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Abstract: A crystalline and permanently porous copper
phosphonate monoester framework has been synthesized
from a tetraaryl trigonal phosphonate monoester linker. This
material has a surface area over 1000 m? g, as measured by N,
sorption, the highest reported for a phosphonate-based metal—
organic framework (MOF). The monoesters result in hydro-
phobic pore surfaces that give a low heat of adsorption for CO,
and low calculated selectivity for CO, over N, and CH, in
binary mixtures. By careful manipulation of synthetic con-
ditions, it is possible to selectively remove some of the
monoesters lining the pore to form a hydrogen phosphonate
while giving an isomorphous structure. This increases the
affinity of the framework for CO, giving higher ambient
uptake, higher heat of adsorption, and much higher calculated
selectivity for CO, over both N, and CH, Formation of the
acid groups is noteworthy as complexation with the parent acid
gives a different structure.

I ncreasing greenhouse gas concentration have been linked to
climate change with the energy sector responsible for 80 % of
carbon dioxide emissions."! Post-combustion capture, one of
the possible ways of reducing CO, emissions, involves
removing CO, from a gas stream containing primarily
nitrogen.”) Biogas or natural gas upgrading are other
important processes where carbon dioxide must be removed
from methane in order to more efficiently compress, trans-
port, and use methane.”! There are many opportunities for
improving sorbent materials and capture technologies for
removing CO, from nitrogen as well as from methane. Metal—
organic frameworks (MOFs) are a promising candidate for
gas separations owing to their versatile structures and
systematically tunable components.!/ MOFs are a class of
material in which metal atoms or clusters are connected by
organic ligands to generate potential pores. Phosphonates,
and more recently phosphonate monoesters (PMEs), are
potentially advantageous ligands for MOFs owing to their
ability to enhance hydrolytic stability.”! Unfortunately in the
absence of strong structure directing features, phosphonate
ligands can easily form dense structures due to their three
protonation states and eighteen coordination modes that
allow many options for self-assembly.”*® In contrast to
carboxylate MOFs, there are no regular and robust cluster
(0-D) secondary building units for phosphonate coordination
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polymers that would favor more open structures. PMEs
reduce the degrees of freedom, relative to phosphonates, and
provide an opportunity to more easily form open frameworks.
Additionally, the use of the phosphonate monoesters facili-
tates ordering of the structure and formation of crystalline
solids compared to the phosphonates. Previously, we have
reported that the coordination of benzene polyphosphonate
monoesters with copper(IT) resulted in the formation of Cu-
PME chains as the building units in ultramicroporous
solids.**”!

Here, we report the use of the design principles developed
for the simple benzene PME derivatives to make a more
porous structure based on a triphenylbenzene core, H;LL1-Et;
(Figure 1). The copper(IT) complex of this ligand forms
a porous MOF, [Cus(L1-Et;),],, CALF-33-Et; (CALF = Cal-
gary Framework), with a surface area over 1000 m*gm ", to
our knowledge, the highest reported for phosphonate related
MOF materials. Furthermore, by subtle modification of the
synthesis, it is possible to selectively hydrolyze one PME
group in an isomorphous structure to tune the pore surface
and enhance the gas sorption behavior.

_P

HO™ u

(0}
H,;L1-Et,

Figure 1. Chemical structure of H;L1-Et;.

The ligand, H;L.1-Et; was synthesized in three steps per
literature (see the Supporting Information (SI) for detail-
s).P+06 Blye needle-like crystals of [Cus(L1-Et,H),], (CALF-
33-Et,H) were grown by combining Cu(NOs;),, H;L1-Et;,
ethanol, water, and 1,3-diisopropylbenzene in a hydrothermal
vessel and heating to 120°C. CALF-33-Et,H crystallizes as
a three-dimensional coordination material (Figure 2a). It is
composed of stacked L1-Et,H*" units connected by two types
of copper-phosphonate pillars: square planar copper-phos-
phonate chains (Figure 2b) and square pyramidal copper-
phosphonate mono ethyl ester double chains (Figure 2¢). This
results in one-dimensional pores measuring approximately

Angew. Chem. 2016, 128, 14834-14837


http://dx.doi.org/10.1002/anie.201607745
http://dx.doi.org/10.1002/ange.201607745
http://dx.doi.org/10.1002/anie.201607745

Figure 2. a) Overall structure of CALF-33-Et,H highlighting b) the square planar copper-phosphonate chains,
c) the square pyramidal copper-PME double chain, and d) the overall pore dimensions. Hydrogen atoms are
omitted in parts (a)—(c) for clarity.

7.2 Ax16.1 A, including van der Waals radii (Figure 2d). This
structure crystallizes in the P1 space group with one ligand
and one and a half Cu" per asymmetric unit (Figure S1 in SI).
The insitu hydrolysis of a single PME to a hydrogen
phosphonate was confirmed by *'P{'H} NMR (see SI for
details). The presence of phosphonate and PME groups in the
same structure suggested that careful manipulation of the
synthesis could result in variable degrees of hydrolysis.
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Figure 3. Simulated powder X-ray diffraction pattern (PXRD) for CALF-

33-Et,H (bottom) and experimental PXRD patterns for CALF-33-Et,
(middle) and CALF-33-Et,H (top) after activation.
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By slight variation of
the amount of water in
the  preparation  of
CALF-33-Et,H, the
unhydrolyzed analogue,
CALF-33-Et;, was syn-
thesized (see SI). As syn-
thetic conditions neces-
sary to form single crys-
tals resulted in partial
hydrolysis of the ligand,
ethyl ester groups were
added to the CALF-33-
Et,H model in silico.”
The powder X-ray dif-
fraction (PXRD) pattern
of prepared and evacu-
ated CALF-33-Et, corresponds well to the simulated pattern
for CALF-33-Et; (Figure 3). CALF-33-Et; gives a modeled
surface area between 916 m?g ! and 1021 m?g ! (1.8 A probe
radius), depending on the orientation of the ester groups,
a dependence which has previously been shown to signifi-
cantly impact a material’s gas uptake.l” To confirm this virtual
porosity, an N, sorption isotherm was collected (Figure 4),
that gave a calculated Langmuir surface area of 1030 m?g '
(BET=842m?g'). To test the separation capabilities and
binding affinity for CO,, gas sorption isotherms for CO,, N,
and CH, were collected at ambient temperatures (Figure 4).

As mentioned, the ratio of ester hydrolysis can be
controlled based on the synthetic conditions (Table S2), to
either retain all of the esters, hydrolyze selectively one third
of the esters, or any stage between these two points. By this
method, CALF-33-Et,H, was synthesized in bulk with
a PXRD pattern that matched the single crystal (Figure 3).
CALF-33-Et,H has a modeled surface area of 969 m*g™'
(1.8 A probe radius) and N, sorption at 77 K (Figure 4)
result in a calculated Langmuir surface area of 950 m?g '
(BET =810 m*g '), confirming retention of the porosity after
hydrolysis. Again, ambient gas sorption isotherms were
collected for CO,, N,, and CH, (Figure 4) in order to calculate
the binding affinity for CO, and the selectivity.

Phosphonate monoesters are fundamentally different
from phosphonate groups with respect to their ligating ability.
The bonding is weaker, which critically promotes crystallinity,
but is still sufficiently strong to be able to sustain open

2 -
CALF-33-Et3 CALF-33-Et2H Oy - 278K
L5 CO3 - 283K
ke CO2 - 293K
(mmol/g)
05 CHg - 293K
N2 - 293K
0 r :
1000 0 500 1000

Pressure (mbar)

Figure 4. Left: N, uptake at 77 K for CALF-33-Et; and CALF-33-Et,H. Center and Right: Ambient CO,, CH, and N, uptake of CALF-33-Et; (center)

and CALF-33-Et,H (right).
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structures. In this specific case, the triphosphonic acid
analogue of L1 with Cu?" yields a poorly crystalline material
(Figure S5), but with a clearly different structure. L1 in
combination with Ni*' or Co®*" does result in crystalline
materials, though these materials contain heavily hydrated
metal atoms and porosity has not been observed.®® Thus,
beyond enabling a more crystalline solid, the PME group
actually directs a new structure but one that can ultimately
contain phosphonate groups. The concept of using phospho-
nate monoesters to create a framework, followed by removal
of the ester has been previously attempted. In these cases,
however, the hydrolyzed frameworks were vastly different
from the unhydrolyzed parent structure, suggesting that
dissolution and precipitation likely occurred.'” Conversely,
the materials reported here are isostructural, differing only in
the absence of a single ethyl ester per triphosphonate ligand.

The mechanism of PME hydrolysis was probed. It was
found that the post-synthetic conversion of CALF-33-Et; to
CALF-33-Et,H was not possible in analogous hydrothermal
conditions. Similarly, *'P NMR of the mother liquor of CALF-
33-Et,H showed a statistical distribution of the hydrolyzed
and unhydrolyzed ligand (Figure S4). These results suggest
that the ligand is hydrolyzed prior to being incorporated in
the framework, rather than being a solid-solid transformation
via a post-synthetic modification. Thus, generating and
controlling the formation of the monoacid, L1-Et,H*" in situ
is key to the formation of the selectively hydrolyzed frame-
work. While there is an elegance to a post-synthetic modifi-
cation of a MOF structure, this in situ result still generates an
isostructural material. Moreover, the enhanced stability of the
ester group in the MOF versus the free ligand is a key enabler
for functional PME MOFs.

To the best of our knowledge, CALF-33-Et; gives the
highest reported surface area of any phosphonate- or PME-
based coordination framework. This surface area is much
lower than those reported for many carboxylate- or azolate-
based MOFs, which often contain three-dimensional pores
and thus a higher surface area. However, the surface area is
comparable to other MOFs with one-dimensional pores,
though higher surface areas have been reported.!]

Despite CALF-33-Et; and CALF-33-Et,H being formed
from the same starting materials and having the same
topology, they have very different properties owing to the
hydrophobic ester being converted to a hydrophilic hydrogen
phosphonate group. The most immediately evident result is
an approximate doubling of ambient CO, uptake when
comparing CALF-33-Et; to the hydrolyzed CALF-33-Et,H,
such as a maximum of uptake of approximately 0.9 mmolg
at 278 K and 1200 mbar in CALF-33-Et; to over 1.8 mmol g
at the same conditions in CALF-33-Et,H.

The calculated CO, heat of adsorption for CALF-33-Et;
(Figure S15) shows a very weak interaction of 16.8 kImol ™
CO, at low loadings, which increases as the loading increases
to 21.2kJmol™! CO,. For CALF-33-Et,H, the heat of
adsorption is 20.8 kimol™' CO, at low loadings. As the
loading is increased, the heat of adsorption increases to nearly
29.6 kJmol™' CO, (Figure S15). Low heat of adsorption
values, similar to the CALF-33-Et;, have previously been
reported in MOFs that contain primarily alkyl- or aryl-lined

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

pores.” The increasing heat of adsorption with increasing
CO, loading has been previously reported and has been
attributed to CO,—CO, interactions. Vaidhyanathan et al.
reported an increase of 4.6 kJmol™' with increased loading
and attributed 3.9 kJmol™" of this to CO,~CO, interactions,
primarily because of dispersion.®! Higher heat of adsorption
values, similar to CALF-33-Et,H, have previously been
reported in MOFs that contain CO,~hydroxy or CO,-amine
interactions. Modeling of CO, in the pores of various MOFs
have shown that hydroxy or amines on the framework can
either act as a Lewis acid™ or Lewis base,!'”! depending on
the accessibility of the functional groups’ lone pairs or
hydrogen atoms. As the loading in CALF-33-Et,H increases,
the heat of adsorption increases and cooperative CO,—CO,
interactions become significant similar to the results found for
CALF-33-Et;. The heat of adsorption increases similarly for
these two materials, indicating that the hydrogen phospho-
nate is likely unable to induce long range changes in the
dipole moment of CO,.

Based on the increase in both uptake and enthalpy of
adsorption when using the hydrolyzed CALF-33-Et,H, ideal
adsorbed solution theory (IAST) calculations were used to
calculate the selectivity of both CALF-33-Et; and CALF-33-
Et,H for CO, over CH, and N,.I""l The selectivity for CO, over
CH,, in an equimolar mixture, was 3.0 in CALF-33-Et; and 5.4
in CALF-33-Et,H. Similarly, in a 1:4 mixture of CO, and N,,
the selectivity for CO, was 11.5 for CALF-33-Et; and
increased to 29.8 in CALF-33-Et,H. The separation ability
of CALF-33-Et,H is similar to many common MOFs, includ-
ing some containing unsaturated metal sites."”) Interestingly,
the higher surface area MOF, CALF-33-Et;, has lower
performance for uptake at ambient temperatures, enthalpy
of adsorption, and selectivity for CO,. This supports the
notion that the highest surface area materials, which are so
commonly investigated, may not be the best materials for gas
separation or storage as noted by Snurr.["¥

Here a new phosphonate monoester-based framework has
been hydrothermally synthesized from a new trigonal planar
phosphonate monoester and copper(II). CALF-33-Et; pos-
sesses over 1000 m?g~' surface area but makes only weak
binding interactions with carbon dioxide. An analogous
framework, CALF-33-Et,H, has been synthesized featuring
two phosphonate monoesters and one hydrogen phosphonate
lining the pores, giving an increased affinity for CO, and
subsequently higher selectivity for carbon dioxide over both
methane and nitrogen. To the best of our knowledge, this is
the first example of isostructural MOFs with phosphonate
versus PME groups. The methods developed here provide an
intriguing opportunity to form hydrolyzed analogues of
existing PME-based MOFs, most of which have esters lining
the pores, in order to improve their selectivity for CO, over
other gases. Although not the first example of a mixed
phosphonate-PME material coordination material’® nor the
first example of in situ hydrolysis of a PME,”*'*2"l the CALF-
33 system is the first to exhibit permanent porosity and an
isostructural relationship. This structure retention with hydro-
lyzed PMEs could be used to access new topologies and
properties that would be unavailable beginning with the
phosphonic acids directly. Moreover, these structures formed
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from PMEs are more likely to be open frameworks and more
likely to be ordered owing to the fundamental coordination
chemistry of the PME group.
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