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Cooperative gas adsorption in metal-organic frameworks
(MOFs) is a rare phenomenon that generally involves long-range
communication between multiple binding sites. We
demonstrate a MOF containing cobalt(ll)-methyl sites that
selectively and reversibly capture two carbon monoxide (CO)
molecules per site, leading to record-high adsorption capacities
at ambient temperatures and pressures. Gas adsorption and
structural, spectroscopic, and computational analyses support
a mechanism in which binding of one CO molecule triggers a
spin transition, followed by binding of a second CO molecule
and migratory insertion of the first CO molecule into the cobalt-
methyl bond to form an acetyl. The greater binding affinity
associated with the second CO results in sigmoidal adsorption
isotherms, a hallmark of cooperativity and phase-change
materials, despite the absence of long-range interactions within
the framework.

Cooperativity, broadly defined as a set of molecular interactions in
which the occurrence of a single event changes the free energies of
other events (I), has been observed for gas binding in a small number
of metal-organic frameworks (MOFs) (2—6). This phenomenon can
lead to exceptional selectivities and high separation capacities, as
observed for cooperative CO, uptake in polyamine-appended frame-
works amine -Mgy(dobpdc) (dobpdc*™ = 4,4'-dioxidobiphenyl-3,3'-
dicarboxylate). At a threshold pressure in these materials, CO, inserts
into the metal-amine bonds, triggering additional CO, binding events
and the formation of ammonium carbamate chains running along
one-dimensional (1D) channels within the framework (5—9). This
mechanism is specific to CO,, and as a result, these materials exhibit
high capacities for CO5 even in the presence of other gases such as
Ny, Os, and water. The discovery of new mechanisms of gas binding
in MOFs is an important driver of progress in the field of chemical
separations with potentially far-reaching impacts, providing high
working capacities with minimal pressure and temperature changes
(10-12). However, materials exhibiting cooperative gas binding remain
rare, and the only examples of cooperative adsorption discovered to

date involve communication between adjacent binding sites and
long-range reorganization in at least one dimension.

Another phenomenon that is rare in MOFs is the binding of more
than one gas molecule to a single metal site. Indeed, the metal sites
in MOFs can generally only accommodate, at most, a single guest
molecule, which inherently limits adsorption capacities. Among the
thousands of MOF structures studied for gas adsorption to date, there
are only three exceptions without long-range structural reorganization:
Mny(dsbdc) (dsbde™ = 2,5-disulfido-1,4-benzenedicarboxylate ), UTSA-74,
an isomer of Zny(dobdc) (dobdc™™ = 2,5-dioxido-1,4-benzenedicarboxylate),
and PCN-224-Co" (13-15). In the case of PCN-224-Co", the noncooperative
binding of two equivalents of CO per cobalt(II) site occurs only at very
low temperatures, and noncooperative binding of two guest molecules
in Mny(dsbdc) and UTSA-74: is limited to a fraction of the available metal
sites with suitable open coordination environments (13, 14).

Notably, an established mode of reactivity involving binding of two
gas molecules at a single metal site has been reported for an organome-
tallic complex. The reaction of two molecules of CO with pseudo-
tetrahedral high-spin cobalt(IT)-alkyl species yields a low-spin cobalt(II)
monocarbonyl, monoacyl species (Fig. 1A) (16-18). The primary coor-
dination sphere of the cobalt(II) ion in these molecules resembles that
of the peripheral cobalt(II)-methyl sites in the framework material
Co3.5Zny5(CH3)31Clg o(btdd); [CoMe-MFU-4/; Hobtdd = bis(ZH-1,2,3-
triazolo[4,5-b],[4/,5'-1])dibenzo[1,4]dioxin] (19), prepared through post-
synthetic modification of MFU-4/ [ZnsCly(btdd)s] (Fig. 1, B and C) (20).

‘We show that at ambient temperatures, CoMe-MFU-4/ can reversibly
and selectively capture two CO molecules per cobalt(II) site (Fig. 1D).
In situ structural and spectroscopic analyses, in combination with
density functional theory calculations, establish a mechanism of CO
binding involving a high- to low-spin cobalt(Il) spin state transition
and tandem migratory insertion. Notably, the steep CO adsorption
profile of this material could be well-modeled with either a sequen-
tial binding model, revealing a —6 kJ/mol cooperative binding en-
ergy, or a Hill-Langmuir model (21) with a Hill coefficient of n ~ 1.8,
despite the adsorption occurring at individual cobalt(II) sites. This
result highlights that long-range reorganization and communication
between adjacent binding sites is not a prerequisite for adsorption
to be steeper than that demonstrated for a Langmuir-type adsorbent.
Both single-component adsorption data and breakthrough analysis
revealed that this cooperative mechanism was highly selective for CO
over other gases, including n-acids such as CoHy, even at very dilute
CO concentrations.

Synthesis and gas adsorption analysis

The framework CoMe-MFU-4] was previously synthesized from MFU-
4 by exchange of the peripheral zinc(II) ions for cobalt(Il) to yield
Co04ZnCly(btdd)s, or CoCl-MFU-41 (22), followed by anion metathesis
with dimethylzinc [Zn(CHj3),] at ambient temperature to afford CoMe-
MFU-4/ [characterized as Cos;Zn;5(CHj3)3:Cloo(btdd)s] as a blue,
air-sensitive powder (19). We found that starting with CoCl-MFU-4,
three sequential exchanges with excess Zn(CHs), in tetrahydrofuran at
50°C resulted in a slightly greater extent of methylation, yielding a
violet-blue powder with the chemical formula Cos gZn; o(CH3)3gClo o(btdd)s,
based on combustion analysis, inductively coupled plasma optical emis-
sion spectroscopy (ICP-OES), and energy-dispersive x-ray spectros-
copy (EDX) [see supplementary materials (SM) section 6 for synthesis
details and table S7]. Analysis of N, adsorption data obtained at 77 K
for CoCl-MFU-4/ and CoMe-MFU-4{ revealed that both frameworks
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Fig. 1. Design of a metal-organic framework for multiple binding of adsorbates
at a single site. (A) Literature precedent for carbonyl ligation and migratory insertion
into pseudo-tetrahedral cobalt(ll)-alkyl complexes (16-18). (B) A portion of the
solid-state structure of CoMe-MFU-4/, as determined from single-crystal x-ray
diffraction analysis (see SM section8). (C) Depiction of the truncated pentanuclear
node. (D) Coordination environments for a single cobalt(ll) site in the structure of
CoMe-MFU-4/ under various CO dosing conditions. The structures were determined
from Rietveld refinements against synchrotron powder x-ray diffraction data for the
starting and ending states (see SM section7) with the intermediate geometry
calculated using density functional theory (see SM section10). Upon exposure to CO
at ambient temperatures, CoMe-MFU-4/ reversibly binds two equivalents of CO at

its cobalt(ll) sites to form a monocarbonyl, monoacetyl adduct. Light blue, purple,
gray, blue, red, and white spheres represent Zn, Co, C, N, O, and H atoms, respectively.
Hydrogen atoms on the linker are omitted for clarity.

RESEARCH ARTICLES

were highly porous, with Brunauer-Emmett-Teller surface areas of
3800(40) and 3710(40) m%/g, respectively (fig. S1). Single-crystal x-ray
diffraction analysis of CoMe-MFU-4{ (see SM section 8) showed the
methyl ligand resided along a threefold symmetry axis with a Co-Cpe
bond length 0f1.981(4) A (fig. S39), consistent with Co-Cye distances
reported for monoalkylated pseudo-tetrahedral high-spin cobalt(II)
complexes (17, 23). Single-component CO adsorption and desorption
isotherms were collected for CoCI-MFU-4/ and CoMe-MFU-4{ at
298 K and pressures up to 1 bar (see fig. S10 and Fig. 2A, respectively).
Although CoCl-MFU-4{ adsorbed very little CO under these conditions
(~0.26 mmol/g at 1 bar), CoMe-MFU-4/ exhibited a high affinity for
CO at low partial pressures, adsorbing 5.18 mmol/g at just 10 mbar.
This amount is much higher than expected if a single CO were to coor-
dinate to each cobalt(Il) site (3.1 to 3.3 mmol/g, see SM section 11 for de-
tails). At 1 bar, the CO capacity plateaued at a value of 6.07 mmol/g, near
the expected value for binding of two CO molecules per cobalt(II) site.

Notably, the CO capacity achieved at 10 mbar and 298 K is the high-
est reported to date under these conditions for any MOF (24), and the
1 bar capacity is among the top few reported to date (table S12). Most
other frameworks reported to date that exhibit high capacities for CO
at ambient temperature feature open metal sites capable of binding
just a single molecule of CO, for example Niy(m-dobdc) (m-dobdc* =
4.,6-dioxido-1,3-benzenedicarboxylate; capacities of 3.8 and 5.7 mmol/g
at 10 mbar and 1 bar, respectively) (25), although such sites have not
been shown to be highly selective for CO over more polarizable gases
such as CyH,, (see fig. S18).

The high gravimetric CO capacity measured for CoMe-MFU-4 sug-
gests a distinctive CO binding mechanism (discussed further below).
Of note, single-component Ny, Hy, CHy, CoHg, and CoH4 adsorption
data collected for CoMe-MFU-4/ and CoCI-MFU-4{ at 298 K and pres-
sures up to 1 bar were nearly identical, in contrast to the results for
CO. For both frameworks, uptake of N,, H,, and CH,4 was <1 mmol/g
at 1 bar, whereas uptake of CoHg and CoH4 was slightly higher (~2.2
and ~2 mmol/g, respectively) (Fig. 2A and fig. S6). These data indicate
that CoMe-MFU-4/ and CoCl-MFU-4{ exhibit similar mechanisms of
gas adsorption for all these gases except for CO. As is common for
metal-alkyl motifs, CoMe-MFU-4{ is sensitive to O in the presence or
absence of CO. Although the products of dosing CoMe-MFU-4/ with
0, have not yet been identified, in situ diffuse reflectance infrared
Fourier transform spectroscopy (DRIFTS) measurements on co-dosing
CoMe-MFU-4{ with O, and CO are consistent with formation of acetate
within the framework, based on the new diagnostic vibrations at 1566
and 1435 cm™ (fig. $58). Finally, CO uptake in CoMe-MFU-4/ was rapid
(see figs. S14 to S16) and fully reversible as the adsorbed CO could be

6 @08 608 609 609 €00 609 900 @
CoMe-MFU-4/

Amount Adsorbed (mmol/g) >
Outlet Concentration (C/C,) @3

0 200
Absolute Pressure (mbar)

400 600 800

1000 0 20 40
Time (min)

Amount CO Adsorbed (mmol/g)

60 80 100 0.1 10 100

1000
Absolute CO Pressure (mbar)

Fig. 2. Gas adsorption studies of CoMe-MFU-4I. (A) Single-component CO, CoHg, C2Hs, CHa, N2, and Hy adsorption and desorption isotherms obtained for CoMe-MFU-4/ at
298 K. (B) Breakthrough data collected for a pelletized sample of CoMe-MFU-4/ exposed to a flowing (10-sccm) gas stream consisting of 10% CO in C,Hg at 298 K. See SM
section 5 for details. (C) CO adsorption and desorption isotherms for CoMe-MFU-4/ obtained at 278, 288, 298, and 308 K. Solid lines represent fits using the Hill equation with
an additional Langmuir term (see SM section 3 and table S3 for details). From the fits, a Hill coefficient of n ~ 1.8 was obtained.
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desorbed under reduced pressure without hysteresis, and the frame-
work retained more than 98% of its initial adsorption capacity after
50 isothermal adsorption (50 mbar CO in N,)/desorption (5 mbar
CO in N,) cycles (fig. S12).

Analysis of the single-component gas adsorption data suggested that
CoMe-MFU-44 should be highly selective for CO at dilute concentrations,
even over other rn-acids and more polarizable gases such as CoHy. To
investigate this possibility, we conducted breakthrough analysis on a
pelletized sample of CoMe-MFU-4{ exposed to a flowing [10 standard
cubic centimeters per minute (sccm)] stream containing 10% CO in CoHy
at 298 K. After only 5 min, C,H, was detected at the outlet, correspond-
ing to a capacity of 2.1 mmol/g (Fig. 2B), consistent with the CoH,4 capacity
determined from single-component adsorption data at 900 mbar
(2.0 mmol/g). Breakthrough of CO was detected after ~80 min, corre-
sponding to a CO capacity of 5.9 mmol/g, again consistent with the ca-
pacity determined from single-component CO adsorption data at 100 mbar
(5.8 mmol/g). These data indicate that the framework captured nearly
two molecules of CO per cobalt(Il) site even in the presence of Co,H,. The
similar capacities obtained from breakthrough analysis and single-
component adsorption isotherms suggest that these two adsorbates do
not compete for the same primary binding site, in contrast to the adsorp-
tion observed with frameworks such as Niy(m-dobdc) (table S6).

Modeling gas uptake in CoMe-MFU-4/
We could fit No, Hy, CH,, CoHg, and CoH,4 adsorption data A

adsorption profile. These data could be modeled by including a Hill
parameter to describe the strong binding site (see SM section 3 for de-
tails). This yields a Hill coefficient of # = 1.8 and a saturation capacity
of 570 mmol/g, consistent with cooperative uptake of two molecules
of CO at each cobalt(II) site (fig. S9 and table S3) (30). Although the
data could be accurately fit with either sequential or Hill models, we
favor the sequential binding model as it reflects the underlying reac-
tion progression as ascertained from spectroscopic data (see below).
The fit parameters obtained from fitting the full 298 K isotherm for
CoMe-MFU-4] were then used with the Clausius-Clapeyron relation to
calculate AH,q4s as a function of CO loading, revealing a relatively con-
stant AH 45 of approximately —64 kJ/mol per CO (table S4). The mag-
nitude of the CO binding enthalpy in this case is much greater than
reported for most other MOFs (25, 31) and comparable to the enthalpy
of CO adsorption reported for Fe,Cly(bbta) (AH.4s = —65 kJ/mol),
which captures one molecule of CO per iron(II) site through a coopera-
tive spin transition mechanism (3, 24.). Although the air sensitivity of
CoMe-MFU-4{ may still need to be addressed for some CO separations,
it could be of immediate service for a number of potential applications,
including purity augmentation for prepurified streams, CO scavenging
from H, streams for ammonia production and fuel cell technologies,
and last-step purification of gas streams in catalysis applications (32).

collected for CoMe-MFU-4/ over a range of temperatures
using a single-site (N, CH4, CoHg, and CoH,) or dual-site
(H,) Langmuir-Freundlich model. The resulting fit pa-
rameters were used with the Clausius-Clapeyron rela-
tion to estimate isosteric enthalpies of adsorption (AHags)
ranging from -7 to —20 kJ/mol, within the range of
values expected for physisorption of these gases (fig.
510 and table S4) (26). By contrast, application of a
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From these fits, the Hill coefficient n could be extracted, in Wavenumber (cm™) 26(°)

which n > 1is indicative of positive cooperativity (28—30).

For diamine-Mgsy(dobpdc) and diamine -Mgy(0lz), values
of n are typically >3 and have been used for comparison
of the degree of cooperativity in CO, uptake in these
materials, with n qualitatively interpreted to indicate
the average number of CO, molecules required for ad-
sorption to occur (5, 27).

In the case of CoMe-MFU-4/, the CO adsorption data
obtained for CoMe-MFU-4/ at 278, 288, 298, and 308 K
(Fig. 2C and table S5; see SM section 1.4) could be well
fit with a sequential binding model (see SM section 3 for
statistical mechanics derivation), revealing a cooperative
binding energy of —6 kJ/mol, reflecting a stronger bind-
ing of the second CO to the cobalt site relative to that of
the first CO. Notably, single- or double-site Langmuir
models appropriate for describing strong and distinct
metal-adsorbate interactions failed to adequately model the
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Fig. 3. Spectroscopic and structural characterization of reversible CO uptake in CoMe-

MFU-41. (A) X-band electron paramagnetic resonance spectrum (red trace, collected at 15 K) for a
sample of cobalt-dilute CoMe-MFU-4/ dosed with 50 mbar of CO at 298 K. A simulated spectrum using
the software EasySpin (see SM section 1.13 for details). Fitting parameters are gy = 2.076, g, = 2.041,
g,=2.081,Ax=120 MHz, Ay =120 MHz, and A, = 535 MHz. (B) Temperature dependence of the molar
magnetic susceptibility-temperature product (yuT) for activated CoMe-MFU-4/ and a sample of
CoMe-MFU-4/ dosed with 500 mbar CO. The lower magnitude of yyT across the entire temperature
range upon CO dosing is consistent with a transition from high- to low-spin cobalt(Il) upon CO binding.
(C) Difference spectra generated by subtracting evolving spectra collected for CO-dosed CoMe-MFU-
4/ from the spectrum of CoMe-MFU-4/ at 298 K. The data revealed the growth of several new vibrations,
including a prominent acetyl vibrational band at 1678 cm™ that appears concomitant with a peak for a
red-shifted CO. (D) Representative synchrotron powder x-ray diffraction patterns collected over the
course of the insitu gas dosing experiment (see SM section7 for details and figs. S31 to S33 for the full
set of data). At 80 K, CO only physisorbed within the material whereas upon dosing with ~100 mbar at
298 K, migratory insertion and coordination of CO to the cobalt(ll) ions was observed. Select patterns
are shown to highlight changes with heating under the different gas atmospheres. a.u., arbitrary units
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Mechanism of CO adsorption

Upon exposure to 1 bar of CO, CoMe-MFU-4/ rapidly changed from
violet to light brown, whereas subsequent exposure to vacuum re-
versed this color change, suggesting a reversible electronic structure
change at the cobalt center that occurred upon CO binding (fig. S39).
Analysis on a cobalt-dilute sample of CoMe-MFU-4/ with solid-state
electron paramagnetic resonance (EPR) spectroscopy at 15 K revealed
an eight-line hyperfine splitting pattern consistent with a high-spin
cobalt(Il) center (nuclear spin Ic, = 7/2, fig. S23). By contrast, the
EPR spectrum obtained for a sample of CoMe-MFU-4/ dosed ex situ
with 50 mbar of CO featured a prominent eight-line pattern between
240 and 400 mT (g ~ 2.0 and 2.1), consistent with a low-spin cobalt(II)
center, along with a very low-intensity S = 3/2 signal (Fig. 3A).

Direct current magnetic susceptibility data collected for CoMe-
MFU-4/ and a sample of CoMe-MFU-4/ dosed with 500 mbar of CO
also support a cobalt(Il) spin state change upon CO adsorption (Fig.
3B). At 300 K and 7 T, the product of the experimental molar magnetic
susceptibility and temperature (ym7) determined for CoMe-MFU-4]
was 111 electromagnetic units (emu) K mol™. In contrast, at 300 K
and 7 T, the magnitude of ym7 for the CO-dosed sample of CoMe-
MFU-4/ was much lower at 4.3 emu K mol™". The magnitude of ym7’
for both samples was higher than the predicted magnitude for four
isotropic S = 3/2 or 1/2 cobalt(Il) centers, respectively (7.5 and 1.50 emu
K mol ™ per formal unit), which can be attributed to the presence of
magnetic anisotropy, whereas the much smaller yy7 magnitude for
the CO-dosed sample was consistent with a change from high-spin to
low-spin cobalt(II) upon CO binding (see SM section 5.3 for further
discussion).

To monitor chemical changes occurring upon CO binding, in situ
variable-pressure and variable-temperature DRIFTS data were ob-
tained upon dosing samples of CoMe-MFU-4/ with various pressures
of CO and 2CO (up to 1 bar, see fig. $28 for the isotopically labeled
spectrum). To eliminate any effects arising from electronic communi-
cation between cobalt(II) sites in the same cluster node, we synthesized
a variant of CoMe-MFU-4/ with an average ratio of 1.0:4.0 Co:Zn based
on ICP-OES, consistent with presence of just one cobalt per cluster
node on average (33). We collected difference spectra upon dosing with
increasing pressures of CO at 300 K, with the activated framework as
the baseline. Corresponding spectra for undiluted CoMe-MFU-4{ ap-
peared similar, with broader features (see fig. S24). This procedure
resulted in complex spectra with multiple peaks and overlapping vi-
brational bands.

Four main CO-based vibrations at 2034, 2015, 1986, and 1678 cm ™ (Fig.
3C) were observed. At low pressures, the vibrational band at 1986 cm ™"
saturated quickly at mbar pressure and persisted even after exposing
the sample to dynamic vacuum, While we cannot discount v(C=0) vi-
brations due to CO ligation at defect sites, this v(C=0) value resembles
that of monocarbonyl cobalt(I) complexes (34), potentially located at
surface sites and generated from reduction induced by the methyl
anion (3) (see fig. S25 and table S8). The 2015 cm™ peak initially in-
creased with increasing CO pressures up to ~5 mbar and then de-
creased in intensity at higher pressures up to 1 bar, thus we assigned
this band as v(C=0) for a single CO bound at the cobalt site, yielding
a monocarbonyl, monomethyl cobalt(II) complex.

Above ~0.3 mbar, two other bands appeared at 1678 and 2034 cm™
and increased in intensity throughout the experiment up to 1 bar.
We assigned these features to a cobalt-acetyl (18) and a monocarbonyl,
monoacetyl cobalt (II) complex, respectively. The v(C=0) of the CO
on the cobalt-acetyl complex is hypsochromically shifted when com-
pared to the v(C=0) of the CO on the cobalt-methyl complex, consistent
with observations for molecular analogs in solution (I8). Furthermore,
variable-temperature studies indicated that neither the monocarbonyl,
monoalkyl complex, nor the monocarbonyl, monoacetyl cobalt(II)
complex form when the material was directly dosed with CO at 100 K.
However, if the material was dosed at 300 K and then cooled, these
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products persist, indicating activation barriers for their formation
(figs. S26 and S27).

In situ powder xray diffraction data were collected for a sample of
CoMe-MFU-44 dosed with CO to examine structural changes occurring
as a function of temperature (see Fig. 3D and section 7.2 of the SM).
Starting from a sample of activated CoMe-MFU-4{ at 80 K, dosing with
increasing pressures of CO ranging from 12 to 89 mbar resulted in
clear changes in the diffraction patterns, for example, a decrease in the
intensity of peaks at 20 = 2.75° 3.88° and 4.07° and an increase in the
intensity of the peak at 7.15° (fig. S29A).

A Rietveld refinement of the diffraction pattern obtained after dos-
ing with 12 mbar of CO revealed physisorbed CO within the framework
(fig. S35, consistent with DRIFTS data collected at 100 K; see fig. S25).
Heating the sample from 80 to 298 K after dosing with 89 mbar of CO
resulted in a large unit-cell contraction that was complete at around
150 K, which was consistent with a transition from high- to low-spin
cobalt(Il) (fig. S32) and consistent with the EPR spectroscopy and
magnetic susceptibility data.

After subsequent cooling from 298 K under 89 mbar CO and then
heating to 313 K under a vacuum to regenerate the sample, powder
x-ray diffraction data were collected at 298 K under increasing pres-
sures of CO from 11 to 99 mbar. Changes in the diffraction data were
again consistent with a unit-cell contraction and a conversion from
high- to low-spin cobalt(II), and Rietveld refinement of the diffraction
pattern collected at 99 mbar supported the presence of a monocar-
bonyl, monoacetyl adduct of cobalt(Il), consistent with the features
observed in the vibrational spectra (figs. S36 and S37). Finally, heat-
ing at 313 K under a dynamic vacuum regenerated the diffraction
pattern for CoMe-MFU-4/, illustrating the reversibility of CO coordi-
nation and migratory insertion (fig. S37).

To further investigate the mechanism of CO adsorption in CoMe-
MFU-44, density functional theory (DFT) calculations were performed
with CosZn(CHj)(bta)s (bta™ = benzotriazolate) as a representative
cluster model (Fig. 4; see SM section 10 for details). Key vibrations
from DRIFTS measurements could be recapitulated in models with
sorption confined to a single cobalt(Il) site (table S9). A summary of
the most important mechanistic steps is shown in Fig. 4, with addi-
tional details provided in figs. S47 to S55 and tables S14: to S30. The
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Fig. 4. Calculated free energy landscape for reversible CO coordination and
migratory insertion into the Co-Me bond. Standard-state free energy landscape
(kJ/mol) at 298.15 K and 1 atm using the MO6-L/def2-TZVP level of theory for the
reaction of CO with the model cluster CosZn(CHz)a(bta)s at a single cobalt(ll) site with
initial ligation and spin-transition to yield CosZn(CHs)4(CO)(bta)s, followed by
coordination and migratory insertion of the second equivalent of CO to yield
Co4Zn(CH3)3(CO)(COMe)(bta)s. The superscript preceding the energy values denotes
the spin multiplicity (2S+1) for the Co site to which CO binding is analyzed. Alternative
mechanistic pathways, including direct migratory insertion from CosZn(CHs)4(CO)
(bta)g and the coordination of two CO equivalents to the same cobalt site, as depicted
in gray, are both thermodynamically and kinetically less favorable. See SM section10
for computational details.
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most energetically favorable series of elementary steps begins with the
adsorption of CO to a high-spin cobalt site, resulting in a spin transi-
tion from S = 3/2 to S = 1/2 at the cobalt ion and a corresponding
change in coordination geometry from tetrahedral to distorted trigonal
bipyramidal. Notably, the DFT calculations suggest that CO binding
at one cobalt(II) site does not greatly alter the energetic landscape for
CO adsorption elsewhere in the cluster (tables S16 and S18).

After the CO-induced spin transition, a second CO molecule is pre-
dicted to adsorb at the same cobalt(II) center, in which chemisorption
of the second CO molecule occurs with a concomitant migratory inser-
tion of the first CO adsorbate into the terminal methyl ligand, yielding
a monocarbonyl, monoacetyl group (figs. S53 and S55). The concerted
adsorption-reaction step, which takes place along the low-spin sur-
face, is predicted to be critical to the adsorption capability of CoMe-
MFU-4{ for multiple equivalents of CO. Alternative reaction pathways,
including formation of a dicarbonyl intermediate or direct migratory
insertion of the first CO to yield a monoacetyl intermediate were cal-
culated as higher energy pathways (Fig. 4).

Outlook

The foregoing results demonstrate that the highly porous metal-
organic framework CoMe-MFU-4{ selectively and reversibly captures
two equivalents of CO per cobalt(II)-methyl site through a tandem spin
transition and reversible migratory insertion mechanism. This process
resulted in highly selective, high-capacity CO capture with a depen-
dence on substrate that rendered the adsorption profile akin to that
of other cooperative adsorbents without the need for long-range struc-
tural reorganization. More broadly, this work raises the prospect of
judiciously designing porous adsorbents with adsorption sites that
can bind multiple guest molecules.
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