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Two rht-type metal-organic frameworks (MOFs) based upon the
tetrazolate moiety and pyrazolate moiety, respectively, have been
investigated for carbon dioxide (CO,) adsorption and selective
adsorption of CO, over CH,, which shows that the rht-MOF featuring
the pyrazolate moiety demonstrates superior performances compared
to the rht-MOF based on the tetrazolate moiety. In spite of more
exposed nitrogen atoms in the tetrazolate-based rht-MOF, the
counter-intuitive observations of CO, capture in the two rht-MOFs
were interpreted by computational studies, which reveal that the local
electric field favours more than the richness of exposed nitrogen
atoms for the interactions with CO, molecules.

To capture and sequester carbon dioxide (CO,) remains an effective
route to mitigate climate change associated with anthropogenic
CO, emission." The conventional CO, capture technologies are
dominated by the alkanolamine-based wet scrubbing systems,
which feature causticity and volatility of the amines, and more
prominently, high energy cost of regeneration processes.” It is
highly needed to develop alternative approaches for CO, capture
and sequestration. Using porous materials as adsorbents has been
of great interest due to the facile regeneration process.’ Metal-
organic frameworks (MOFs)* have been positioned at the forefront
of this area as a promising class of candidates amongst various
porous materials. This is mainly triggered by the modularity and
functionality of the pore size, pore walls and the inner surface of
MOFs® by use of crystal engineering strategies.’ In addition, the
crystalline nature of MOFs can facilitate the understanding of
CO,-sorbent interactions at the molecular level, which in turn
helps to design/functionalize MOFs with improved CO, capture
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performances.” Currently, a predominant viewpoint in this area is
that accessible rich nitrogen sites as Lewis-base centers incorporated
in the porous MOFs can significantly enhance CO, uptake capacity
and selectivity on account of the dipole-quadrupole interactions.
Extensive efforts thus have been devoted to increasing the density of
accessible nitrogen sites within porous MOFs.® In this contribution,
we report the investigations of CO, capture in two rht-type MOFs
based upon the tetrazolate and pyrazolate moieties, which indicate
some counter-intuitive results that the pyrazolate-based rht-MOF
demonstrates superior performances compared to the tetrazolate-
based rht-MOF featuring more exposed nitrogen atoms.

The tetrazolate-based rht-MOF (rht-MOF-1) and the pyrazolate-
based rhtMOF (rht-MOF-pyr) were prepared using tetrazole- or
pyrazole-derived tritopic ligands assembled with Cu(u) under the
solvothermal conditions, respectively.” Single-crystal X-ray diffraction
studies reveal that both rht-MOF-1 and rht-MOF-pyr crystallize in the
same space group of Fm3m. As shown in Fig. 1, Cu3O(N,CR); in
rht-MOF-1 and Cu;O(N,(CH),CR); in rht-MOF-pyr serve as
3-connected nodes that link six Cu,(COO), paddlewheel units
through six carboxylate groups of three 5-tetrazolylisophthalate
or of 5-(1H-pyrazol-4-yl)isophthalate ligands, thus affording the
classical (3,24)-connected rht topology network. The rht network is
composed of three different polyhedral cages: a small rhombihexa-
hedral cage formed by 24 functionalized isophthalate ligands linked
by 12 Cu,(COO), paddlewheel units (Fig. 2a); a bevelled octahedral
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Fig. 1 lllustration of hexatopic building units of (a) rht-MOF-1 and (b) rht-
MOF-pyr. Atom colors: C = gray, H = white, O = red, N = blue, and Cu = orange.
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Fig. 2 Pictures of (a) rhombihexahedral cage; (b) bevelled octahedral
cage; (c) bevelled tetrahedral cage and (d) close-packing of 3 types of
polyhedral cages in rht-topology structures.

cage defined by 8 CusO(N,CR); or CuzO(N,(CH,),CR); trimers and
24 Cuy(COO0), paddlewheel units (Fig. 2b); and a bevelled tetrahedral
cage enclosed by 4 CuzO(N,CR); or CuzO(N,(CH,),CR); trimers and
12 Cu,(CO0), paddlewheel units (Fig. 2c). These multiple cages are
tailored together to form 3-dimensional highly porous structures, as
shown in Fig. 2d.

The phase purities of tht-MOF-1 and rht-MOF-pyr were verified
by powder X-ray diffraction (PXRD) studies, which indicate that the
diffraction patterns of the fresh sample are consistent with the
calculated ones, as shown in Fig. S1 and S2 respectively (ESIT).
Furthermore, PXRD patterns of the activated MOF samples also
confirmed the consistency of their structures under the test condi-
tions. The permanent porosity has been examined by N, adsorption
at 77 K on both activated MOF samples (see Fig. S3 and S4,
ESIt), which reveals similar BET surface areas of ~2100 m* g *
analogous to the reported values.’

To evaluate CO, uptake performances of rht-MOF-1 and rht-
MOF-pyr, CO, adsorption isotherms were collected on the activated
samples at 273 K and 298 K, as shown in Fig. 3a. rht-MOF-1 shows
a CO, uptake capacity of 17.7 wt% (90.0 cm® g ') at 273 K and
10.7 wt% (54.5 cm® g~ ') at 298 K under the pressure of 760 Torr.
In comparison, rht-MOF-pyr can adsorb the amount of CO,
with an uptake capacity of 22.0 wt% (112.4 cm® g~ ') at 273 K
and 13.0 wt% (66.4 cm® g ') at 298 K under the same pressure.
This indicates a substantial and unexpected increase in CO, uptake
capacity of 25% compared with that of rht-MOF-1 at 273 K. It is well
documented that ligands with rich nitrogen atoms incorporated
into the frameworks can polarize the adsorbed CO, molecules
and boost the dipole-quadrupole interactions with CO,, thus
leading to the increasing CO, uptake capacity and selectivity.
However, the observation here is counter-intuitive to this
predominant viewpoint. The explanation can be presumably
attributed to the different properties of tetrazole and pyrazole
functional groups. The pK, value of tetrazole is ca. 4.6, and
comparatively that of pyrazole is ca. 14.0. The increasing basicity
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Fig. 3 (a) CO, adsorption isotherms of rht-MOF-1 and rht-MOF-pyr at
273 Kand 298 K and (b) adsorption selectivity of CO, over CH4 plots based
on IAST calculations.

of azolate groups may favour the adsorption of acidic CO,
molecules.

We also assessed the adsorption selectivity of CO, and CH,
of tht- MOF-1 and rht-MOF-pyr. As shown in Fig. S6 (see ESIt), these
two isostructures demonstrate comparable CH, uptake capacities
(16.4 cm® g of tht:MOF-1 vs. 17.0 cm® g * of tht-MOF-pyr at 273 K)
owing to their similar surface areas. To predict the adsorption
selectivity of CO, over CHy, the ideal adsorption solution theory
(IAST),"® which has been validated for calculating the adsorption
selectivity of gas mixtures in MOFs,"" was employed by applying
single-component adsorption isotherms. From selectivity plots
of CO,/CH, (50/50) shown in Fig. 3b, rht-MOF-pyr is calculated to
exhibit an adsorption selectivity of 36 for CO, over CH, at 273 K
and 1 bar, which is ~56% higher than that of rht-MOF-1.
Additionally, rht-MOF-1 demonstrates the peculiarly high selec-
tivity for CO,/CH, at the very low coverage. The performance can
be partially interpreted by different heats of adsorption (Q) for
CO, (see Fig. S9, ESIT). tht-MOF-1 exhibits ~1.2 k] mol™* higher
Qs than that of rht-MOF-pyr at the very low loading of CO,. On
the other hand, the substantial discrepancy in Qg for CH,
between rht-MOF-pyr and rht-MOF-1 can also partially explain
the dramatic distinction of CO,/CH, selectivity at the low loading
state, as shown in Fig. S12, ESL.¥ The Q. of rht-MOF-1 decreases
steadily over the loading range, whereas the Qg of rht-MOF-pyr
slightly increases first and then decreases across the loading
range. The difference in Qg for CH, between rht-MOF-pyr and
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rht-MOF-1 is narrowing down, along with the increase of CH,
loading. Other than CH, heats of adsorption, the favoured CO,
interaction mode plays an essential role in rht-MOF-pyr at the
higher loading range.

In order to gain some insights at the molecular level for these
counter-intuitive observations, computational studies of CO, adsorp-
tion were performed on these two rht-MOFs. More details about the
simulations performed in this work can be found in the ESL} It was
observed that the main difference in the CO, adsorption capacities
between the two rht-MOFs was attributed to the difference in the
CO, molecule interaction with the [CuzO(N,_,(CH),C-)s] (x =0 or 2)
trimers in the respective MOFs. It has been well documented that
electrostatic interactions have a significant impact on the adsorption
properties of microporous materials and partial charges located at
atomic sites are most commonly used to account for electrostatics.">
The computational studies revealed that, as the CO, molecule
adsorbs onto the Cu®" ions of the [Cu;O(N,(CH),C-);] trimer in
rht-MOF-pyr, it does so such that an oxygen atom of the CO,
molecule coordinates to a Cu®>" ion; simultaneously there exists
an attraction between the negative charges of the oxygen atom
of the CO, molecule and the positive charges of the nearby
hydrogen atoms of the pyrazolate moieties (Fig. 4). This syn-
chronized binding keeps the CO, molecule in-plane with respect
to the [CuzO(N,(CH),C-);] trimer, thus resulting in a favorable
electrostatic interaction between the CO, molecule and these
units. In rht-MOF-1, the repulsion between the negative charges
of the N atoms of the tetrazole groups and the negative charges
of the oxygen atoms of the CO, molecule repels the binding of the
CO, molecule and a Cu®*" ion. As a result, the CO, molecule is
oriented at an angle and tilted out-of-plane with respect to the
[CuzO(N,C-)5] trimer as the CO, molecule is adsorbed onto the Cu**
ion. This leads to a less favorable electrostatic interaction between
the CO, molecules and the [CuzO(N,C-);] trimer in rht-MOF-1.

Grand canonical Monte Carlo (GCMC) simulations of CO,
adsorption in both rht-MOFs confirmed that rht-MOF-pyr adsorbs
more CO, than rhtMOF-1 for the thermodynamic conditions
considered (see Fig. S14 and S15, ESIf). A radial distribution
function analysis of CO, molecules adsorbed on different types of

Fig. 4 Molecular illustration of the CO, molecule orientation about the
CuzO trimer in rht-MOF-pyr as determined from molecular simulations
(atom colors: C = cyan, H = white, O = red, N = blue, and Cu = gold).
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Cu*" ions in both MOFs revealed that the Cu;0O trimer Cu®* ions are
occupied at higher loadings and that there is a greater population
of CO, molecules adsorbed on such Cu® ions in rht-MOF-pyr
relative to rht-MOF-1 (see Fig. S17 and S18, ESIt). Further, density
functional theory (DFT) calculations confirmed that the interaction
strength for CO, binding onto the CuzO trimers is greater for
rht-MOF-pyr compared to rht-MOF-1 (see ESIT).

Considering the host-guest (MOFs—-CO,) electrostatic inter-
actions, the local electric field exerted by the [Cu;O(N,_,(CH),C-);]
(x = 0 or 2) trimer units thus plays a more dominant role than the
exposed nitrogen atoms for the interactions with CO, molecules on
the rhtMOF platform. More importantly, the synergistic electro-
static effects from the neighboring atoms/moieties should be taken
into account leading to more precise and accurate results. Hence,
we can conclude that the essential factors influencing CO, adsorp-
tion behind the effect of exposed nitrogen sites lie in the local
electric fields, instead of the number of accessible nitrogen atoms.
Furthermore, it can be observed that the Qy for CO, in rht- MOF-pyr
surpasses that of rht-MOF-1 with the increase of the CO, loading
amount, which therefore must be attributed to the difference in the
CO, binding energies with the [CuzO(N,_,(CH),C-);] (x = 0 or 2)
trimers within the two rht-MOFs. Computational studies demon-
strate that the absorbed CO, molecules preferentially interact with
the Cu atoms of paddle wheel units, instead of trimer units at the
low loading range. Furthermore, rht-MOF-1 has a low electron
density than rtht-MOF-pyr on the Cu atoms of paddle wheel units,
which increases the CO, bonding strength to the Cu atoms of
rht-MOF-1.%? This is also in line with the Qg of CO, at the low
loading range that rht-MOF-1 shows higher heats of adsorption than
rht-MOF-pyr. However, when the copper sites of paddle wheel units
saturated with CO, molecules, Qg of tht-MOF-pyr turns to be higher
than that of rht-MOF-1, owing to the CO, molecule subsequently
interacting with the trimer units. Therefore, the modeling results
presented in this work are consistent with the experimentally
observed CO, Qg values for the two MOFs.

In summary, we investigated the performances in CO, adsorption
and selective adsorption of CO, over CH, for the prototypal rht- MOF
platform functionalized by tetrazolate and pyrazolate moieties. Our
studies revealed that rht-MOF-pyr lacking exposed nitrogen atoms
demonstrated better CO, capture performances than rht-MOF-1 rich
in exposed nitrogen atoms. The counter-intuitive experimental
observations have been well elucidated by computational studies,
which reveal that the local electric field favours more than the
richness of exposed nitrogen atoms for the interactions with CO,
molecules. Our work therefore provides a new perspective for future
design of new MOFs and other types of porous materials with
improved performances for applications in CO, capture and gas
storage/separation.
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