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Abstract. Carbon capture is an attractive strategy to mitigate point-source CO2 emissions, but
there remain substantial hurdles to widespread adoption of state-of-the-art aqueous amine
technologies. The capture of CO; at temperatures closer to those of many industrial flue streams
(>200 °C) has attracted significant interest, although candidate sorbents typically exhibit low CO»
capacities and poor stability to extended cycling. Here, we report a metal-organic framework that
reversibly chemisorbs CO; at temperatures between 200 and 400 °C that are unprecedented for an
intrinsically porous material. Gas sorption, structural, and spectroscopic analyses confirm the
rapid, reversible nature of this transformation, which is kinetically limited at ambient temperatures.
The material is robust to isothermal adsorption—desorption cycling under conditions relevant to
carbon capture from various industrial flue gases.

One Sentence Summary. A metal-organic framework featuring terminal Zn—H sites reversibly
captures CO; at temperatures between 200 and 400 °C.

The widespread implementation of carbon capture technology is an essential strategy to limit
global warming (/, 2) and is slated to have the greatest impact in the energy generation and
industrial sectors, which together account for more than two-thirds of global CO; emissions.
Although the use of renewable sources is accelerating (3), fossil fuels are projected to supply the
majority of the world’s power in the next few decades (4). In the industrial sector, some of the
most carbon-intensive industrial processes—such as steel and cement making—are difficult to
fully integrate with a renewable electrical grid and produce unavoidable CO; as an inherent
byproduct of the underlying chemical processes (3, 6). The most advanced CO, capture technology
is post-combustion capture using aqueous amine solutions (7), which react with CO; at moderate
temperatures (~40 to 60 °C) to form soluble carbamates (8). However, the high regeneration
energies, corrosive degradation products, and volatility of these solutions (9) have thus far
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precluded their adoption at large scales. The widespread use of alkanolamines would also require
cooling of effluent streams from most point sources, which is projected to add sizably to capital
expenditures from thermal management and freshwater consumption (10, 71).

Alternatively, the capture of CO; at higher temperatures closer to those of many exhaust
streams would minimize or obviate the need for capitally intensive cooling and could facilitate the
recuperation of quality heat generated upon exothermic CO; sorption (12, 13) (see Section 1 of the
Supplementary Materials [SM]). This prospect has motivated extensive research on metal oxides
that react reversibly with CO; to form solid metal carbonates at high temperatures (~150 to 1200
°C) (12, 13), and the established calcium looping process, which utilizing CaO, has been found to
be competitive with monoethanolamine solutions for post-combustion CO> capture (/4-16).
However, metal oxides are prone to sintering and deactivation with repeated cycling and typically
require large temperature swings for regeneration. Porous metal-organic frameworks (MOFs)
have been developed more recently for CO; capture (/7, 18), and amine-appended frameworks in
particular boast large CO2 working capacities, low regeneration energies, and exceptional stability
to long-term cycling (/8—23). However, MOFs typically capture appreciable CO> only at
temperatures well below 150 °C.

Both the metal oxides and amine-appended MOFs capture CO; via reversible chemisorption
mechanisms involving the reaction of CO> with a nucleophilic ligand. Another example of such
reactivity is CO» insertion into terminal zinc—hydride bonds in molecular compounds, resulting in
zinc—formate species (24—28). In zinc-hydride complexes supported with tris(pyrazolyl)borate
ligands, this reactivity occurs at ~50 °C over the course of several days (23, 27), suggesting that
despite the thermodynamically favored formation of strong C—H bonds, there is a kinetic barrier
to CO; insertion. Interestingly, the reverse reaction has been demonstrated for the framework
Zns(OOCH)Cls—x(btdd); (Zn(OOCH)-MFU-4/; Hobtdd = bis(1H-1,2,3-triazolo[4,5-b],[4",5'-
i])dibenzo[ 1,4]dioxin; MFU-4/ = ZnsCla(btdd)s), which evolves CO; at temperatures above 200
°C to form ZnH-MFU-4/ (ZnsH,Cls (btdd);) (29). The pseudo-tetrahedral Zn' sites in both
frameworks exhibit a coordination environment akin to that in tris(pyrazolyl)borate supported
complexes.

Here, we disclose that ZnH-MFU-4/ (Fig. 1A) reversibly captures CO> to form Zn(OOCH)-
MFU-4/ in a manner akin to molecular zinc—hydride compounds, via an insertion mechanism that
occurs only at temperatures above 100 °C and becomes reversible at temperatures ranging from
200 to 400 °C (Fig. 1B). The zinc—hydride/zinc—formate interconversion mechanism is confirmed
using x-ray diffraction analysis, multinuclear nuclear magnetic resonance (NMR) spectroscopy,
and in situ diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS). The framework
is robust to repeated isothermal adsorption—desorption cycling, and its rapid CO; sorption kinetics
enable the capture of large quantities of CO2 under conditions relevant to cement and steel
manufacturing exhaust streams. These results demonstrate for the first time the applicability of
porous materials for high-temperature CO2 capture.

Synthesis and preliminary characterization

The framework ZnH-MFU-4/ was previously prepared from MFU-4/ (30) via formate exchange
to generate Zn(OOCH)-MFU-4/, followed by thermolysis at 300 °C to drive off CO; (29). In our
hands, this preparation yielded ZnH-MFU-4/ with hydride estimated to occupy ~73% of the
peripheral zinc(II) sites, determined from '"H NMR spectroscopy analysis of a digested sample of
the Zn(OOCH)-MFU-4/ precursor (fig. S51). Seeking to optimize the zinc—hydride loading, we
devised an alternative synthesis involving alkylation of MFU-4/ with diethylzinc to access ZnEt-



MFU-4/(31), followed by protonolysis with formic acid to yield Zn(OOCH)-MFU-4/. Heating the
zinc—formate framework under dynamic vacuum or Nz afforded ZnH-MFU-4/ as an off-white,
microcrystalline powder. Energy-dispersive x-ray (EDX) spectroscopy analysis revealed a small
fraction (6%) of the zinc(Il) sites remain coordinated by chloride (fig. S41). Correspondingly,
analysis of N> adsorption data obtained at 77 K revealed a higher Brunauer—Emmett—Teller surface
area of 3920(70) m*/g (fig. S2) than that reported previously, while the infrared spectrum remains
consistent with literature values, featuring a diagnostic Zn—H vibration at 1792 cm™! (29) (W(Zn—
D)=1289 cm ™!, c.f. 1277 cm™! for a simple harmonic oscillator, fig. S56) . Of note, we also devised
an alternative synthesis of ZnH-MFU-4/ that can be performed in air without the exclusion water
(see section 3.8 of the SM for details). However, the number of hydride sites in ZnH-MFU-4/
prepared via this approach are slightly lower (ZnsH3 sBro s(btdd)s based on 'H NMR spectroscopy,
fig. S44), because of this, all subsequent analyses were carried out using material prepared via the
alkylation and protonolysis route.

Through a series of single-crystal-to-single-crystal transformations starting from ZnEt-MFU-
4/, it was possible to isolate crystals of ZnH-MFU-4/ suitable for x-ray diffraction analysis (Fig.
1B; see section 3.11 of the SM). The terminal hydride ligand was located in the Fourier difference
map, and the electron density data refined to yield a Zn—H bond length of 1.67(1) A, which is
within the range of reported Zn—H distances for various molecular compounds (27). While the
stability of ZnH-MFU-4/ to atmosphere and moisture was not previously reported, we found it to
be robust in air at ambient temperature for at least 18 months, based on powder x-ray diffraction
and infrared spectroscopy analyses (figs. S58 and S67). Thermogravimetric analysis (TGA) data
collected for ZnH-MFU-4/ under pure N> revealed that the framework is also thermally robust and
is stable up to approximately 450 °C (fig. S21). In contrast, decarboxylation of Zn(OOCH)-MFU-
4] to give ZnH-MFU-4/ occurs above 180 °C (29).

Interestingly, TGA data collected for Zn(OOCH)-MFU-4/ under an atmosphere of pure CO»
revealed only a gradual decline in sample mass up to 300 °C, indicating carboxylation is
suppressed under these conditions (Fig. 2A). In contrast, the thermal ramp profile of ZnH-MFU-
4/ under CO; is unusual and features an initial small mass increase followed by a near plateau until
about 50 °C, after which point the mass increases until 100 °C and holds relatively constant up to
300 °C. The profile for ZnH-MFU-4/ also mirrors that of Zn(OOCH)-MFU-4/ above 100 °C,
suggesting that the mass increase observed for ZnH-MFU-4/ at elevated temperatures is associated
with CO; insertion into the Zn—H units to yield Zn(OOCH)-MFU-4/. Data collected for ZnH-
MFU-4/ under an atmosphere of only 20% CO- in N feature a similar profile (fig. S22).



Fig. 1. Reversible high-temperature CO: chemisorption in a zinc-hydride MOF. (A)
[llustration of a portion of the structure of ZnH-MFU-4/ as determined from single-crystal x-ray
diffraction analysis in the present work. (B) Expanded view of a cluster node of the framework
(dzo-n = 1.67(1) A). At temperatures above 200 °C, CO; reversibly inserts into the Zn—H bonds of
ZnH-MFU-4/ to generate Zn—formate species. Light blue, gray, blue, red, and white spheres
represent Zn, C, N, O, and H atoms, respectively.

CO2 Adsorption Properties and Isothermal Operation at Elevated Temperatures
Single-component CO, adsorption isotherms were collected at 25, 150, 200, 250, and 300 °C to
further investigate the temperature-dependent CO> adsorption properties of ZnH-MFU-4/ (Fig.
2B). At 25 °C, CO; uptake is very gradual, and the material achieves a capacity of 1.16 mmol/g at
1 bar. In contrast, the high-temperature CO> adsorption data are characterized by steep uptake in
the low-pressure region, indicative of strong CO>—framework interactions. For example, at 150 °C
the material achieved a capacity of 3.27 mmol/g at only 10 mbar, in excellent agreement with the
predicted capacity of 3.3 mmol/g if one molecule of CO2 were to bind at each of the zinc—hydride
sites. At higher pressures, the uptake begins to plateau, reaching a value of 3.52 mmol/g at 1 bar.
Steep CO» uptake also occurs at 200, 250, and 300 °C, and at these temperatures, the material
achieves a capacity of 3.27 mmol/g at pressures of 65, 200, and 600 mbar, respectively. At these
higher temperatures, CO2 can also be fully desorbed without hysteresis using only vacuum.

A dual-site Langmuir-Freundlich model was used to fit CO, adsorption isotherms for ZnH-
MFU-4/ at 280, 290, and 300 °C (see fig. S10 and table S4) and the corresponding simultaneous
fit parameters were used with the Clausius—Clapeyron equation to determine the isosteric enthalpy
(AHags) of CO> adsorption as a function of loading (fig. S17). At low loadings, AHads = —93(1)
kJ/mol and remains relatively constant up to a loading of ~2.7 mmol/g, consistent with strong CO>



chemisorption at the isolated Zn—H sites in ZnH-MFU-4/. This CO; adsorption enthalpy value is
among the highest values reported to date for MOFs (19, 21, 32).

At CO> concentrations and temperatures relevant to emissions from iron and steelmaking (e.g.,
blast furnace exhaust with 21% CO» at 300 °C) (33) and the cement industry (300 °C exhaust
stream with 30% CO2) (34), ZnH-MFU-4/ exhibits high capacities of 3.06 and 3.15 mmol/g.
Importantly, single-component CHa, N2, H2, C2H4, C2Hg, and CO adsorption isotherms collected
for ZnH-MFU-4/ at 300 °C and pressures up to 1 bar revealed negligible uptake of these other
industrially relevant gases, indicating that the framework is highly selective for CO» (fig. S12).
Ultimately, the high-temperature CO> adsorption behavior exhibited by ZnH-MFU-4/ is
unprecedented among porous materials such as MOFs and zeolites, which typically exhibit
decreasing CO» capacities with increasing temperature. As a result, there is limited CO> uptake
data reported for porous adsorbents above 100 °C, although the measured capacity of 3.47 mmol/g
for ZnH-MFU-4/ at 200 °C and 1 bar far exceeds reported capacities for Mgx(dobdc) (dobdc* =
1,4-dioxido-2,5-benzenedicarboxylate; Mg-MOF-74) and zeolite 13X under the same conditions,
0.85 and 0.54 mmol/g, respectively (35, 36).

Of note, ZnH-MFU-4/ is only one member of a potentially large family of frameworks
featuring zinc—hydride sites capable of high-temperature CO» capture. Indeed, starting from the
related material CFA-1 (Zns(OAc)a(bibta)s; Hobibta = 1H,1'H-5,5'-bibenzo[d][1,2,3]triazole) (37),
which features the flexible and less costly (38) bibta®~ linker in place of btdd*", we prepared ZnH-
CFA-1 (see section 3.14 of the SM). Analogous to ZnH-MFU-4/, this framework also captures
COaz reversibly at 250 °C (fig. S16). Our preliminary analysis of this material suggests it is not as
thermally stable as ZnH-MFU-4/ at temperatures above 250 °C (fig. S29); however, research is
ongoing in our laboratory on ZnH-CFA-1 and related materials.
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Fig. 2. High-temperature isobaric and isothermal CO: adsorption data for ZnH-MFU-4l. (A)
Thermogravimetric analysis data collected for ZnH-MFU-4/ and Zn(OOCH)-MFU-4/ under an
atmosphere of pure CO2 or Ny. (B) Variable-temperature CO, adsorption (filled circles) and
desorption (empty circles) isotherms for ZnH-MFU-4/. Solid lines are guides for the eyes. Vertical
lines denote CO> concentrations relevant to flue streams produced from natural gas combustion
(4% CO3) and cement and steelmaking (20% CO: and higher) (8, 33, 34). (C) Adsorption (200
mbar CO; in N»2) and desorption (15 mbar CO> in N») cycling data collected for ZnH-MFU-4/ at
300 °C with adsorption (and desorption) times of 0.5, 1.5, or 3 minutes (magenta, blue, and purple
traces, respectively). Capacities achieved after the first cycle were 0.69 mmol/g (1-min cycles),
1.13 (1.5-min cycles), and 1.21 mmol/g (3-min cycles), and after 10, 20, and 60 cycles, and after
the final cycles, the capacities were 0.64 mmol/g, 1.06 mmol/g, and 1.14 mmol/g, respectively.
The CO; “capture throughputs” achieved in each case are indicated. (D) Cycling data for ZnH-
MFU-4/ over the course of 508 isothermal adsorption (200 mbar CO>) and desorption (20 mbar
CO») cycles at 300 °C, plotted as a percentage of the capacity measured for the first cycle (1.24
mmol/g).

Adsorption—desorption cycling performance under diverse conditions



To investigate high-temperature CO> capture performance of ZnH-MFU-4/ under realistic
conditions, we carried out isothermal cycling experiments at 300 °C on a TGA with adsorption
occurring under flowing streams of 20% CO- in Nz and desorption affected by flowing 1.5% CO>
in N2, simulating capture from cement flue gas with industrial-grade vacuum regeneration with
selected matched adsorption and desorption times of 0.5, 1.5 or 3 minutes (Fig. 3C). In all cases,
ZnH-MFU-4/ exhibited excellent stability to repeated cycling and retained >92% of its initial
capacity after the final cycle after 1 h. Note, while longer cycle times would be associated with
capacities approaching the equilibrium capacity of the material, we selected these shorter cycle
times to highlight that large CO, “capture throughputs”—defined here as mmol CO; captured per
gram ZnH-MFU-4/ per hour (mmol/(g-h))—can be achieved with relatively short cycle times. For
example, the capture throughput when using 60-second cycles was 41.0 mmol/(g-h), more than
three times the throughput 12.2 mmol/(g-h) achieved with 360-s cycles (Fig. 2C). These results
highlight the rapid kinetics of CO, adsorption and desorption in ZnH-MFU-4/ (discussed further
below). Additionally, unlike most metal oxides, ZnH-MFU-4/ can be isothermally regenerated and
does not require energy-intensive temperature swings for regeneration. Another interesting result
from these experiments is the demonstration that high capture capacities and throughputs can be
achieved using matched adsorption and desorption times. As a result, in a practical separation
process, it may be possible to vastly simplify adsorber scheduling by employing only two beds in
parallel, for example, one adsorbing and one desorbing at any time.

Isothermal cycling data were also collected for ZnH-MFU-4/ at 300 °C under conditions
designed to simulate equilibrium CO; capture from cement flue gas (adsorption: 200 mbar CO»)
and regeneration under simulated industrial vacuum (desorption: 20 mbar COy, see fig. S20 for
details) (39, 40). The material exhibited exceptional stability to long-term cycling under these
conditions. Indeed, after 508 cycles, ZnH-MFU-4/ retained greater than 96% of its initial
adsorption capacity (1.24 mmol/g) (Fig. 2D). Further, preliminary TGA cycling data collected at
400 °C (adsorption: 20% CO; in N»; desorption under pure Ny; see fig. S25) and under more
oxidizing conditions (adsorption: 4% Oz, 15% CO2, 81% N2 at 300 °C; desorption under pure N>
at 300 °C; see fig. S27) suggest that the material is robust under these more extreme conditions.
Finally, preliminary IR spectroscopy data indicate that CO; insertion in ZnH-MFU-4/ to form
Zn(OOCH)-MFU-4/ is favored at high temperature even in the presence of water vapor (fig. S62),
an essential property as water vapor is a prevalent component of many CO> emissions streams
(18). Investigation of the high-temperature CO> capture properties of ZnH-MFU-4/ under more
complex mixed-gas and humid streams is ongoing in our laboratory.
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MFU-4/ dosed with 1 bar 1*CO, at ~280 °C, revealing a clear peak at 170.8 ppm corresponding to
formate in Zn(OOCH)-MFU-4/ and Zn(OO'>*CH)-MFU-4/. The inset depicts the intensity-
normalized formate '*C resonance. (B) Difference spectra obtained from subtracting time-resolved
DRIFTS data for a sample of ZnH-MFU-4/ dosed in situ with 200 mbar CO; at 210 °C from a
spectrum collected for ZnH-MFU-4/ at 210 °C (¢ = 0 corresponds to immediately after dosing).
(C) Starting from a sample of ZnH-MFU-4/ cooled from 300 to 25 °C under He (bottom blue
trace), in situ powder x-ray diffraction patterns (1 = 0.45207 A) collected for ZnH-MFU-4/ over
the course of heating from 25 to 300 °C and then cooling under flowing CO; (10 sccm, light pink
to dark red traces); heating from 25 to 300 °C under He to desorb CO3; and finally cooling to 25
°C under He (10 sccm; blue traces). Comparison of the top and bottom patterns indicate that the
structure of ZnH-MFU-4/ is the same after cycling. Select patterns are shown to highlight changes
with heating under the different gas atmospheres. More data are given in fig. S70, and experimental
details are given in section 8.2 of the SM.

Structural and spectroscopic investigation of CO2 adsorption mechanism

The mechanism of CO; adsorption in ZnH-MFU-4/ was investigated using x-ray diffraction and
solid-state NMR spectroscopy. Single-crystal x-ray diffraction analysis of crystals of ZnH-MFU-
4/ dosed with 200 mbar CO> at 200 °C for 10 min revealed conversion to Zn(OOCH)-MFU-4/,
confirming that the CO» uptake in ZnH-MFU-4/ occurs through insertion into the Zn—H bonds
(Fig. 1B, fig. S79). Solid-state '*C NMR spectra (with cross-polarization from 'H) were collected
for Zn(OOCH)-MFU-4/, ZnH-MFU-4/, and a sample of ZnH-MFU-4/ dosed with ~1 bar '3CO at
280 °C. Peaks at 100.9, 139.3, and 142.8 ppm in all three spectra were assigned to the btdd*” linker,
while a 1*C resonance at 170.8 ppm in the spectra for Zn(OOCH)-MFU-4/ and Zn(OO'3*CH)-MFU-
4] was assigned to the carbon atom of the bound formate (Fig. 3A). In the solid-state 'H NMR
spectrum of Zn(OOCH)-MFU-4/, the formate C—H resonance is located at 8.9 ppm, and this
feature is split into two resonances at 8.6 and a 9.1 ppm in Zn(OO'">*CH)-MFU-4/ (fig. S54), due
to hyperfine coupling with '3C, as support by *C {'H}-HETCOR data (fig. S55).

In situ DRIFTS data collected for ZnH-MFU-4/ further support the reversibility of the insertion
mechanism. Time-resolved difference spectra were generated by subtracting the evolving spectra
collected for the CO»-dosed sample from the spectrum of ZnH-MFU-4/ at 210 °C (Fig. 3B). With
increasing time, a broad positive C=0 vibration grows in at 1613 cm!, concomitant with growth
of a negative Zn-H vibration at 1792 cm™!, consistent with conversion of ZnH-MFU-4/ to
Zn(OOCH)-MFU-4/. In situ DRIFTS data were also collected for ZnH-MFU-4/ under conditions
designed to mimic an isothermal CO, adsorption—desorption cycle at 300 °C (see fig. S64). In
brief, activated ZnH-MFU-4/ was dosed with 200 mbar CO», which resulted in near complete
disappearance of the vzn-n feature at 1792 cm™! (incomplete conversion to Zn(OOCH)-MFU-4/
under these conditions is expected based on the single-component CO; isotherm data, see Fig. 2B).
A final spectrum collected under N> following evacuation of the material revealed complete
recovery of the vz, n feature, based on the integrated peak areas in the initial and final spectra.

Finally, in situ gas-dosed powder x-ray diffraction data were collected for a sample of ZnH-
MFU-4/ to examine structural changes occurring upon CO» adsorption and desorption at elevated
temperatures (see section 8.2 of the SM for details of data collection and analysis). Starting from
a sample of activated ZnH-MFU-4/, diffraction patterns were collected over the course of heating
from 25 to 300 °C under flowing CO». Clear changes were apparent in the data upon increasing
temperature starting at ~100 °C, with noticeable increases in the intensities of reflections at 2.36,
3.65, and 3.74 26 (Fig. 3C and fig S71), which corresponded to an increase in lattice parameters



as determined from Pawley fits of the diffractograms (fig. S75). Rietveld refinement of the
diffraction pattern collected at 300 °C under CO; yielded a structure model consistent with
Zn(OOCH)-MFU-4/ (Fig. 3D and figs. S71-S72). Following cooling to 25 °C under CO., the
sample was heated to 300 °C under flowing He to regenerate ZnH-MFU-4/, and then finally cooled
under He. Rietveld refinement of the diffraction patterns allowed for analysis of formate
occupancy throughout the cycling, which supports the reversible interconversion of ZnH-MFU-4/
and Zn(OOCH)-MFU-4/ (fig. S74).

Investigation of Kinetics and Free Energy Landscape for CO: insertion

We investigated the kinetics of CO; adsorption in ZnH-MFU-4/ from gas streams containing as
little as 1.5% COz in N2 up to 100% CO> and at temperatures ranging from 160 to 300 °C (see Fig.
4A and figs. S34-S37). Higher CO: concentrations and higher temperatures resulted in more rapid
adsorption kinetics and faster equilibration times (Fig. 4B). When exposed to a 20% CO; in N2
stream at 300 °C, ZnH-MFU-4/ achieves 90% of the equilibrium CO; capacity (3.12 mmol/g)
within only nine seconds (Fig. 4A). This gravimetric capacity is similar to that determined from
CO; isotherm measurements at 300 °C and 200 mbar CO; (3.05 mmol/g). Variable-temperature
kinetic traces for CO; adsorption (20% CO2 in N2) and desorption (under N2) were satisfactorily
modelled with a first-order rate law (Fig. 4C and figs. S38—S40). Application of the Eyring
equation yielded values for the entropy and enthalpy of activation of AHaas' = 54(4) kJ/mol and
ASast = —130(4) J/(mol K), respectively at 298 K, revealing a significant entropic penalty
associated with CO, activation. For the decarboxylation reaction, the activation enthalpy is very
large, while the activation enthalpy is small (AHges* = 130(4) kJ/mol, ASges* = —21(4) J/(mol K) at
298 K).

Density functional theory (DFT) calculations carried out on the model cluster ZnsHa(bta)s (bta™
= benzotriazolate) yielded activation enthalpies and entropies for adsorption and desorption that
are consistent with the experimental values (AHags*(calc) = 60 kJ/mol, ASas*(calc) = —116 J/(mol
K) and AHues*(calc) = 141 kJ/mol, ASgest(calc) = 1.8 J/(mol K)) (see section 10 of the SM and table
S17). Using the corresponding calculated activation energies for CO; adsorption at 298 and 548 K
(AGads 208> = 95 kJ/mol, AGags sas* = 124 kJ/mol; see Fig. 5A) and the Eyring equation, we found
that the rate constant for CO» insertion at 548 K is five orders of magnitude greater than at 298 K
(see Section 6.4 in the Supplementary Materials), which serves to explain why CO> chemisorption
occurs only at elevated temperatures. Interestingly, in the calculated transition state for CO:
insertion, the hydride ligand comes into close contact with one of the benzotriazolate ligands,
resulting in an unfavorable steric interaction that likely contributes to the large kinetic barrier (Fig
5B). Additionally, the calculated AGsask* for desorption is very close to AGsssk* for adsorption
(~140 versus ~124 kJ/mol), suggesting that, as discussed above, CO; isothermal adsorption and
desorption can be carried out on similar time scales, in principle allowing for simplified process
designs and column footprints.
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Fig. 4. Kinetic CO2 adsorption and desorption data. (A) Kinetic adsorption profiles collected
for ZnH-MFU-4/ exposed to a flowing 20% CO> stream with N> balance at temperatures ranging
from 160 to 300 °C (see section 2.11.2 of the SM for details). Saturation with CO; occurred more
rapidly as the temperature of the gas stream was increased. (B) Kinetic adsorption profiles
collected for ZnH-MFU-4/ at 280 °C exposed to flowing gas streams with CO> concentrations
ranging from 1.5% CO» (balance N») to 100% COx». Saturation with CO2 occurred more rapidly as
the concentration of CO, was increased. (C) Variable-temperature kinetic desorption profiles
collected for Zn(OOCH)-MFU-4/ under flowing N> (see section 2.11.4 of the SM for details). All
measurements were conducted under a flow rate of 100 mL/min using a thermogravimetric
analyzer.
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Fig. 5. Calculated Free Energy Landscape for CO: Insertion into Zn—H Bond. (A) Free energy
landscape for the reaction of CO> with the model ZnsHa(bta)s cluster to yield Zns(OOCH )4(bta)s
at 25 and 275 °C. The large barrier to CO» insertion (95 kJ/mol at 25 °C) is consistent with the
absence of CO> insertion reactivity at ambient temperature. At 275 °C, there is still a large barrier
to CO> insertion, but adsorption remains thermodynamically favored (see table S18) and high
temperature provides enough thermal energy to overcome this barrier (see section 10 of the SM
for computational details). (B) Overhead (left) and side-on (right) views of space-filling models
illustrating the calculated transition state for CO» insertion into the Zn—H bond of ZnsHa(bta)s. As
the CO, approaches the metal center, the hydride ligand is displaced and comes into close contact
with a hydrogen of one of the bta™ ligands, shifting from 2.97 A to 2.42 A. This unfavorable
interaction likely contributes to the large activation barrier for CO> insertion.

Outlook

We have shown that the porous framework ZnH-MFU-4/ reversibly captures large quantities of
CO; above 200 °C to form Zn(OOCH)-MFU-4/ and can be regenerated isothermally using
vacuum-swing adsorption. The ZnH-MFU-4/ material is robust to repeated cycling with CO; at
high temperatures and in the presence of gases such as O». This behavior is unprecedented among



porous solids, and these results establish a new direction in porous materials research aimed at the
reversible capture of CO» at elevated temperatures. Further, these results hint at the enticing
prospect of designing MOFs for the high-temperature capture of other industrially relevant gases,
which could replace energy-intensive schemes for separations (e.g., cryogenic distillation to
separate NH3 produced via the Haber-Bosch process). Investigations are ongoing in our
laboratories to establish new design principles for adsorbents capable of high-temperature capture
of other industrially-relevant gases.
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