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ABSTRACT: A synthetic route to create highly exposed, monovalent metal cations
within the linkers of metal−organic frameworks (MOFs) is proposed and analyzed
computationally. Quantum chemical calculations demonstrate the thermodynamic
feasibility of incorporating Cu+ or Ag+ into a MOF containing an acetylene-bearing
linker via postsynthesis modification. These highly exposed metal sites are predicted to
bind propylene much more strongly than propane, suggesting their utility in adsorption
separations. The nature of the propylene/metal binding is analyzed, and potential
difficulties in activating the metal sites are discussed.

1. INTRODUCTION

Metal−organic frameworks (MOFs) are a family of nanoporous
crystalline materials composed of metal ions or metal clusters
linked by organic ligands, resulting in tailored nanoporous
materials with outstanding surface areas.1 The major advantage
of MOFs over more conventional porous materials is the
greater scope for tailoring these materials for specific
applications. Because of their versatility, MOFs have attracted
great interest in recent years for many applications including
gas storage,2−9 gas separation,10−22 catalysis,23−26 and chemical
sensing.27−32 In particular, gas separations (e.g., CO2/
CH4,

12−16 CO2/N2,
17,18 and CO2/H2

19) have received
extensive interest due to the possibility of creating MOFs
with specific adsorption sites, which are able to interact with
particular molecules in a mixture.
One of the most challenging problems in the field of

separations is the separation of propane/propylene mixtures.
Propylene is an important commodity chemical, and its
production requires it to be separated from propane on large
scales. However, this separation presents considerable
difficulties due to the similar physicochemical properties of
propylene and propane. A number of researchers have
investigated MOFs for propane/propylene separations re-
cently.33−46 In one of the earliest studies, Lamia et al.
performed a combined simulation and experimental inves-
tigation of propylene and propane adsorption in HKUST-1.33

They observed that, compared to propane, propylene exhibited
relatively strong interaction with HKUST-1 due to specific
interactions between the propylene π orbitals and the
coordinatively unsaturated Cu sites of the MOF. Yoon et al.
investigated the adsorption of propylene and propane in MIL-
100(Fe), a MOF with coordinatively unsaturated FeII and FeIII

sites.35 They reported that the exceptionally strong binding
between propylene and MIL-100(Fe) results from the
combination of (i) electron donation from the filled π orbital
of propylene to a partially occupied d orbital of the
coordinatively unsaturated FeII site and (ii) electron back-
donation from the d orbital of the FeII site to the π*
antibonding orbital of propylene. Several groups have reported
selective adsorption of propylene over propane in MOF-74,
which also has open metal sites.43−46

These results suggest that selective adsorption of propylene
in MOFs with open metal sites results from specific interactions
between the π orbital of the propylene C−C double bond and
an empty or partially occupied d orbital of the open transition
metal sites. In all of the cases reported to date, the metal ions
were part of the structural “nodes” of the MOF and exposed a
single coordination site. We hypothesized that if more highly
exposed metal sites could be created, they might exhibit
interestingand potentially even betterpropane/propylene
separation behavior. In this paper, we propose a postsynthesis
procedure to incorporate open metal sites into MOF linkers.
Our starting point is the DTO MOF reported by Lee et al.37 As
shown in Figure 1, DTO MOF is a noncatenated, pillared,
paddlewheel MOF consisting of Zn2+ nodes coordinately linked
by 1,2,4,5-tetrakis(carboxyphenyl)benzene (TCPB) and the
dipyridyl strut L1, which contains an acetylene group (Figure
1).
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2. PROPOSED SYNTHESIS OF EXPOSED METAL SITES
The proposed postsynthesis modification of DTO is shown in
Figure 2 using a smaller mimic of the acetylene-bearing DTO

linker. The objective is to replace the H atom at the terminus of
the acetylene group with a monovalent cation, such as Cu+ or
Ag+. Two routes are proposed. They are described here for
copper, but incorporation of silver should follow a similar
process. In the first route, the DTO MOF linker, 1, reacts with
copper(I) trifluoromethanesulfonate (CuOTf) to form 2 and
trifluoromethanesulfonic acid (HOTf) via reaction 1. In the
second possible route, 1 reacts with methyllithium (CH3Li)
(reaction 2) to form an intermediate, 3, releasing methane.
Then, 3 reacts with CuOTf to form 2 and LiOTf (reaction 3).

The thermodynamic feasibility of the proposed postsynthesis
reactions was analyzed using quantum chemical methods. In
addition, we computationally examined the binding properties
of propylene and propane molecules with the created open
metal sites and investigated the effect of solvent or LiOTf
molecules, which might remain in the pores, on the binding of
propylene and propane with the Cu or Ag sites.

3. COMPUTATIONAL METHODS
The reactions in Figure 2 and the binding of propane and
propylene were investigated using the linker mimics shown in
Figure 2. Geometry optimizations and total energy calculations
of the various species were performed using the Gaussian09
software.47 All calculations were performed with a hybrid basis
set using 6-311+G(d,p) for all atoms except Cu and Ag, which
were treated with the LANL2DZ basis set.48−51 LANL2DZ is a
well-established basis set for Cu and Ag, and 6-311G is
compatible with LANL2DZ. These basis sets have been used
before for complexes including Cu or Ag atoms.52−55

The binding energies, BE, of molecules with the Cu or Ag
cluster models were calculated by

= + − −E E EBE (linker adsorbate) (linker) (adsorbate)
(1)

where E is the total electronic energy. Counterpoise corrections
were applied to E(linker + adsorbate) to offset basis set
superposition errors (BSSE).56−58 Additionally, natural bond
orbital (NBO) analysis was performed to obtain insights into
the changes of the electron populations in the orbitals of the Cu
and Ag ions and the adsorbate molecules before and after the
binding of propylene or propane.
Clusters were optimized at the B3LYP level of density

functional theory (DFT) followed by total energy, single-point
calculations at the MP2 level of theory. The MP2 method is
generally more accurate for BE calculations than B3LYP, which

Figure 1. Organic ligands of DTO MOF: L1 (a) and TCPB (b). Two views of the DTO MOF structure (c) and (d). Gray, white, blue, red, and
yellow colors represent carbon, hydrogen, nitrogen, oxygen, and zinc, respectively.

Figure 2. Two proposed reaction routes for Cu modification of an
acetylene-bearing MOF linker to create highly exposed metal cations.
Note that 1 is a smaller mimic of the MOF linker L1 and was used for
computational ease.
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does not accurately describe dispersive interactions.59,60

However, performing geometry optimizations of large clusters
at the MP2 level of theory is computationally time-consuming,
and DFT usually provides excellent predictions of geometries.

4. RESULTS AND DISCUSSION
Before examining possible reaction routes to replace the H
atom at the terminus of the acetylene group on the linker with a
monovalent cation, such as Cu+ or Ag+, we first calculated the
preferred geometries of the product 2. We considered 19
physically reasonable initial positions for the metal atom and
performed geometry optimizations of the clusters using DFT.
The initial metal positions included the position of the original
hydrogen atom, 9 different positions around the C−C triple
bond, and 9 different positions around the C−C double bond.
Figure 3 shows the lowest energy positions of the Cu and Ag

cations in the modified linkers. As we hoped, the metal cations
adopt positions at the terminus of the acetylene group, with C−
metal bond lengths of 1.83 and 2.04 Å for Cu and Ag,
respectively. The longer bond length of Ag compared with Cu
is understood from the larger van der Waals radius of the Ag
atom (1.72 Å) compared to Cu atom (1.4 Å).61 The C−C
bond lengths (1.22−1.23 Å) were slightly elongated after metal
incorporation, compared to the initial value (1.20 Å), but the
C−C−metal bond angles remained at 180°, indicating that the
triple-bond nature of the C−C bond was retained. In the case
of the Cu-modified linker, our examination also produced
another low-energy position where the metal atom was placed
between the double bond and the triple bond of the linker. This
position had an electronic energy 31−45 kJ/mol higher than
the lowest energy position.

Next, we calculated the reaction energies for the three
reactions shown in Figure 2 for both Cu and Ag. From the
results in Table 1, it is clear that, for both metals, the first route

(reaction 1) is highly endothermic and thus infeasible, but the
second route (reaction 2 + reaction 3) is highly favorable
thermodynamically. (Note that adding corrections for finite
temperature will not change the qualitative conclusion.62) The
production of free CH4, a highly stable molecule, in the second
route certainly plays a main role in the favorable thermody-
namics. Humphrey and co-workers recently used postsynthesis
modification of PCM-10, a porous phosphine coordination
material based on Ca(II) and tris(p-carboxylated)-
triphenylphosphine, to create exposed Au(I) sites.63 They
reported that the addition of AuCl onto the free P(III) Lewis
base sites in PCM-10 created strong binding between the Au(I)
Lewis acid and the P(III) Lewis base, yielding Au-PCM-10, a
porous phosphine coordination material with open metal sites.
This postsynthesis modification has some similarity with our
proposal, although the sites proposed here are more highly
unsaturated due to the release of LiOTf in our proposed
scheme versus the retention of the chloride anion in the work
of Humphrey and co-workers. The successful synthesis of Au-
PCM-10 provides some indirect support for the feasibility of
our proposed synthetic scheme.
After finding a plausible route for the incorporation of Cu+

and Ag+ sites on the linker, we examined the binding of
propylene and propane molecules with the modified linkers.
The optimized clusters for propane and propylene bound to the
Cu- and Ag-modified linkers are illustrated in Figure 4. The
calculated binding energies with B3LYP and MP2 are listed in
Table 2 (first row and fourth row). As expected, both metals
bind propylene more strongly than propane. In addition, the
hydrocarbons adsorb more strongly on the Cu sites than the Ag
sites. Cu binds propylene through a strong π complexation
between the metal atom and the C−C double bond, with Cu−
C distances of 2.08 and 2.14 Å. In the case of propane, Cu
interacts with only one carbon atom based on binding distances
of 2.24 and 3.38 Å. The longer distances for propane are
consistent with a weaker interaction. The Ag modified linker
exhibits similar behavior, with binding distances of 2.38 and
2.46 Å for propylene. As above, the larger van der Waals radius
of Ag compared to Cu is responsible for the longer binding
distances.
Humphrey and co-workers reported that Au-PCM-10

containing Au(I) sites in a similar environment to those
examined here had much higher uptake of 1-hexene than n-
hexane due to strong π complexation between the metal and
the C−C double bond.63 Jiang et al. employed DFT
calculations to predict the binding energy of propylene with a
silica-supported silver salt, which was generated by replacing
one proton of a surface hydroxyl group with Ag+.64 They
reported a binding energy of −69.5 kJ/mol, which is
comparable to our results for propylene and the Ag-modified

Figure 3. Lowest energy positions of Cu (top) and Ag (bottom) in the
modified linkers. Gray, white, blue, brown, and light blue colors
represent carbon, hydrogen, nitrogen, copper, and silver, respectively.

Table 1. Reaction Energies in kJ/mol for the Postsynthesis
Modifications Proposed in Figure 2a

reaction

1 2 3 2 + 3

Cu 59 −144 −166 −310
Ag 81 −143 −145 −288

aThe energies were calculated by the B3LYP method.
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linker. Chen and Yang used extended Hückel molecular orbital
(EHMO) calculations to examine the binding energies of
propylene with Cu+- and Ag+-exchanged sulfonic acid resins, in
which exposed metal cations were created by substituting the
proton of the sulfonic acid.66 They reported propylene binding
energies of −204.6 and −107.1 kJ/mol, respectively.66 These
energies are larger in magnitude than those in Table 2, but the
trend between metals is similar. Note that the EHMO method
is not as accurate as the methods used here, and thus, in
addition to differences in the systems examined, different levels
of theory might also contribute to differences in the binding
energies. Lamia et al. reported an experimental isosteric heat of
adsorption (Qst) for propylene in HKUST-1 with open Cu2+

sites in the range of 40−50 kJ/mol,33 and Yoon et al. reported
an experimental Qst for propylene in MIL-100(Fe) close to 70
kJ/mol,35 both obtained at low loadings. These results suggest
that the modified DTO linkers have lower propylene affinity
than the exchanged sulfonic acid resins but stronger affinity
than HKUST-1 and MIL-100 MOFs. For propane, our
calculated binding energies with the Cu-modified linker are
higher than those reported by Lamia et al.33 (ca. 30 kJ/mol) but

similar to the ones reported by Chen and Yang66 (−55.6 kJ/
mol).
We further studied the interactions of propylene with the Cu

and Ag linkers using NBO analysis. The electron population
changes upon adsorption of propylene for the Cu and Ag
orbitals, as well as for the π orbital associated with the C−C
double bond, are given in Table 3. The NBO analysis

demonstrates strong π complexation between the metal
atoms and the propylene double bond. Donation of electrons
from the π orbital of propylene leads to an increase in the
population of the s and p orbitals of the metal atoms, while
back-donation of electrons from the metal d orbitals to the
antibonding π* orbital of propylene gives rise to a decrease in
the population of the metal orbitals. The net decrease in the
population of the π orbital of propylene leads to an increase in
the bond length of the propylene double bond from 1.33 to
1.37 Å for adsorption on Cu and 1.36 Å for adsorption on Ag.
In addition, we were able to quantify the fundamentals of the
stronger binding of propylene with Cu compared to Ag: the
population change resulting from the electron donation from
the C−C double bond to the s and p metal orbitals is higher for
Cu (0.244) than for Ag (0.221), and the population change in
the propylene π orbital is also higher in magnitude for Cu
(−0.104) than for Ag (−0.089). Moreover, the back-donation
from the metal d orbital is higher in the case of Cu than for Ag
(−0.078 versus −0.070).
The results so far assume that the metal sites are fully

accessible to guest molecules such as propane or propylene.
However, in an experimental postsynthesis treatment based on
Figure 2, it may be difficult to fully activate the material, and
small amounts of solvent or reaction byproducts such as LiOTf
may remain in the pores. Note that the pores of the DTO MOF
are large enough for propylene or propane to be adsorbed on
the open metal sites even in the presence of the impurities (e.g.,
solvents or LiOTf). These molecules may compete with the
desired molecules (i.e., propylene) on the open metal
adsorption sites. To assess the effect of this possibility, we
calculated the binding energies of propane and propylene in the
presence of a typical solvent, diethyl ether (DEE) or LiOTf, as
defined by

= − +

− − −

E

E E

BE (linker impurity adsorbate)

(linker impurity) (adsorbate) (2)

where “impurity” is either DEE or LiOTf and “adsorbate” is
either propane or propylene. The linker−impurity + adsorbate
cluster was obtained by a geometry optimization of a linker−
impurity cluster followed by the addition of the adsorbate in
different initial positions for further geometry optimization.

Figure 4. Optimized positions for propylene (top) and propane
(bottom) interacting with Cu (left) and Ag (right) modified linkers.
Gray, white, blue, brown, and light blue colors represent carbon,
hydrogen, nitrogen, copper, and silver, respectively. The green values
represent binding distances in Å between metal and carbon atoms.

Table 2. Calculated Binding Energies (in kJ/mol) for
Propylene and Propane with Cu- or Ag-Modified Linkers
with and without LiOTf (Side Product) or Diethyl Ether
(Solvent)

propylene propane

B3LYP MP2 B3LYP MP2

Cu −119 −140 −50.4 −58.4
Cu + LiOTf −46.3 −60.2 −0.55 −1.49
Cu + diethyl ether −4.68 −12.5 −0.46 −5.60
Ag −78.0 −71.6 −25.4 −20.7
Ag + LiOTf −44.1 −42.6 −5.45 −7.47
Ag + diethyl ether −4.84 −14.0 −0.10 −5.39

Table 3. NBO Analysis of Propylene Adsorbed on a Cu- or
Ag-Modified Linkera

orbital Cu Ag

s (Me) 0.161 0.170
p (Me) 0.083 0.051
d (Me) −0.078 −0.070
∑(s + p) (Me) 0.244 0.221
π-C−C double bond −0.104 −0.089

aShown are the changes in the electron populations of selected Cu and
Ag orbitals (Me), as well as the π orbital of propylene, upon the
adsorption of propylene.
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The optimized clusters are shown in Figure 5 for LiOTf, and
the binding energies are given in Table 2. Interestingly, the Li

cations are located, in all cases, between the C−C double and
triple bonds of the linker. In the case of propane, the bending of
the C−C−Cu and C−C−Ag bonds of the linker indicates that
the C−C triple-bond nature is not retained due to sharing of
electrons between the π orbitals and the Li cation. The C−C
bond lengths in the C−C−Cu and C−C−Ag bonds were
slightly elongated by 0.01 Å. However, a more important
feature is that one of the oxygen atoms from LiOTf bonds with
the Cu or Ag atom, decreasing its propensity to interact with
other molecules such as propylene. This is reflected in the
sharply reduced binding energies in Table 2. The binding
energies of propane drop to less than 10 kJ/mol in magnitude,
but the binding energy of propylene is still fairly high,
suggesting that the metal sites might be useful for propane/
propylene separations even in the presence of LiOTf.
Similarly, we considered the presence of the diethyl ether

solvent. The optimized clusters are shown in Figure 6, and the
binding energies are given in Table 2. Again, the binding
energies are sharply reduced in the presence of DEE.
Remarkably, the decrease in the Cu−propylene binding energy
is much sharper than in the presence of LiOTf, resulting in a
binding energy reduction of 91% at the MP2 level of theory.
This could be due to the existence of a steric effect, where bulky
DEE molecules impede the approach of propylene molecules to
the open metal sites, a situation that does not arise in the case
of LiOTf due to the highly localized siting of the Li cation
between the C−C double and triple bonds of the linker. Thus,
the binding distances between linkers and hydrocarbons in the
case of DEE are longer than in the case of LiOTf. All of these
factors indicate that the interaction of the Cu and Ag linker

atoms with the electron-rich O atom of the DEE solvent
molecules is stronger than the π complexation between the
metal and propylene.
The effect of LiOTf or DEE, which may potentially remain in

the pores, demonstrates that these molecules will compete with
the adsorption of propylene and propane on the open metal
sites. However, it is important to note that even if the presence
of LiOTf impedes the binding of open Cu and Ag sites with
propane, they still bind propylene strongly. The prediction that
propylene is still strongly adsorbed on the modified linkers
while propane is hardly adsorbed suggests that these systems
may be promising for propylene/propane separation.

5. CONCLUSIONS
We have studied the thermodynamic feasibility of incorporating
highly unsaturated, monovalent Cu and Ag sites into the
metal−organic framework DTO in a postsynthesis procedure.
Quantum chemical calculations suggest that a two-step reaction
sequence proposed here is thermodynamically favorable to
create accessible Cu and Ag sites within the linker of the DTO
MOF and that these sites show a strong preferential binding of
propylene compared to propane. An NBO analysis illustrated
that propylene forms stronger π complexation interactions with
Cu than Ag, in line with the calculated binding energies. The
results suggest that the Cu+ and Ag+ sites may also be useful for
separating other paraffin/olefin pairs, such as ethane and
ethylene. We also studied the effect of LiOTf, a byproduct of
the postsynthesis modification, and DEE, a typical solvent, on
the binding energies of propylene and propane with the open
metal sites. The results showed that the presence of DEE
sharply reduces the binding energies of both propylene and
propane with the metal sites. On the other hand, the presence
of LiOTf yielded extremely weak interactions between the open
metal sites and propane but still strong interactions with
propylene. This indicates that competition among these
molecules for the metal adsorption sites might not necessarily
be harmful for mixture separations and could even be part of

Figure 5. Optimized positions for propylene (top) and propane
(bottom) adsorbed on Cu (left) and Ag (right) modified linkers
including the LiOTf byproduct. Gray, white, blue, brown, light blue,
violet, red, cyan, and yellow colors represent carbon, hydrogen,
nitrogen, copper, silver, lithium, oxygen, fluorine, and sulfur,
respectively. The green values represent binding distances in Å
between linkers and hydrocarbons.

Figure 6. Optimized positions for propylene (top) and propane
(bottom) adsorbed on Cu (left) and Ag (right) modified linkers
including DEE solvent. Gray, white, blue, brown, light blue, and red
colors represent carbon, hydrogen, nitrogen, copper, silver, and
oxygen, respectively. The green values represent binding distances in Å
between linkers and hydrocarbons.
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the molecular engineering of future sorbents for propane/
propylene and other challenging separations.
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