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A porous organic polymer decorated with high densities of copper-
(catecholate) groups was prepared and characterized. Single-
component propylene and propane isotherms measured at ambient
temperatures and ideal adsorption solution theory (IAST) calculations
revealed increasing propylene/propane selectivities with increasing
pressures.

The field of highly porous materials, including metal-organic
frameworks (MOFs), porous organic polymers (POPs), covalent
organic frameworks (COFs), and others has recently attracted
much interest due to the vast numbers of functional structures
that can conceivably be created. The tailorable nature of these
materials has been demonstrated to be highly advantageous in
a wide array of applications such as gas storage,"” chemical
separation,*” catalysis,*** chemical sensing,’ chemical
protection,* and light harvesting."**” For many of these appli-
cations, metal centers with open coordination sites serve a
crucial role as preferential binding sites, either for substrates in
catalysis or for the storage and separations of gases.

In the case of gas separations, many MOFs and POPs show
high selectivities in the separation of mixtures of gases with very
different physical properties such as boiling points, sizes, or
polarities (e.g., O, and N,, or CO, and CH,). However, devel-
oping materials that are capable of separating mixtures of gases
with similar physical properties, such as propylene and
propane, is much more challenging. To date, the production of
propylene still requires costly, energy-intensive cryogenic
separation from propane, a technology that is over 70 years old.
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Thus, adsorptive separation has been proposed as an energy-
and cost-effective alternative, and several MOFs have shown
potential for propylene/propane separations either through a
gate-opening mechanism,'® a kinetic-based mechanism,* or an
equilibrium-based mechanism.***** Concerning the latter, high
selectivities are often observed only at very low pressures (1.88
torr) and decrease drastically with increasing pressure, which
precludes the use of many of these materials in industrial
settings. Thus far, only one report* has demonstrated large
increases in selectivities in propylene/propane separation with
increasing pressure, a phenomenon that has been attributed in
MOF-74 to synergistic contributions from having both open
metal sites that can bind to olefins and the proper size match-
ing between adsorbent pores and adsorbate sizes.

Herein, we report high propylene/propane adsorption
selectivities at industrially relevant pressures and temperatures
for CuA,oB;, a POP decorated with a high concentration of
copper(catecholate) moieties capable of selectively binding to
propylene. Single-component adsorption experiments and ideal
adsorbed solution theory (IAST) calculations reveal that
CuA,oB; exhibits a high thermodynamic propylene/propane
selectivity (10.4) at 600 torr, a condition that is relevant to
industrial practices.?” This selectivity can be tuned as a function
of metal density and open coordination sites. In addition, the
propylene/propane selectivity increases with increasing pres-
sure, a phenomenon that has been attributed in MOF-74 to an
emergent synergistic behaviour of the material:* as the pres-
sure increases, the metal sites become saturated with propylene
and the pores of the POP become more selective.

To generate our desired Cu-functionalized POP scaffold, we
began with the cobalt-catalyzed acetylene trimerization of an
orthoester protected 1,4-diethynyl-2,3-dihydroxybenzene (A)
and Ty-directing tetrakis(4-ethynyl)methane (B) (Scheme 1).
This copolymerization protocol has been previously shown to
provide chemically robust amorphous polymers decorated with
tuneable amounts of catechol groups by simply adjusting the
ratios of monomers A and B.”®* We selected A;,B; given its high
catechol group density and high metallation loadings.*
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Scheme 1 Synthesis and metallation of A;B; and AigB; to generate
CuA,B; and CuAoB;.

CuA,(B; was selected as the target for propylene/propane
separation applications given the well-known ability of Cu™ to
bind to olefins.

The single-component propylene and propane isotherms for
A;0B; and CuA,,B, were carried out at 298 K and up to 600 torr
(Fig. 1). Prior to these measurements, both materials were acti-
vated at 200 °C under high vacuum (10~* torr), activation
conditions known to remove coordinated solvent/water mole-
cules from highly hygroscopic materials such as zeolites.>*
Surprisingly, CuA;oB; has a higher propylene uptake at 600 torr
(1.65 mmol g~ ) than the parent A,oB; material (1.40 mmol g~ )
despite its much lower specific surface area (195 vs. 617 m®> g,
Fig. 1 and Table 1), smaller pore volume (0.08 and 0.25 cm?® g~*
respectively, Table 1 and Fig. S1 in the ESI}), and similar
dominant pore diameters (~12 A, Fig. $3 and S4 in the ESI{). As
shown in Fig. 1, the single-component isotherms of CuA;,B,
display near saturation at ~200 torr; whereas, uptake of either
propane or propylene in A;,B, continues to slightly increase with
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Fig. 1 Propylene (diamonds or squares) and propane (triangles or
circles) isotherms for CuA1oB; (red) and A;oB; (blue) measured at 298 K.

Table 1 Sorption properties for AjpB;, CuA;oB;, and CuA,B;
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increasing pressure, most likely due to its larger surface area and
pore volume. We attributed much of the higher relative uptake
of propylene over propane in CuA,,B, to the coordination of the
olefin to the unsaturated copper-catecholates (see below).

The single-component isotherms for CuA,,B, suggest a high
preference for propylene uptake over propane (1.65 and
0.93 mmol g ' respectively, Table 1). In contrast, the metal-free
A;0B; has a much lower difference between propylene and
propane uptakes (1.40 and 1.18 mmol g~ ' respectively). Using
the single-component isotherms as inputs, the selectivities for
propylene-propane mixtures were calculated using IAST, which
has been shown to accurately predict selectivities for gas-
mixture adsorption in many porous materials.>*** While A;¢B;
and CuA,oB; exhibit similar selectivities (1.26 and 1.64,
respectively; see Fig. 2) at low pressures (7.5 torr), the selectiv-
ities for CuA4¢B; increase significantly with increasing pressure
while those for A;oB; remain steady (10.4 and 1.7, respectively,
at 600 torr; see Fig. 3). Based on previous work, this highly
desirable feature can be tentatively attributed to a synergistic
effect that involves the filling of pores decorated with copper-
(catecholate) groups at high pressures.* These pores fill when
each accessible copper(catecholate) site is occupied by a
propylene molecule, which discourages further uptake.

To evaluate the aforementioned hypothesis, we attempted to
verify each of the following three effects independently: (1) that
the presence of a high density of copper(catecholate) sites is
beneficial towards selective adsorption; (2) that coordination of
propylene to the copper(catecholate) sites is a key contributor to
the propylene/propane selectivity; and (3) that proper matching
of the adsorbent pore size and the adsorbate size is important
for the increase in selectivity as a function of increased
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Fig. 2 |AST-predicted C3zHe/C3Hg selectivities for equimolar mixture
adsorption in CuA;B; (red solid line), CuA,B; (green dashed line), and
A10B; (blue dotted line) at 298 K as a function of pressure. These were
calculated using the experimental isotherms.

Metal loading”®  BET surface Total pore

Uptake C;Hs/C3Hg  Uptake C,H,/C,Hs  IAST-calc. C3Hg/C3Hs,

POPs theor. (exp.) area’ (m?>g™") volume (cm®g™") DPD°(A) ratio? (mmolg™")  ratio? (mmol g~')  sel.” (C,H,/C,Hs sel.)
A;0B, 617 0.25 12 1.40/1.18 1.50/1.28 1.7 (1.5)

CuA,B; 24 (21) 195 0.08 12 1.65/0.93 1.77/1.25 10.4 (3.8)

CuA,B, 15 (14) 645 0.28 12 3.91/3.00 NA 2.7 (NA)

“ wt%. ” For nitrogen isotherms, see Fig. S1 in the ESL.t © DFT calc. dominant pore diameter (DPD), see Fig. S3 and S4 in the ESL{ ¢ Measured at

298 K and 600 torr.
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Fig.3 Isotherms for CuA4oB; (propylene, red diamonds; propane, blue
triangles, dashed) measured at 298 K after exposure to 80% RH.

pressure. First, CuA,B;, which has a lower density of copper-
(catecholate) sites than CuA,(B,,"* was prepared. CuA,B, has
higher BET surface area (645 m> g~ ', Table 1 and Fig. S1 in the
ESIf) but similar dominant pore size (~12 A) as the CuA;oB,
material. While the single-component isotherms of CuA,B,
reveal its higher uptake capacities for both propylene and
propane (3.91 and 3.00 mmol g~ ', respectively, Table 1 and
Fig. S4 in the ESIY), its IAST-calculated selectivity for propylene
(2.7 at 600 torr, see Fig. 2 and Table 1) is much lower than that
for CuA,B;. The larger selectivity for the latter material, in spite
of its lower surface area, is attributed to its higher density of
copper(catecholate) sites.

To verify that the coordination of propylene to the copper-
(catecholate) sites is a key contributor to the selectivity, we
subjected a sample of activated CuA,(B; to water vapour at 80%
relative humidity (Fig. S8, in the ESI{), which should saturate
the copper(catecholate) sites with water ligands and make them
inactive towards olefin binding. This is indeed the case: after
mild heating to 80 °C under high vacuum (10 torr) to remove
any physisorbed water molecules,” the single-component
isotherms of propylene and propane in humidity-exposed
CuA,(B; (Fig. 3) revealed a drastic drop in total propylene
uptake (from 1.65 to 0.91 mmol g ), while those for propane
remain roughly unchanged (from 0.93 to 0.88 mmol g ). The
similarity between the propylene and propane uptake values for
water-treated CuA,,B; is remarkable: it clearly demonstrates
that CuA,(B; cannot discriminate between propylene and
propane when its copper(catecholate) sites are coordinatively
saturated with water molecules.

Finally, by comparing the selectivities of CuA;oB; and A;,B; for
the ethylene/ethane pair, we can elucidate the importance in
proper matching of the pore size of the adsorbent and the
molecule size of the adsorbates. Although the single-component
adsorption isotherms of CuA,¢B, for ethylene and ethane (Fig. S7
in the ESIt) showed greater adsorption of ethylene (1.77 vs. 1.25
mmol g~ * for ethane, see Table 1), it is not as discriminating as in
the case of propylene/propane. The corresponding IAST-predicted
selectivity for an equimolar ethylene/ethane mixture (Fig. 4)
corroborates this result (ethylene/ethane selectivity = 3.8 at 600
torr, Table 1). Particularly striking is the switch of the ethylene/
ethane selectivity profile into a downward trend with increasing
pressures (Fig. 4), a phenomenon most often observed in equi-
librium-based olefin/paraffin separations.” Together, these data
provide strong evidence that it is quite important in POP-based
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Fig. 4 |AST-predicted C,H4/C,Hg selectivities for equimolar mixture
adsorption in CuA;oB; (red solid line) and A;1oB; (blue dashed line) at
298 K as a function of pressure. These were calculated using the
experimental isotherms.

gas separation to have a proper size matching of the adsorbent
pores to that of the adsorbate molecules. For the metallated
materials reported herein, this size-matching mechanism can
become important after the first olefin binds to the metal center
and reduces the accessibility of the metallated pores for subse-
quent molecules. Even at 600 torr when only 50% of the cop-
per(catecholate) groups are estimated to be bound to propylene
molecules, the selectivities are already several fold higher than at
lower pressures.

Conclusions

In summary, we have demonstrated the excellent potential that
a POP decorated with high densities of coordinatively unsatu-
rated copper(catecholate) groups has for separating a mixture of
propylene and propane at industrially relevant temperatures
and pressures. Remarkably, the high selectivities observed for
propylene over propane at high pressures appear to result from
synergistic contributions between having open coordination
sites that can bind to olefins and a suitable match in size
between the pores of the adsorbent and the molecular
adsorbates.
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