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CO,, capture is essential for reducing the carbon footprint of coal-fired
power plants. Here we show, both experimentally and computationally,
a new design strategy for capturing CO, in nanoporous adsorbents.
The approach involves ‘complementary organic motifs’ (COMs), which
have a precise alignment of charge densities that is complementary to
the CO, quadrupole. Two promising COMs were post-synthetically
incorporated into a robust metal—organic framework (MOF) material
using solvent-assisted ligand incorporation (SALI). We demonstrate that
these COM-functionalized MOFs exhibit high capacity and selectivity
for CO, relative to other reported motifs.

In the coming decades, carbon capture and sequestration (CCS)
could play a significant role in reducing the greenhouse gas
emissions that arise from burning fossil fuels."” For existing
coal-fired power plants, the major cost of CCS is separating CO,
from the other components of the flue gas. Many studies have,
therefore, focused on developing viable strategies to separate CO,
from N,, which is the main component of flue gas streams exiting
from coal-fired power plants. Amine scrubbing” is the most well
developed technology, but there is a high energy cost to regenerate
the aqueous amine solutions. Many researchers have studied
porous adsorbent materials such as activated carbons and zeolites
as more energy-efficient alternatives.>* However, the difficulty in
precise tailoring of their structures has made it challenging to
optimize these porous materials for carbon sequestration.
Metal-organic frameworks (MOFs) are a class of crystalline
porous materials consisting of multitopic organic linkers and
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metal-based nodes.”® The chemical diversity of MOFs, along
with their typically high accessible surface area,® has rendered
MOFs promising candidates for a wide range of applications
including gas capture, separation, and storage.” "> The modular
chemistry of these materials enables one to fine tune their pore
structures during synthesis. Furthermore, MOFs are amenable to
various post-synthesis manipulations to incorporate desired
chemical moieties into nanoscale pores.'®™°

In the context of CCS, MOFs'"'*2° with various chemical
functionalities® have been investigated; the majority of these
consist of Lewis basic moieties (i.e. -NH,,**>® -OH,>”*® -SH* etc.)
or ionic or dipolar X-F moieties'>*** (X = C,">**** p*! and Si*>*)
that interact with the Lewis acidic C atom of the CO, molecule.

MOF structures containing Lewis acidic moieties, e.g. coordina-
tively unsaturated metal sites that bind CO, via one of its oxygen
atoms, also may exhibit good selectivity for CO,."**® A sophisticated
strategy that uses two precisely positioned, Lewis acidic metal
centres was introduced by Li et al*® and called a ‘single-molecule
trap’ (SMT) (Scheme 1a). We reasoned that it should be possible to
design organic groups that can function similarly to the metal-based
SMTs by positioning functional groups that bind the various atoms
of a CO, molecule. Organic functionalities should be more easily
incorporated into MOFs and can be designed with a wide diversity of
modular functionalities with the potential for improved selectivity
toward CO,. In this study, we propose organic motifs (Scheme 1c
and d) featuring partial charges (6"---6"---5") precisely positioned
via polar organic functionalities to complement the quadrupolar
charge distribution in O—C—0 (Scheme 1b). We demonstrate that,
with proper design, such COMs can be readily incorporated into
MOFs and can exhibit high selectivity for CO, over N,.

We tested two COMs: a small N-o-fluorenylmethyloxy-
carbonyl (FMoc)-protected triglycine peptide (i.e. F3G-H) and
a 2,6-diacetylaminopyridine moiety (ie. DAP-H). Both have appro-
priate arrangements of hydrogen atoms (-NH) and either oxygen
(-CO) or pyridine nitrogen (Scheme 1c and d) atoms that are
complementary to the charge distribution in CO,. F3G-H is a
commercially available tripeptide and was chosen because it exhibits
torsional flexibility due to the absence of side chains in its backbone.
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Scheme 1 Schematic representations of (a) SMT designed for CO, molecules
involving two coordinatively unsaturated metal sites®> and (b) COM involving
precise alignment of charge densities complementary to the CO, quadrupole
by positioning alternating Lewis acid (A) and Lewis base (B) sites. Design of
COMs with amide functionalities in (c) N-a-fluorenylmethyloxycarbonyl
(FMoc) protected triglycine (F3G-H) and (d) 2,6-diacetylaminopyridine-4-
carboxylic acid (DAP-H). (e) and (f) CO, binding with COMs as predicted by
DFT computations.

DAP-H provides a more rigid comparison. It was not clear
a priori if flexibility or rigidity would better promote CO, binding
and selectivity over N,. One can imagine that rigidity, if it corre-
sponds to optimal host pre-organization, would be preferred,
but if the COM is not optimally pre-organized, then low-energy-
cost flexibility would be a desirable feature.

Quantum mechanical calculations (geometries calculated
with density functional theory (DFT) and energies calculated
at the MP2 level; see ESI,T Section S6) revealed that the flexible
F3G-H moiety adopts a tertiary structure that creates the COM
for CO, involving the amide -NH proton and -CO oxygen
(Scheme 1e). The shortest -NH- - -O—C—0 distance is predicted
to be 2.39 A, and the corresponding distance between the F3G-H
carbonyl oxygen and the carbon of CO, is 2.94 A. The predicted
binding energy (MP2) is —27 k] mol . The more rigid DAP moiety
has previously been investigated as a H-bond donor-acceptor-
donor motif*® and possesses an alternating charge distribution
that is also complementary to the quadrupolar CO, molecule
(Scheme 1d). Quantum mechanical calculations (DFT geometries
and MP2 energies) reveal a significant binding energy (—17 kJ mol %)
with a shorter NH. - -O=C=0 distance (2.26 A) (Scheme 1f) than
that observed with F3G-H. A negligible change in O-C-O angle and
the essentially unaltered O-C bond length in these COM-bound
CO, molecules suggest that the interaction is electrostatic in nature
(see Table S3 and Fig. S15 in ESIL, Section S6).*"

In this study, we used the [Zrg(13-0)4(113-OH)4(~OH)(-OH,),]**
node of the MOF NU-1000 [molecular formula Zre(us-O),-
(13-OH)4(~-OH),(-OH,),(TBAPy),] (see Fig. 1, Fig. S2 and S12,
ESI;f H,TBAPy is 1,3,6,8-tetrakis(p-benzoic acid)pyrene)*>** as a
platform for Solvent-Assisted Ligand Incorporation (SALI),*”*%%4
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Fig. 1 SALI, a heterogenization strategy for carboxylic acid-derived functional
groups®’® applied to the MOF NU-1000: (a) molecular representation
of SALI-derived SALI-DAP (along the c-axis; H-atoms of the framework
were removed for clarity); (b) the corresponding functionalized node;*°
and (c) the linker of NU-1000.

to heterogenize a F3G or DAP moiety within the mesoporous MOF
channels. Previous studies'”*”*®** have established that SALI
(a) relies on Zr(v)-carboxylate bond formation on the NU-1000
node to incorporate chemical moieties, (b) provides a platform to
evaluate the performance of new chemical functionalities in a
porous solid environment without the need to prepare a new MOF
linker containing the chemical functionality of interest, and (c)
enhances chemical** and water vapor*® stability.

Microcrystalline NU-1000*> material, upon exposure to a
0.03 M solution of F3G-H or DAP-H in a DMSO : MeCN solvent
mixture, yielded SALI-F3G or SALI-DAP. "H NMR data of digested
samples (in 10% D,SO,/DMSO-d,) revealed incorporation of F3G
or DAP in the NU-1000 channels (4 F3G or 2 DAP moieties per
node; see ESI,T Section S3B for detailed synthesis and character-
ization data). The N, adsorption data at 77 K for the SALI-F3G
and SALI-DAP samples (Fig. S5, ESIt) revealed retention of type
IVc isotherms from the parent compound with Brunauer—
Emmett-Teller (BET) surface areas of 890 and 1225 m” g~ ', pore
volumes of 0.54 and 0.84 cm® g~ " and Barrett-Joyner-Halenda
(BJH) pore diameters of 29 and 29.5 A respectively. (Note, for
the parent NU-1000, these metrics are 2145 m®> g ', 1.46 cc g/,
and 31 A, respectively.)

Both the SALI-F3G and SALI-DAP samples show Langmuir type
CO, adsorption isotherms at 273-293 K (Fig. 2a and Fig. S8, ESIY),
with uptake of 1.65 mmol g (37 cm® ¢~ *) and 2.29 mmol g~ *
(50 ecm® g™"), respectively, at 1 bar and 273 K (uptake for the
parent NU-1000*” was 2.86 mmol g~ ' or 64 cm® g~ '; note a 35%
higher gravimetric uptake for SALI-DAP over SALI-F3G). These
values, when corrected for the difference in molar mass of the
functionalized materials, exhibit similar volumetric uptakes of
~30.5 cm® cm ™2 for all three samples (see Fig. S8, ESIt). Both of
the SALI-derived samples, however, entailed a slightly steeper CO,
uptake in the CO, adsorption profiles at low pressure, resulting
in higher volumetric uptake (Fig. S8, ESI{) at lower pressure
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Fig. 2 (a and b) Experimental CO, and N, adsorption isotherms for
SALI-F3G, SALI-DAP, NU-1000 samples at specified temperatures. (c) Qg
for CO, from experimental isotherms and from GCMC simulations (Tgm =
273 K). (d) The IAST selectivity of CO, over N, (15:85) from fitting of the
corresponding experimental isotherms (T = 293 K) for SALI-F3G, SALI-DAP,
and NU-1000 samples.

(~0.2 bar) relative to the unmodified NU-1000. The higher CO,
uptake for SALI-DAP compared to SALI-F3G above 1 bar and their
similar uptake below 1 bar are consistent with the behavior
predicted by grand canonical Monte Carlo (GCMC) simulation,
(Fig. S13, ESL; T = 273-293 K).

The average binding energy of CO, in the MOF samples was
estimated by analyzing isotherms collected at multiple tempera-
tures. A dual-site Langmuir model fitting followed by Clausius-
Clapeyron analysis (see ESILT Section S5) of the experimental
data provided the loading-dependent isosteric heat of adsorption
(Qst) plot shown in Fig. 2c. As qualitatively predicted by the
GCMC simulations, at the zero-loading limit (QZ), the SALI-F3G
and SALI-DAP samples show higher values (~27-28 kJ mol ™)
than the parent NU-1000 (~ 17 kJ mol ). At higher loadings, the
Qs plot for SALI-F3G plateaus around 23 k] mol " at a loading of
~1.7 mmol g ', whereas for SALI-DAP, the plateau is ~20 kJ mol *
at a loading of ~1.5 mmol g~ '. The GCMC results suggest that
we can assign these values to adsorption at weaker binding sites,
i.e. sites remaining after saturating primary sites at loadings of
~1.5and ~2 CO, per F3G and DAP functional groups. Note that
the bulky FMoc protecting group can facilitate CO, adsorption
via conventional pore confinement,*****” thus contributing to
the overall Qg value.

Differences in the degree of the pore confinement effect and
the strength of interaction between CO, and the primary binding
sites should be reflected in differences in selectivity for CO, over
N,. With this in mind, we used ideal adsorbed solution theory
(IAST), together with single-component adsorption isotherms
(experiments), to estimate selectivities.*® As shown in Fig. 2d,
for a CO,: N, feed ratio of 15: 85, the selectivity at low pressure
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was found to be ~ 26 for SALI-DAP, ~ 19 for SALI-F3G, and ~ 9 for
unmodified NU-1000.>” Thus SALI-DAP promises to exhibit greater
selectivity than not only SALI-F3G, but also Lewis-acid-based “‘single
molecule traps.”*®> Working capacities of these samples for flue
gas composition were estimated from the single component CO,
isotherms recorded at 293 K: for example, the gravimetric working
capacities at VSA condition®” can be ranked as SALI-DAP >
NU-1000 > SALI-F3G (Table S5, ESIf).

To justify whether the improved Q% values in SALI-DAP and
SALI-F3G are indeed mainly due to the selective binding of CO,
with the COMs, we designed two control samples that do not bear a
COM or COM-forming functionality. With comparable physical
parameters (Fig. S16 and S17 and Table S4, ESIY) relative to
the COM-derived SALI-FF3G and SALI-DAP, these control samples
SALI-F2A (F2A = Fmoc protected dialanine) and SALI-OAB (OAB =
o-aminobenzoate) exhibit significantly lower QY values (Fig. S18,
ESIY). The Qg values eventually plateau at ca. 22 kJ mol ™', an
energy associated with the ‘secondary’ binding sites in these
functionalized NU-1000 materials.

Fig. 3 shows snapshots from GCMC simulations for CO,
adsorption at various loadings. Compared to the parent NU-1000
material, SALI-F3G and SALI-DAP adsorb larger numbers of CO,
molecules near the MOF nodes where the functional groups are
located. In addition to engaging in specific interactions of CO,,
the added functional groups help define confined spaces that
indirectly facilitate CO, uptake—behavior that is reminiscent of
what has been reported recently for perfluoroalkane-tailored
versions of NU-1000.%”

In summary, with the help of computational modelling, we
have designed and experimentally studied two ‘complementary
organic motifs’, F3G-H and DAP-H, with precise alignment
of charge densities complementary to the CO, quadrupole,
for CO, capture and separation. Incorporation of the designed
COMs into MOFs was facilitated by SALI, which simplifies

SALI-DAP @ 0.2 bar SALI-DAP @ 1.0 bar

Fig. 3 Snapshots of CO, adsorption from GCMC simulations at various
pressures for (a and b) NU-1000, (c and d) SALI-F3G, and (e and f)
SALI-DAP (T = 273 K).
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synthesis procedures relative to more conventional node and/or
linker based approaches. We find that COMs when incorporated
in MOFs can function as primary CO, binding sites, thereby
enhancing Qg values. The enhanced heats of adsorption and the
enhanced CO, adsorption of the MOFs with integrated COMs are
in good qualitative agreement with GCMC simulations, lending
further credibility to the value of simulations for understanding
and even predicting adsorption behavior. The findings reported
here highlight the potential of synergistic theoretical design and
experimental study to identify and develop new organic func-
tionalities for CO, capture and separation. We are optimistic
that these approaches, including the facile synthesis strategy,
can be usefully extended to related problems in carbon capture
and chemical separations.
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