves relative to one another in the crystal framework.

6266 | Chem. Sci., 2016, 7, 6263–6272 This journal is © The Royal Society of Chemistry 2016

Chemical Science Edge Article

O
pe

n 
A

cc
es

s A
rti

cl
e.

 P
ub

lis
he

d 
on

 2
1 

Ju
ne

 2
01

6.
 D

ow
nl

oa
de

d 
on

 2
9/

09
/2

01
6 

11
:1

5:
30

. 
 T

hi
s a

rti
cl

e 
is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

Li
ce

nc
e.

View Article Online



behavior in the saturation regime of these extended frame-
works. This high-pressure, saturation regime was not investi-
gated in this study, as can be seen in Fig. 10, since it is less
interesting for carbon capture applications and hence we expect
exibility to have a minimal effect on the results presented in
this work.

Validation of Mg2 (olsalazine)

The reaction of olsalazine sodium with Mg(NO3)2$6H2O in
a mixture of DMF:ethanol (ratio of 1 : 1) at 120 !C yields
a homogeneous material based on rod-type crystals as
conrmed by scanning electron microscopy (SEM) images
(Fig. 11a). The size of the isolated crystals was too small to

Fig. 10 (a) CO2 adsorption isotherms in units of moles loaded per kilogram and (b) in units of molecules loaded per unit cell in the hypothetical
MOF-74 analog library. Each isotherm is color-coded by the CO2 accessible volume per unit cell of the corresponding structure. The isotherm
with star markers and gold dashes represents the isotherm for Mg2(DOBDC), whereas the isotherm with diamond markers and red dashes
represents Mg2(olsalazine).

Fig. 11 (a) SEM image of the as-made material reveals that the morphology of [Mg2(olsalazine) (DMF)2]$2DMF$3H2O crystals is based upon rods
(scale bar: 5 mm) (b) comparison the simulated pattern from the idealized structure of [Mg2(olsalazine)] with the experimental pattern of the as
made [Mg2(olsalazine) (DMF)2]$2DMF$3H2O (c) comparison of the theoretical and the experimental CO2 adsorption isotherms collected at 298,
303 and 313 K and 1 bar and (d) view of Mg2(olsalazine) along c-axis showing the formation of a 3-dimensional framework with hexagonal one-
dimensional pores as it is observed in Mg-MOF-74.
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behavior in the saturation regime of these extended frame-
works. This high-pressure, saturation regime was not investi-
gated in this study, as can be seen in Fig. 10, since it is less
interesting for carbon capture applications and hence we expect
exibility to have a minimal effect on the results presented in
this work.

Validation of Mg2 (olsalazine)

The reaction of olsalazine sodium with Mg(NO3)2$6H2O in
a mixture of DMF:ethanol (ratio of 1 : 1) at 120 !C yields
a homogeneous material based on rod-type crystals as
conrmed by scanning electron microscopy (SEM) images
(Fig. 11a). The size of the isolated crystals was too small to

Fig. 10 (a) CO2 adsorption isotherms in units of moles loaded per kilogram and (b) in units of molecules loaded per unit cell in the hypothetical
MOF-74 analog library. Each isotherm is color-coded by the CO2 accessible volume per unit cell of the corresponding structure. The isotherm
with star markers and gold dashes represents the isotherm for Mg2(DOBDC), whereas the isotherm with diamond markers and red dashes
represents Mg2(olsalazine).

Fig. 11 (a) SEM image of the as-made material reveals that the morphology of [Mg2(olsalazine) (DMF)2]$2DMF$3H2O crystals is based upon rods
(scale bar: 5 mm) (b) comparison the simulated pattern from the idealized structure of [Mg2(olsalazine)] with the experimental pattern of the as
made [Mg2(olsalazine) (DMF)2]$2DMF$3H2O (c) comparison of the theoretical and the experimental CO2 adsorption isotherms collected at 298,
303 and 313 K and 1 bar and (d) view of Mg2(olsalazine) along c-axis showing the formation of a 3-dimensional framework with hexagonal one-
dimensional pores as it is observed in Mg-MOF-74.
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Mg-MOF-74 osalazine

experimentally realizable. Three of the 61 selected linkers in the
PubChem database are shown in Fig. 3. Each ligand has access
to a low energy conformer that exhibits both planarity between
the terminal benzene rings and an angle between the two
carboxylic acid C–C bonds of either 120 degrees or 180 degrees.
All remaining linkers can be seen in the assembled MOF-74
analogs by visualizing the CIFs given in S5 of the ESI.†

Crystal structure assembly

The etb net of MOF-74, visualized in Fig. 4, exhibits special
complexities which preclude the use of previously developed
methods for in silico crystal design.11,13 Three distinct problems
arise. Firstly, not all edges in nets that abstract a 1-D rod MOF
represent a linker or segment of a linker. As seen in Fig. 4, only
some edges (highlighted in red) in the etb net abstract the
ligand that connects one SBU rod to another, while others
abstract edges that exist within the SBU rod itself (highlighted
by thin black lines). Secondly, each node in etb does not
abstract a single, discrete SBU in MOF-74 but rather they
abstract only the metal atom contained within the SBU rod. For
example, all nodes that can be visited without traversing a red
edge represent the three metals contained by one rod within
a single unit cell. Thirdly, attempting to dene the c-component
of the SBU rod's central (a, b, c) coordinates becomes ambig-
uous since the rod transverses periodic boundary conditions in
the c-direction. Thus the process of embedding the SBU rods in
three dimensional space can signicantly change depending on
the selected linker. Upon exchange of the red edges in Fig. 4b
with an alternative linker to DOBDC, the edge may in fact no
longer be parallel to the ab face and all the SBU rods will shi
relative to each other in the c-direction based on the new
ligand's geometry. These three difficulties necessitate a new
methodology to quickly assemble crystal structures from the 61
selected ligands.

We overcome these challenges by simplifying our view of the
MOF-74 net topology and by using a simple geometric optimi-
zation routine to assemble a new crystal structure for a given
ligand. We identify three geometric constraints that must
remain invariant aer ligand exchange, schematically repre-
sented in Fig. 5. Note that these constraints are net independent
and could therefore be identied for any MOF whose metal
oxide SBUs are indeed 1 dimensional (an example of MIL-53 is
shown in S4 of the ESI†). Firstly, the length of a ligand, L, is
quantied as the distance between the two carboxylic acid
carbons since they represent atoms that are immediately con-
nected to the SBU rods. Thus they are termed the connection
points of each rod. Upon enumerating a new crystal structure,
we require that the magnitude of the distance between the
connection points on two adjacent rods be equal to the length of
the ligand. Secondly, the chemical environment within the SBU
rod is invariant, so the relative coordinates of all Mg and O
atoms in the rod are xed. Thirdly, the a and b fractional

Fig. 3 A sample of the 61 molecules found in the PubChem database
that were identified as potential ligands for MOF-74 analogs. The
middle linker, olsalazine, is utilized to synthesize a novel MOF-74
analog.

Fig. 4 The etb net representation of MOF-74 where purple spheres
represent nodes and lines represent edges in the graph. Nodes
correspond to the metal atoms in each rod, red lines are edges that
abstract a ligand in MOF-74, and thin black lines abstract connections
within a single SBU rod. (a) View of the ab face of etb net. (b) View of
the bc face of the etb net.

Fig. 5 A simplified geometric representation of the MOF-74 unit cell.
Three constraints dictate how the SBU rods are able to position
themselves relative to one another in the crystal framework.
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behavior in the saturation regime of these extended frame-
works. This high-pressure, saturation regime was not investi-
gated in this study, as can be seen in Fig. 10, since it is less
interesting for carbon capture applications and hence we expect
exibility to have a minimal effect on the results presented in
this work.

Validation of Mg2 (olsalazine)

The reaction of olsalazine sodium with Mg(NO3)2$6H2O in
a mixture of DMF:ethanol (ratio of 1 : 1) at 120 !C yields
a homogeneous material based on rod-type crystals as
conrmed by scanning electron microscopy (SEM) images
(Fig. 11a). The size of the isolated crystals was too small to

Fig. 10 (a) CO2 adsorption isotherms in units of moles loaded per kilogram and (b) in units of molecules loaded per unit cell in the hypothetical
MOF-74 analog library. Each isotherm is color-coded by the CO2 accessible volume per unit cell of the corresponding structure. The isotherm
with star markers and gold dashes represents the isotherm for Mg2(DOBDC), whereas the isotherm with diamond markers and red dashes
represents Mg2(olsalazine).

Fig. 11 (a) SEM image of the as-made material reveals that the morphology of [Mg2(olsalazine) (DMF)2]$2DMF$3H2O crystals is based upon rods
(scale bar: 5 mm) (b) comparison the simulated pattern from the idealized structure of [Mg2(olsalazine)] with the experimental pattern of the as
made [Mg2(olsalazine) (DMF)2]$2DMF$3H2O (c) comparison of the theoretical and the experimental CO2 adsorption isotherms collected at 298,
303 and 313 K and 1 bar and (d) view of Mg2(olsalazine) along c-axis showing the formation of a 3-dimensional framework with hexagonal one-
dimensional pores as it is observed in Mg-MOF-74.
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Xe/Kr separations



Separations of Xe/Kr
• Nuclear energy reprocessing: Xe - Kr 

isotopes are produced (i.e., 85Kr with t1/2 = 
10.8 y)

• Xe used in several applications : 
cryogenic distillation of air:
• pure Xe $5000 kg

D. Banerjee, C. M. Simon, A. M. Plonka, R. K. Motkuri, J. Liu, X. Chen, B. Smit, J. B. Parise, M. Haranczyk, and P. K. Thallapally, Metal-organic framework 
with optimally selective xenon adsorption and separation Nat. Comm. 7 (11831) (2016) http://dx.doi.org/10.1038/ncomms11831

C. M. Simon, R. Mercado, S. K. Schnell, B. Smit, and M. Haranczyk, What Are the Best Materials To Separate a Xenon/Krypton Mixture? Chem. Mat. 27 
(12), 4459 (2015) http://dx.doi.org/10.1021/acs.chemmater.5b01475

http://dx.doi.org/10.1038/ncomms11831
http://dx.doi.org/10.1021/acs.chemmater.5b01475


S4

(a) (b)

(c) (d)

Figure S2: Force field validation. Shown is a comparison between experimental equilibrium uptake
data and our simulated uptake. (a) Kr and Xe adsorption in IRMOF-1 at 292 K (b) Xe adsorption in
IRMOF-2x at 292 K (c) Kr adsorption IRMOF-2x at 292 K (d) Kr adsorption in Silicalite at 305 and
242 K.

Comparison with experimental data

C. M. Simon, R. Mercado, S. K. Schnell, B. Smit, and M. Haranczyk, What Are the Best Materials To Separate a Xenon/
Krypton Mixture? Chem. Mat. 27 (12), 4459 (2015) http://dx.doi.org/10.1021/acs.chemmater.5b01475

http://dx.doi.org/10.1021/acs.chemmater.5b01475


Screening

adsorption isotherms in Co-formate15,20, SBMOF-2 (ref. 13),
HKUST-1 (ref. 14), MOF-505 (ref. 10), PCN-14 (ref. 19),
Ni-MOF-74 (ref. 8), Zinc tetrazolate21, IRMOF-1 (ref. 22), and
FMOF-Cu9 and identified the Xe and Kr Henry coefficients
from the data in the low pressure regime (see Computational
Calculation section of Supplementary Methods, Fig. 2b,
Supplementary Figs 1–16). The saturation loading of Xe in
SBMOF-1 is lower than observed in the majority of these
materials due to the comparatively low (B145 m2 g! 1) surface
area of SBMOF-1 (Supplementary Figs 26 and 27)41. However,
the Henry coefficient of Xe in SBMOF-1 is a factor of two
higher than in CC3, the material in our survey with the second
highest Xe Henry coefficient; we thus expect SBMOF-1 to have an
outstanding Xe uptake under UNF reprocessing off-gas
conditions. Figure 2b shows that SBMOF-1 exhibits by far the
largest Xe Henry coefficient and the highest Xe/Kr selectivity at
dilute conditions among all reported Xe and Kr adsorption
isotherms in our literature survey.

Adsorption kinetics and column breakthrough experiments.
From a practical point of view, it is important that the kinetics of
Xe adsorption/desorption are sufficiently fast and the material can
undergo multiple ad-/de-sorption cycles without losing capacity.
We measured the kinetics of Xe adsorption into an SBMOF-1
sample by connecting a chamber of Xe at 1 bar and 298 K to an
evacuated chamber with the SBMOF-1 sample, then opening a
valve to allow flow. Figure 2c shows that the rate of Xe uptake is
sufficiently fast, reaching B80% of saturation uptake within
10 min. Next, we performed 10 ad-/de-sorption cycles to test if
SBMOF-1 retains its high Xe adsorption capacity after many

cycles. Figure 2d shows that SBMOF-1 retains its performance
after multiple cycles. In addition, SBMOF-1 shows high thermal
stability up to 500 K (Supplementary Fig. 20). To demonstrate the
practical applicability of SBMOF-1 for capturing Xe from UNF
reprocessing off-gas, we conducted single-column breakthrough
experiments with a representative gas mixture (400 p.p.m. Xe,
40 p.p.m. Kr, 78.1% N2, 20.9% O2, 0.03% CO2 and 0.9% Ar)
(see breakthrough measurement section of the Supplementary
Information, Supplementary Figs 28 and 29)17. We fed this gas
mixture through a column packed with SBMOF-1 and initially
purged with He. Figure 3 shows that all gases except Xe broke
through the column within minutes, whereas Xe was retained in
the column for more than an hour). This demonstrates that
SBMOF-1 can selectively remove Xe from air at UNF reprocessing
conditions. Under these conditions, SBMOF-1 adsorbed
13.2 mmol Xe per kg, higher than the reported breakthrough Xe
capacities of benchmark materials, Ni-MOF-74 (4.8 mmol Xe per
kg) and CC3 (11 mmol Xe per kg) (Supplementary Fig. 29)12,17.
The experimental breakthrough capacity is close to that predicted
from the Henry coefficient of the pure-component Xe isotherm
(15.4 mmol kg! 1), suggesting minimal diffusion limitations in the
SBMOF-1 pellets. Next, we conducted column breakthrough
experiments on SBMOF-1 in the presence of 42% relative
humidity (Fig. 3b). Remarkably, SBMOF-1 retains a high Xe
uptake (B11.5 mmol kg! 1) even in the presence of water vapor.
These results suggest the outstanding stability of SBMOF-1 makes
it a practical material for the removal of Xe from UNF reprocessing
off-gas. Such stability is a desirable property, as very few
metal–organic hybrid materials exhibit such properties42–44. We
postulate the absence of open metal sites to be responsible for the
stability of SBMOF-1 in the presence of water vapour45.
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Figure 1 | Computational screening of MOFs for Xe/Kr separations at dilute conditions relevant to UNF reprocessing off-gas. We computed the Henry
coefficients of Xe and Kr in B125,000 MOF structures; the selectivity at dilute conditions is the ratio of Henry coefficients. (a) Distribution of simulated
selectivities for experimentally synthesized (green) and hypothetical (yellow) MOF structures; vertical, dashed line is SBMOF-1 (KAXQIL in the Cambridge
Structural Database (CSD)). (b) Histogram showing relationship between selectivity and pore size, with the largest included sphere diameter as a
metric; colour shows average energy of Xe adsorption in that bin. SBMOF-1 (KAXQIL in CSD), with simulated selectivity 70.6 and largest included sphere
diameter of 5.1 Å, is indicated. Vertical, dashed line is the distance that yields the minimum energy in a Xe–Xe Lennard–Jones potential. (c) SBMOF-1 is
composed of corner sharing, octahedrally coordinated calcium chains along the crystallographic b direction, which are connected by organic linkers,
forming a one-dimensional nanoporous channel. (d) Side view. Shown are the calculated potential energy contours of a Xe atom adsorbed in the pore (blue
surface, ! 32 kJ mol! 1; white surface, 15 kJ mol! 1).
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adsorption isotherms in Co-formate15,20, SBMOF-2 (ref. 13),
HKUST-1 (ref. 14), MOF-505 (ref. 10), PCN-14 (ref. 19),
Ni-MOF-74 (ref. 8), Zinc tetrazolate21, IRMOF-1 (ref. 22), and
FMOF-Cu9 and identified the Xe and Kr Henry coefficients
from the data in the low pressure regime (see Computational
Calculation section of Supplementary Methods, Fig. 2b,
Supplementary Figs 1–16). The saturation loading of Xe in
SBMOF-1 is lower than observed in the majority of these
materials due to the comparatively low (B145 m2 g! 1) surface
area of SBMOF-1 (Supplementary Figs 26 and 27)41. However,
the Henry coefficient of Xe in SBMOF-1 is a factor of two
higher than in CC3, the material in our survey with the second
highest Xe Henry coefficient; we thus expect SBMOF-1 to have an
outstanding Xe uptake under UNF reprocessing off-gas
conditions. Figure 2b shows that SBMOF-1 exhibits by far the
largest Xe Henry coefficient and the highest Xe/Kr selectivity at
dilute conditions among all reported Xe and Kr adsorption
isotherms in our literature survey.

Adsorption kinetics and column breakthrough experiments.
From a practical point of view, it is important that the kinetics of
Xe adsorption/desorption are sufficiently fast and the material can
undergo multiple ad-/de-sorption cycles without losing capacity.
We measured the kinetics of Xe adsorption into an SBMOF-1
sample by connecting a chamber of Xe at 1 bar and 298 K to an
evacuated chamber with the SBMOF-1 sample, then opening a
valve to allow flow. Figure 2c shows that the rate of Xe uptake is
sufficiently fast, reaching B80% of saturation uptake within
10 min. Next, we performed 10 ad-/de-sorption cycles to test if
SBMOF-1 retains its high Xe adsorption capacity after many

cycles. Figure 2d shows that SBMOF-1 retains its performance
after multiple cycles. In addition, SBMOF-1 shows high thermal
stability up to 500 K (Supplementary Fig. 20). To demonstrate the
practical applicability of SBMOF-1 for capturing Xe from UNF
reprocessing off-gas, we conducted single-column breakthrough
experiments with a representative gas mixture (400 p.p.m. Xe,
40 p.p.m. Kr, 78.1% N2, 20.9% O2, 0.03% CO2 and 0.9% Ar)
(see breakthrough measurement section of the Supplementary
Information, Supplementary Figs 28 and 29)17. We fed this gas
mixture through a column packed with SBMOF-1 and initially
purged with He. Figure 3 shows that all gases except Xe broke
through the column within minutes, whereas Xe was retained in
the column for more than an hour). This demonstrates that
SBMOF-1 can selectively remove Xe from air at UNF reprocessing
conditions. Under these conditions, SBMOF-1 adsorbed
13.2 mmol Xe per kg, higher than the reported breakthrough Xe
capacities of benchmark materials, Ni-MOF-74 (4.8 mmol Xe per
kg) and CC3 (11 mmol Xe per kg) (Supplementary Fig. 29)12,17.
The experimental breakthrough capacity is close to that predicted
from the Henry coefficient of the pure-component Xe isotherm
(15.4 mmol kg! 1), suggesting minimal diffusion limitations in the
SBMOF-1 pellets. Next, we conducted column breakthrough
experiments on SBMOF-1 in the presence of 42% relative
humidity (Fig. 3b). Remarkably, SBMOF-1 retains a high Xe
uptake (B11.5 mmol kg! 1) even in the presence of water vapor.
These results suggest the outstanding stability of SBMOF-1 makes
it a practical material for the removal of Xe from UNF reprocessing
off-gas. Such stability is a desirable property, as very few
metal–organic hybrid materials exhibit such properties42–44. We
postulate the absence of open metal sites to be responsible for the
stability of SBMOF-1 in the presence of water vapour45.
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Figure 1 | Computational screening of MOFs for Xe/Kr separations at dilute conditions relevant to UNF reprocessing off-gas. We computed the Henry
coefficients of Xe and Kr in B125,000 MOF structures; the selectivity at dilute conditions is the ratio of Henry coefficients. (a) Distribution of simulated
selectivities for experimentally synthesized (green) and hypothetical (yellow) MOF structures; vertical, dashed line is SBMOF-1 (KAXQIL in the Cambridge
Structural Database (CSD)). (b) Histogram showing relationship between selectivity and pore size, with the largest included sphere diameter as a
metric; colour shows average energy of Xe adsorption in that bin. SBMOF-1 (KAXQIL in CSD), with simulated selectivity 70.6 and largest included sphere
diameter of 5.1 Å, is indicated. Vertical, dashed line is the distance that yields the minimum energy in a Xe–Xe Lennard–Jones potential. (c) SBMOF-1 is
composed of corner sharing, octahedrally coordinated calcium chains along the crystallographic b direction, which are connected by organic linkers,
forming a one-dimensional nanoporous channel. (d) Side view. Shown are the calculated potential energy contours of a Xe atom adsorbed in the pore (blue
surface, ! 32 kJ mol! 1; white surface, 15 kJ mol! 1).
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Experiments: SBMOF-1

Model Mixture: 
O2, N2, CO2, Kr, Xe 

(400 ppm Xe, 40 ppm Kr, 
78.1% N2, 20.9% O2, 
0.03% CO2, and 0.9% Ar)

D. Banerjee, C. M. Simon, A. M. Plonka, R. K. Motkuri, J. Liu, X. Chen, B. 
Smit, J. B. Parise, M. Haranczyk, and P. K. Thallapally, Metal-organic 
framework with optimally selective xenon adsorption and separation 
Nat. Comm. 7 (11831) (2016) http://dx.doi.org/10.1038/
ncomms11831
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Methane Storage



Methane in cars: 
energy density

CH4


1 liter

Gasoline, 1 liter

0.036 MJ 34.2 MJ



Methane versus gasoline

LNG CNG
Makal et al. Chem. Soc. Rev.  2012 41.23, 7761-7779.
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Nano porous materials?Can we find a material with the same energy 
density as compressed natural gas?



What is the best material?
Langmuir isotherm:

This journal is© the Owner Societies 2014 Phys. Chem. Chem. Phys., 2014, 16, 5499--5513 | 5503

a unit volume. Each crystalline unit cell has a void space Os that
is of uniform energy U0 and large enough for only one gas
molecule. The region outside the binding site is inaccessible
because it is occupied by framework atoms. See Fig. 3. The
energy landscape of the material is thus:

UðxÞ ¼
U0; x 2 Os

1; x =2 Os:

(

(1)

With this energy landscape, we derive in the ESI,† S4 from
statistical mechanics the isotherm for this model material
under the assumption that nearby guests do not interact.

The adsorbed guest loading (moles or molecules per volume)
s in the material at pressure P follows a Langmuir isotherm:

s ¼ bee$bU0P

1þ bee$bU0

M P
; (2)

where e is the void fraction, or porosity, of the material (e = |Os|/|O|)
and b = 1/(RT) with R as the universal gas constant. Eqn (2) is the
familiar Langmuir isotherm with Henry coefficient KH = bee$bU0

and Langmuir constant K ¼ bee$bU0

M
.

The isothermal deliverable capacity D of a material is the
difference in loading at the high pressure PH of a filled tank and the
low pressure PL of a depleted tank. Using our model, the methane
delivered to the engine per volume of model material is:

D U0;PL;PHð Þ ¼ bee$bU0PH

1þ bee$bU0

M PH

$ bee$bU0PL

1þ bee$bU0

M PL

; (3)

which is lucidly a function of the energy of adsorption U0. The
two terms show the prerequisite to obtain a large deliverable
capacity is a high uptake at PH, but uptake at the depletion
pressure PL reduces the deliverable capacity below the high-
pressure loading (see Fig. 1(a)).

To search for a U0 that optimizes the deliverable capacity,

we solve the eqn
@D

@U0
¼ 0 and find:

U0;opt ¼ U0;opt
e
M

! "
¼ RT ln

ffiffiffiffiffiffiffiffiffiffiffiffi
PLPH

p

RT

e
M

$ %
: (4)

The optimum enthalpy of adsorption is then DHopt = U0,opt $ RT.
Bhatia and Myers’ derivation from classical thermodynamics yields

DHBM ¼
RT

2
log

PLPH

P&ð Þ2

 !

þ TDS&; (5)

where DS1 is the standard entropy change upon adsorption
with reference pressure P0 = 1 bar.38 Bhatia and Myers show
that, for activated carbons and carbon nanotubes, the entropic
term is roughly the same, and they obtain their optimal heat of
adsorption by using DS1 = $9.5R in eqn (5). If we assume DS1 =
$9.5R holds for all materials, we obtain an optimal heat of
adsorption for methane storage of 16.2 kJ mol$1 at ambient
temperature with PH = 65 bar and PL = 5.8 bar. As Bhatia and
Myers assume that the isotherms are described with a Langmuir
model, U0,opt for our model 0 is consistent with eqn (5) (see
ESI,† S4.3). In addition, our model links the entropic term to
the structural properties in model 0, manifesting precisely how
this term differs among materials.

Plugging U0,opt into eqn (3), we get the best possible deliver-
able capacity of our model material:

Dopt PL;PHð Þ ¼M
PHffiffiffiffiffiffiffiffiffiffiffiffi

PLPH

p
þ PH

$ PLffiffiffiffiffiffiffiffiffiffiffiffi
PLPH

p
þ PL

$ %
; (6)

equivalent to the maximum delivery obtained by optimizing the
Langmuir constant in ref. 39. At extreme operating conditions,

lim
PH!1

Dopt PL ¼ 0;PHð Þ ¼M; (7)

Fig. 3 Our model material. Crystalline unit cell consists of binding site Os

(green) that can be occupied by one guest molecule. The region outside
the binding pocket (brown) is unoccupiable due to the presence of
framework atoms. The bulk crystal is composed of M unit cells per volume,
endowing it with M adsorption sites per unit volume.

Fig. 2 Deliverable capacity vs. heat of adsorption color-coded according
to the void fraction. Vertical line denotes the optimal heat of adsorption in
eqn (5) using the assumption DS1 = $9.5R and a pressure range of 65 to
5.8 bar, 16.2 kJ mol$1.
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a unit volume. Each crystalline unit cell has a void space Os that
is of uniform energy U0 and large enough for only one gas
molecule. The region outside the binding site is inaccessible
because it is occupied by framework atoms. See Fig. 3. The
energy landscape of the material is thus:

UðxÞ ¼
U0; x 2 Os

1; x =2 Os:

(

(1)

With this energy landscape, we derive in the ESI,† S4 from
statistical mechanics the isotherm for this model material
under the assumption that nearby guests do not interact.

The adsorbed guest loading (moles or molecules per volume)
s in the material at pressure P follows a Langmuir isotherm:

s ¼ bee$bU0P

1þ bee$bU0

M P
; (2)

where e is the void fraction, or porosity, of the material (e = |Os|/|O|)
and b = 1/(RT) with R as the universal gas constant. Eqn (2) is the
familiar Langmuir isotherm with Henry coefficient KH = bee$bU0

and Langmuir constant K ¼ bee$bU0

M
.

The isothermal deliverable capacity D of a material is the
difference in loading at the high pressure PH of a filled tank and the
low pressure PL of a depleted tank. Using our model, the methane
delivered to the engine per volume of model material is:

D U0;PL;PHð Þ ¼ bee$bU0PH

1þ bee$bU0

M PH

$ bee$bU0PL

1þ bee$bU0

M PL

; (3)

which is lucidly a function of the energy of adsorption U0. The
two terms show the prerequisite to obtain a large deliverable
capacity is a high uptake at PH, but uptake at the depletion
pressure PL reduces the deliverable capacity below the high-
pressure loading (see Fig. 1(a)).

To search for a U0 that optimizes the deliverable capacity,

we solve the eqn
@D

@U0
¼ 0 and find:

U0;opt ¼ U0;opt
e
M

! "
¼ RT ln

ffiffiffiffiffiffiffiffiffiffiffiffi
PLPH

p

RT

e
M

$ %
: (4)

The optimum enthalpy of adsorption is then DHopt = U0,opt $ RT.
Bhatia and Myers’ derivation from classical thermodynamics yields

DHBM ¼
RT

2
log

PLPH

P&ð Þ2

 !

þ TDS&; (5)

where DS1 is the standard entropy change upon adsorption
with reference pressure P0 = 1 bar.38 Bhatia and Myers show
that, for activated carbons and carbon nanotubes, the entropic
term is roughly the same, and they obtain their optimal heat of
adsorption by using DS1 = $9.5R in eqn (5). If we assume DS1 =
$9.5R holds for all materials, we obtain an optimal heat of
adsorption for methane storage of 16.2 kJ mol$1 at ambient
temperature with PH = 65 bar and PL = 5.8 bar. As Bhatia and
Myers assume that the isotherms are described with a Langmuir
model, U0,opt for our model 0 is consistent with eqn (5) (see
ESI,† S4.3). In addition, our model links the entropic term to
the structural properties in model 0, manifesting precisely how
this term differs among materials.

Plugging U0,opt into eqn (3), we get the best possible deliver-
able capacity of our model material:

Dopt PL;PHð Þ ¼M
PHffiffiffiffiffiffiffiffiffiffiffiffi

PLPH

p
þ PH

$ PLffiffiffiffiffiffiffiffiffiffiffiffi
PLPH

p
þ PL

$ %
; (6)

equivalent to the maximum delivery obtained by optimizing the
Langmuir constant in ref. 39. At extreme operating conditions,

lim
PH!1

Dopt PL ¼ 0;PHð Þ ¼M; (7)

Fig. 3 Our model material. Crystalline unit cell consists of binding site Os

(green) that can be occupied by one guest molecule. The region outside
the binding pocket (brown) is unoccupiable due to the presence of
framework atoms. The bulk crystal is composed of M unit cells per volume,
endowing it with M adsorption sites per unit volume.

Fig. 2 Deliverable capacity vs. heat of adsorption color-coded according
to the void fraction. Vertical line denotes the optimal heat of adsorption in
eqn (5) using the assumption DS1 = $9.5R and a pressure range of 65 to
5.8 bar, 16.2 kJ mol$1.
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a unit volume. Each crystalline unit cell has a void space Os that
is of uniform energy U0 and large enough for only one gas
molecule. The region outside the binding site is inaccessible
because it is occupied by framework atoms. See Fig. 3. The
energy landscape of the material is thus:

UðxÞ ¼
U0; x 2 Os

1; x =2 Os:

(

(1)

With this energy landscape, we derive in the ESI,† S4 from
statistical mechanics the isotherm for this model material
under the assumption that nearby guests do not interact.

The adsorbed guest loading (moles or molecules per volume)
s in the material at pressure P follows a Langmuir isotherm:

s ¼ bee$bU0P

1þ bee$bU0

M P
; (2)

where e is the void fraction, or porosity, of the material (e = |Os|/|O|)
and b = 1/(RT) with R as the universal gas constant. Eqn (2) is the
familiar Langmuir isotherm with Henry coefficient KH = bee$bU0

and Langmuir constant K ¼ bee$bU0

M
.

The isothermal deliverable capacity D of a material is the
difference in loading at the high pressure PH of a filled tank and the
low pressure PL of a depleted tank. Using our model, the methane
delivered to the engine per volume of model material is:

D U0;PL;PHð Þ ¼ bee$bU0PH

1þ bee$bU0

M PH

$ bee$bU0PL

1þ bee$bU0

M PL

; (3)

which is lucidly a function of the energy of adsorption U0. The
two terms show the prerequisite to obtain a large deliverable
capacity is a high uptake at PH, but uptake at the depletion
pressure PL reduces the deliverable capacity below the high-
pressure loading (see Fig. 1(a)).

To search for a U0 that optimizes the deliverable capacity,

we solve the eqn
@D

@U0
¼ 0 and find:

U0;opt ¼ U0;opt
e
M

! "
¼ RT ln

ffiffiffiffiffiffiffiffiffiffiffiffi
PLPH

p

RT

e
M

$ %
: (4)

The optimum enthalpy of adsorption is then DHopt = U0,opt $ RT.
Bhatia and Myers’ derivation from classical thermodynamics yields

DHBM ¼
RT

2
log

PLPH

P&ð Þ2

 !

þ TDS&; (5)

where DS1 is the standard entropy change upon adsorption
with reference pressure P0 = 1 bar.38 Bhatia and Myers show
that, for activated carbons and carbon nanotubes, the entropic
term is roughly the same, and they obtain their optimal heat of
adsorption by using DS1 = $9.5R in eqn (5). If we assume DS1 =
$9.5R holds for all materials, we obtain an optimal heat of
adsorption for methane storage of 16.2 kJ mol$1 at ambient
temperature with PH = 65 bar and PL = 5.8 bar. As Bhatia and
Myers assume that the isotherms are described with a Langmuir
model, U0,opt for our model 0 is consistent with eqn (5) (see
ESI,† S4.3). In addition, our model links the entropic term to
the structural properties in model 0, manifesting precisely how
this term differs among materials.

Plugging U0,opt into eqn (3), we get the best possible deliver-
able capacity of our model material:

Dopt PL;PHð Þ ¼M
PHffiffiffiffiffiffiffiffiffiffiffiffi

PLPH

p
þ PH

$ PLffiffiffiffiffiffiffiffiffiffiffiffi
PLPH

p
þ PL

$ %
; (6)

equivalent to the maximum delivery obtained by optimizing the
Langmuir constant in ref. 39. At extreme operating conditions,

lim
PH!1

Dopt PL ¼ 0;PHð Þ ¼M; (7)

Fig. 3 Our model material. Crystalline unit cell consists of binding site Os

(green) that can be occupied by one guest molecule. The region outside
the binding pocket (brown) is unoccupiable due to the presence of
framework atoms. The bulk crystal is composed of M unit cells per volume,
endowing it with M adsorption sites per unit volume.

Fig. 2 Deliverable capacity vs. heat of adsorption color-coded according
to the void fraction. Vertical line denotes the optimal heat of adsorption in
eqn (5) using the assumption DS1 = $9.5R and a pressure range of 65 to
5.8 bar, 16.2 kJ mol$1.

PCCP Paper

Pu
bl

is
he

d 
on

 0
4 

D
ec

em
be

r 2
01

3.
 D

ow
nl

oa
de

d 
on

 0
5/

03
/2

01
4 

21
:5

8:
38

. 

View Article Online

This journal is© the Owner Societies 2014 Phys. Chem. Chem. Phys., 2014, 16, 5499--5513 | 5503

a unit volume. Each crystalline unit cell has a void space Os that
is of uniform energy U0 and large enough for only one gas
molecule. The region outside the binding site is inaccessible
because it is occupied by framework atoms. See Fig. 3. The
energy landscape of the material is thus:

UðxÞ ¼
U0; x 2 Os

1; x =2 Os:

(

(1)

With this energy landscape, we derive in the ESI,† S4 from
statistical mechanics the isotherm for this model material
under the assumption that nearby guests do not interact.

The adsorbed guest loading (moles or molecules per volume)
s in the material at pressure P follows a Langmuir isotherm:

s ¼ bee$bU0P

1þ bee$bU0

M P
; (2)

where e is the void fraction, or porosity, of the material (e = |Os|/|O|)
and b = 1/(RT) with R as the universal gas constant. Eqn (2) is the
familiar Langmuir isotherm with Henry coefficient KH = bee$bU0

and Langmuir constant K ¼ bee$bU0

M
.

The isothermal deliverable capacity D of a material is the
difference in loading at the high pressure PH of a filled tank and the
low pressure PL of a depleted tank. Using our model, the methane
delivered to the engine per volume of model material is:

D U0;PL;PHð Þ ¼ bee$bU0PH

1þ bee$bU0

M PH

$ bee$bU0PL

1þ bee$bU0

M PL

; (3)

which is lucidly a function of the energy of adsorption U0. The
two terms show the prerequisite to obtain a large deliverable
capacity is a high uptake at PH, but uptake at the depletion
pressure PL reduces the deliverable capacity below the high-
pressure loading (see Fig. 1(a)).

To search for a U0 that optimizes the deliverable capacity,

we solve the eqn
@D

@U0
¼ 0 and find:

U0;opt ¼ U0;opt
e
M

! "
¼ RT ln

ffiffiffiffiffiffiffiffiffiffiffiffi
PLPH

p

RT

e
M

$ %
: (4)

The optimum enthalpy of adsorption is then DHopt = U0,opt $ RT.
Bhatia and Myers’ derivation from classical thermodynamics yields

DHBM ¼
RT

2
log

PLPH

P&ð Þ2

 !

þ TDS&; (5)

where DS1 is the standard entropy change upon adsorption
with reference pressure P0 = 1 bar.38 Bhatia and Myers show
that, for activated carbons and carbon nanotubes, the entropic
term is roughly the same, and they obtain their optimal heat of
adsorption by using DS1 = $9.5R in eqn (5). If we assume DS1 =
$9.5R holds for all materials, we obtain an optimal heat of
adsorption for methane storage of 16.2 kJ mol$1 at ambient
temperature with PH = 65 bar and PL = 5.8 bar. As Bhatia and
Myers assume that the isotherms are described with a Langmuir
model, U0,opt for our model 0 is consistent with eqn (5) (see
ESI,† S4.3). In addition, our model links the entropic term to
the structural properties in model 0, manifesting precisely how
this term differs among materials.

Plugging U0,opt into eqn (3), we get the best possible deliver-
able capacity of our model material:

Dopt PL;PHð Þ ¼M
PHffiffiffiffiffiffiffiffiffiffiffiffi

PLPH

p
þ PH

$ PLffiffiffiffiffiffiffiffiffiffiffiffi
PLPH

p
þ PL

$ %
; (6)

equivalent to the maximum delivery obtained by optimizing the
Langmuir constant in ref. 39. At extreme operating conditions,

lim
PH!1

Dopt PL ¼ 0;PHð Þ ¼M; (7)

Fig. 3 Our model material. Crystalline unit cell consists of binding site Os

(green) that can be occupied by one guest molecule. The region outside
the binding pocket (brown) is unoccupiable due to the presence of
framework atoms. The bulk crystal is composed of M unit cells per volume,
endowing it with M adsorption sites per unit volume.

Fig. 2 Deliverable capacity vs. heat of adsorption color-coded according
to the void fraction. Vertical line denotes the optimal heat of adsorption in
eqn (5) using the assumption DS1 = $9.5R and a pressure range of 65 to
5.8 bar, 16.2 kJ mol$1.
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a unit volume. Each crystalline unit cell has a void space Os that
is of uniform energy U0 and large enough for only one gas
molecule. The region outside the binding site is inaccessible
because it is occupied by framework atoms. See Fig. 3. The
energy landscape of the material is thus:

UðxÞ ¼
U0; x 2 Os

1; x =2 Os:

(

(1)

With this energy landscape, we derive in the ESI,† S4 from
statistical mechanics the isotherm for this model material
under the assumption that nearby guests do not interact.

The adsorbed guest loading (moles or molecules per volume)
s in the material at pressure P follows a Langmuir isotherm:

s ¼ bee$bU0P

1þ bee$bU0

M P
; (2)

where e is the void fraction, or porosity, of the material (e = |Os|/|O|)
and b = 1/(RT) with R as the universal gas constant. Eqn (2) is the
familiar Langmuir isotherm with Henry coefficient KH = bee$bU0

and Langmuir constant K ¼ bee$bU0

M
.

The isothermal deliverable capacity D of a material is the
difference in loading at the high pressure PH of a filled tank and the
low pressure PL of a depleted tank. Using our model, the methane
delivered to the engine per volume of model material is:

D U0;PL;PHð Þ ¼ bee$bU0PH

1þ bee$bU0

M PH

$ bee$bU0PL

1þ bee$bU0

M PL

; (3)

which is lucidly a function of the energy of adsorption U0. The
two terms show the prerequisite to obtain a large deliverable
capacity is a high uptake at PH, but uptake at the depletion
pressure PL reduces the deliverable capacity below the high-
pressure loading (see Fig. 1(a)).

To search for a U0 that optimizes the deliverable capacity,

we solve the eqn
@D

@U0
¼ 0 and find:

U0;opt ¼ U0;opt
e
M

! "
¼ RT ln

ffiffiffiffiffiffiffiffiffiffiffiffi
PLPH

p

RT

e
M

$ %
: (4)

The optimum enthalpy of adsorption is then DHopt = U0,opt $ RT.
Bhatia and Myers’ derivation from classical thermodynamics yields

DHBM ¼
RT

2
log

PLPH

P&ð Þ2

 !

þ TDS&; (5)

where DS1 is the standard entropy change upon adsorption
with reference pressure P0 = 1 bar.38 Bhatia and Myers show
that, for activated carbons and carbon nanotubes, the entropic
term is roughly the same, and they obtain their optimal heat of
adsorption by using DS1 = $9.5R in eqn (5). If we assume DS1 =
$9.5R holds for all materials, we obtain an optimal heat of
adsorption for methane storage of 16.2 kJ mol$1 at ambient
temperature with PH = 65 bar and PL = 5.8 bar. As Bhatia and
Myers assume that the isotherms are described with a Langmuir
model, U0,opt for our model 0 is consistent with eqn (5) (see
ESI,† S4.3). In addition, our model links the entropic term to
the structural properties in model 0, manifesting precisely how
this term differs among materials.

Plugging U0,opt into eqn (3), we get the best possible deliver-
able capacity of our model material:

Dopt PL;PHð Þ ¼M
PHffiffiffiffiffiffiffiffiffiffiffiffi

PLPH

p
þ PH

$ PLffiffiffiffiffiffiffiffiffiffiffiffi
PLPH

p
þ PL

$ %
; (6)

equivalent to the maximum delivery obtained by optimizing the
Langmuir constant in ref. 39. At extreme operating conditions,

lim
PH!1

Dopt PL ¼ 0;PHð Þ ¼M; (7)

Fig. 3 Our model material. Crystalline unit cell consists of binding site Os

(green) that can be occupied by one guest molecule. The region outside
the binding pocket (brown) is unoccupiable due to the presence of
framework atoms. The bulk crystal is composed of M unit cells per volume,
endowing it with M adsorption sites per unit volume.

Fig. 2 Deliverable capacity vs. heat of adsorption color-coded according
to the void fraction. Vertical line denotes the optimal heat of adsorption in
eqn (5) using the assumption DS1 = $9.5R and a pressure range of 65 to
5.8 bar, 16.2 kJ mol$1.
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a unit volume. Each crystalline unit cell has a void space Os that
is of uniform energy U0 and large enough for only one gas
molecule. The region outside the binding site is inaccessible
because it is occupied by framework atoms. See Fig. 3. The
energy landscape of the material is thus:

UðxÞ ¼
U0; x 2 Os

1; x =2 Os:

(

(1)

With this energy landscape, we derive in the ESI,† S4 from
statistical mechanics the isotherm for this model material
under the assumption that nearby guests do not interact.

The adsorbed guest loading (moles or molecules per volume)
s in the material at pressure P follows a Langmuir isotherm:

s ¼ bee$bU0P

1þ bee$bU0

M P
; (2)

where e is the void fraction, or porosity, of the material (e = |Os|/|O|)
and b = 1/(RT) with R as the universal gas constant. Eqn (2) is the
familiar Langmuir isotherm with Henry coefficient KH = bee$bU0

and Langmuir constant K ¼ bee$bU0

M
.

The isothermal deliverable capacity D of a material is the
difference in loading at the high pressure PH of a filled tank and the
low pressure PL of a depleted tank. Using our model, the methane
delivered to the engine per volume of model material is:

D U0;PL;PHð Þ ¼ bee$bU0PH

1þ bee$bU0

M PH

$ bee$bU0PL

1þ bee$bU0

M PL

; (3)

which is lucidly a function of the energy of adsorption U0. The
two terms show the prerequisite to obtain a large deliverable
capacity is a high uptake at PH, but uptake at the depletion
pressure PL reduces the deliverable capacity below the high-
pressure loading (see Fig. 1(a)).

To search for a U0 that optimizes the deliverable capacity,

we solve the eqn
@D

@U0
¼ 0 and find:

U0;opt ¼ U0;opt
e
M

! "
¼ RT ln

ffiffiffiffiffiffiffiffiffiffiffiffi
PLPH

p

RT

e
M

$ %
: (4)

The optimum enthalpy of adsorption is then DHopt = U0,opt $ RT.
Bhatia and Myers’ derivation from classical thermodynamics yields

DHBM ¼
RT

2
log

PLPH

P&ð Þ2

 !

þ TDS&; (5)

where DS1 is the standard entropy change upon adsorption
with reference pressure P0 = 1 bar.38 Bhatia and Myers show
that, for activated carbons and carbon nanotubes, the entropic
term is roughly the same, and they obtain their optimal heat of
adsorption by using DS1 = $9.5R in eqn (5). If we assume DS1 =
$9.5R holds for all materials, we obtain an optimal heat of
adsorption for methane storage of 16.2 kJ mol$1 at ambient
temperature with PH = 65 bar and PL = 5.8 bar. As Bhatia and
Myers assume that the isotherms are described with a Langmuir
model, U0,opt for our model 0 is consistent with eqn (5) (see
ESI,† S4.3). In addition, our model links the entropic term to
the structural properties in model 0, manifesting precisely how
this term differs among materials.

Plugging U0,opt into eqn (3), we get the best possible deliver-
able capacity of our model material:

Dopt PL;PHð Þ ¼M
PHffiffiffiffiffiffiffiffiffiffiffiffi

PLPH

p
þ PH

$ PLffiffiffiffiffiffiffiffiffiffiffiffi
PLPH

p
þ PL

$ %
; (6)

equivalent to the maximum delivery obtained by optimizing the
Langmuir constant in ref. 39. At extreme operating conditions,

lim
PH!1

Dopt PL ¼ 0;PHð Þ ¼M; (7)

Fig. 3 Our model material. Crystalline unit cell consists of binding site Os

(green) that can be occupied by one guest molecule. The region outside
the binding pocket (brown) is unoccupiable due to the presence of
framework atoms. The bulk crystal is composed of M unit cells per volume,
endowing it with M adsorption sites per unit volume.

Fig. 2 Deliverable capacity vs. heat of adsorption color-coded according
to the void fraction. Vertical line denotes the optimal heat of adsorption in
eqn (5) using the assumption DS1 = $9.5R and a pressure range of 65 to
5.8 bar, 16.2 kJ mol$1.
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a unit volume. Each crystalline unit cell has a void space Os that
is of uniform energy U0 and large enough for only one gas
molecule. The region outside the binding site is inaccessible
because it is occupied by framework atoms. See Fig. 3. The
energy landscape of the material is thus:

UðxÞ ¼
U0; x 2 Os

1; x =2 Os:

(

(1)

With this energy landscape, we derive in the ESI,† S4 from
statistical mechanics the isotherm for this model material
under the assumption that nearby guests do not interact.

The adsorbed guest loading (moles or molecules per volume)
s in the material at pressure P follows a Langmuir isotherm:

s ¼ bee$bU0P

1þ bee$bU0

M P
; (2)

where e is the void fraction, or porosity, of the material (e = |Os|/|O|)
and b = 1/(RT) with R as the universal gas constant. Eqn (2) is the
familiar Langmuir isotherm with Henry coefficient KH = bee$bU0

and Langmuir constant K ¼ bee$bU0

M
.

The isothermal deliverable capacity D of a material is the
difference in loading at the high pressure PH of a filled tank and the
low pressure PL of a depleted tank. Using our model, the methane
delivered to the engine per volume of model material is:

D U0;PL;PHð Þ ¼ bee$bU0PH

1þ bee$bU0

M PH

$ bee$bU0PL

1þ bee$bU0

M PL

; (3)

which is lucidly a function of the energy of adsorption U0. The
two terms show the prerequisite to obtain a large deliverable
capacity is a high uptake at PH, but uptake at the depletion
pressure PL reduces the deliverable capacity below the high-
pressure loading (see Fig. 1(a)).

To search for a U0 that optimizes the deliverable capacity,

we solve the eqn
@D

@U0
¼ 0 and find:

U0;opt ¼ U0;opt
e
M

! "
¼ RT ln

ffiffiffiffiffiffiffiffiffiffiffiffi
PLPH

p

RT

e
M

$ %
: (4)

The optimum enthalpy of adsorption is then DHopt = U0,opt $ RT.
Bhatia and Myers’ derivation from classical thermodynamics yields

DHBM ¼
RT

2
log

PLPH

P&ð Þ2

 !

þ TDS&; (5)

where DS1 is the standard entropy change upon adsorption
with reference pressure P0 = 1 bar.38 Bhatia and Myers show
that, for activated carbons and carbon nanotubes, the entropic
term is roughly the same, and they obtain their optimal heat of
adsorption by using DS1 = $9.5R in eqn (5). If we assume DS1 =
$9.5R holds for all materials, we obtain an optimal heat of
adsorption for methane storage of 16.2 kJ mol$1 at ambient
temperature with PH = 65 bar and PL = 5.8 bar. As Bhatia and
Myers assume that the isotherms are described with a Langmuir
model, U0,opt for our model 0 is consistent with eqn (5) (see
ESI,† S4.3). In addition, our model links the entropic term to
the structural properties in model 0, manifesting precisely how
this term differs among materials.

Plugging U0,opt into eqn (3), we get the best possible deliver-
able capacity of our model material:

Dopt PL;PHð Þ ¼M
PHffiffiffiffiffiffiffiffiffiffiffiffi

PLPH

p
þ PH

$ PLffiffiffiffiffiffiffiffiffiffiffiffi
PLPH

p
þ PL

$ %
; (6)

equivalent to the maximum delivery obtained by optimizing the
Langmuir constant in ref. 39. At extreme operating conditions,

lim
PH!1

Dopt PL ¼ 0;PHð Þ ¼M; (7)

Fig. 3 Our model material. Crystalline unit cell consists of binding site Os

(green) that can be occupied by one guest molecule. The region outside
the binding pocket (brown) is unoccupiable due to the presence of
framework atoms. The bulk crystal is composed of M unit cells per volume,
endowing it with M adsorption sites per unit volume.

Fig. 2 Deliverable capacity vs. heat of adsorption color-coded according
to the void fraction. Vertical line denotes the optimal heat of adsorption in
eqn (5) using the assumption DS1 = $9.5R and a pressure range of 65 to
5.8 bar, 16.2 kJ mol$1.
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a unit volume. Each crystalline unit cell has a void space Os that
is of uniform energy U0 and large enough for only one gas
molecule. The region outside the binding site is inaccessible
because it is occupied by framework atoms. See Fig. 3. The
energy landscape of the material is thus:

UðxÞ ¼
U0; x 2 Os

1; x =2 Os:

(

(1)

With this energy landscape, we derive in the ESI,† S4 from
statistical mechanics the isotherm for this model material
under the assumption that nearby guests do not interact.

The adsorbed guest loading (moles or molecules per volume)
s in the material at pressure P follows a Langmuir isotherm:

s ¼ bee$bU0P

1þ bee$bU0

M P
; (2)

where e is the void fraction, or porosity, of the material (e = |Os|/|O|)
and b = 1/(RT) with R as the universal gas constant. Eqn (2) is the
familiar Langmuir isotherm with Henry coefficient KH = bee$bU0

and Langmuir constant K ¼ bee$bU0

M
.

The isothermal deliverable capacity D of a material is the
difference in loading at the high pressure PH of a filled tank and the
low pressure PL of a depleted tank. Using our model, the methane
delivered to the engine per volume of model material is:

D U0;PL;PHð Þ ¼ bee$bU0PH

1þ bee$bU0

M PH

$ bee$bU0PL

1þ bee$bU0

M PL

; (3)

which is lucidly a function of the energy of adsorption U0. The
two terms show the prerequisite to obtain a large deliverable
capacity is a high uptake at PH, but uptake at the depletion
pressure PL reduces the deliverable capacity below the high-
pressure loading (see Fig. 1(a)).

To search for a U0 that optimizes the deliverable capacity,

we solve the eqn
@D

@U0
¼ 0 and find:

U0;opt ¼ U0;opt
e
M

! "
¼ RT ln

ffiffiffiffiffiffiffiffiffiffiffiffi
PLPH

p

RT

e
M

$ %
: (4)

The optimum enthalpy of adsorption is then DHopt = U0,opt $ RT.
Bhatia and Myers’ derivation from classical thermodynamics yields

DHBM ¼
RT

2
log

PLPH

P&ð Þ2

 !

þ TDS&; (5)

where DS1 is the standard entropy change upon adsorption
with reference pressure P0 = 1 bar.38 Bhatia and Myers show
that, for activated carbons and carbon nanotubes, the entropic
term is roughly the same, and they obtain their optimal heat of
adsorption by using DS1 = $9.5R in eqn (5). If we assume DS1 =
$9.5R holds for all materials, we obtain an optimal heat of
adsorption for methane storage of 16.2 kJ mol$1 at ambient
temperature with PH = 65 bar and PL = 5.8 bar. As Bhatia and
Myers assume that the isotherms are described with a Langmuir
model, U0,opt for our model 0 is consistent with eqn (5) (see
ESI,† S4.3). In addition, our model links the entropic term to
the structural properties in model 0, manifesting precisely how
this term differs among materials.

Plugging U0,opt into eqn (3), we get the best possible deliver-
able capacity of our model material:

Dopt PL;PHð Þ ¼M
PHffiffiffiffiffiffiffiffiffiffiffiffi

PLPH

p
þ PH

$ PLffiffiffiffiffiffiffiffiffiffiffiffi
PLPH

p
þ PL

$ %
; (6)

equivalent to the maximum delivery obtained by optimizing the
Langmuir constant in ref. 39. At extreme operating conditions,

lim
PH!1

Dopt PL ¼ 0;PHð Þ ¼M; (7)

Fig. 3 Our model material. Crystalline unit cell consists of binding site Os

(green) that can be occupied by one guest molecule. The region outside
the binding pocket (brown) is unoccupiable due to the presence of
framework atoms. The bulk crystal is composed of M unit cells per volume,
endowing it with M adsorption sites per unit volume.

Fig. 2 Deliverable capacity vs. heat of adsorption color-coded according
to the void fraction. Vertical line denotes the optimal heat of adsorption in
eqn (5) using the assumption DS1 = $9.5R and a pressure range of 65 to
5.8 bar, 16.2 kJ mol$1.
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a unit volume. Each crystalline unit cell has a void space Os that
is of uniform energy U0 and large enough for only one gas
molecule. The region outside the binding site is inaccessible
because it is occupied by framework atoms. See Fig. 3. The
energy landscape of the material is thus:

UðxÞ ¼
U0; x 2 Os

1; x =2 Os:

(

(1)

With this energy landscape, we derive in the ESI,† S4 from
statistical mechanics the isotherm for this model material
under the assumption that nearby guests do not interact.

The adsorbed guest loading (moles or molecules per volume)
s in the material at pressure P follows a Langmuir isotherm:

s ¼ bee$bU0P

1þ bee$bU0

M P
; (2)

where e is the void fraction, or porosity, of the material (e = |Os|/|O|)
and b = 1/(RT) with R as the universal gas constant. Eqn (2) is the
familiar Langmuir isotherm with Henry coefficient KH = bee$bU0

and Langmuir constant K ¼ bee$bU0

M
.

The isothermal deliverable capacity D of a material is the
difference in loading at the high pressure PH of a filled tank and the
low pressure PL of a depleted tank. Using our model, the methane
delivered to the engine per volume of model material is:

D U0;PL;PHð Þ ¼ bee$bU0PH

1þ bee$bU0

M PH

$ bee$bU0PL

1þ bee$bU0

M PL

; (3)

which is lucidly a function of the energy of adsorption U0. The
two terms show the prerequisite to obtain a large deliverable
capacity is a high uptake at PH, but uptake at the depletion
pressure PL reduces the deliverable capacity below the high-
pressure loading (see Fig. 1(a)).

To search for a U0 that optimizes the deliverable capacity,

we solve the eqn
@D

@U0
¼ 0 and find:

U0;opt ¼ U0;opt
e
M

! "
¼ RT ln

ffiffiffiffiffiffiffiffiffiffiffiffi
PLPH

p

RT

e
M

$ %
: (4)

The optimum enthalpy of adsorption is then DHopt = U0,opt $ RT.
Bhatia and Myers’ derivation from classical thermodynamics yields

DHBM ¼
RT

2
log

PLPH

P&ð Þ2

 !

þ TDS&; (5)

where DS1 is the standard entropy change upon adsorption
with reference pressure P0 = 1 bar.38 Bhatia and Myers show
that, for activated carbons and carbon nanotubes, the entropic
term is roughly the same, and they obtain their optimal heat of
adsorption by using DS1 = $9.5R in eqn (5). If we assume DS1 =
$9.5R holds for all materials, we obtain an optimal heat of
adsorption for methane storage of 16.2 kJ mol$1 at ambient
temperature with PH = 65 bar and PL = 5.8 bar. As Bhatia and
Myers assume that the isotherms are described with a Langmuir
model, U0,opt for our model 0 is consistent with eqn (5) (see
ESI,† S4.3). In addition, our model links the entropic term to
the structural properties in model 0, manifesting precisely how
this term differs among materials.

Plugging U0,opt into eqn (3), we get the best possible deliver-
able capacity of our model material:

Dopt PL;PHð Þ ¼M
PHffiffiffiffiffiffiffiffiffiffiffiffi

PLPH

p
þ PH

$ PLffiffiffiffiffiffiffiffiffiffiffiffi
PLPH

p
þ PL

$ %
; (6)

equivalent to the maximum delivery obtained by optimizing the
Langmuir constant in ref. 39. At extreme operating conditions,

lim
PH!1

Dopt PL ¼ 0;PHð Þ ¼M; (7)

Fig. 3 Our model material. Crystalline unit cell consists of binding site Os

(green) that can be occupied by one guest molecule. The region outside
the binding pocket (brown) is unoccupiable due to the presence of
framework atoms. The bulk crystal is composed of M unit cells per volume,
endowing it with M adsorption sites per unit volume.

Fig. 2 Deliverable capacity vs. heat of adsorption color-coded according
to the void fraction. Vertical line denotes the optimal heat of adsorption in
eqn (5) using the assumption DS1 = $9.5R and a pressure range of 65 to
5.8 bar, 16.2 kJ mol$1.
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a unit volume. Each crystalline unit cell has a void space Os that
is of uniform energy U0 and large enough for only one gas
molecule. The region outside the binding site is inaccessible
because it is occupied by framework atoms. See Fig. 3. The
energy landscape of the material is thus:

UðxÞ ¼
U0; x 2 Os

1; x =2 Os:

(

(1)

With this energy landscape, we derive in the ESI,† S4 from
statistical mechanics the isotherm for this model material
under the assumption that nearby guests do not interact.

The adsorbed guest loading (moles or molecules per volume)
s in the material at pressure P follows a Langmuir isotherm:

s ¼ bee$bU0P

1þ bee$bU0

M P
; (2)

where e is the void fraction, or porosity, of the material (e = |Os|/|O|)
and b = 1/(RT) with R as the universal gas constant. Eqn (2) is the
familiar Langmuir isotherm with Henry coefficient KH = bee$bU0

and Langmuir constant K ¼ bee$bU0

M
.

The isothermal deliverable capacity D of a material is the
difference in loading at the high pressure PH of a filled tank and the
low pressure PL of a depleted tank. Using our model, the methane
delivered to the engine per volume of model material is:

D U0;PL;PHð Þ ¼ bee$bU0PH

1þ bee$bU0

M PH

$ bee$bU0PL

1þ bee$bU0

M PL

; (3)

which is lucidly a function of the energy of adsorption U0. The
two terms show the prerequisite to obtain a large deliverable
capacity is a high uptake at PH, but uptake at the depletion
pressure PL reduces the deliverable capacity below the high-
pressure loading (see Fig. 1(a)).

To search for a U0 that optimizes the deliverable capacity,

we solve the eqn
@D

@U0
¼ 0 and find:

U0;opt ¼ U0;opt
e
M

! "
¼ RT ln

ffiffiffiffiffiffiffiffiffiffiffiffi
PLPH

p

RT

e
M

$ %
: (4)

The optimum enthalpy of adsorption is then DHopt = U0,opt $ RT.
Bhatia and Myers’ derivation from classical thermodynamics yields

DHBM ¼
RT

2
log

PLPH

P&ð Þ2

 !

þ TDS&; (5)

where DS1 is the standard entropy change upon adsorption
with reference pressure P0 = 1 bar.38 Bhatia and Myers show
that, for activated carbons and carbon nanotubes, the entropic
term is roughly the same, and they obtain their optimal heat of
adsorption by using DS1 = $9.5R in eqn (5). If we assume DS1 =
$9.5R holds for all materials, we obtain an optimal heat of
adsorption for methane storage of 16.2 kJ mol$1 at ambient
temperature with PH = 65 bar and PL = 5.8 bar. As Bhatia and
Myers assume that the isotherms are described with a Langmuir
model, U0,opt for our model 0 is consistent with eqn (5) (see
ESI,† S4.3). In addition, our model links the entropic term to
the structural properties in model 0, manifesting precisely how
this term differs among materials.

Plugging U0,opt into eqn (3), we get the best possible deliver-
able capacity of our model material:

Dopt PL;PHð Þ ¼M
PHffiffiffiffiffiffiffiffiffiffiffiffi

PLPH

p
þ PH

$ PLffiffiffiffiffiffiffiffiffiffiffiffi
PLPH

p
þ PL

$ %
; (6)

equivalent to the maximum delivery obtained by optimizing the
Langmuir constant in ref. 39. At extreme operating conditions,

lim
PH!1

Dopt PL ¼ 0;PHð Þ ¼M; (7)

Fig. 3 Our model material. Crystalline unit cell consists of binding site Os

(green) that can be occupied by one guest molecule. The region outside
the binding pocket (brown) is unoccupiable due to the presence of
framework atoms. The bulk crystal is composed of M unit cells per volume,
endowing it with M adsorption sites per unit volume.

Fig. 2 Deliverable capacity vs. heat of adsorption color-coded according
to the void fraction. Vertical line denotes the optimal heat of adsorption in
eqn (5) using the assumption DS1 = $9.5R and a pressure range of 65 to
5.8 bar, 16.2 kJ mol$1.
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a unit volume. Each crystalline unit cell has a void space Os that
is of uniform energy U0 and large enough for only one gas
molecule. The region outside the binding site is inaccessible
because it is occupied by framework atoms. See Fig. 3. The
energy landscape of the material is thus:

UðxÞ ¼
U0; x 2 Os

1; x =2 Os:

(

(1)

With this energy landscape, we derive in the ESI,† S4 from
statistical mechanics the isotherm for this model material
under the assumption that nearby guests do not interact.

The adsorbed guest loading (moles or molecules per volume)
s in the material at pressure P follows a Langmuir isotherm:

s ¼ bee$bU0P

1þ bee$bU0

M P
; (2)

where e is the void fraction, or porosity, of the material (e = |Os|/|O|)
and b = 1/(RT) with R as the universal gas constant. Eqn (2) is the
familiar Langmuir isotherm with Henry coefficient KH = bee$bU0

and Langmuir constant K ¼ bee$bU0

M
.

The isothermal deliverable capacity D of a material is the
difference in loading at the high pressure PH of a filled tank and the
low pressure PL of a depleted tank. Using our model, the methane
delivered to the engine per volume of model material is:

D U0;PL;PHð Þ ¼ bee$bU0PH

1þ bee$bU0

M PH

$ bee$bU0PL

1þ bee$bU0

M PL

; (3)

which is lucidly a function of the energy of adsorption U0. The
two terms show the prerequisite to obtain a large deliverable
capacity is a high uptake at PH, but uptake at the depletion
pressure PL reduces the deliverable capacity below the high-
pressure loading (see Fig. 1(a)).

To search for a U0 that optimizes the deliverable capacity,

we solve the eqn
@D

@U0
¼ 0 and find:

U0;opt ¼ U0;opt
e
M

! "
¼ RT ln

ffiffiffiffiffiffiffiffiffiffiffiffi
PLPH

p

RT

e
M

$ %
: (4)

The optimum enthalpy of adsorption is then DHopt = U0,opt $ RT.
Bhatia and Myers’ derivation from classical thermodynamics yields

DHBM ¼
RT

2
log

PLPH

P&ð Þ2

 !

þ TDS&; (5)

where DS1 is the standard entropy change upon adsorption
with reference pressure P0 = 1 bar.38 Bhatia and Myers show
that, for activated carbons and carbon nanotubes, the entropic
term is roughly the same, and they obtain their optimal heat of
adsorption by using DS1 = $9.5R in eqn (5). If we assume DS1 =
$9.5R holds for all materials, we obtain an optimal heat of
adsorption for methane storage of 16.2 kJ mol$1 at ambient
temperature with PH = 65 bar and PL = 5.8 bar. As Bhatia and
Myers assume that the isotherms are described with a Langmuir
model, U0,opt for our model 0 is consistent with eqn (5) (see
ESI,† S4.3). In addition, our model links the entropic term to
the structural properties in model 0, manifesting precisely how
this term differs among materials.

Plugging U0,opt into eqn (3), we get the best possible deliver-
able capacity of our model material:

Dopt PL;PHð Þ ¼M
PHffiffiffiffiffiffiffiffiffiffiffiffi

PLPH

p
þ PH

$ PLffiffiffiffiffiffiffiffiffiffiffiffi
PLPH

p
þ PL

$ %
; (6)

equivalent to the maximum delivery obtained by optimizing the
Langmuir constant in ref. 39. At extreme operating conditions,

lim
PH!1

Dopt PL ¼ 0;PHð Þ ¼M; (7)

Fig. 3 Our model material. Crystalline unit cell consists of binding site Os

(green) that can be occupied by one guest molecule. The region outside
the binding pocket (brown) is unoccupiable due to the presence of
framework atoms. The bulk crystal is composed of M unit cells per volume,
endowing it with M adsorption sites per unit volume.

Fig. 2 Deliverable capacity vs. heat of adsorption color-coded according
to the void fraction. Vertical line denotes the optimal heat of adsorption in
eqn (5) using the assumption DS1 = $9.5R and a pressure range of 65 to
5.8 bar, 16.2 kJ mol$1.
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a unit volume. Each crystalline unit cell has a void space Os that
is of uniform energy U0 and large enough for only one gas
molecule. The region outside the binding site is inaccessible
because it is occupied by framework atoms. See Fig. 3. The
energy landscape of the material is thus:

UðxÞ ¼
U0; x 2 Os

1; x =2 Os:

(

(1)

With this energy landscape, we derive in the ESI,† S4 from
statistical mechanics the isotherm for this model material
under the assumption that nearby guests do not interact.

The adsorbed guest loading (moles or molecules per volume)
s in the material at pressure P follows a Langmuir isotherm:

s ¼ bee$bU0P

1þ bee$bU0

M P
; (2)

where e is the void fraction, or porosity, of the material (e = |Os|/|O|)
and b = 1/(RT) with R as the universal gas constant. Eqn (2) is the
familiar Langmuir isotherm with Henry coefficient KH = bee$bU0

and Langmuir constant K ¼ bee$bU0

M
.

The isothermal deliverable capacity D of a material is the
difference in loading at the high pressure PH of a filled tank and the
low pressure PL of a depleted tank. Using our model, the methane
delivered to the engine per volume of model material is:

D U0;PL;PHð Þ ¼ bee$bU0PH

1þ bee$bU0

M PH

$ bee$bU0PL

1þ bee$bU0

M PL

; (3)

which is lucidly a function of the energy of adsorption U0. The
two terms show the prerequisite to obtain a large deliverable
capacity is a high uptake at PH, but uptake at the depletion
pressure PL reduces the deliverable capacity below the high-
pressure loading (see Fig. 1(a)).

To search for a U0 that optimizes the deliverable capacity,

we solve the eqn
@D

@U0
¼ 0 and find:

U0;opt ¼ U0;opt
e
M

! "
¼ RT ln

ffiffiffiffiffiffiffiffiffiffiffiffi
PLPH

p

RT

e
M

$ %
: (4)

The optimum enthalpy of adsorption is then DHopt = U0,opt $ RT.
Bhatia and Myers’ derivation from classical thermodynamics yields

DHBM ¼
RT

2
log

PLPH

P&ð Þ2

 !

þ TDS&; (5)

where DS1 is the standard entropy change upon adsorption
with reference pressure P0 = 1 bar.38 Bhatia and Myers show
that, for activated carbons and carbon nanotubes, the entropic
term is roughly the same, and they obtain their optimal heat of
adsorption by using DS1 = $9.5R in eqn (5). If we assume DS1 =
$9.5R holds for all materials, we obtain an optimal heat of
adsorption for methane storage of 16.2 kJ mol$1 at ambient
temperature with PH = 65 bar and PL = 5.8 bar. As Bhatia and
Myers assume that the isotherms are described with a Langmuir
model, U0,opt for our model 0 is consistent with eqn (5) (see
ESI,† S4.3). In addition, our model links the entropic term to
the structural properties in model 0, manifesting precisely how
this term differs among materials.

Plugging U0,opt into eqn (3), we get the best possible deliver-
able capacity of our model material:

Dopt PL;PHð Þ ¼M
PHffiffiffiffiffiffiffiffiffiffiffiffi

PLPH

p
þ PH

$ PLffiffiffiffiffiffiffiffiffiffiffiffi
PLPH

p
þ PL

$ %
; (6)

equivalent to the maximum delivery obtained by optimizing the
Langmuir constant in ref. 39. At extreme operating conditions,

lim
PH!1

Dopt PL ¼ 0;PHð Þ ¼M; (7)

Fig. 3 Our model material. Crystalline unit cell consists of binding site Os

(green) that can be occupied by one guest molecule. The region outside
the binding pocket (brown) is unoccupiable due to the presence of
framework atoms. The bulk crystal is composed of M unit cells per volume,
endowing it with M adsorption sites per unit volume.

Fig. 2 Deliverable capacity vs. heat of adsorption color-coded according
to the void fraction. Vertical line denotes the optimal heat of adsorption in
eqn (5) using the assumption DS1 = $9.5R and a pressure range of 65 to
5.8 bar, 16.2 kJ mol$1.
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a unit volume. Each crystalline unit cell has a void space Os that
is of uniform energy U0 and large enough for only one gas
molecule. The region outside the binding site is inaccessible
because it is occupied by framework atoms. See Fig. 3. The
energy landscape of the material is thus:

UðxÞ ¼
U0; x 2 Os

1; x =2 Os:

(

(1)

With this energy landscape, we derive in the ESI,† S4 from
statistical mechanics the isotherm for this model material
under the assumption that nearby guests do not interact.

The adsorbed guest loading (moles or molecules per volume)
s in the material at pressure P follows a Langmuir isotherm:

s ¼ bee$bU0P

1þ bee$bU0

M P
; (2)

where e is the void fraction, or porosity, of the material (e = |Os|/|O|)
and b = 1/(RT) with R as the universal gas constant. Eqn (2) is the
familiar Langmuir isotherm with Henry coefficient KH = bee$bU0

and Langmuir constant K ¼ bee$bU0

M
.

The isothermal deliverable capacity D of a material is the
difference in loading at the high pressure PH of a filled tank and the
low pressure PL of a depleted tank. Using our model, the methane
delivered to the engine per volume of model material is:

D U0;PL;PHð Þ ¼ bee$bU0PH

1þ bee$bU0

M PH

$ bee$bU0PL

1þ bee$bU0

M PL

; (3)

which is lucidly a function of the energy of adsorption U0. The
two terms show the prerequisite to obtain a large deliverable
capacity is a high uptake at PH, but uptake at the depletion
pressure PL reduces the deliverable capacity below the high-
pressure loading (see Fig. 1(a)).

To search for a U0 that optimizes the deliverable capacity,

we solve the eqn
@D

@U0
¼ 0 and find:

U0;opt ¼ U0;opt
e
M

! "
¼ RT ln

ffiffiffiffiffiffiffiffiffiffiffiffi
PLPH

p

RT

e
M

$ %
: (4)

The optimum enthalpy of adsorption is then DHopt = U0,opt $ RT.
Bhatia and Myers’ derivation from classical thermodynamics yields

DHBM ¼
RT

2
log

PLPH

P&ð Þ2

 !

þ TDS&; (5)

where DS1 is the standard entropy change upon adsorption
with reference pressure P0 = 1 bar.38 Bhatia and Myers show
that, for activated carbons and carbon nanotubes, the entropic
term is roughly the same, and they obtain their optimal heat of
adsorption by using DS1 = $9.5R in eqn (5). If we assume DS1 =
$9.5R holds for all materials, we obtain an optimal heat of
adsorption for methane storage of 16.2 kJ mol$1 at ambient
temperature with PH = 65 bar and PL = 5.8 bar. As Bhatia and
Myers assume that the isotherms are described with a Langmuir
model, U0,opt for our model 0 is consistent with eqn (5) (see
ESI,† S4.3). In addition, our model links the entropic term to
the structural properties in model 0, manifesting precisely how
this term differs among materials.

Plugging U0,opt into eqn (3), we get the best possible deliver-
able capacity of our model material:

Dopt PL;PHð Þ ¼M
PHffiffiffiffiffiffiffiffiffiffiffiffi

PLPH

p
þ PH

$ PLffiffiffiffiffiffiffiffiffiffiffiffi
PLPH

p
þ PL

$ %
; (6)

equivalent to the maximum delivery obtained by optimizing the
Langmuir constant in ref. 39. At extreme operating conditions,

lim
PH!1

Dopt PL ¼ 0;PHð Þ ¼M; (7)

Fig. 3 Our model material. Crystalline unit cell consists of binding site Os

(green) that can be occupied by one guest molecule. The region outside
the binding pocket (brown) is unoccupiable due to the presence of
framework atoms. The bulk crystal is composed of M unit cells per volume,
endowing it with M adsorption sites per unit volume.

Fig. 2 Deliverable capacity vs. heat of adsorption color-coded according
to the void fraction. Vertical line denotes the optimal heat of adsorption in
eqn (5) using the assumption DS1 = $9.5R and a pressure range of 65 to
5.8 bar, 16.2 kJ mol$1.
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a unit volume. Each crystalline unit cell has a void space Os that
is of uniform energy U0 and large enough for only one gas
molecule. The region outside the binding site is inaccessible
because it is occupied by framework atoms. See Fig. 3. The
energy landscape of the material is thus:

UðxÞ ¼
U0; x 2 Os

1; x =2 Os:

(

(1)

With this energy landscape, we derive in the ESI,† S4 from
statistical mechanics the isotherm for this model material
under the assumption that nearby guests do not interact.

The adsorbed guest loading (moles or molecules per volume)
s in the material at pressure P follows a Langmuir isotherm:

s ¼ bee$bU0P

1þ bee$bU0

M P
; (2)

where e is the void fraction, or porosity, of the material (e = |Os|/|O|)
and b = 1/(RT) with R as the universal gas constant. Eqn (2) is the
familiar Langmuir isotherm with Henry coefficient KH = bee$bU0

and Langmuir constant K ¼ bee$bU0

M
.

The isothermal deliverable capacity D of a material is the
difference in loading at the high pressure PH of a filled tank and the
low pressure PL of a depleted tank. Using our model, the methane
delivered to the engine per volume of model material is:

D U0;PL;PHð Þ ¼ bee$bU0PH

1þ bee$bU0

M PH

$ bee$bU0PL

1þ bee$bU0

M PL

; (3)

which is lucidly a function of the energy of adsorption U0. The
two terms show the prerequisite to obtain a large deliverable
capacity is a high uptake at PH, but uptake at the depletion
pressure PL reduces the deliverable capacity below the high-
pressure loading (see Fig. 1(a)).

To search for a U0 that optimizes the deliverable capacity,

we solve the eqn
@D

@U0
¼ 0 and find:

U0;opt ¼ U0;opt
e
M

! "
¼ RT ln

ffiffiffiffiffiffiffiffiffiffiffiffi
PLPH

p

RT

e
M

$ %
: (4)

The optimum enthalpy of adsorption is then DHopt = U0,opt $ RT.
Bhatia and Myers’ derivation from classical thermodynamics yields

DHBM ¼
RT

2
log

PLPH

P&ð Þ2

 !

þ TDS&; (5)

where DS1 is the standard entropy change upon adsorption
with reference pressure P0 = 1 bar.38 Bhatia and Myers show
that, for activated carbons and carbon nanotubes, the entropic
term is roughly the same, and they obtain their optimal heat of
adsorption by using DS1 = $9.5R in eqn (5). If we assume DS1 =
$9.5R holds for all materials, we obtain an optimal heat of
adsorption for methane storage of 16.2 kJ mol$1 at ambient
temperature with PH = 65 bar and PL = 5.8 bar. As Bhatia and
Myers assume that the isotherms are described with a Langmuir
model, U0,opt for our model 0 is consistent with eqn (5) (see
ESI,† S4.3). In addition, our model links the entropic term to
the structural properties in model 0, manifesting precisely how
this term differs among materials.

Plugging U0,opt into eqn (3), we get the best possible deliver-
able capacity of our model material:

Dopt PL;PHð Þ ¼M
PHffiffiffiffiffiffiffiffiffiffiffiffi

PLPH

p
þ PH

$ PLffiffiffiffiffiffiffiffiffiffiffiffi
PLPH

p
þ PL

$ %
; (6)

equivalent to the maximum delivery obtained by optimizing the
Langmuir constant in ref. 39. At extreme operating conditions,

lim
PH!1

Dopt PL ¼ 0;PHð Þ ¼M; (7)

Fig. 3 Our model material. Crystalline unit cell consists of binding site Os

(green) that can be occupied by one guest molecule. The region outside
the binding pocket (brown) is unoccupiable due to the presence of
framework atoms. The bulk crystal is composed of M unit cells per volume,
endowing it with M adsorption sites per unit volume.

Fig. 2 Deliverable capacity vs. heat of adsorption color-coded according
to the void fraction. Vertical line denotes the optimal heat of adsorption in
eqn (5) using the assumption DS1 = $9.5R and a pressure range of 65 to
5.8 bar, 16.2 kJ mol$1.
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a unit volume. Each crystalline unit cell has a void space Os that
is of uniform energy U0 and large enough for only one gas
molecule. The region outside the binding site is inaccessible
because it is occupied by framework atoms. See Fig. 3. The
energy landscape of the material is thus:

UðxÞ ¼
U0; x 2 Os

1; x =2 Os:

(

(1)

With this energy landscape, we derive in the ESI,† S4 from
statistical mechanics the isotherm for this model material
under the assumption that nearby guests do not interact.

The adsorbed guest loading (moles or molecules per volume)
s in the material at pressure P follows a Langmuir isotherm:

s ¼ bee$bU0P

1þ bee$bU0

M P
; (2)

where e is the void fraction, or porosity, of the material (e = |Os|/|O|)
and b = 1/(RT) with R as the universal gas constant. Eqn (2) is the
familiar Langmuir isotherm with Henry coefficient KH = bee$bU0

and Langmuir constant K ¼ bee$bU0

M
.

The isothermal deliverable capacity D of a material is the
difference in loading at the high pressure PH of a filled tank and the
low pressure PL of a depleted tank. Using our model, the methane
delivered to the engine per volume of model material is:

D U0;PL;PHð Þ ¼ bee$bU0PH

1þ bee$bU0

M PH

$ bee$bU0PL

1þ bee$bU0

M PL

; (3)

which is lucidly a function of the energy of adsorption U0. The
two terms show the prerequisite to obtain a large deliverable
capacity is a high uptake at PH, but uptake at the depletion
pressure PL reduces the deliverable capacity below the high-
pressure loading (see Fig. 1(a)).

To search for a U0 that optimizes the deliverable capacity,

we solve the eqn
@D

@U0
¼ 0 and find:

U0;opt ¼ U0;opt
e
M

! "
¼ RT ln

ffiffiffiffiffiffiffiffiffiffiffiffi
PLPH

p

RT

e
M

$ %
: (4)

The optimum enthalpy of adsorption is then DHopt = U0,opt $ RT.
Bhatia and Myers’ derivation from classical thermodynamics yields

DHBM ¼
RT

2
log

PLPH

P&ð Þ2

 !

þ TDS&; (5)

where DS1 is the standard entropy change upon adsorption
with reference pressure P0 = 1 bar.38 Bhatia and Myers show
that, for activated carbons and carbon nanotubes, the entropic
term is roughly the same, and they obtain their optimal heat of
adsorption by using DS1 = $9.5R in eqn (5). If we assume DS1 =
$9.5R holds for all materials, we obtain an optimal heat of
adsorption for methane storage of 16.2 kJ mol$1 at ambient
temperature with PH = 65 bar and PL = 5.8 bar. As Bhatia and
Myers assume that the isotherms are described with a Langmuir
model, U0,opt for our model 0 is consistent with eqn (5) (see
ESI,† S4.3). In addition, our model links the entropic term to
the structural properties in model 0, manifesting precisely how
this term differs among materials.

Plugging U0,opt into eqn (3), we get the best possible deliver-
able capacity of our model material:

Dopt PL;PHð Þ ¼M
PHffiffiffiffiffiffiffiffiffiffiffiffi

PLPH

p
þ PH

$ PLffiffiffiffiffiffiffiffiffiffiffiffi
PLPH

p
þ PL

$ %
; (6)

equivalent to the maximum delivery obtained by optimizing the
Langmuir constant in ref. 39. At extreme operating conditions,

lim
PH!1

Dopt PL ¼ 0;PHð Þ ¼M; (7)

Fig. 3 Our model material. Crystalline unit cell consists of binding site Os

(green) that can be occupied by one guest molecule. The region outside
the binding pocket (brown) is unoccupiable due to the presence of
framework atoms. The bulk crystal is composed of M unit cells per volume,
endowing it with M adsorption sites per unit volume.

Fig. 2 Deliverable capacity vs. heat of adsorption color-coded according
to the void fraction. Vertical line denotes the optimal heat of adsorption in
eqn (5) using the assumption DS1 = $9.5R and a pressure range of 65 to
5.8 bar, 16.2 kJ mol$1.
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a unit volume. Each crystalline unit cell has a void space Os that
is of uniform energy U0 and large enough for only one gas
molecule. The region outside the binding site is inaccessible
because it is occupied by framework atoms. See Fig. 3. The
energy landscape of the material is thus:

UðxÞ ¼
U0; x 2 Os

1; x =2 Os:

(

(1)

With this energy landscape, we derive in the ESI,† S4 from
statistical mechanics the isotherm for this model material
under the assumption that nearby guests do not interact.

The adsorbed guest loading (moles or molecules per volume)
s in the material at pressure P follows a Langmuir isotherm:

s ¼ bee$bU0P

1þ bee$bU0

M P
; (2)

where e is the void fraction, or porosity, of the material (e = |Os|/|O|)
and b = 1/(RT) with R as the universal gas constant. Eqn (2) is the
familiar Langmuir isotherm with Henry coefficient KH = bee$bU0

and Langmuir constant K ¼ bee$bU0

M
.

The isothermal deliverable capacity D of a material is the
difference in loading at the high pressure PH of a filled tank and the
low pressure PL of a depleted tank. Using our model, the methane
delivered to the engine per volume of model material is:

D U0;PL;PHð Þ ¼ bee$bU0PH

1þ bee$bU0

M PH

$ bee$bU0PL

1þ bee$bU0

M PL

; (3)

which is lucidly a function of the energy of adsorption U0. The
two terms show the prerequisite to obtain a large deliverable
capacity is a high uptake at PH, but uptake at the depletion
pressure PL reduces the deliverable capacity below the high-
pressure loading (see Fig. 1(a)).

To search for a U0 that optimizes the deliverable capacity,

we solve the eqn
@D

@U0
¼ 0 and find:

U0;opt ¼ U0;opt
e
M

! "
¼ RT ln

ffiffiffiffiffiffiffiffiffiffiffiffi
PLPH

p

RT

e
M

$ %
: (4)

The optimum enthalpy of adsorption is then DHopt = U0,opt $ RT.
Bhatia and Myers’ derivation from classical thermodynamics yields

DHBM ¼
RT

2
log

PLPH

P&ð Þ2

 !

þ TDS&; (5)

where DS1 is the standard entropy change upon adsorption
with reference pressure P0 = 1 bar.38 Bhatia and Myers show
that, for activated carbons and carbon nanotubes, the entropic
term is roughly the same, and they obtain their optimal heat of
adsorption by using DS1 = $9.5R in eqn (5). If we assume DS1 =
$9.5R holds for all materials, we obtain an optimal heat of
adsorption for methane storage of 16.2 kJ mol$1 at ambient
temperature with PH = 65 bar and PL = 5.8 bar. As Bhatia and
Myers assume that the isotherms are described with a Langmuir
model, U0,opt for our model 0 is consistent with eqn (5) (see
ESI,† S4.3). In addition, our model links the entropic term to
the structural properties in model 0, manifesting precisely how
this term differs among materials.

Plugging U0,opt into eqn (3), we get the best possible deliver-
able capacity of our model material:

Dopt PL;PHð Þ ¼M
PHffiffiffiffiffiffiffiffiffiffiffiffi

PLPH

p
þ PH

$ PLffiffiffiffiffiffiffiffiffiffiffiffi
PLPH

p
þ PL

$ %
; (6)

equivalent to the maximum delivery obtained by optimizing the
Langmuir constant in ref. 39. At extreme operating conditions,

lim
PH!1

Dopt PL ¼ 0;PHð Þ ¼M; (7)

Fig. 3 Our model material. Crystalline unit cell consists of binding site Os

(green) that can be occupied by one guest molecule. The region outside
the binding pocket (brown) is unoccupiable due to the presence of
framework atoms. The bulk crystal is composed of M unit cells per volume,
endowing it with M adsorption sites per unit volume.

Fig. 2 Deliverable capacity vs. heat of adsorption color-coded according
to the void fraction. Vertical line denotes the optimal heat of adsorption in
eqn (5) using the assumption DS1 = $9.5R and a pressure range of 65 to
5.8 bar, 16.2 kJ mol$1.

PCCP Paper

Pu
bl

is
he

d 
on

 0
4 

D
ec

em
be

r 2
01

3.
 D

ow
nl

oa
de

d 
on

 0
5/

03
/2

01
4 

21
:5

8:
38

. 

View Article Online

Fractional deliverable capacity D:

σ

p
pL pH

D

This journal is© the Owner Societies 2014 Phys. Chem. Chem. Phys., 2014, 16, 5499--5513 | 5503

a unit volume. Each crystalline unit cell has a void space Os that
is of uniform energy U0 and large enough for only one gas
molecule. The region outside the binding site is inaccessible
because it is occupied by framework atoms. See Fig. 3. The
energy landscape of the material is thus:

UðxÞ ¼
U0; x 2 Os

1; x =2 Os:

(

(1)

With this energy landscape, we derive in the ESI,† S4 from
statistical mechanics the isotherm for this model material
under the assumption that nearby guests do not interact.

The adsorbed guest loading (moles or molecules per volume)
s in the material at pressure P follows a Langmuir isotherm:

s ¼ bee$bU0P

1þ bee$bU0

M P
; (2)

where e is the void fraction, or porosity, of the material (e = |Os|/|O|)
and b = 1/(RT) with R as the universal gas constant. Eqn (2) is the
familiar Langmuir isotherm with Henry coefficient KH = bee$bU0

and Langmuir constant K ¼ bee$bU0

M
.

The isothermal deliverable capacity D of a material is the
difference in loading at the high pressure PH of a filled tank and the
low pressure PL of a depleted tank. Using our model, the methane
delivered to the engine per volume of model material is:

D U0;PL;PHð Þ ¼ bee$bU0PH

1þ bee$bU0

M PH

$ bee$bU0PL

1þ bee$bU0

M PL

; (3)

which is lucidly a function of the energy of adsorption U0. The
two terms show the prerequisite to obtain a large deliverable
capacity is a high uptake at PH, but uptake at the depletion
pressure PL reduces the deliverable capacity below the high-
pressure loading (see Fig. 1(a)).

To search for a U0 that optimizes the deliverable capacity,

we solve the eqn
@D

@U0
¼ 0 and find:

U0;opt ¼ U0;opt
e
M

! "
¼ RT ln

ffiffiffiffiffiffiffiffiffiffiffiffi
PLPH

p

RT

e
M

$ %
: (4)

The optimum enthalpy of adsorption is then DHopt = U0,opt $ RT.
Bhatia and Myers’ derivation from classical thermodynamics yields

DHBM ¼
RT

2
log

PLPH

P&ð Þ2

 !

þ TDS&; (5)

where DS1 is the standard entropy change upon adsorption
with reference pressure P0 = 1 bar.38 Bhatia and Myers show
that, for activated carbons and carbon nanotubes, the entropic
term is roughly the same, and they obtain their optimal heat of
adsorption by using DS1 = $9.5R in eqn (5). If we assume DS1 =
$9.5R holds for all materials, we obtain an optimal heat of
adsorption for methane storage of 16.2 kJ mol$1 at ambient
temperature with PH = 65 bar and PL = 5.8 bar. As Bhatia and
Myers assume that the isotherms are described with a Langmuir
model, U0,opt for our model 0 is consistent with eqn (5) (see
ESI,† S4.3). In addition, our model links the entropic term to
the structural properties in model 0, manifesting precisely how
this term differs among materials.

Plugging U0,opt into eqn (3), we get the best possible deliver-
able capacity of our model material:

Dopt PL;PHð Þ ¼M
PHffiffiffiffiffiffiffiffiffiffiffiffi

PLPH

p
þ PH

$ PLffiffiffiffiffiffiffiffiffiffiffiffi
PLPH

p
þ PL

$ %
; (6)

equivalent to the maximum delivery obtained by optimizing the
Langmuir constant in ref. 39. At extreme operating conditions,

lim
PH!1

Dopt PL ¼ 0;PHð Þ ¼M; (7)

Fig. 3 Our model material. Crystalline unit cell consists of binding site Os

(green) that can be occupied by one guest molecule. The region outside
the binding pocket (brown) is unoccupiable due to the presence of
framework atoms. The bulk crystal is composed of M unit cells per volume,
endowing it with M adsorption sites per unit volume.

Fig. 2 Deliverable capacity vs. heat of adsorption color-coded according
to the void fraction. Vertical line denotes the optimal heat of adsorption in
eqn (5) using the assumption DS1 = $9.5R and a pressure range of 65 to
5.8 bar, 16.2 kJ mol$1.

PCCP Paper

Pu
bl

is
he

d 
on

 0
4 

D
ec

em
be

r 2
01

3.
 D

ow
nl

oa
de

d 
on

 1
0/

04
/2

01
4 

01
:5

4:
09

. 

View Article Online

Optimal energy



What is the best material?
Langmuir isotherm:

This journal is© the Owner Societies 2014 Phys. Chem. Chem. Phys., 2014, 16, 5499--5513 | 5503

a unit volume. Each crystalline unit cell has a void space Os that
is of uniform energy U0 and large enough for only one gas
molecule. The region outside the binding site is inaccessible
because it is occupied by framework atoms. See Fig. 3. The
energy landscape of the material is thus:

UðxÞ ¼
U0; x 2 Os

1; x =2 Os:

(

(1)

With this energy landscape, we derive in the ESI,† S4 from
statistical mechanics the isotherm for this model material
under the assumption that nearby guests do not interact.

The adsorbed guest loading (moles or molecules per volume)
s in the material at pressure P follows a Langmuir isotherm:

s ¼ bee$bU0P

1þ bee$bU0

M P
; (2)

where e is the void fraction, or porosity, of the material (e = |Os|/|O|)
and b = 1/(RT) with R as the universal gas constant. Eqn (2) is the
familiar Langmuir isotherm with Henry coefficient KH = bee$bU0

and Langmuir constant K ¼ bee$bU0

M
.

The isothermal deliverable capacity D of a material is the
difference in loading at the high pressure PH of a filled tank and the
low pressure PL of a depleted tank. Using our model, the methane
delivered to the engine per volume of model material is:

D U0;PL;PHð Þ ¼ bee$bU0PH

1þ bee$bU0

M PH

$ bee$bU0PL

1þ bee$bU0

M PL

; (3)

which is lucidly a function of the energy of adsorption U0. The
two terms show the prerequisite to obtain a large deliverable
capacity is a high uptake at PH, but uptake at the depletion
pressure PL reduces the deliverable capacity below the high-
pressure loading (see Fig. 1(a)).

To search for a U0 that optimizes the deliverable capacity,

we solve the eqn
@D

@U0
¼ 0 and find:

U0;opt ¼ U0;opt
e
M

! "
¼ RT ln

ffiffiffiffiffiffiffiffiffiffiffiffi
PLPH

p

RT

e
M

$ %
: (4)

The optimum enthalpy of adsorption is then DHopt = U0,opt $ RT.
Bhatia and Myers’ derivation from classical thermodynamics yields

DHBM ¼
RT

2
log

PLPH

P&ð Þ2

 !

þ TDS&; (5)

where DS1 is the standard entropy change upon adsorption
with reference pressure P0 = 1 bar.38 Bhatia and Myers show
that, for activated carbons and carbon nanotubes, the entropic
term is roughly the same, and they obtain their optimal heat of
adsorption by using DS1 = $9.5R in eqn (5). If we assume DS1 =
$9.5R holds for all materials, we obtain an optimal heat of
adsorption for methane storage of 16.2 kJ mol$1 at ambient
temperature with PH = 65 bar and PL = 5.8 bar. As Bhatia and
Myers assume that the isotherms are described with a Langmuir
model, U0,opt for our model 0 is consistent with eqn (5) (see
ESI,† S4.3). In addition, our model links the entropic term to
the structural properties in model 0, manifesting precisely how
this term differs among materials.

Plugging U0,opt into eqn (3), we get the best possible deliver-
able capacity of our model material:

Dopt PL;PHð Þ ¼M
PHffiffiffiffiffiffiffiffiffiffiffiffi

PLPH

p
þ PH

$ PLffiffiffiffiffiffiffiffiffiffiffiffi
PLPH

p
þ PL

$ %
; (6)

equivalent to the maximum delivery obtained by optimizing the
Langmuir constant in ref. 39. At extreme operating conditions,

lim
PH!1

Dopt PL ¼ 0;PHð Þ ¼M; (7)

Fig. 3 Our model material. Crystalline unit cell consists of binding site Os

(green) that can be occupied by one guest molecule. The region outside
the binding pocket (brown) is unoccupiable due to the presence of
framework atoms. The bulk crystal is composed of M unit cells per volume,
endowing it with M adsorption sites per unit volume.

Fig. 2 Deliverable capacity vs. heat of adsorption color-coded according
to the void fraction. Vertical line denotes the optimal heat of adsorption in
eqn (5) using the assumption DS1 = $9.5R and a pressure range of 65 to
5.8 bar, 16.2 kJ mol$1.
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a unit volume. Each crystalline unit cell has a void space Os that
is of uniform energy U0 and large enough for only one gas
molecule. The region outside the binding site is inaccessible
because it is occupied by framework atoms. See Fig. 3. The
energy landscape of the material is thus:

UðxÞ ¼
U0; x 2 Os

1; x =2 Os:

(

(1)

With this energy landscape, we derive in the ESI,† S4 from
statistical mechanics the isotherm for this model material
under the assumption that nearby guests do not interact.

The adsorbed guest loading (moles or molecules per volume)
s in the material at pressure P follows a Langmuir isotherm:

s ¼ bee$bU0P

1þ bee$bU0

M P
; (2)

where e is the void fraction, or porosity, of the material (e = |Os|/|O|)
and b = 1/(RT) with R as the universal gas constant. Eqn (2) is the
familiar Langmuir isotherm with Henry coefficient KH = bee$bU0

and Langmuir constant K ¼ bee$bU0

M
.

The isothermal deliverable capacity D of a material is the
difference in loading at the high pressure PH of a filled tank and the
low pressure PL of a depleted tank. Using our model, the methane
delivered to the engine per volume of model material is:

D U0;PL;PHð Þ ¼ bee$bU0PH

1þ bee$bU0

M PH

$ bee$bU0PL

1þ bee$bU0

M PL

; (3)

which is lucidly a function of the energy of adsorption U0. The
two terms show the prerequisite to obtain a large deliverable
capacity is a high uptake at PH, but uptake at the depletion
pressure PL reduces the deliverable capacity below the high-
pressure loading (see Fig. 1(a)).

To search for a U0 that optimizes the deliverable capacity,

we solve the eqn
@D

@U0
¼ 0 and find:

U0;opt ¼ U0;opt
e
M

! "
¼ RT ln

ffiffiffiffiffiffiffiffiffiffiffiffi
PLPH

p

RT

e
M

$ %
: (4)

The optimum enthalpy of adsorption is then DHopt = U0,opt $ RT.
Bhatia and Myers’ derivation from classical thermodynamics yields

DHBM ¼
RT

2
log

PLPH

P&ð Þ2

 !

þ TDS&; (5)

where DS1 is the standard entropy change upon adsorption
with reference pressure P0 = 1 bar.38 Bhatia and Myers show
that, for activated carbons and carbon nanotubes, the entropic
term is roughly the same, and they obtain their optimal heat of
adsorption by using DS1 = $9.5R in eqn (5). If we assume DS1 =
$9.5R holds for all materials, we obtain an optimal heat of
adsorption for methane storage of 16.2 kJ mol$1 at ambient
temperature with PH = 65 bar and PL = 5.8 bar. As Bhatia and
Myers assume that the isotherms are described with a Langmuir
model, U0,opt for our model 0 is consistent with eqn (5) (see
ESI,† S4.3). In addition, our model links the entropic term to
the structural properties in model 0, manifesting precisely how
this term differs among materials.

Plugging U0,opt into eqn (3), we get the best possible deliver-
able capacity of our model material:

Dopt PL;PHð Þ ¼M
PHffiffiffiffiffiffiffiffiffiffiffiffi

PLPH

p
þ PH

$ PLffiffiffiffiffiffiffiffiffiffiffiffi
PLPH

p
þ PL

$ %
; (6)

equivalent to the maximum delivery obtained by optimizing the
Langmuir constant in ref. 39. At extreme operating conditions,

lim
PH!1

Dopt PL ¼ 0;PHð Þ ¼M; (7)

Fig. 3 Our model material. Crystalline unit cell consists of binding site Os

(green) that can be occupied by one guest molecule. The region outside
the binding pocket (brown) is unoccupiable due to the presence of
framework atoms. The bulk crystal is composed of M unit cells per volume,
endowing it with M adsorption sites per unit volume.

Fig. 2 Deliverable capacity vs. heat of adsorption color-coded according
to the void fraction. Vertical line denotes the optimal heat of adsorption in
eqn (5) using the assumption DS1 = $9.5R and a pressure range of 65 to
5.8 bar, 16.2 kJ mol$1.
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a unit volume. Each crystalline unit cell has a void space Os that
is of uniform energy U0 and large enough for only one gas
molecule. The region outside the binding site is inaccessible
because it is occupied by framework atoms. See Fig. 3. The
energy landscape of the material is thus:

UðxÞ ¼
U0; x 2 Os

1; x =2 Os:

(

(1)

With this energy landscape, we derive in the ESI,† S4 from
statistical mechanics the isotherm for this model material
under the assumption that nearby guests do not interact.

The adsorbed guest loading (moles or molecules per volume)
s in the material at pressure P follows a Langmuir isotherm:

s ¼ bee$bU0P

1þ bee$bU0

M P
; (2)

where e is the void fraction, or porosity, of the material (e = |Os|/|O|)
and b = 1/(RT) with R as the universal gas constant. Eqn (2) is the
familiar Langmuir isotherm with Henry coefficient KH = bee$bU0

and Langmuir constant K ¼ bee$bU0

M
.

The isothermal deliverable capacity D of a material is the
difference in loading at the high pressure PH of a filled tank and the
low pressure PL of a depleted tank. Using our model, the methane
delivered to the engine per volume of model material is:

D U0;PL;PHð Þ ¼ bee$bU0PH

1þ bee$bU0

M PH

$ bee$bU0PL

1þ bee$bU0

M PL

; (3)

which is lucidly a function of the energy of adsorption U0. The
two terms show the prerequisite to obtain a large deliverable
capacity is a high uptake at PH, but uptake at the depletion
pressure PL reduces the deliverable capacity below the high-
pressure loading (see Fig. 1(a)).

To search for a U0 that optimizes the deliverable capacity,

we solve the eqn
@D

@U0
¼ 0 and find:

U0;opt ¼ U0;opt
e
M

! "
¼ RT ln

ffiffiffiffiffiffiffiffiffiffiffiffi
PLPH

p

RT

e
M

$ %
: (4)

The optimum enthalpy of adsorption is then DHopt = U0,opt $ RT.
Bhatia and Myers’ derivation from classical thermodynamics yields

DHBM ¼
RT

2
log

PLPH

P&ð Þ2

 !

þ TDS&; (5)

where DS1 is the standard entropy change upon adsorption
with reference pressure P0 = 1 bar.38 Bhatia and Myers show
that, for activated carbons and carbon nanotubes, the entropic
term is roughly the same, and they obtain their optimal heat of
adsorption by using DS1 = $9.5R in eqn (5). If we assume DS1 =
$9.5R holds for all materials, we obtain an optimal heat of
adsorption for methane storage of 16.2 kJ mol$1 at ambient
temperature with PH = 65 bar and PL = 5.8 bar. As Bhatia and
Myers assume that the isotherms are described with a Langmuir
model, U0,opt for our model 0 is consistent with eqn (5) (see
ESI,† S4.3). In addition, our model links the entropic term to
the structural properties in model 0, manifesting precisely how
this term differs among materials.

Plugging U0,opt into eqn (3), we get the best possible deliver-
able capacity of our model material:

Dopt PL;PHð Þ ¼M
PHffiffiffiffiffiffiffiffiffiffiffiffi

PLPH

p
þ PH
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equivalent to the maximum delivery obtained by optimizing the
Langmuir constant in ref. 39. At extreme operating conditions,

lim
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Dopt PL ¼ 0;PHð Þ ¼M; (7)

Fig. 3 Our model material. Crystalline unit cell consists of binding site Os

(green) that can be occupied by one guest molecule. The region outside
the binding pocket (brown) is unoccupiable due to the presence of
framework atoms. The bulk crystal is composed of M unit cells per volume,
endowing it with M adsorption sites per unit volume.

Fig. 2 Deliverable capacity vs. heat of adsorption color-coded according
to the void fraction. Vertical line denotes the optimal heat of adsorption in
eqn (5) using the assumption DS1 = $9.5R and a pressure range of 65 to
5.8 bar, 16.2 kJ mol$1.
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Fractional deliverable capacity D:

As many adsorption sites as possible with the optimal energy

σ
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pL pH
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a unit volume. Each crystalline unit cell has a void space Os that
is of uniform energy U0 and large enough for only one gas
molecule. The region outside the binding site is inaccessible
because it is occupied by framework atoms. See Fig. 3. The
energy landscape of the material is thus:

UðxÞ ¼
U0; x 2 Os

1; x =2 Os:

(

(1)

With this energy landscape, we derive in the ESI,† S4 from
statistical mechanics the isotherm for this model material
under the assumption that nearby guests do not interact.

The adsorbed guest loading (moles or molecules per volume)
s in the material at pressure P follows a Langmuir isotherm:

s ¼ bee$bU0P

1þ bee$bU0

M P
; (2)

where e is the void fraction, or porosity, of the material (e = |Os|/|O|)
and b = 1/(RT) with R as the universal gas constant. Eqn (2) is the
familiar Langmuir isotherm with Henry coefficient KH = bee$bU0

and Langmuir constant K ¼ bee$bU0

M
.

The isothermal deliverable capacity D of a material is the
difference in loading at the high pressure PH of a filled tank and the
low pressure PL of a depleted tank. Using our model, the methane
delivered to the engine per volume of model material is:

D U0;PL;PHð Þ ¼ bee$bU0PH

1þ bee$bU0

M PH

$ bee$bU0PL

1þ bee$bU0

M PL

; (3)

which is lucidly a function of the energy of adsorption U0. The
two terms show the prerequisite to obtain a large deliverable
capacity is a high uptake at PH, but uptake at the depletion
pressure PL reduces the deliverable capacity below the high-
pressure loading (see Fig. 1(a)).

To search for a U0 that optimizes the deliverable capacity,

we solve the eqn
@D

@U0
¼ 0 and find:

U0;opt ¼ U0;opt
e
M

! "
¼ RT ln

ffiffiffiffiffiffiffiffiffiffiffiffi
PLPH

p

RT

e
M

$ %
: (4)

The optimum enthalpy of adsorption is then DHopt = U0,opt $ RT.
Bhatia and Myers’ derivation from classical thermodynamics yields

DHBM ¼
RT

2
log

PLPH

P&ð Þ2

 !

þ TDS&; (5)

where DS1 is the standard entropy change upon adsorption
with reference pressure P0 = 1 bar.38 Bhatia and Myers show
that, for activated carbons and carbon nanotubes, the entropic
term is roughly the same, and they obtain their optimal heat of
adsorption by using DS1 = $9.5R in eqn (5). If we assume DS1 =
$9.5R holds for all materials, we obtain an optimal heat of
adsorption for methane storage of 16.2 kJ mol$1 at ambient
temperature with PH = 65 bar and PL = 5.8 bar. As Bhatia and
Myers assume that the isotherms are described with a Langmuir
model, U0,opt for our model 0 is consistent with eqn (5) (see
ESI,† S4.3). In addition, our model links the entropic term to
the structural properties in model 0, manifesting precisely how
this term differs among materials.

Plugging U0,opt into eqn (3), we get the best possible deliver-
able capacity of our model material:

Dopt PL;PHð Þ ¼M
PHffiffiffiffiffiffiffiffiffiffiffiffi

PLPH

p
þ PH

$ PLffiffiffiffiffiffiffiffiffiffiffiffi
PLPH

p
þ PL

$ %
; (6)

equivalent to the maximum delivery obtained by optimizing the
Langmuir constant in ref. 39. At extreme operating conditions,

lim
PH!1

Dopt PL ¼ 0;PHð Þ ¼M; (7)

Fig. 3 Our model material. Crystalline unit cell consists of binding site Os

(green) that can be occupied by one guest molecule. The region outside
the binding pocket (brown) is unoccupiable due to the presence of
framework atoms. The bulk crystal is composed of M unit cells per volume,
endowing it with M adsorption sites per unit volume.

Fig. 2 Deliverable capacity vs. heat of adsorption color-coded according
to the void fraction. Vertical line denotes the optimal heat of adsorption in
eqn (5) using the assumption DS1 = $9.5R and a pressure range of 65 to
5.8 bar, 16.2 kJ mol$1.
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Optimal energy
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Goal: maximize deliverable capacity

“For methane, an optimal 
enthalpy change 

 of [16.2] kJ/mol is found.”
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Goal: maximize deliverable capacity

“For methane, an optimal 
enthalpy change 

 of [16.2] kJ/mol is found.”

HCH4

opt = H0 exp −qiso RT( )

…	but	only	a	limited	number	of	
materials	were	analyzed



In silico screening of zeolites

MFI expt’l data: Sun et al. (1998) J. Phys. Chem. B. 102(8), 1466-1473.  
                        Zhu et al. (2000) Phys. Chem. Chem. Phys. 2(9), 1989-1995.

Force field: Dubbeldam et al. (2004) Phys. Rev. 93(8), 088302.



In silico screening of zeolites

C. Simon et al. (2014) Phys. Chem. Chem. Phys. 16 (12), 5499-5513

 



Can we find a material that  
meets the DOE target?

Screening > 100,000 materials
• zeolites
• Metal organic Frameworks, MOFs (Snurr and 

co-workers)
• zeolitic imidazolate frameworks, ZIFs, 

(Haranczyk)
• Polymer Porous Networks, PPNs (Haranczyk)



Insight from the model

 

Empty tank

C. Simon, et al  Energy Environ. Sci. 8, 1190 (2015) http://dx.doi.org/10.1039/C4EE03515A

http://dx.doi.org/10.1039/C4EE03515A


A theory of nothing



Methane storage in all silica zeolites: 
•only the pore shape matters
•similar pores should have similar performance



Methane storage in all silica zeolites: 
•only the pore shape matters
•similar pores should have similar performance

How to compare pores?



Simple Descriptors

Simple descriptors: 
• Di : diameter of maximum included sphere,  
• Df: diameter of  maximum free sphere, 
• ρ: density,  
• ASA: accessible surface area,  
• AV: accessible volume 

Di Df
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name Di Df ρ ASA AV

CD

Seed SSF 7.59 6.15 1.64 1191 0.122

1st h8242590 7.87 6.16 1.62 1210 0.119

2nd h8239380 7.60 6.29 1.63 1156 0.120

3rd h8267258 7.72 6.21 1.63 1205 0.115

4th h8070132 7.69 6.49 1.62 1187 0.126



 

Seed Descriptor Selected Nth Similar Structure 
1st 2nd 3rd 4th 

SSF 

PerH 

    

 

ConD 

    
IWV 

PerH 

    

 

ConD 

    
 

 

name Di Df ρ ASA AV

CD

Seed SSF 7.59 6.15 1.64 1191 0.122

1st h8242590 7.87 6.16 1.62 1210 0.119

2nd h8239380 7.60 6.29 1.63 1156 0.120

3rd h8267258 7.72 6.21 1.63 1205 0.115

4th h8070132 7.69 6.49 1.62 1187 0.126



Persistent Homology





name Di Df ρ ASA AV

TD

Seed SSF 7.59 6.15 1.64 1191.97 0.122
1st h8328603 8.09 6.34 1.77 1167.86 0.120

2nd h8267258 7.72 6.21 1.63 1205.27 0.115
3rd h8325096 7.28 5.91 1.72 1160.44 0.114

4th h8267032 7.54 6.22 1.70 1171.01 0.115

CD

Seed SSF 7.59 6.15 1.64 1191.97 0.122
1st h8242590 7.87 6.16 1.62 1210.05 0.119
2nd h8239380 7.60 6.29 1.63 1156.76 0.120

3rd h8267258 7.72 6.21 1.63 1205.27 0.115

4th h8070132 7.69 6.49 1.62 1187.66 0.126
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Big data: too many materials

Question: has a MOF with a similar pore 
structure already been published? 

The Chemistry and Applications of
Metal-Organic Frameworks
Hiroyasu Furukawa,1,2 Kyle E. Cordova,1,2 Michael O’Keeffe,3,4 Omar M. Yaghi1,2,4*
Crystalline metal-organic frameworks (MOFs) are formed by reticular synthesis, which creates
strong bonds between inorganic and organic units. Careful selection of MOF constituents can
yield crystals of ultrahigh porosity and high thermal and chemical stability. These characteristics
allow the interior of MOFs to be chemically altered for use in gas separation, gas storage, and
catalysis, among other applications. The precision commonly exercised in their chemical
modification and the ability to expand their metrics without changing the underlying topology
have not been achieved with other solids. MOFs whose chemical composition and shape of
building units can be multiply varied within a particular structure already exist and may lead to
materials that offer a synergistic combination of properties.

The past decade has seen explosive growth
in the preparation, characterization, and
study of materials known asmetal-organic

frameworks (MOFs). These materials are con-
structed by joining metal-containing units [sec-
ondary building units (SBUs)] with organic linkers,
using strong bonds (reticular synthesis) to create
open crystalline frameworks with permanent po-
rosity (1). The flexibility with which the metal
SBUs and organic linkers can be varied has led
to thousands of compounds being prepared and
studied each year (Figs. 1 and 2). MOFs have ex-
ceptional porosity and a wide range of potential
uses including gas storage, separations, and ca-
talysis (2). In particular, applications in energy
technologies such as fuel cells, supercapacitors,
and catalytic conversions have made them ob-
jects of extensive study, industrial-scale produc-
tion, and application (2–4).

Among the many developments made in this
field, four were particularly important in advanc-
ing the chemistry of MOFs: (i) The geometric
principle of construction was realized by the link-
ing of SBUs with rigid shapes such as squares
and octahedra, rather than the simpler node-and-
spacer construction of earlier coordination net-
works inwhich single atomswere linked by ditopic
coordinating linkers (1). The SBU approach not
only led to the identification of a small number
of preferred (“default”) topologies that could be
targeted in designed syntheses, but also was cen-
tral to the achievement of permanent porosity in
MOFs (1). (ii) As a natural outcome of the use of
SBUs, a large body of work was subsequently
reported on the use of the isoreticular principle
(varying the size and nature of a structure without
changing its underlying topology) in the design

of MOFs with ultrahigh porosity and unusually
large pore openings (5). (iii) Postsynthetic mod-
ification (PSM) ofMOFs—incorporating organic
units and metal-organic complexes through re-
actions with linkers—has emerged as a powerful
tool for changing the reactivity of the pores (e.g.,
creating catalytic sites) (6). (iv) Multivariate MOFs
(MTV-MOFs), in which multiple organic function-
alities are incorporated within a single framework,
have provided many opportunities for designing
complexity within the pores of MOFs in a con-
trolled manner (7).

Below, we focus on these aspects of MOF
chemistry because they are rarely achieved in oth-

er materials and because they lead to the previous-
ly elusive synthesis of solids by design. Unlike
other extended solids,MOFsmaintain their under-
lying structure and crystalline order upon expan-
sion of organic linkers and inorganic SBUs, as
well as after chemical functionalization, which
greatly widens the scope of this chemistry. We
review key developments in these areas and dis-
cuss the impact of this chemistry on applications
such as gas adsorption and storage, catalysis, and
proton conduction. We also discuss the concept
of MTV-MOFs in relation to the sequence of func-
tionality arrangement that is influenced by the
electronic and/or steric interactions among the
functionalities. Highly functional synthetic crys-
talline materials can result from the use of such
techniques to create heterogeneity within MOF
structures.

Design of Ultrahigh Porosity
During the past century, extensive work was done
on crystalline extended structures in which metal
ions are joined by organic linkers containing Lewis
base–binding atoms such as nitriles and bipyridines
(8, 9). Although these are extended crystal struc-
tures and not large discrete molecules such as poly-
mers, theywere dubbed coordination “polymers”—
a term that is still in use today, although we prefer
the more descriptive term MOFs, introduced in
1995 (10) and now widely accepted. Because
these structures were constructed from long or-
ganic linkers, they encompassed void space and
therefore were viewed to have the potential to be

REVIEW

1Department of Chemistry, University of California, Berkeley,
CA 94720,USA. 2Materials Sciences Division, Lawrence Berkeley
National Laboratory, Berkeley, CA 94720, USA. 3Department of
Chemistry, Arizona State University, Tempe, AZ 87240, USA.
4NanoCentury KAIST Institute and Graduate School of Energy,
Environment, Water, and Sustainability (World Class Univer-
sity), Daejeon 305-701, Republic of Korea.

*Corresponding author. E-mail: yaghi@berkeley.edu
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Fig. 1. Metal-organic framework structures (1D, 2D, and 3D) reported in the Cambridge Struc-
tural Database (CSD) from 1971 to 2011. The trend shows a striking increase during this period for
all structure types. In particular, the doubling time for the number of 3D MOFs (inset) is the highest
among all reported metal-organic structures.
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H. Furukawa, et al, Science 341 (6149), 974 (2013)

Current technique:   
compare by eye 



Y. Lee, et al.  Nat. Commun. 8 (2017) 
http://dx.doi.org/10.1038/
ncomms15396

Criteria:  
• MOFs published and 

structures deposited 
in the CSD 

• Structures are very 
similar 

• MOFs do not have the 
same name 

• Published in different 
articles 

• Different authors 
• No cross-references 
27 hits of too similarity 

http://dx.doi.org/10.1038/ncomms15396
http://dx.doi.org/10.1038/ncomms15396
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Methane Storage 
(part 2)



In silico screening of zeolites

C. Simon et al. (2014) Phys. Chem. Chem. Phys. 16 (12), 5499-5513

 



Heat of a adsorption of top performing materials

Group G

Group B
Group A

Group D

Group E

Group F

Group C

12   Qad (kJ/mol CH4)   22

Table S2. Examples of top-performing zeolites in 6 different groups  

 Examples Features 
Group A 
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Enthalpy vs. entropy
• ΔS not the same for all materials
• Wide range of ΔH that yields optimal material

 



Similar materials have similar performance
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Diversity of MOF Materials Database 

Five	Different	Types	



Diversity of Materials Databases 
Coverage	of	 each	DB	on	 the	 en0re	map	 :	 red	 –	 high	
number,	blue	–	low	number,	gray	-	empty	

Experiments            Snurr et al.           Boyd et al.
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• Xe/Kr separations

• sometimes you can be lucky …
• Methane storage

• Best material: as many sites as possible with the right energy
• ARPA-e targets are too optimistic

• Similarity
• We have developed the language to express similarity
• Nanoporous materials: we can now quantity the similarity of the 

pore structure
• Similar pores similar performance

• Materials Genome:
• Intelligence versus brute force ....
• Screening for best materials: what can be obtained
• Big-data science


