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ABSTRACT: Incorporating open metal sites (OMS) into
metal−organic frameworks allows design of well-defined
binding sites for selective molecular adsorption, which has
a profound impact on catalysis and separations. We
demonstrate that Cu(I) sites incorporated into MFU-4l
preferentially adsorb olefins over paraffins. Density
functional theory (DFT) calculations show that the
OMS are independent, with no dependence of binding
energy on olefin loading up to one olefin per Cu(I).
Experimentally, increasing Cu(I) loading increased olefin
uptake without affecting the binding energy, as predicted
by DFT and confirmed by temperature-programmed
desorption. The potential of this material for olefin/
paraffin separation under ambient conditions was
investigated by gas adsorption and column breakthrough
experiments for an equimolar ratio of olefin/paraffin.
High-grade propylene and ethylene (>99.999%) can be
generated using temperature−concentration swing recy-
cling from a Cu(I)-MFU-4l packed column with no
measurable paraffin breakthrough.

I solated open metal sites (OMS) are an active area of
investigation due to their significance in single-site catalysis,

chromic sensors, and gas adsorption and separation.1−5

Electron-rich transition metals are known to bind strongly to
unsaturated carbon−carbon bonds through both σ- and π-
backbonding interactions.6 Hence, selective adsorption of
olefins onto materials bearing OMS could enable separation
of olefins and paraffins, which is industrially achieved through
energy-intensive high-pressure cryogenic distillation estimated
to consume ∼800 PJ of energy for the global annual
production of ethylene of 152 MMT.7−10

Metal−organic frameworks (MOFs) are highly modular
sorbents showing promise for many adsorption-based molec-
ular separations.9,11−19 Their high crystallinity makes them
ideal materials for incorporation of OMS.20,21 The unique
advantage of using MOFs with OMS for separation processes
is the single-site nature of the material, which offers a greater
level of control over the selectivity compared to a sorbent with
heterogeneous binding sites. The high crystallinity and vast
chemical design space of MOFs lends itself to computational
modeling and screening to direct the design of task-specific

materials. In this work, we report a combined theory and
experimental approach to examine the application of Cu(I)
OMS in MFU-4l (Metal−Organic Framework Ulm University-
4large) for the separation of olefins from paraffins.
MFU-4l has been used to immobilize metal active sites for

catalysis.22−26 Its structure (Figure 1a) consists of Zn5Cl4(ta)6
(ta = triazolate) units bridged by the dibenzo-1,4-dioxin
portion of the bis(1,2,3-triazolato-[4,5-b],[4′,5′-i])dibenzo-
[1,4]-dioxin (BTDD) ligands. These clusters contain one
core octahedral Zn(II) and four periphery tetrahedral Zn(II)
(Figure 1b). OMS can be generated in the peripheral positions
by replacing Zn(II) via cation exchange.
Density functional theory (DFT) calculations on full

periodic structures of MFU-4l, with and without Cu(I)
substitution, were performed using the Bayesian error
estimation functional van der Waals (BEEF vdW) approach27

and then validated by comparing binding energies from DFT
and experiments (Supporting Information). A large difference
in relative adsorption energies is required for efficient
separations relying on competitive binding. To estimate the
ease of separation, we performed DFT calculations for the
adsorption of C2−C4 olefins and paraffins in Cu(I)-MFU-4l,
in which a single Zn(II)-Cl was replaced with a single
tricoordinate Cu(I). The optimized geometry of an adsorbed
ethylene on the Cu(I) site is shown in Figure 1c.
More importantly, we computed the differences in binding

energies between olefin/paraffin pairs, including uncertainty
quantification of these energy differences. The uncertainty
analysis was generated using the BEEF-ensemble,27 which
estimates uncertainties in DFT calculations due to the choice
of exchange-correlation functionals.27 The binding energy
differences are −0.60 ± 0.10, −0.49 ± 0.14, −0.51 ± 0.13, and
−0.43 ± 0.16 eV for ethylene/ethane, propylene/propane, 1-
butene/butane, and 2-trans-butene/butane, respectively (Fig-
ure 1d,e and Figure S2). Thus, DFT predicts with high
confidence that a wide range of olefin/paraffin separations will
be very efficient in Cu(I)-MFU-4l. In contrast, binding
energies of olefin/paraffin pairs in unsubstituted MFU-4l are
essentially identical (no separation). The adsorbates in
unsubstituted MFU-4l physisorb close to the 3-fold center of
the node, instead of the Zn(II)-Cl peripheral site (Figure S4).
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Importantly, our DFT calculations show that the binding of
ethylene on Cu(I)-MFU-4l with all peripheral sites substituted
with Cu(I) is essentially the same as for a single substituted site
(vide inf ra). Taken together, these calculations (i) show a
dramatic difference in binding of a wide range of olefins and
paraffins to the Cu(I) site; (ii) predict that the optimal
material is achieved by replacing all Zn(II)-Cl with Cu(I); and
(iii) underscore the promise of Cu(I)-MFU-4l for olefin−
paraffin separations.
Motivated by these findings, we targeted Cu(I)-MFU-4l

variants with different loadings of Cu(I) OMS to evaluate the
effect of OMS concentration on olefin/paraffin separation
performance. We adapted an established synthetic procedure28

(Supporting Information), varying the time and temperature of
metal cation exchange reactions, to access a family of Cu(I)-
MFU-4l (I−VI) with different Cu(I):Zn(II) ratios. I−VI were
characterized using elemental analysis (EA), inductively
coupled plasma-optical emission spectrometry (ICP-OES),
powder X-ray diffraction (PXRD), and thermogravimetric
analysis (TGA). Comparison of PXRD patterns (Figures S5−
S10) reveal that all variants are isostructural and retain their
crystallinity after cation exchange, with the exception of VI,
which is prepared under elevated exchange temperature (100
°C) (Figure S11). EA and ICP-OES reveal Cu:Zn ratios of
1.2:3.8 (I), 1.8:3.2 (II), 2.2:2.8 (III), 2.3:2.7 (IV), 3:2 (V),
and 3.8:1.2 (VI). Molecular formulas for I−VI were
determined by combining the Cu and Zn analyses with
CHN analyses (Supporting Information). TGA indicates that
I−V decompose at the same temperature (∼380 °C), which is
comparable to MFU-4l (∼410 °C) (Figures S12−S17).

N2 adsorption isotherms (77 K) for I−V indicate permanent
microporosity (Figures S18−S24). We observe, generally, that
the Brunauer−Emmett−Teller (BET) surface areas decrease as
a function of increased Cu(I) loading, achieved using either
more prolonged cation exchange reaction times or increased
cation exchange reaction temperatures (Table S5). The BET
surface area and crystallinity of VI, in which nearly 80% of the
Zn(II) have been replaced, decrease significantly; we therefore
excluded VI from further studies. A detailed comparison of the
experimental and simulated N2 uptakes is provided in the
Supporting Information. We postulate that lower than
expected porosity for both pure MFU-4l and Cu(I) variants
can be attributed to varying amounts of blocked pores or
partial structural collapse.29,30

To investigate the effect of Cu(I) loading on olefin
adsorption, ethylene adsorption isotherms were collected at
296 K (Figure S27). The net ethylene uptake increases with
increased Cu(I) loading. For I−V, we observe a steep increase
in ethylene uptake at very low pressures, followed by an abrupt
change in slope and gradual increase to 1 bar (Figure S27). We
attribute the initial steep uptake to ethylene binding to the
open Cu(I) active sites and subsequent uptake to phys-
isorption. The ethylene adsorption isotherm for pristine MFU-
4l does not exhibit this steep increase at low pressures,
indicating pure physisorption. For comparison, ethane
adsorption isotherms for I−V were collected at 296 K (Figure
S28). In each case, the ethane uptake at 1 bar was lower than
that observed for pristine MFU-4l; the absence of a steep rise
at low pressures is due to the lack of interaction with the Cu(I)
sites. Decreasing ethane uptake from I−V is consistent with
the observed decrease in BET surface area.

Figure 1. (a) Crystal structure of MFU-4l (Zn, light blue; Cl, green; N, dark blue; O, red; C, charcoal; H omitted for clarity). (b) Schematic
showing the replacement of a peripheral tetrahedral Zn(II) cation with another metal cation via cation exchange (Cu, yellow). (c) Optimized
binding geometry of ethylene to the Cu(I) site. (d) Histogram plots of the energy differences for ethylene/ethane and (e) propylene/propane
binding energies as computed from the BEEF vdW ensemble. XC Count is the exchange-correlation count. Vertical lines represent ± one standard
deviation in the BEEF ensemble. Negative values indicate a preference for alkene binding over alkane.
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According to our calculations, the saturation limit for olefin
chemisorption is one adsorbate per Cu(I). Assuming a defect-
free system where every Cu is placed at a peripheral site, we
calculated an upper limit for ethylene chemisorption (Figure
S38). Here, the amount of chemisorbed ethylene is
approximated by the uptake at 10 mmHg at 296 K (Figure
S36). However, the observed total ethylene uptake is lower
than the predicted capacity, indicating that ∼55% of Cu atoms
act as binding sites. Interestingly, the fraction of Cu atoms
participating in chemisorption is independent of the Cu:Zn
ratio. Additionally, Cu utilization does not appear to strongly
correlate with changes in surface area (Figure S39). These
observations motivated us to further investigate the nature of
the Cu sites using continuous wave electron resonance (CW-
EPR) spectroscopy. EPR detects only Cu(II) and is sensitive
to the Cu(II) coordination environment. These studies are
described in the Supporting Information. The data indicate the
presence of saturated Cu(II) in the activated materials. Such
sites would not coordinate olefin (Supporting Information)
and explains at least part of the difference between calculated
and experimental olefin uptake. X-ray photoelectron spectros-
copy (Supporting Information) revealed a 0.9:0.1 Cu(I):Cu-
(II) ratio in activated V.
We next examined the single-site nature of the Cu(I) within

I−V by measuring olefin-Cu(I) binding energies using
temperature-programmed desorption (TPD) (Figures S49−
S60). These measurements revealed that the ethylene
desorption energies for I−V are very similar (Figure 2a).

Desorption energies of 79.9 and 69 kJ/mol (for V) were
observed for ethylene and propylene, respectively, which are
within the range of binding energies observed for π-
complexation adsorbents (60−120 kJ/mol), such as silver
zeolite A31 (95 kJ/mol) and PAF-1-SO3Ag

14 (106 kJ/mol).
These results match well with our ethylene desorption energies
calculated at the extremes of Cu(I) loading (1 or 4 Cu(I) per
SBU) (Figure 2b), indicating that the reactivity of each Cu(I)
site is independent of the number of sites and that there are no
interactions between neighboring sites. In addition, ethylene
desorption was calculated at different coverages (blue points in
Figure 2b), and coverage minimally impacts the binding energy
(∼0.1 eV) below 1 ML. Our calculations also show that a
second ethylene molecule does not bind to an occupied Cu(I)
site. This predicted lack of coverage effects is validated by the

narrow range of binding energies observed in TPD, in sharp
contrast to a typically broad range of binding energies on Cu
surfaces due to adsorbate−adsorbate repulsion.32 No adsorp-
tion was detected for ethane or propane. The high binding
energies of ethylene and propylene enhance the olefin/paraffin
separation factor, indicating the potential of these materials for
the industrial separation of olefin/paraffin mixtures to obtain
polymer-grade (>99.999%) olefins.
The separation capacity is confirmed in column break-

through experiments performed on V, using equimolar
ethylene/ethane and propylene/propane gas mixtures at
ambient temperature and pressure (Figure 3). The mixed-gas

samples were diluted using inert gas to enhance the time
resolution of the experiment (3:3:94 olefin:paraffin:nitrogen);
the mixture was introduced to a bed packed with ∼50 mg of V
(Supporting Information). Notably, paraffins were not
adsorbed and were detected by mass spectrometry after a
few seconds. In contrast, the olefins were retained in the bed
for ∼190 s (Figure 3a,b), confirming the capability of this
material for efficient olefin/paraffin separation. The olefin can
be regenerated from the fixed-bed via temperature−concen-
tration swing recycling (TCSR) using an inert gas purge
(helium, 20 sccm) at 140 °C for 20 min. Ethylene can be
readily recovered from V with >99.999% purity without any
observation of ethane during the regeneration process. Up to
10 cycles of ethylene/ethane adsorption/desorption measure-
ments were performed using the breakthrough system and
TCSR (Figures 3c, S61). V maintained its ethylene adsorption
and regeneration capacity of 0.73 mol/kg over all regeneration
cycles with complete molecular exclusion of ethane.
In summary, we demonstrated that introduction of

unsaturated Cu(I) active sites into MFU-4l leads to materials
that can efficiently separate olefin/paraffin mixtures to yield
high-purity olefin. There remains opportunity to further
optimize the synthesis of Cu(I)-MFU-4l to achieve signifi-
cantly higher performance, as our theoretical predictions
indicate that it is energetically feasible to completely substitute

Figure 2. Ethylene desorption on Cu-MFU-4l. (a) TPD ethylene
desorption energy on I−V as a function MOF Cu(I):Zn(II) ratio. (b)
Calculated ethylene desorption (negative value of adsorption) energy
on Cu-MFU-4l. The gray line represents the ethylene desorption
energy at an SBU having Cu(I):Zn(II) ratio of 1:4 (1 peripheral
Cu(I)). The blue points are for Cu(I):Zn(II) ratio of 4:1 (4
peripheral Cu(I)) at different ethylene coverage up to one monolayer
(4 ethylene per SBU). The dashed lines and error bars represent ± σ
from the BEEF-ensemble.

Figure 3. Olefin/paraffin separation performance of V. (a) and (b)
Column breakthrough experiments for a diluted equimolar olefin/
paraffin mixture (3:3:94 olefin/paraffin/nitrogen) on a packed
column with ∼50 mg V at a total flow rate of 10 sccm at 296 K
and 1 bar. (c) Recycling experiments (10 cycles) using diluted
equimolar ethylene/ethane mixture (5:5:90 ethylene/ethane/He).

Journal of the American Chemical Society Communication

DOI: 10.1021/jacs.9b06582
J. Am. Chem. Soc. 2019, 141, 13003−13007

13005

http://pubs.acs.org/doi/suppl/10.1021/jacs.9b06582/suppl_file/ja9b06582_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.9b06582/suppl_file/ja9b06582_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.9b06582/suppl_file/ja9b06582_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.9b06582/suppl_file/ja9b06582_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.9b06582/suppl_file/ja9b06582_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.9b06582/suppl_file/ja9b06582_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.9b06582/suppl_file/ja9b06582_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.9b06582/suppl_file/ja9b06582_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.9b06582/suppl_file/ja9b06582_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.9b06582/suppl_file/ja9b06582_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.9b06582/suppl_file/ja9b06582_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.9b06582/suppl_file/ja9b06582_si_001.pdf
http://dx.doi.org/10.1021/jacs.9b06582


Cu(I) atoms into all the peripheral Zn(II)-Cl sites. Because the
sites are independent, performance for olefin/paraffin separa-
tions should increase linearly with further substitution.
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Suarez, A. I.; Sepuĺveda-Escribano, A.; Vimont, A.; Clet, G.; Bazin, P.;
Kapteijn, F.; Daturi, M.; Ramos-Fernandez, E. V.; Llabreś i Xamena,
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