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Theoretical Insights into the Tuning of Metal Binding Sites
of Paddlewheels in rht-Metal–Organic Frameworks
Tony Pham,* Katherine A. Forrest, Wen-Yang Gao, Shengqian Ma, and Brian Space[a]
Theoretical investigations of CO2 sorption are performed in
four members of the highly tunable rht-metal–organic framework (MOF) platform. rht-MOFs contain two Cu2 + ions that
comprise the metal paddlewheels and both are in chemically
distinct environments. Indeed, one type of Cu2 + ion faces
toward the center of the linker whereas the other type faces
away from the center of the linker. Electronic structure calculations on the series of rht-MOFs demonstrate that one of the
Cu2 + ions has a consistently higher charge magnitude relative
to the other. As a consequence, the Cu2 + ion with the higher

partial positive charge acts as the favored sorbate binding site
at initial loading as revealed by grand canonical Monte Carlo
(GCMC) simulations that include many-body polarization. It
was found that the charge distribution about the copper paddlewheels is dependent on the type of functional groups present on the linker. This study demonstrates how the binding
site about the metal paddlewheels in the rht-MOF platform
can be controlled by changing the functionality on the organic
ligand.

1. Introduction
Metal–organic frameworks (MOFs) are an increasingly important class of porous materials that are comprised of organic ligands coordinated to metal-ion clusters.[1–6] They have promising potential for a variety of applications, including gas storage,[7–13] gas separations,[14–20] catalysis,[21–25] sensing,[26–28] drug
delivery,[29–31] magnetism,[32, 33] electrical conductivity,[34, 35] and
nonlinear optics.[36–38] MOFs can be synthesized to have moderate to high surface areas and can be assembled from molecular building blocks (MBB) with desired/tunable chemical functionality.[9, 39] The building block approach allows for the possibility to create a vast number of MOF structures.[2, 40]
A highly successful platform of MOFs that has been synthesized are the (3,24)-connected rht-MOFs.[9, 41–69] These MOFs are
synthesized with hexatopic ligands consisting of three coplanar isophthalate moieties that are coordinated to [M2(O2CR)4]
square paddlewheel clusters. The overall structure of rht-MOFs
is characterized by having 24 edges of a cuboctahedron connecting with a hexatopic ligand having C3 symmetry. Moreover,
the overall framework of rht-MOFs consists of three distinct
cages: cuboctahedron, truncated tetrahedron, and truncated
octahedron (see Figure S1, Supporting Information, SI). rhtMOFs are a promising platform of MOFs because they exhibit
very high surface areas, contain open-metal sites, and have
tunable pores and functionality. They have been shown to exhibit high uptake capacities for energy-related gases, such H2,
CO2, and CH4.
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The first rht-MOF, known as rht-MOF-1, was synthesized by
Nouar et al. in 2008.[41] It was constructed using trigonal Cu3O
trimers linked to 5-tetrazolylisophthalate moieties that serve as
the hexatopic building block, which in turn are coordinated to
Cu2 + ions to form the [Cu2(O2CR)4] (copper paddlewheel) clusters. Furthermore, the MOF contains nitrate counterions to balance the charge of the cationic framework. rht-MOF-1 has an
estimated BET surface area of 2847 m2 g¢1 (Langmuir surface
area = 3223 m2 g¢1), a pore volume of 1.01 cm3 g¢1, and a free
volume of approximately 75 %. Experimental studies have
demonstrated that rht-MOF-1 has a high hydrogen uptake of
2.4 wt % at 77 K and 1.0 atm, where wt % is defined as: [(mass
of H2)/(mass of MOF + mass of H2)] Õ 100 %.
Recently, an isostructural analogue of rht-MOF-1 was constructed by substituting 5-tetrazolylisophthalate with 5-(1Hpyrazol-4-yl)isophthalate; this alteration replaces the carboncoordinated N atoms of the five-membered ring by C-H
groups.[68] This MOF, known as MPAF-1 (MPAF stands for metalpyrazolate framework) or rht-MOF-pyr, exhibits a similar surface
area, pore volume, and free volume as rht-MOF-1, but displays
a much higher stability in water, moisture, steam, and acid. As
demonstrated in previous computational studies, this improved stability can be attributed to the increase in the electron density of the copper-coordinated N atoms, which resulted in stronger bonds with the Cu2 + ions of the Cu3O trimers,
in addition to the increase in the stability about the copper
paddlewheels.[68]
Although the aforementioned MOFs are examples of rhtMOFs that were synthesized using the Cu3O trimer units,[56, 68]
many other rht-MOFs have been constructed such that it
avoids the utilization of such moieties. An example of such an
rht-MOF is PCN-61 (PCN stands for porous coordination network).[45, 46, 70] This rht-MOF is composed of 5,5’,5’’-benzene-
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1,3,5-triyltris(1-ethynl-2-isophthalate) (btei) linkers coordinated
to Cu2 + ions. The MOF has an
estimated BET surface area of
3000 m2 g¢1 (Langmuir surface
area = 3500 m2 g¢1),
pore
a
volume of 1.36 cm3 g¢1, and
a free volume of approximately
77 %. Experimental studies have
shown that PCN-61 has a hydrogen uptake of 2.25 wt % at 77 K
and 1.0 atm.[46] Moreover, PCN61 exhibited an excess CO2 Figure 1. a) Side view and b) corner view of a unit cell of rht-MOF-1. The Cu2 + ions colored in green are denoted
uptake of 3.15 mmol g¢1 at 298 K as Cu1, while the Cu2 + ions colored in yellow are denoted as Cu2. The same labeling for the Cu2 + ions on the
paddlewheel can be made for other rht-MOFs. Atom colors: C = cyan, H = white, N = blue, O = red, Cu = green/
and 1.0 atm.[48]
Recently, an rht-MOF was syn- yellow/tan.
thesized that resembled an improvement over PCN-61 in terms of functionality and gas
important to emphasize that the two Cu2 + ions within the Cu
[48]
uptake capacity; it is referred to as Cu-TPBTM. This rht-MOF
paddlewheels in all rht-MOFs are in chemically distinct environwas constructed with N,N’N’’-tris(isophthalyl)-1,3,5-benzenetriments. This is due to the fact that the carboxylate carbon-arocarboxamide (TPBTM) as the organic linker. In essence, Cumatic carbon bond cannot rotate freely in the MOF environTPBTM contains polar amide groups in place of the nonpolar
ment. One of the Cu2 + ions faces toward the center of the
alkyne groups that are seen in PCN-61. This MOF displayed
linker and projects into the truncated tetrahedral and truncata similar surface area, pore volume, and free volume as PCNed octahedral cages; it is referred to herein as Cu1 (green col61; however, Cu-TPBTM exhibited a drastically higher uptake
ored Cu2 + ions in Figure 1; atom label 1 in Figure S2–S5). The
for H2 and CO2 as a result of the increased functionality
other Cu2 + ion faces away from the center of the linker and
through the amide groups. For H2 sorption at 77 K and 1.0 atm
projects into the cuboctahedral cages; it is referred to herein
and CO2 sorption at 298 K and 1.0 atm, the corresponding gas
as Cu2 (yellow colored Cu2 + ions in Figure 1; atom label 2 in
¢1
uptakes for Cu-TPBTM were 2.61 wt % and 5.29 mmol g , reFigures S2–S5). The notion that there are two types of Cu2 +
[48,71]
spectively.
These H2 and CO2 uptake values are among the
ions on the paddlewheels in all rht-MOFs was supported by exhighest for all rht-MOFs.
perimental neutron powder diffraction (NPD) studies of D2
Indeed, a number of rht-MOFs have been synthesized by
sorption in the MOF NOTT-112, where it was observed that the
simply changing the functionality on the hexatopic ligands. AlD2 molecules sorb mostly onto the Cu2 ions at low loading
though all MOFs within this platform have the same structural
and not the other type of Cu2 + ion; this provided an overall
motif, each rht-MOF has different chemical properties, which
distinction between the two types of Cu2 + ions on the paddleare dependent on the moieties on the ligands that they conwheels in rht-MOFs.[47]
tain. Note, all organic ligands and metal paddlewheels are
In certain previous computational studies by other groups
equivalent to each other within the crystal structure of rhton rht-MOFs,[9, 60, 72, 73] the two Cu2 + ions about the Cu paddleMOFs. Considering the three cages that comprise all rht-MOFs,
wheels were treated in a mean field fashion as chemically
each metal paddlewheel simultaneously serves as the corner
equivalent. As a result, they were assigned the same point parof the triangular windows of the cuboctahedral and truncated
tial charges in the force field for MOF-sorbate simulation studtetrahedral cages as well as the square windows of the cubocies. Although these Cu2 + ions are not identical, it is conceivatahedral and truncated octahedral cages. Similarly, each ligand
ble that they might be similar because rht-MOFs have a topoloserves as a side of the truncated tetrahedral and truncated ocgy that is similar to that of HKUST-1, a MOF consisting of 1,3,5tahedral cages, with the heads of the ligand joining the winbenzenetricarboxylate ligands coordinated to Cu paddlewheel
dows of the cuboctahedral cages.
units.[74] In HKUST-1, all Cu2 + ions in the structure are equivaIn this work, we will show through theoretical studies that
lent to each other. However, as explained above, this is not the
the sorbate binding site about the metal paddlewheels in the
case in rht-MOFs. Unfortunately, treating the Cu2 + ions as
rht-MOF platform are also electronically tunable, that is, the
chemically equivalent in rht-MOFs resulted in only a small ocbinding site can be controlled by simply changing the funccupation of sorbate molecules about the open-metal sites for
tionality on the ligand and consequently the metal electroposithe MOF-sorbate simulations even though the simulated sorptivity. Here, the focus is on CO2 sorption in rht-MOFs, although
tion isotherms were in reasonable agreement with experithe same trends can be observed for other sorbates, such as
ment.[60, 72, 73] As a result, in some previous studies, the correct
[70, 71]
H2,
because the controlling factor is the metal partial
chemistry between the sorbate molecules and the unsaturated
charge. Specifically, the key factor that governs the sorbate
metal centers was not captured, pointing to the difficulty in
binding site about the metal paddlewheels is the electrostatics
using just sorption data in comparing theoretical and experiabout the Cu2 + ions that comprise these paddlewheels. It is
mental results. Reproducing measured isotherms is encouragChemPhysChem 2015, 16, 3170 – 3179
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ing, but not sufficient nor strictly necessary for a reasonable
MOF-sorbate model. Note, the experimental initial isosteric
heats of adsorption (Qst) values and existing Cu2 + -sorbate interaction distances inferred from neutron scattering studies
confirm strong sorbate binding to the metal sites.[47, 75–77] Capturing this effect in simulation requires both the proper parametrization of the Cu2 + ions and the inclusion of explicit polarization.
As shown in previous modeling studies,[70, 71, 78–83] the inclusion of explicit polarization interactions was necessary for describing sorption onto the open-metal sites. This was demonstrated using highly accurate and transferable potentials that
included such interactions.[84–88] Indeed, for simulations in
highly charged/polar MOFs, the effects of many-body polarization resulted in sorption isotherms and loading dependent Qst
values in agreement with experiment as well as capturing the
critical interaction between the sorbate molecules and the polarizable metal centers, leading to characteristic metal–sorbate
distances. Potential energy functions including only explicit
charge–quadrupole interactions and polarization implemented
through an implicit fashion were not sufficient to describe the
correct sorption behavior in such MOFs. For this work, we used
a recently developed and extensively tested CO2 potential that
includes explicit induced dipole interactions for the purpose of
simulating in heterogeneous media.[85] As demonstrated later,
simulations using this model will result in a significant occupancy of CO2 molecules onto the open-metal sites at low loading.
Note, many theoretical groups use the TraPPE CO2 potential[89] to model CO2 sorption in MOFs. Although this model is
an excellent bulk potential that was fit to vapor–liquid equilibria, it typically does not perform consistently well in describing the sorbate intermolecular interactions in heterogeneous
media. This is especially for highly charged/polar MOFs that
have polarizable sites. It will be shown that simulations of CO2
sorption using the TraPPE model in such MOFs lead to sorption
to regions that are dominated by van der Waals and charge–
quadrupole energetics and not to those that are dominated by
induction.

Because the two Cu2 + ions about the Cu paddlewheels are
chemically distinct in rht-MOFs, the relative point partial charges about each ion are different. Specifically, one type of Cu2 +
ion is found to have a higher partial positive charge than the
other. The difference in relative charge magnitudes have been
shown to be significant for simulations of gas sorption in rhtMOFs, with the more positive Cu2 + ion acting as the favored
sorption site while the lower charged Cu2 + ion shows little interaction with the sorbates under moderate conditions.[70, 71, 79, 80, 90] Typically, the Cu2 ions would have the higher
partial positive charge as shown empirically in previous computational studies in rht-MOFs.[68, 70] These types of Cu2 + ions
are located in what has been observed to be a more favorable
chemical environment (projecting into the cuboctahedral
cages). An example of an rht-MOF that would exhibit this electrostatic behavior for the Cu2 + ions is PCN-61.[70] However, by
changing the functional group on the organic ligand to one
that is polar or electron withdrawing, the electrostatics about
the Cu2 + ions of the paddlewheels can be reversed, that is, the
introduction of such moieties would cause the Cu1 ions to
have the greater positive charge. This effect can be seen in CuTPBTM, which is an isostructural analogue to PCN-61.[71] In CuTPBTM, the presence of the negatively charged oxygen atom
of the amide group causes the Cu1 ions to exhibit a higher
partial positive charge through an inductive effect. Essentially,
the type of functional group that is present on the organic
linker in rht-MOFs has an effect on the electrostatics of the
Cu2 + ions about the paddlewheels, and therefore, the initial
binding sites by altering the relative binding enthalpies.
In this work, we use grand canonical Monte Carlo (GCMC)
methods to investigate CO2 sorption in four rht-MOFs: rhtMOF-1, MPAF-1, PCN-61, and Cu-TPBTM. The organic ligands
for all four rht-MOFs are shown in Figure 2. It will be shown
that substituting 5-tetrazolylisophthalate as seen in rht-MOF1 with 5-(1H-pyrazol-4-yl)isophthalate as observed in MPAF1 will cause the initial CO2 binding site to change from the
Cu1 ions to the Cu2 ions at low loading. Similarly, substituting
the alkyne functional groups that are seen in PCN-61 with
amide functional groups as observed in Cu-TPBTM will result

Figure 2. The organic ligand and copper paddlewheel units in rht-MOF-1, MPAF-1, PCN-61, and Cu-TPBTM. “H” denotes the Cu2 + ion on the paddlewheel that
exhibits the higher partial positive charge, while “L” denotes the Cu2 + ion on the paddlewheel that exhibits the lower partial positive charge. Atom colors:
C = cyan, H = white, N = blue, O = red, Cu = tan.
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in the sorbate binding site to switch from the Cu2 ions to the
Cu1 ions. This will be confirmed by examining the radial distribution functions, g(r), of CO2 molecules about the Cu1 and
Cu2 ions, the three-dimensional histograms showing the initial
sites of metal paddlewheel sorption, and molecular illustrations
of the CO2 binding site about the Cu paddlewheels in all rhtMOFs. In essence, the initial metal binding site in rht-MOFs can
be tuned by making a simple change in the organic linker. This
allows for the possibility for rational design in synthesis where
experimentalists can tune which site they want the sorbate to
bind to at initial loading by making a simple chemical modification in the ligand. Such straightforward control of the metal
site electronics in the condensed phase could be useful for
a variety of applications beyond sorption, such as catalysis and
those involving electron transfer.

Methods
All parametrizations and simulations of CO2 sorption in rht-MOF-1,
MPAF-1, PCN-61, and Cu-TPBTM were performed on a single unit
cell of the crystallographic structure of the respective rht-MOFs;
these were taken from refs. [41], [68], [45], and [48], respectively.
For the simulations of all four rht-MOFs, Lennard-Jones 12-6 parameters, atomic point partial charges, and atomic point polarizabilities were assigned to the nuclear centers of all atoms of the respective frameworks. This was done to capture the corresponding
van der Waals repulsion/dispersion, stationary electrostatic, and induced dipole energetics in simulation. The Lennard-Jones parameters for all atoms were taken from the Universal Force Field
(UFF).[91] This set of Lennard-Jones parameters was widely used in
computational MOF studies performed earlier,[72, 78, 92–95] and was
shown to reproduce high temperature/pressure isotherms for hydrogen in IRMOF-1 in particular.[96] To model explicit polarization,
all C, H, N, and O atoms were assigned the exponential point polarizability parameters as determined by van Duijnen et al.[97] This set
of polarizability parameters was carefully parametrized and had
been shown to be highly transferable.[70, 71, 78–83, 90, 98–106] The polarizability parameter for Cu2 + was determined in previous work[70] and
was also considered in this work. For each rht-MOF, the atomic
point partial charges for each unique atom were determined from
electronic structure calculations on representational gas phase
fragments that mimic the chemical environment of the MOF as
demonstrated in previous considerations.[68, 70, 71, 79] More explicit details of this procedure can be found in the Supporting Information.
The final calculated partial charges for each chemically distinct
atom for all four rht-MOFs can also be found in Tables S1–S4 (see
Supporting Information).
The charge fitting calculations on all four rht-MOFs revealed notable differences within the partial charges of the Cu2 + ions between
rht-MOF-1 and MPAF-1 as well as between PCN-61 and Cu-TPBTM.
In rht-MOF-1, the presence of the proximal negatively charged
carbon-coordinated nitrogen atoms on the five-membered rings of
the ligand causes the positive charge of the Cu1 ions to increase
relative to the Cu2 ions. To put this in another perspective, this
moiety causes the Cu1 ions in rht-MOF-1 to have the higher positive charge of the two Cu2 + ions through an inductive effect. In
MPAF-1, however, the negatively charged carbon-coordinated nitrogen atoms are removed, as these atoms are replaced with a C¢
H group. Because these electronegative nitrogen atoms are vanished in MPAF-1, the Cu1 ions cannot increase in electron deficiency
for this rht-MOF. As a result, the higher positive charge is localized
ChemPhysChem 2015, 16, 3170 – 3179
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to the Cu2 ions for MPAF-1 since these ions are located in a more
favorable environment in general. Electronic structure calculations
on all copper-containing fragments in PCN-61 revealed that the
Cu2 ions have the greater charge in this rht-MOF. However, by substituting the nonpolar alkyne groups as observed in PCN-61 to the
polar amide groups as seen in Cu-TPBTM, the electrostatic distribution about the Cu paddlewheels was reversed, as the presence of
the electronegative oxygen atom of the amide group in Cu-TPBTM
causes the partial positive charge of the Cu1 ions to increase.
Indeed, the quantum mechanical calculations showed that changing one atom or functional group in an rht-MOF can lead to different charge distributions about the Cu paddlewheels as demonstrated between rht-MOF-1 and MPAF-1 as well as between PCN61 and Cu-TPBTM. This will result in different sorption mechanisms
between the two pairs of rht-MOFs, as the Cu2 + ion that has the
higher partial positive charge will be the preferred initial sorbate
binding site. The results for the relative charge magnitudes about
the Cu2 + ions of the paddlewheels for all four rht-MOFs are summarized in Figure 2.
Note, our parametrization of partial charges usually includes both
fragment analysis and periodic charge fitting, where the electronic
structure of the full MOF unit cell is considered.[100, 107] The latter is
computationally prohibitive due to the large unit cells involved;
this is not strictly needed, however, given our experience with the
established track record of fragment-based charge fitting.
The polarizable CO2 potential used for the simulations in this work
is a rigid five-site model that includes atomic point partial charges
and point polarizability parameters on the atomic locations of the
carbon and oxygen atoms.[85] The values for the partial charges
and polarizabilities represent the molecular quadrupole and molecular polarizability tensor for CO2, respectively. The C¢O bond
length for this CO2 potential is 1.162 æ. Moreover, there are Lennard-Jones repulsion/dispersion parameters that are localized on
the carbon atom and two phantom off-atomic sites that are positioned 1.114 æ from the carbon atom extending along the C1 axis.
This model was parametrized according to a sorbate fitting procedure that was described previously.[84, 108]
The TraPPE CO2 model[89] was also used as a comparison to the
aforementioned polarizable CO2 model in this work. This model
was chosen because of both its success as a bulk and liquid state
potential and its wide adoption in sorption simulations. Specifically,
the effects that implicit polarization have on the binding of CO2
onto the open-metal sites in the rht-MOFs will be investigated
using this potential. The TraPPE model is a rigid three-site model
that includes Lennard-Jones parameters and point partial charges
on the atomic locations of the carbon and oxygen atoms. The C¢O
bond distance is 1.160 æ for this model. It will be shown that simulations using the TraPPE model describe only a small quantity of
CO2 molecules about the open-metal sites in all four rht-MOFs as
compared to the polarizable model. In addition, the Cu2 + -CO2 distance is increased for simulations using the TraPPE model. The results obtained for all four rht-MOFs using the TraPPE model can be
found in the SI. The parameters for the CO2 models used in this
work can also be found in the SI (Table S5). Note, both the polarizable and TraPPE CO2 models can reproduce bulk CO2 data (see Figure S6, SI). However, not surprisingly, only the polarizable model
can accurately capture the proper sorption structure in a charged/
polar MOF.
GCMC methods[109, 110] were used to model CO2 sorption in rhtMOF-1, MPAF-1, PCN-61, and Cu-TPBTM. More details of this
method are described in the SI. Many-body polarization was imple-

3173

Ó 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Articles
mented using a Thole-Applequist type model,[70, 78, 97, 111–114] which is
also explained in the SI.
For rht-MOF-1 and MPAF-1, the simulations were performed in the
respective unit cells where the nitrate ions are positioned in the
corners of the truncated tetrahedral cages. Previous molecular dynamics (MD) simulation studies on these rht-MOFs have shown
that these cages are the locations in which the nitrate ions migrate
to in the dehydrated form of these MOFs at cold temperatures.[68, 72]
However, at ambient temperatures, the MD simulations showed
that the nitrate ions exhibit mobility in these MOFs and they do
not necessarily reside in these cages. Nevertheless, the aforementioned configuration was still used for the simulations in these two
rht-MOFs since a model containing the estimated locations of the
nitrate ions was required. The positions of the nitrate ions in rhtMOF-1 and MPAF-1 do not affect the metal paddlewheel sorption
in these MOFs at low loading. The investigation of the interaction
between the sorbate molecules and the Cu2 + ions of the paddlewheels is the main focus of this work.
The interactions between the CO2 molecules and the Cu2 + ions for
all four rht-MOFs were monitored using the radial distribution
function, denoted g(r). This quantity represents the probability of
finding a CO2 molecule at a certain distance from a Cu2 + ion. All
simulations of CO2 sorption within the four rht-MOFs were performed using the Massively Parallel Monte Carlo (MPMC) code,[115]
which is currently available for download on GitHub.

2. Results and Discussion
GCMC simulations of CO2 sorption were performed in rht-MOF1, MPAF-1, PCN-61, and Cu-TPBTM using the polarizable potential at a variety of pressures at 298 K. Note, only the results at
a low pressure are described in the main text since this is the
regime where sorption onto the open-metal sites can be observed within the simulations as they are quickly saturated.
Figures 3 (a) and 3 (b) show the radial distribution functions,
g(r), for the carbon atoms of the CO2 molecules about the Cu1
ions (green colored Cu2 + ions in Figure 1; atom label 1 in Figure S2–S5) and Cu2 ions (yellow colored Cu2 + ions in Figure 1;

atom label 2 in Figure S2–S5), respectively, for all four rhtMOFs at 298 K and 0.20 atm. Note, the radial distribution functions shown herein are normalized to a total magnitude of
unity over the distance examined. This was chosen to obtain
a direct comparison between the relative magnitudes about
both types of Cu2 + ions as well as for each MOF.
A very large peak can be seen for the g(r) about the Cu1
ions in rht-MOF-1 and Cu-TPBTM at a distance of 3.3 æ (Figure 3 (a)). This peak corresponds to the loading of CO2 molecules onto the Cu1 ions of the Cu paddlewheels in these rhtMOFs. The fact that this large peak was only seen for rht-MOF1 and Cu-TPBTM demonstrates that the Cu1 ions are the dominant metal paddlewheel sorption sites in these two rht-MOFs
at low loading, but not for MPAF-1 and PCN-61. This is due to
the fact that the Cu1 ions have the higher partial positive
charge in these two rht-MOFs. Indeed, the presence of the
negatively charged carbon-coordinated tetrazolate nitrogen
atoms and the negatively charged amide oxygen atoms in rhtMOF-1 and Cu-TPBTM, respectively, causes the Cu1 ions to
become more positively charged and hence, directs the binding of CO2 molecules onto those sites. Note, a higher peak can
be seen about the Cu1 ions in rht-MOF-1 compared to CuTPBTM. This is because the positive charge of the Cu1 ion is
greater for rht-MOF-1 relative to Cu-TPBTM. In contrast, simulations in MPAF-1 and PCN-61 showed a small occupation of CO2
molecules about the Cu1 ions. In these rht-MOFs, the Cu1 ion
has the lower positive charge of the two Cu2 + ions of the paddlewheels and thus, it interacts less strongly with the CO2 molecules.
Though there were a few sorbed CO2 molecules about the
Cu1 ions in MPAF-1 and PCN-61, the simulations revealed that
there were a significant occupation of CO2 molecules about
the Cu2 ions in these rht-MOFs. This was exemplified by the
large peak at 3.3 æ for the g(r) about the Cu2 ions in both of
these rht-MOFs (Figure 3 (b)). Both MPAF-1 and PCN-61 contain
moieties on their respective ligands that are hydrophobic;
thus, the Cu1 ions cannot become more positively charged in

Figure 3. Radial distribution functions, g(r), of CO2 molecules about a) the Cu1 ions (green colored Cu2 + ions in Figure 1; atom label 1 in Figures S2–S5) and
b) the Cu2 ions (yellow colored Cu2 + ions in Figure 1; atom label 2 in Figures S2–S5) using the polarizable CO2 potential in rht-MOF-1 (blue), MPAF-1 (cyan),
PCN-61 (green), and Cu-TPBTM (red) at 298 K and 0.20 atm.
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these rht-MOFs due to the lack of proximal electron withdrawing groups. Rather, the higher positive charge for these rhtMOFs was localized to the Cu2 ions since these ions are located in what has been found to be a more favorable environment of the MOF (forming the joints of the cuboctahedral
cages). Because the Cu2 ions have the higher partial positive
charge in MPAF-1 and PCN-61, these ions become the preferred sorption sites about the metal paddlewheels for these
two rht-MOFs at low loading. There is greater occupancy
about the Cu2 ions in MPAF-1 compared to PCN-61 because
the former contains the higher positive charge on that ion. As
for rht-MOF-1 and Cu-TPBTM, there were only a small quantity
of CO2 molecules in the region of the Cu2 ions because the
positive charge of these ions is lower compared to the Cu1
ions in these MOFs. Therefore, even though the Cu2 ions are
located in a generally more favorable chemical environment in
the MOF, the presence of the electronegative groups as seen
in rht-MOF-1 and Cu-TPBTM causes the electron density to
shift to the Cu2 ions, thus causing these ions to become less
electron deficient (less positively charged) as they are the
metals furthest removed from the electron-withdrawing
groups (see Figure 2).
Although the g(r) results about the Cu1 and Cu2 ions for all
four rht-MOFs are shown for simulations at 298 K and 0.20 atm
in the main text, analogous results for the g(r) were also observed at other pressures. At lower pressures, the magnitude
of the 3.3 æ radial distribution peak is mildly higher, whereas it
is slightly reduced at higher pressures (see Figures S16–S19,
SI). Note, the CO2 carbon–Cu2 + ion distance observed for the
rht-MOFs in this work is comparable to the corresponding distances that were observed in HKUST-1 via NPD and ab initio
simulation studies (3.0–3.2 æ).[77]
Taking advantage of the feasibility of molecular modeling,
simulations of CO2 sorption were also performed in all four rhtMOFs where the partial charges of both Cu2 + ions of the Cu
paddlewheel were artificially set to the same value; this also
explicitly demonstrates how the electronics direct the sorption.
For each rht-MOF, this was accomplished by averaging the calculated partial charges for the Cu1 and Cu2 ions and assigning
this value as the point charge for all Cu2 + ions in the force
field for the respective MOFs. This is a popular Cu paddlewheel
parametrization that was used for the simulations in rht-MOFs
in the past by other groups.[9, 60, 72, 73] The results for these control simulations can be found in the SI (Figure S12). It can be
seen that the 3.3 æ radial distribution peak about the Cu1 ions
in rht-MOF-1 and Cu-TPBTM was reduced compared to the corresponding results from the normal force field. Similarly, this
peak about the Cu2 ions in PCN-61 and MPAF-1 was smaller
than the results from the respective derived potential energy
surface for these rht-MOFs. When examining the 3.3 æ radial
distribution peak about the Cu2 ions in rht-MOF-1 and CuTPBTM and the Cu1 ions in MPAF-1 and PCN-61 in their respective artificial force fields, the peaks were enhanced compared
to the corresponding results for the normal case. However,
a larger peak can still be seen about the Cu1 ions relative to
the Cu2 ions for rht-MOF-1 and Cu-TPBTM, and likewise about
the Cu2 ions relative to the Cu1 ions for MPAF-1 and PCN-61.
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This demonstrates that, even though the partial charges of the
Cu2 + ions were constrained to be the same in these rht-MOFs,
the simulations involving explicit polarization in these hypothetical potential energy surfaces still show that the Cu1 ions
are the preferred metal paddlewheel binding sites for rht-MOF1 and Cu-TPBTM and that the Cu2 ions are the preferred sites
for MPAF-1 and PCN-61.
The simulated excess CO2 sorption isotherms in PCN-61 and
Cu-TPBTM at 298 K for the polarizable CO2 potential and the
TraPPE potential revealed isotherms in reasonably good agreement with the corresponding experimental data[48] for both
models (see Figure S24, SI). However, in the case of the TraPPE
model, good agreement with experiment does not necessarily
correspond to capturing the most critical MOF-sorbate interactions in simulation as demonstrated below. Note, to the best
of our knowledge, no experimental excess CO2 sorption data is
available for rht-MOF-1 and MPAF-1 for comparison to simulation.
The g(r) results about the Cu1 ions in rht-MOF-1 and CuTPBTM as well as the Cu2 ions in MPAF-1 and PCN-61 for both
the polarizable and TraPPE CO2 potentials are provided in the
SI (Figure S11). In all cases, it was observed that the peak that
represents sorption onto the open-metal sites was shifted to
3.6 æ for the TraPPE model, which is much farther away than
the experimentally observed CO2 carbon–Cu2 + distances for
metal paddlewheel sorption.[77] Thus, for simulations using the
TraPPE model, the CO2 molecules do not sorb as closely to the
Cu2 + ions compared to the simulations using the polarizable
CO2 potential. In addition, the nearest-neighbor peak about
the Cu2 + ions for the TraPPE model was severely reduced relative to the polar CO2 model. Thus, in addition to the shifted
peak, the population of CO2 molecules about the open-metal
sites were reduced for simulations using the TraPPE model.
The g(r) results about the Cu1 and Cu2 ions for all four rhtMOFs using the TraPPE model at various pressures can be
found in the SI (Figure S13–S14, S20–S23); the results are
shown in the respective normal force fields for these rht-MOFs
as well as cases where the charges of the two Cu2 + ions were
constrained to equality.
Overall, these results demonstrate that the TraPPE model
predictably does not describe the sorption of CO2 molecules
onto the open-metal sites as well as a model that accounts for
explicit polarization. The Cu2 + ions in rht-MOFs are highly
charged and polar and they require explicit induced dipole effects to capture the binding of sorbate molecules onto that
site. A model that has only implicit polarization interactions,
such as the TraPPE model is insufficient to capture the most
salient sorbate-metal interaction. The majority of TraPPE CO2
molecules can be found in the corners of the truncated tetrahedral cages for these rht-MOFs (see Figure S25, SI); these are
regions that are dominated by van der Waals and charge–
quadrupole interactions.
Simulations involving many-body polarization were used to
determine the favorable sites of CO2 sorption at initial loading
in all four rht-MOFs. This was characterized by calculating the
distribution of induced dipole magnitudes for the CO2 molecules for the respective MOFs. The result is a plot of the dipole
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magnitudes versus the normalized CO2 population in the
MOF.[19, 70, 71, 78, 116, 117] The dipole distribution for a sorbate in
a MOF contains a number of distinct peaks, with each peak
correlating to a region of sorbate occupancy inside the MOF. A
peak that is found at high dipole magnitudes usually corresponds to occupancy within the primary sorption sites in the
MOF. In the case of most MOFs that contain open-metal sites,
the preferred sorption sites are the metal centers.
Figure 4 (a) shows the three-dimensional histograms displaying the regions of CO2 occupancy about the Cu2 + ions of the
metal paddlewheels in all four rht-MOFs. These histograms correlate to the highest dipole magnitude peak in the CO2 dipole
distribution for the respective MOFs. The three-dimensional
histogram showing the sorption sites about the metal paddlewheels for rht-MOF-1 reveals that the CO2 molecules sorb onto
the Cu1 ions (the ions that project into the truncated tetrahedral and truncated octahedral cages) at initial loading. This is
expected given that this MOF contains highly positively
charged Cu1 ions as a result of the negatively charged tetrazolate nitrogen atoms of the tetrazolate moieties. In contrast, in
MPAF-1, where the carbon-coordinated nitrogen atoms of the
five-membered rings are replaced by C¢H groups, the Cu1
ions are not the favored metal paddlewheel binding sites.
Rather, the CO2 sorption sites about the Cu paddlewheels are
changed to the Cu2 ions (the ions that project into the cuboc-

tahedral cages) in MPAF-1 as shown in the histogram for this
MOF. Because the electronegative carbon-coordinated nitrogen
atoms as seen in rht-MOF-1 are removed and replaced with hydrophobic C¢H groups in MPAF-1, the Cu2 ions exhibit the
higher positive charge in this rht-MOF and therefore, will interact with the CO2 molecules more strongly.
In PCN-61, the three-dimensional histogram showing the
population of CO2 molecules about the open-metal sites reveals that the Cu2 ions are the preferred sorption sites in this
MOF at low loading. PCN-61 shows a similar distribution of
CO2 molecule occupancy about the Cu2 ions as MPAF-1, which
was expected since both rht-MOFs have the higher positive
charge localized on the Cu2 ions due to the presence of hydrophobic groups on the organic linker. However, when the
alkyne groups are replaced with amide groups as observed in
Cu-TPBTM, the binding sites about the Cu paddlewheels are
switched. In particular, the CO2 molecules sorb onto the Cu1
ions in this MOF, similar to what was observed in rht-MOF-1,
since the Cu1 ion has the higher positive charge of the two
Cu2 + ions due to the presence of the nearby electronegative
amide oxygen atom.
A close-up view of the CO2 molecule orientation about the
preferential Cu2 + ions of the Cu paddlewheels in all four rhtMOFs as captured from the Monte Carlo sorption history are
shown in Figure 4 (b). As demonstrated through the calculated

Figure 4. a) The three-dimensional histograms showing the initial CO2 binding site (cyan) about the copper paddlewheels in rht-MOF-1, MPAF-1, PCN-61, and
Cu-TPBTM. b) Molecular illustration of the CO2 molecule binding site about the copper paddlewheels in rht-MOF-1, MPAF-1, PCN-61, and Cu-TPBTM. Atom
colors: C = cyan, H = white, N = blue, O = red, Cu = tan.
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partial charges for the two distinct Cu2 + ions, the radial distribution functions about both types of ions, and the three-dimensional histograms for all rht-MOFs, the CO2 molecules sorb
onto the Cu1 ions in rht-MOF-1 and Cu-TPBTM and the Cu2
ions in MPAF-1 and PCN-61.
Note, in rht-MOF-1, the void space between two adjacent Cu
paddlewheels that are located on the edges of the respective
cuboctahedral cages is large enough such that two CO2 molecules can enter this region and each can coordinate to a Cu1
ion. In Cu-TPBTM, the pore sizes of the MOF are small such
that only one CO2 molecule can enter this region and bind to
one of the Cu1 ions. However, as a result of this small space,
the CO2 molecule can orient itself such that one oxygen atom
of the sorbate molecule can coordinate to one of the Cu1 ions
and the other oxygen atom can nearly coordinate to the Cu1
ion of the adjacent Cu paddlewheel. This suggests the possibility of synthesizing an rht-MOF that can optimize this interaction for CO2 binding. Specifically, an rht-MOF containing polar
functional groups (to cause it to have a higher charge on Cu1)
of appropriate dimensions can be constructed such that it exhibits even narrower pore sizes. By doing this, the CO2 molecule can fit nicely between two Cu1 ions of the adjacent paddlewheels, with each CO2 oxygen atom coordinating to a Cu1
ion. Indeed, this particular CO2 molecule binding site was observed in Cu-TDPAT,[52, 73, 118] the smallest member of the rhtMOF family, through theoretical studies.[80]

3. Conclusions
In conclusion, we provided theoretical insights into how
changing one functionality on the organic linker of rht-MOFs
can lead to differences in the binding site about the metal
paddlewheels. This was demonstrated by considering a series
of MOFs from rht-MOF-1 to MPAF-1 and likewise from PCN-61
to Cu-TPBTM. In rht-MOF-1, the presence of the carbon-coordinared nitrogen atoms on the five-membered ring causes the
Cu1 ions to increase in positive charge, and hence, direct sorption onto that site. In MPAF-1, the presence of the C¢H groups
in place of the nitrogen atoms on the five-membered ring as
seen in rht-MOF-1 causes the Cu2 ions to increase in charge.
Therefore, the Cu2 ions are the initial metal paddlewheel binding sites in this rht-MOF. In PCN-61, the organic linker contains
nonpolar alkyne groups, which results in the Cu2 ion having
the higher positive charge. Hence, like MPAF-1, the initial Cu
paddlewheel sorption sites in PCN-61 are these Cu2 ion sites.
However, as these alkyne groups are replaced with polar
amide groups as observed in Cu-TPBTM, the presence of the
amide oxygen atoms causes the Cu1 ions to increase in
charge. Thus, in this rht-MOF, the initial binding sites about the
metal paddlewheels are the Cu1 ions as in rht-MOF-1. The g(r)
about both types of Cu2 + ions produced from the molecular
simulations involving explicit many-body polarization have
confirmed these findings. A distinct peak at 3.3 æ, corresponding to sorption onto the open-metal sites of the Cu paddlewheels, can be seen about the Cu1 ions in rht-MOF-1 and CuTPBTM and about the Cu2 ions in MPAF-1 and PCN-61. Indeed,
the rht-MOF platform is both tunable in the hexacarboxylate
ChemPhysChem 2015, 16, 3170 – 3179
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ligand and the Cu paddlewheel binding site, as the choice of
functionality on the ligand can control the sorption about such
sites as observed in this study.
Based on the results observed in this study, the initial Cu
paddlewheel binding sites for other rht-MOFs can be predicted. For instance, in NTU-105,[60] and rht-MOF-4a,[56] it would be
expected that the Cu1 ions will exhibit the higher positive
charge in these rht-MOFs. This is due to the fact that these rhtMOFs contain polar functional groups on the linker (through
1,2,3-triazole and alkoxy groups, respectively) that will cause
the Cu1 ions to increase in charge. Thus, it is predicted that
the Cu1 ions would be the preferred initial sorption sites in
these rht-MOFs. Overall, this study demonstrates both the tunable nature of the rht-MOF platform and the possibility for rational design of sorption and catalytic sites. Indeed, this study
suggests the possibility for experimentalists to control desired
binding sites in a MOF through aspirational chemical modifications in synthesis.
Supporting Information: Details of electronic structure calculations, many-body polarization overview, tables of properties, pictures of MOF fragments, details of simulation methods,
and additional radial distribution functions and content.
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