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ABSTRACT: Carbon capture at fossil fuel-fired power plants is a critical strategy to mitigate anthropogenic contributions to global
warming, but widespread deployment of this technology is hindered by a lack of energy-efficient materials that can be optimized for
CO; capture from a specific flue gas. As a result of their tunable, step-shaped CO, adsorption profiles, diamine-functionalized metal—
organic frameworks (MOFs) of the form diamine—Mg(dobpdc) (dobpdc*™ = 4,4'-dioxidobiphenyl-3,3'-dicarboxylate) are among the
most promising materials for carbon capture applications. Here, we present a detailed investigation of dmen—Mg(dobpdc) (dmen =
1,2-diamino-2-methylpropane), one of only two MOFs with an adsorption step near the optimal pressure for CO, capture from coal
flue gas. While prior characterization suggested that this material only adsorbs CO; to half capacity (0.5 CO, per diamine) at 1 bar,
we show that the half-capacity state is actually a metastable intermediate. Under appropriate conditions, the MOF adsorbs CO; to full
capacity, but conversion from the half-capacity structure happens on a very slow timescale, rendering it inaccessible in traditional
adsorption measurements. Data from solid-state magic angle spinning nuclear magnetic resonance spectroscopy, coupled with van
der Waals-corrected density functional theory, indicate that ammonium carbamate chains formed at half- and full-capacity adopt
opposing configurations, and the need to convert between these states likely dictates the sluggish post-half capacity uptake. Using
the more symmetric parent framework Mg (pc-dobpdc) (pc-dobpdc* = 3,3'-dioxidobiphenyl-4,4'-dicarboxylate), the metastable trap
can be avoided and the full CO, capacity of dmen—Mg.(pc-dobpdc) accessed under conditions relevant for carbon capture from coal-
fired power plants.

INTRODUCTION

Anthropogenic CO, emissions from fossil fuel combustion
are driving global warming at a rate of 0.2 °C per decade,* and
a substantial two-thirds of these emissions derive from the
power sector alone.? Even as we transition to renewable energy
sources in a critical thrust toward sustainability, the burning of

to the high water content required to prevent equipment corro-
sion.8 Critically, the high energy cost needed to heat the amine
solutions to desorb CO; can reduce power plant output by 20—
30%.° As a result, energy-efficient CO, separation materials
with high selectivities and capacities are needed to catalyze the
widespread implementation of CCS.®

fossil fuels is projected to continue for several decades. It is
therefore essential to identify strategies for mitigating CO,
emissions in the short term.® Additionally, industrial cement
and steel plants produce CO; as a byproduct of mineral conver-
sion, which cannot be avoided by using renewable energy
sources.*® Carbon capture and sequestration (CCS) is a poten-
tial mitigation strategy wherein CO; is removed from point
sources of production and injected underground for long-term
storage.® Current state-of-the-art carbon capture technologies
rely on aqueous amine solutions that selectively absorb CO; to
form ammonium carbamate and ammonium bicarbonate spe-
cies.” However, these solutions suffer from significant draw-
backs, including amine volatilization, thermal and oxidative
degradation, and low CO, adsorption capacities, the latter due

Among the most promising materials studied to date for car-
bon capture are metal-organic frameworks (MOFs). Composed
of metal ions or clusters connected by organic linkers, these po-
rous adsorbents possess large internal surface areas, low heat
capacities, and are chemically and thermally robust.° In partic-
ular, materials featuring diamines tethered to the coordina-
tively-unsaturated metal sites in Mgz(dobpdc) (dobpdc*™ = 4,4/
dioxidobiphenyl-3,3'-dicarboxylate) (Figure 1a) have emerged
as top performing materials for a range of CO_ separation appli-
cations.*° These frameworks exhibit step-shaped CO, adsorp-
tion, which is associated with sudden uptake of one molecule of
CO; per diamine (hereafter referred to as full capacity) at a crit-
ical threshold pressure. This unique adsorption behavior origi-
nates from a cooperative chemisorption mechanism wherein



CO inserts into the metal-diamine bonds to form chains of am-
monium carbamate that run along the framework channels (Fig-
ure 1b).122 Importantly, these materials exhibit large working
capacities with only moderate temperature and/or pressure
swings, and the critical pressure or temperature threshold of co-
operative adsorption can be controlled by altering the appended
diamine,®*1517-1% metal, 215 and organic linker.’® A statistical
mechanical model in tandem with van der Waals-corrected den-
sity functional theory (vdW-DFT) has suggested that coopera-
tive CO; uptake in diamine—Mgz(dobpdc) is induced by an ab-
rupt increase in the mean ammonium carbamate chain length
above a certain pressure of CO,.2! Recently, this class of mate-
rials has been extended to include tetraamine-appended variants
of Mgz(dobpdc), which exhibit exceptional cycling stability un-
der humid conditions and with steam regeneration.??
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Figure 1. (a) Structure of activated Mgz(dobpdc) and expanded view
of the coordinatively unsaturated metal sites, which can be post-syn-
thetically functionalized with diamines to access diamine—
Mg(dobpdc). Green, red, gray, and white depict Mg, O, C, and H at-
oms, respectively. (b) Depiction of the formation of ammonium car-
bamate chains in diamine-Mgz(dobpdc) upon cooperative CO: ad-
sorption.

One potential application for diamine-appended MOFs is
post-combustion carbon capture from coal-fired power plants,
which are responsible for 30% of global anthropogenic CO-
emissions.? A typical coal flue gas is composed of N, (70-75%),
CO; (15-16%), H.O (5-7%), O, (3-4%), as well as trace
amounts of SOy, NOy, HCI, CO, and hydrocarbons, and is re-
leased at ambient pressures and temperatures as low as 40 °C.%
Therefore, to achieve a target CO, capture fraction of at least
90% with minimal required regeneration energy, a suitable co-
operative adsorbent will exhibit a step pressure of 15 mbar at
40 °C.**15 While most diamine—Mg,(dobpdc) materials studied
to date display isotherm step pressures of less than 1 mbar or
greater than 100 mbar, the frameworks dmpn—Mg(dobpdc) and
dmen—-Mgz(dobpdc) (dmpn = 2,2-dimethyl-1,3-propanedia-
mine; dmen = 1,2-diamino-2-methylpropane)*® both exhibit in-
termediate step pressures close to the ideal pressure of 15 mbar
at 40 °C suitable for energy-efficient CO; capture from coal flue

gas. The working capacity of dmpn-Mgy(dobpdc) is 2.42
mmol/g (10.7 g/100g) with a 60 °C temperature swing, and the
material can be regenerated under humid CO; at ambient pres-
sures.’ However, dmpn—-Mg(dobpdc) adsorbs CO, through a
mixed adsorption mechanism involving gradual equilibration to
a 1:1 ratio of ammonium carbamate chains and hydrogen-
bonded carbamic acid pairs. As a result, the CO; cycling capac-
ity of this material is significantly lower than the theoretical ca-
pacity predicted from the formation of ammonium carbamate
chains alone.® The related framework material dmen—
Mg.(dobpdc) has likewise been reported to exhibit an unusual
adsorption profile under isobaric and isothermal conditions.*>
For example, isothermal data collected at 40 °C revealed a sin-
gle sharp adsorption step to approximately half capacity (2.5
mmol/g, corresponding to slightly more than 0.5 CO./dmen),
with minimal and gradual post-step adsorption indicative of
CO; physisorption.t®” Preliminary isobaric data collected us-
ing a temperature ramp rate of 1 °C/min likewise revealed
stepped adsorption to an apparent maximum capacity of ~0.5
CO,/dmen at 40 °C.15

We were interested in understanding the mechanism of CO;
uptake in dmen—-Mg(dobpdc) and identifying the cause of this
unusual adsorption behavior, which precludes its adoption for
CO, capture from coal flue gas, despite its ideal step pressure,
high recyclability, and stability to O, H,0, and SO,.1” Here, we
show that that by carefully controlling the CO, dosing method,
it is possible to access the full capacity (1 CO./dmen) of dmen—
Mgz(dobpdc) at 1 bar of CO,. Unexpectedly, the half-capacity
structure represents a metastable trap that has not been encoun-
tered with any other diamine-appended Mg,(dobpdc) material
studied to date. Characterization of the half- and full-capacity
structures using solid-state nuclear magnetic resonance (NMR)
spectroscopy and vdW-DFT reveals the existence of a preferred
ammonium carbamate chain direction in each case, likely dic-
tated by steric interactions and favorable non-covalent interac-
tions. By changing the base framework, it is possible to avoid
the half-capacity trap, yielding a material that readily saturates
with CO;, under conditions relevant to capture from a coal flue
gas.

RESULTS AND DISCUSSION

Uptake of CO: in dmen-Mgz(dobpdc). New CO; adsorp-
tion data were collected for dmen—Mg.(dobpdc) and compared
with new data collected for the well-characterized frameworks
e-2-Mg,(dobpdc) (e-2 = N-ethylethylenediamine)® and nPr-2—
Mg (dobpdc) (nPr-2 = N-propylethylenediamine).'® These ref-
erence materials have previously been shown to adsorb CO, to
full capacity via the exclusive formation of ammonium carba-
mate chains, as characterized via detailed solid-state NMR stud-
ies.?® All materials were prepared and activated using a reported
procedure,’ and optimal diamine loadings of 100% were
achieved within error (Supporting Information, Table S1). Car-
bon dioxide adsorption isobars were obtained for all three
frameworks using thermogravimetric analysis (TGA) (Figure
2a). The CO; adsorption isobar of e-2-Mg,(dobpdc) features a
single adsorption step to full capacity (Figure 2a),*>?* while the
isobar of nPr-2—Mg(dobpdc) features a double step, with each
step corresponding to half of the theoretical adsorption capac-
ity. For both materials, the experimental capacities (Table S1)
are consistent with those in the literature.*® As previously re-
ported, the two steps observed for nPr-2—Mg(dobpdc) (and re-
lated variants with primary,secondary alkylethylenediamines
featuring bulky secondary amine substituents) suggest that the
material cooperatively adsorbs CO- in two stages, likely due to
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Figure 2. (a) Thermogravimetric isobars obtained for e-2—Mgz(dobpdc) (red), nPr-2—Mg(dobpdc) (purple), and dmen—Mgz(dobpdc) (blue)
under an atmosphere of pure CO2 using a temperature ramp rate of 1 °C/min. Adsorption and desorption curves are shown as solid and dashed
lines, respectively. The samples were held isothermally at 30 °C for 5 min before desorption data were collected to allow the temperature to
equilibrate. (b) Pure CO2 adsorption isotherms for dmen—Mgz(dobpdc) at various temperatures. The apparent decrease in pressure with increasing
loading in the step region at low temperatures is not fully understood; however, it is a phenomenon that has been observed previously for diamine-
appended MOFs'416 and may arise due to the nature of how CO: is dosed in adsorption isotherms (see Ref. 25 for a statistical mechanical analysis
of a relevant model scenario). (c) Isobars of dmen—Mgz(dobpdc) under an atmosphere of pure CO2 using the indicated temperature ramp rates.
Adsorption and desorption isobars are shown using solid and dashed lines, respectively. Gray arrows indicate the direction of temperature change.
(d) Time-dependent CO2 uptake in dmen—Mgz (dobpdc) at 30 °C after isobars were obtained with ramp rates of 1 and 20 °C/min. Gray and black
dashed lines indicate capacities of 0.5 CO2 per diamine (half capacity) and 1 CO2 per diamine (full capacity), respectively. For dmen—

Mgz(dobpdc), 1 CO2 per diamine is 4.0 mmol/g, or 17.8 g/100g.

steric interactions between the propyl groups in the crystallo-
graphic ab plane.® As expected, differential scanning calorim-
etry (DSC) curves collected for e-2-Mg,(dobpdc) and nPr-2—
Mgz(dobpdc) are characterized by one and two sharp CO, ad-
sorption exotherms, respectively (Figure S5). In contrast, the
isobar of dmen-Mg(dobpdc) features only a single step to ap-
proximately half of the theoretical capacity at the lowest meas-
ured temperature of 30 °C (Figure 2a, Table S1), consistent with
prior characterization of CO, uptake in this material.*>" Fur-
thermore, there is only one peak in the DSC curve from 140 to
—60 °C, indicating that no additional adsorption Step takes place
after the step to half capacity (Figures S5 and S6).

Volumetric adsorption isotherms were collected to further in-
vestigate the CO, adsorption behavior of dmen—Mgz(dobpdc)
(Figure 2b). This measurement technique is designed to obtain
equilibrated data, as defined by a pressure change of less than
0.01% over an average of 11 consecutive user-specified time
intervals (here, 30 s). Similar to the isobar data, the adsorption

isotherms feature a sharp step to half capacity (0.5 CO2/dmen),
followed by only minor subsequent adsorption. This behavior
stands in contrast with all other reported materials in the dia-
mine—Mg(dobpdc) family, in which the full chemisorption ca-
pacity can be accessed upon reaching sufficiently low tempera-
tures or high pressures.*1.2

Additional isobar data were collected for dmen—-Mg(dobpdc)
using temperature ramp rates between 0.1 and 20 °C/min (Fig-
ure 2¢). Under ramp rates less than or equal to 1 °C/min, the
material adsorbed CO; to just slightly above half capacity, con-
sistent with previous preliminary data collected for the material
at a ramp rate of 1 °C/min.® However, the use of faster ramp
rates resulted in an unexpected increase in CO, uptake. For ex-
ample, at the fastest achievable ramp rate of 20 °C/min, the ma-
terial adsorbed 0.70 CO, per diamine (12.4 g/100 g) at 30 °C,
compared with 0.60 CO; per diamine (10.7 g/100 g) at the same
temperature with a ramp rate of 1 °C/min. In contrast, the ad-
sorption  capacities of e-2-Mgy(dobpdc) and nPr-2-
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Figure 3. CO2 adsorption and desorption in dmen—-Mgz(dobpdc). (a) CO2 adsorption kinetics profiles at various temperatures obtained from TGA.
For each data set, the activated sample was cooled to the temperature of interest at atmospheric pressure under flowing N2 and then dosed with
flowing CO: at 1 bar and held isothermally for 1 h. The oscillations at 30 °C are due to temperature fluctuations resulting from the TGA operating
close to room temperature. (b) Overlay of the 1 °C/min adsorption/desorption isobars (solid and dashed lines, respectively) with the equilibrium
adsorption capacities determined from the adsorption profiles in (a) (colored symbols). (c) CO2 desorption isobars collected under an atmosphere
of pure CO2 with a ramp rate of 1 °C/min, starting from the equilibrated configuration at various temperatures as shown in (a). (d) Shock—desorption
isotherms at various temperatures, with diamonds representing desorption data. Gray arrows indicate the direction of temperature or pressure
change. Gray and black dashed lines indicate capacities of 0.5 CO: per diamine (half capacity) and 1 CO2 per diamine (full capacity), respectively.

Mg.(dobpdc) were not affected by changes in the temperature
ramp rate (Figures S1 and S2). Notably, holding a sample of
dmen—Mg(dobpdc) at 30 °C after collecting the 20 °C/min ad-
sorption isobar resulted in additional slow uptake of CO, that
stabilized at ~1.3 CO; per diamine after ~15 h (Figure 2d, red
data). Additional uptake was also observed when holding the
sample at 30 °C after collecting an isobar with a 1 °C/min ramp
rate, albeit at a much slower rate than for the 20 °C/min data
(Figure 2d, blue data). After 21 h, the material had adsorbed
only ~0.8 CO,, per diamine. These results suggest that at 30 °C,
the equilibrium capacity of dmen—Mg(dobpdc) is much higher
than that accessible from typical isobar and isotherm experi-
ments (Figure 2a and b).

To further investigate this unusual sluggish adsorption be-
havior, kinetics data were collected using TGA after dosing ac-
tivated dmen—Mg(dobpdc) with 1 bar of pure CO, at various
temperatures (Figure 3a).?” Surprisingly, CO, uptake in dmen—
Mgz(dobpdc) at 30 °C is fairly rapid. After five min, the mate-
rial adsorbs ~1 CO; per diamine, and the uptake then plateaus
at a capacity of 1.3 CO, per diamine after only ~35 min. At 40
°C, the quantity of CO, adsorbed is ~1.2 CO, per diamine,

which continues increasing after an hour. At 50, 60, 70, and 80
°C, the CO; uptake plateaus in under 5 min at values less than
0.8 CO;, per diamine. We hypothesize that the endpoints of the
adsorption curves in Figure 3a correspond to the equilibrium
capacities of the material at the respective temperatures, and
that the slow ramp rate isobars (Figure 2c) indicate the for-
mation of a metastable intermediate, which slowly converts to
the full-capacity state of the material (1 CO; per diamine), with
some additional CO; physisorption. When the equilibrium ca-
pacities from these experiments are overlaid with the original 1
°C/min isobar from Figure 3a, it is clear that the isobar does not
reflect the equilibrium adsorption capacity for temperatures be-
low 70 °C (Figure 3b).

To investigate the discrepancy between the kinetics profiles
and the slow-ramp adsorption data, we used TGA to measure
the desorption of CO, from the adsorbed, equilibrated states,
rather than adsorption starting from the activated material. Af-
ter the equilibrated states were achieved at the end of the ad-
sorption Kkinetics experiments (Figure 3a), the gas flow was
changed from CO, to N, and the sample was held under flowing
N for 1 h at each temperature of interest (Figure S10). At 30
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Figure 4. (a) *3C MAS (15 kHz) NMR (16.4 T) spectra of dmen—Mgz(dobpdc) dosed at 24 °C and various pressures of 3CO.. Spectra were
acquired by direct excitation with continuous wave 'H decoupling and a recycle delay time of 128 s, which was sufficiently long to yield quanti-
tative intensities. Deconvolution of the 150 and 385 mbar spectra yielded relative integrations of 0.35:0.41:0.24 and 0.16:0.56:0.28, respectively,
for the resonances at 164.7, 163.5, and 162.4 ppm, respectively. (b) >N MAS (10 kHz) NMR (16.4 T) spectra of dmen—Mgz(dobpdc) at various
pressures of $3CO2 acquired by cross-polarization with a contact time of 2 ms.

and 40 °C, the quantity of CO, adsorbed in the material dropped
sharply to ~1.0 CO; per diamine within the first 3 min before
decreasing more gradually over the remaining measurement pe-
riod. This behavior indicates that CO, uptake to 1.0 CO, per
diamine in dmen—Mg.(dobpdc) is due to chemisorption,
whereas subsequent uptake is a result of physisorption.

We next measured CO, desorption isobars using a ramp rate
of 1 °C/min, starting from the equilibrated states at various tem-
peratures (Figure 3c). For states prepared at temperatures above
40 °C, loss of CO, from the material occurred gradually until
stepped desorption at 0.5 CO, per dmen. For equilibrated states
prepared at 30 and 40 °C, CO; loss occurred gradually until 1.0
CO; per diamine when clear double-step desorption occurred,
with each step corresponding to a loss of approximately 0.5 CO,
per diamine. DSC data collected under conditions designed to
mimic the 30 °C desorption isobar feature two clear sharp en-
dothermic peaks corresponding to the two desorption steps, in-
dicating that these steps result from cooperative desorption of
CO; (Figure S7). Overall, the TGA experiments suggest that it
is possible to achieve a loading of 1.0 CO, per diamine in
dmen—Mg2(dobpdc) under pure CO; at 30 °C, in contrast to all
previous reports. However, this full-capacity state is not acces-
sible using typical adsorption measurements, due to the appar-
ently slow kinetics involved in transitioning from half capacity
(0.5 CO; per diamine) to full capacity (1.0 CO; per diamine).
This is a phenomenon that has not been encountered with other
diamine-appended materials exhibiting two-step adsorption,
such as nPr-2—Mg(dobpdc),**® suggesting that the mechanism
of CO; uptake in dmen—-Mg.(dobpdc) is unique. Notably, CO,
isobars obtained for dmen—Mg(dobpdc) in the presence of wa-
ter vapor suggest that humidity does not substantially change
the adsorption behavior of this material (see Figure S38).

As further support for our hypothesis, we dosed a sample of
dmen—Mg(dobpdc) directly with 1 bar of CO; at temperatures
ranging from 30 to 75 °C and then collected desorption data
(Figure 3d), hereafter referred to as shock—desorption iso-
therms. This protocol should enable the material to avoid the
half-capacity trap encountered upon gradual adsorption of CO,
from the activated state. Consistent with the TGA data, the 1-
bar capacities determined from shock—desorption isotherms
collected at 30 and 40 °C are 1.3 and 1.0 CO; per diamine, re-
spectively, significantly higher than the capacities determined
under the same conditions from standard adsorption isotherm
measurements.

NMR Spectra. Solid-state magic-angle spinning (MAS) *C
and N NMR data were collected to elucidate the species
formed upon CO, adsorption in dmen—-Mg.(dobpdc) over a
range of pressures as high as 1 bar. Each NMR sample was pre-
pared by dosing the activated material with *CO, such that the
target pressure would be achieved after a 48-h equilibration pe-
riod (see the Experimental Section for details). The *C spec-
trum collected at 24 °C under 1 bar of *CO, features two reso-
nances at 163.5 and 124.8 ppm, which are assigned to chemi-
sorbed and physisorbed CO,, respectively (Figure $21).2* The
single chemical shift for chemisorbed CO- suggests formation
of a single carbamate environment and is similar to chemical
shifts reported previously for ammonium carbamate chains
formed in diamine—Mg(dobpdc).?* Quantitative integration of
both peaks yielded a chemisorbed:physisorbed ratio of
1.00:0.29, consistent with the TGA results (Figure S10).

The *C NMR spectra of dmen—Mg,(dobpdc) obtained under
18CO, pressures of 480, 640, and 900 mbar also feature a single
resonance for chemisorbed CO; at 163.6, 163.5, and 163.5 ppm,
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carbon.

respectively, consistent with the 1.0-bar data (Figure 4a). How-
ever, in the spectrum obtained under 385 mbar of **CO,, two
additional *C resonances for chemisorbed CO, are present at
162.4 and 164.7 ppm. Notably, the relative intensities of these
three chemisorbed peaks are different at lower pressures ap-
proaching that associated with the half-capacity state (see Fig-
ure 3d). In particular, for a sample dosed with 150 ppm of
13CO,, the resonances at 164.7 and 162.4 ppm dominate, while
at 30 ppm of COy, the species at 164.7 ppm represents the major
chemisorbed product. The N NMR spectrum of the activated
framework (Figure 4b) features two resonances at 13 and 43
ppm, corresponding to the two ends of the appended diamine.
Dosing with 30 mbar of $3CO; resulted in the appearance of two
new resonances at 52 and 77 ppm, assigned to carbamate and
ammonium groups from a single ammonium carbamate chain
conformation.”?* The 1N spectra obtained under intermediate
13CO, pressures of 150 and 385 mbar feature a mixture of reso-
nances, indicative of multiple ammonium carbamate environ-
ments, while above 480 mbar of 3COy, a single species is again
present with peaks at 58 and 76 ppm. Overall, the 3C and 5N
NMR data indicate that a single ammonium carbamate species
exists at low CO; pressures that is distinct from the species aris-
ing at high pressures.

Two-dimensional HETCOR data were collected for samples
dosed with 30, 150, 385, and 480 mbar of **CO, (Figure 5) to
gain insight into the nature of these two species. The HETCOR
spectra obtained at intermediate pressures of 150 and 384 mbar
feature a mixture of different correlation groups, while the spec-
tra at 30 and 480 mbar each have one major correlation group,
at 164.7 and 163.7 ppm, respectively. Additional HETCOR
data collected for samples dosed with *CO, at 640 and 900
mbar feature correlations consistent with the 480-mbar spec-
trum (Figure S27). The observed correlations at all pressures
are consistent with formation of ammonium carbamate chains,
which are characterized by *H resonances for the diamine back-
bone (<4 ppm), a strong resonance for the carbamate hydrogen
(between 4 and 6.5 ppm), and a weaker resonance for the am-
monium hydrogens (>6.5 ppm).2*

It is important to note here that ammonium carbamate chain
formation in diamine—Mg(dobpdc) can occur in two different
directions. As a result of the linker inversion symmetry, in the
parent framework, adjacent Mg?* helices feature bound carbox-
ylate and phenoxide groups oriented in opposite directions (Fig-
ure 6a).26 We define a direction for each helix based on a vector
pointing from the carboxylate to phenoxide group on each



linker, hereafter referred to as the carboxylate—phenoxide direc-
tion. As such, we can also define an inherent direction for the
ammonium carbamate chains that form upon CO, uptake, based
on the orientation of the carbamate group relative to the carbox-
ylate—phenoxide direction (Figure 6b). In particular, we refer to
the scenario where the carbamate groups point along the car-
boxylate—phenoxide direction as ammonium carbamate chains
in the forward direction, whereas when the NCOO™ groups
point against the carboxylate—phenoxide direction, we refer to
this scenario as the reverse direction. We surveyed published
single-crystal X-ray diffraction data for a number of diamine—
Zn,(dobpdc) materials and found that, upon CO; uptake, the
vast majority form ammonium carbamate chains in the forward
direction.’¥1%2 |nterestingly, the only exception is dmen—
Zny(dobpdc), which adsorbs CO, to form ammonium carbamate
chains in the reverse direction with an occupancy of 44%, with
the remaining metal sites occupied by unreacted diamine.'® We
considered that the different ammonium carbamate structures
that form in dmen—Mg.(dobpdc) at low and high CO; pressures,
as characterized by solid-state NMR spectroscopy, might corre-
spond to ammonium carbamates running in the reverse and for-
ward directions, respectively, and therefore that a switch in
chain direction is required to achieve CO; uptake to full capac-
ity.

Computational Modeling. To investigate this possibility,
we used vdW-DFT to calculate geometry-optimized structures
for the activated framework as well as the half- and full-capac-
ity structures with chains running in both the forward and re-
verse directions (Figure 7a—e). We also calculated a full-capac-
ity mixed structure (Figure 7f), consisting of neighboring for-
ward and reverse direction chains, as a potential configuration
at intermediate pressures. Calculated CO; binding energies and
NMR chemical shifts determined for these structures are given
in Table 1, along with the experimental chemical shifts. Inter-
estingly, the calculations revealed that at half capacity, CO;
binding is stronger in the reverse structure, whereas at full ca-
pacity CO; binding is stronger in the forward structure. At half
capacity, the CO; binding energy in the reverse direction is
—105.0 kJ/mol, substantially larger than the value of —66.2
kJ/mol calculated for the half-capacity forward direction. The
predicted added stabilization for the reverse structure at half ca-
pacity may be due in part to favorable hydrogen bonding inter-
actions between the unreacted diamines and the ammonium
groups in the adjacent chains (Figure 7c). The calculated bind-
ing energy in the reverse direction is also consistent with the
adsorption enthalpy calculated from the CO, adsorption iso-
therms (—93+7 kJ/mol) and the desorption enthalpy calculated
from the CO, shock—desorption isotherms (95£5 kJ/mol) at a
loading of 0.25 CO, per diamine, used to capture the half-ca-
pacity step region (Figures S16 and S18). The discrepancy of
~10 kJ/mol between the vdW-DFT binding energy and the ex-
perimental adsorption enthalpy is typical for diamine—
Mgz(dobpdc) systems.?®

Additionally, our experimental CO, adsorption enthalpy is in
reasonable agreement with the adsorption enthalpy of —82
kJ/mol previously determined for dmen—Mg(dobpdc) at a load-
ing of 0.25 CO; per diamine.’ In the full capacity structures,
CO; binding in the forward structure is more favorable than in
the reverse and mixed structures (—71.2 kJ/mol versus —60.3
and —65.2 kJ/mol, respectively). Because only one ammonium
carbamate resonance was characterized in the N NMR spectra
at high *CO, pressures (Figure 4), we can rule out the possibil-
ity of a mixed structure at full capacity. We note that a previous
study used vdW-DFT to evaluate CO, adsorption in dmen-
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and H atoms, respectively. (b) Depiction of ammonium carbamate
chain formation in dmen—-Mg>(dobpdc) occurring in the forward direc-
tion (NCOO~ points along the carboxylate-phenoxide direction) and
reverse direction (NCOO™ points against the carboxylate-phenoxide
direction).

Mgz(dobpdc) assuming the full-capacity reverse structure and
reported a binding energy of —83.9 kJ/mol.%° However, that re-
port used a different vdW-DFT functional (PBE® + D3°%!) than
employed here (rPBE®? + D3), and a comparison of the two
functionals using the reference material m-2-m-2Zn,(dobpdc)
(m-2-m = N,N’-dimethylethylenediamine) revealed that our
choice of functional may yield more accurate CO, binding en-
ergies (see Table S4).

Based on these results, we assigned the resonances in the
spectra collected under 480, 640, and 900 mbar of *CO; to the
forward direction structure, and the resonances under 30 mbar
of $3CO;, to the reverse direction structure. The distinct chemical
shifts may arise due to hydrogen bonding interactions between
the ammonium group and the linker in the forward direction
structure, and the carbamate group and the linker in the reverse
direction structure (Figure 7). We quantified the goodness of fit

for each proposed structure using the parameter yx?2 :%

exp_ ccalcy 2
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Figure 7. Geometry-optimized vdW-DFT structures of CO. adsorbed in dmen—Mgz(dobpdc). Green, red, blue, gray, and white spheres represent
Mg, O, N, C, and H atoms, respectively. Hydrogen bonds are shown as dashed lines.

Table 1. Experimental and Calculated NMR Chemical Shifts and Calculated CO, Adsorption Energies

Structure AEags (kd/mol) & 13C (ppm) & >N (ppm) & '™H (ppm) 2
Activated — — Metal-Bound Amine: 7.3 —
Free Amine: 35.7
HC (30 mbar 3COy) — Carbamate: 164.7 Ammonium: 52 Ammonium: 8.1
Carbamate: 76 Carbamate: 6.2
Metal-Bound Amine: 13
Free Amine: 43
Calc. HC Reverse -105.0 Carbamate: 164.7 Ammonium: 50.6 Ammonium: 8.2
Carbamate: 83.3 Carbamate: 6.8
Metal-Bound Amine: 7.3
Free Amine: 32.6
Calc. HC Forward —66.2 Carbamate: 162.7 Ammonium: 58.7 Ammonium: 8.3
Carbamate: 78.3 Carbamate: 4.8
Metal-Bound Amine: 6.7
Free Amine: 39.1
FC (900 mbar *CO5) — Carbamate: 163.5 Ammonium: 58 Ammonium: 8.3
Carbamate: 77 Carbamate: 4.7
Calc. FC Forward -71.2 Carbamate: 162.3 Ammonium: 57.3 Ammonium: 8.3
Carbamate: 77.4 Carbamate: 4.6
Calc. FC Reverse —60.3 Carbamate: 164.9 Ammonium: 55.0 Ammonium: 7.7
Carbamate: 83.7 Carbamate: 8.3
Calc. FC Mixed —65.2 Carbamate forward: 162.9 Ammonium forward: 57.1 Ammonium forward: 8.2

Carbamate reverse: 165.3

Carbamate forward: 78.7
Ammonium reverse: 55.6
Carbamate reverse: 84.1

Carbamate forward: 4.8
Ammonium reverse: 7.6
Carbamate reverse: 8.2

@ The ammonium group is assumed to rotate on the NMR timescale, and the reported shift is an average for the three H atoms. HC = half
capacity and FC = full capacity.

and calculated chemical shifts, i indexes the ammonium hydro-
gen, carbamate hydrogen, carbamate carbon, ammonium nitro-



gen, and carbamate nitrogen, and RMSD; are the previously re-
ported root mean squared deviations between experimental and
calculated chemical shifts for the respective groups.?* A value
of y2 << 1is indicative of a good fit, whereas y2 >> 1 is indic-
ative of a poor fit relative to the expected deviation. At half ca-
pacity, the y2 value is 0.64 for the forward direction and 0.25
for the reverse direction, whereas at full capacity, the y2 value
is 0.07 for the forward direction and 2.00 for the reverse direc-
tion. These values support the structural assignments at half and
full capacity and the transition from a reverse to a forward di-
rection ammonium carbamate chain as the material adsorbs CO,
to full capacity. At intermediate 3CO; pressures, the NMR
spectra feature resonances for the forward and reverse direction
chains (163.5 and 164.7 ppm, respectively), as well as a third
ammonium carbamate 3C resonance at 162.4 ppm, with a car-
bamate hydrogen correlation at 4.2 ppm. The correlation sug-
gests this species also corresponds to chains in the forward di-
rection. The slight difference between the two forward-direc-
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Figure 8. (a) Structures of the Ha(pc-dobpdc) linker and a single pore
of Mgz(pc-dobpdc). Green, blue, gray, and white spheres represent Mg,
O, C, and H atoms, respectively. (b) Isobars obtained for dmen-
Mgz(pc-dobpdc) and dmen—Mgz(dobpdc) under pure CO.. Adsorption
and desorption data are shown as solid and dashed lines, respectively.
Gray and black dashed lines indicate capacities of 0.5 CO2 per diamine
(half capacity) and 1 CO: per diamine (full capacity), respectively, and
gray arrows indicate the direction of temperature change. For dmen—
Mgz(dobpdc) and dmen—-Mgz(pc-dobpdc), 1 COz per diamine is 4.0
mmol/g, or 17.8 g/100g.

tion 13C carbamate shifts could arise due to the presence of dif-
fering electronics at neighboring sites, which may feature unre-
acted diamine or forward direction chains (Table 1).

The proposed switching of the chain direction at different
pressures ultimately explains the unusual adsorption Kinetics

observed for dmen—-Mg(dobpdc). The transition from the acti-
vated state to either the half-capacity or full-capacity state is
rapid, because the only activation barrier is that associated with
the formation of a single ammonium carbamate chain. How-
ever, transitioning from the half- to full-capacity state requires
that all of the adsorbed ammonium carbamate chains switch di-
rection to the equilibrium configuration, a transition that is
likely associated with a large activation barrier.

Achieving Full Capacity with dmen—-Mgz(pc-dobpdc). The
calculated structures for the full-capacity configurations (Figure
7d and e) provide some insight into a possible origin of the am-
monium carbamate chain direction switching. In particular, the
gem-dimethyl groups on the diamine backbone are oriented to-
ward neighboring diamines in the reverse structure, whereas
they are oriented away from neighboring diamines in the for-
ward structure (Figure 7d and €), and thus steric interactions
may in part influence the kinetics of CO, uptake in dmen—
Mgz(dobpdc). We have previously shown that unfavorable ste-
ric interactions in diamine—Mg(dobpdc) and associated dou-
ble-step CO, uptake behavior can be avoided by using the iso-
meric framework Mg.(pc-dobpdc) (pc-dobpde = 3,3’-dioxido-
biphenyl-4,4'-dicarboxylate), which features a more symmetric
hexagonal pore structure and a slightly longer distance between
nearest neighbor diamines in the ab plane (Figure 8a).*® Im-
portantly, diamine—Mg2(pc-dobpdc) exhibits a single CO, ad-
sorption step at a pressure that is approximately the same as the
lower pressure step for the corresponding diamine—
Mgz(dobpdc). We hypothesized that by removing any steric ef-
fects encountered using Mgz(dobpdc) while retaining the ap-
pended dmen, it might be possible to access a material exhibit-
ing uninhibited CO, adsorption to full capacity, in the optimal
pressure region for coal flue gas capture.6:”

Gratifyingly, we found that dmen—Mg.(pc-dobpdc) indeed
exhibits single-step adsorption of CO, to full capacity, with an
adsorption step at approximately the same temperature as in
dmen—Mg(dobpdc) (Figure 8b), suggesting that interactions
between neighboring diamines in the ab plane are the cause of
the unusual CO, adsorption properties of dmen—Mg.(dobpdc).
Additional isobar experiments revealed that dmen—-Mga(pc-
dobpdc) retains its step-shaped adsorption profile under various
partial pressures of CO, and humid conditions (Figures S48 and
S49). Furthermore, CO; uptake in the material under humid
conditions is essentially unchanged following exposure to wet
CO; for 12 h at 140 °C (Figure S50). Overall, these results in-
dicate that dmen—Mgy(pc-dobpdc) is an exceptionally promis-
ing adsorbent for carbon capture from coal flue gas under in-
dustrially relevant conditions.

CONCLUSIONS

The foregoing results revealed that the unusual CO, adsorp-
tion properties of dmen—Mg(dobpdc) arise due to the presence
of a metastable state at half capacity that very slowly converts
to the full-capacity structure corresponding to 1 CO, per dia-
mine. Using non-traditional CO, dosing methods involving iso-
thermal waiting periods and shock—desorption, it is possible to
bypass the metastable trap at half-capacity and achieve satura-
tion of dmen—-Mg(dobpdc). We propose that it may be benefi-
cial for these alternative techniques to be adopted as part of the
standard characterization regimen for new metal-organic
frameworks, particularly those exhibiting non-traditional guest
uptake, to verify that capacities determined using standard iso-
bar and isotherm measurements accurately reflect equilibrated
capacities.



Solid-state MAS NMR spectroscopy coupled with vdW-DFT
calculations indicate that the barrier to CO, saturation in dmen—
Mgz(dobpdc) arises due to differing orientations of the ammo-
nium carbamate chains in the half- and full-capacity structures.
In particular, at low loadings when the half-capacity configura-
tion is favored, alternating diamines react with CO, to form am-
monium carbamate chains along a direction that is opposite the
carboxylate—phenoxide vector defined for a given metal helix.
In contrast, the full-capacity configuration is accessed at high
loadings and features ammonium carbamate chains oriented
along the carboxylate—phenoxide vector. At intermediate CO,
loadings, both reverse and forward direction chains are present.
These results mark the first reported instance of ammonium car-
bamate chains formed in diamine-functionalized MOFs altering
their orientation as a function of CO; loading. By alleviating
steric interactions between diamines in dmen—Mgz(pc-dobpdc),
it is possible to access the full material capacity in a single ad-
sorption step, at a temperature suitable for CO; capture from the
flue gas of coal-fired power plants.

EXPERIMENTAL DETAILS

General Procedures. Reagents and solvents were purchased from
commercial suppliers at reagent grade purity or higher and used with-
out further purification. The linker Hs(dobpdc) was purchased from
Hangzhou Trylead Chemical Technology Co. Ultrahigh purity
(99.999%) He and N2 and research grade (99.998%) CO2 were used for
all adsorption experiments. Isotopically labeled *CO: used in solid-
state NMR experiments was purchased from Sigma-Aldrich (99 atom%
13C, < 3 atom% *80). Solution-state *H NMR spectra were collected
on a Bruker AMX 300 MHz NMR spectrometer and referenced to re-
sidual dimethyl sulfoxide (2.50 ppm) or chloroform (7.26 ppm). The
ligand Ha(pc-dobpdc) and framework Mga(pc-dobpdc) were prepared
following previously reported procedures.®

Synthesis of Mgx(dobpdc). The framework Mgz(dobpdc) was syn-
thesized following a literature procedure, which is reproduced here
with details relevant to this work.*® The ligand Ha(dobpdc) (4.95g, 18.1
mmol) and Mg(NO3)2:6H20 (5.77g, 22.5 mmol) were dissolved in 100
mL of a 55:45 (v:v) methanol:N,N-dimethylformamide (DMF) mixture
using sonication. The solution was filtered to remove any undissolved
particulates and added to a 250 mL glass pressure vessel with a stir bar.
The reactor was sealed with a Teflon cap and heated in a silicone oil
bath at 120 °C for 20 h. The crude white powder was isolated by filtra-
tion and soaked three times in 200 mL of DMF for a minimum of 3 h
per soak at 60 °C, followed by solvent exchange by soaking three times
in 200 mL of methanol for a minimum of 3 h per soak at 60 °C. The
framework was stored in methanol when not in use. The methanol-solv-
ated framework was collected by filtration and heated under flowing
N2 for 12 h at 180 °C to yield fully desolvated Mgz(dobpdc) as a white
powder.

Synthesis of Diamine-Functionalized Metal-Organic Frame-
works. Diamine-appended MOFs were synthesized following the liter-
ature procedures for similar diamine-Mgz(dobpdc)®® and diamine—
Mgz(pc-dobpdc)* materials. Methanol-solvated materials
(Mg2(dobpdc), Mgz(pc-dobpdc)) were filtered and washed five times
with 10 mL toluene. The filtered framework (~20 mg) was then added
to 5 mL of a 20% (v:v) solution of diamine in toluene. After soaking
for 24 h, the solid was obtained by filtration and washed five times with
10 mL of toluene to remove excess diamine before proceeding to acti-
vation. Diamine loadings were determined by obtaining quantitative ‘H
NMR (300 MHz, DMSO-ds) spectra of the digested frameworks. All
diamine loadings were between 120% and 200% before activation, and
100 + 5% after activation (sample-specific activation temperatures
specified below). For digestion, ~5 mg of material was dissolved in a
solution containing 750 pL of dimethyl sulfoxide-ds and 50 pL of deu-
terium chloride solution (35 g/100g in D20, > 99 atom% D).

Thermogravimetric Analysis. Dry thermogravimetric analysis ex-
periments were conducted using a TA Instruments TGA Q5000, and
humid TGA experiments were conducted using a TA Instruments TGA
Q50. Dry and humid isobar measurements were conducted following

previously reported methods.*® Samples were measured at ambient
pressures using a gas flow rate of 25 mL/min. For humid TGA experi-
ments, the incident gas stream was passed through two room-tempera-
ture water bubblers before entering the furnace. As-synthesized sam-
ples of e-2-Mgz(dobpdc), nPr-2-Mgz(dobpdc), and dmen—
Mgz(dobpdc) were activated at 130 °C under flowing N2 for 30 min,
and dmen—Mgz(pc-dobpdc) was activated at 140 °C under flowing N2
for 30 min prior to TGA measurements, at which point the masses of
all samples had stabilized. Masses are uncorrected for buoyancy ef-
fects. Custom CO2/Nz blends of 15% and 5% were purchased from
Praxair.

Differential Scanning Calorimetry. Differential scanning calorim-
etry experiments were conducted using a TA Instruments Q200 DSC.
DSC samples were analyzed under ambient pressure using a gas flow
rate of 25 mL/min. Samples were activated at 130 °C under flowing N2
for 30 min via TGA to determine the activated sample mass, at which
point the masses of all samples had stabilized. The samples were then
transferred from the TGA to DSC and reactivated at 130 °C under flow-
ing He for 30 min prior to DSC measurements. The lid on the DSC pan
is slightly ajar to allow for gas flow, contributing to potential heat loss
and error.

Gas Adsorption Isotherms. Isotherms for CO2 adsorption were col-
lected on a Micromeretics 3Flex gas adsorption analyzer using previ-
ously detailed procedures.?* Shock—desorption isotherms were col-
lected using the same experimental setup as used for collecting desorp-
tion isotherms. However, in contrast to the protocol for a standard de-
sorption isotherm, wherein the first data point is taken directly after
collecting an adsorption isotherm, in a shock—desorption isotherm the
first data point is obtained after first directly dosing the evacuated sam-
ple with 1 bar of CO2. Approximately 100 mg of diamine-functional-
ized MOF was added to the sample tube for adsorption analysis. To
account for fluctuations in temperature of the heating bath at different
times, CO2 adsorption isotherms and shock—desorption isotherms were
performed on two different aliquots of material using the same temper-
ature bath at the same time. Samples were activated at 120 °C for 3 h
in vacuo between measurements. Adsorption isotherms and shock—de-
sorption isotherms used an equilibration interval of 30 s, where the
sample is considered equilibrated when the pressure change per equili-
bration time interval is less than 0.01% of the average pressure in the
time interval over 11 consecutive equilibration time intervals. Isosteric
enthalpies and entropies of adsorption were calculated following re-
ported procedures employing Clausius—Clapeyron relation.**** Lang-
muir surface areas were obtained from a N isotherm at 77 K using a
liquid N2 bath. Langmuir surface areas of Mgz(dobpdc) and Mgz(pc-
dobpdc) determined from the 77 K N2 isotherm were 4020 and 3470
m2/g, respectively.

Sample Preparation for Solid-State NMR Spectroscopy. Sample
preparation for solid-state MAS NMR analysis closely followed the lit-
erature procedure, reproduced here with minor changes.?* Activated di-
amine-appended framework samples were packed into 3.2 mm rotors
inside a nitrogen-filled glovebag and subsequently evacuated inside a
home-built gas-dosing manifold for 30 min. Samples were dosed with
13CO; gas at room temperature (24 °C) and allowed to equilibrate for
at least 48 h. Gas pressures were recorded immediately before closing
the rotor inside the gas manifold at the end of the 48 h. For NMR spec-
tra of wet samples, the sample was first dosed with 3COz in the same
manner as the dry experiments. The rotor was then removed from the
gas manifold, uncapped, exposed to a CO2 stream that passed through
a water bubbler at 24 °C. After 1 h of exposure to the wet CO2 stream,
the rotor was closed again. For the CO2 stream, we used 100% CO- for
the 1.0 bar of 3CO, sample, and we used 15% CO; (balance Ny) for the
150 mbar of *CO, sample.

Solid-State NMR Experiments. All solid-state NMR experiments
were performed using a 16.4 T magnet. All *H and *°C experiments
were conducted with spinning at 15 kHz, and all >N experiments were
conducted with spinning at 10 kHz. The *H NMR spectra were acquired
with direct excitation and a delay time of 4 s, which was sufficiently
long to yield quantitative results. Quantitative 3C NMR spectra were
acquired by direct excitation, continuous wave *H decoupling, and a
delay time of 128 s, which was sufficiently long to yield quantitative
results. Dmfit software was used to deconvolute the NMR peaks and
quantify integrations.®® All other **C NMR experiments, in addition to



all >SN experiments, were acquired by cross-polarization from *H. All
cross-polarization experiments used continuous wave *H decoupling at
~80 kHz radio-frequency field strength and with contact times of 1 ms
for 3C and 2 ms for N. For 2D 'H-'3C experiments, we used a
HETCOR sequence 90°(*H) — t1 — cross-polarization — t2, again using
cross-polarization from *H and continuous wave *H decoupling. *H,
13C, and N NMR shifts were referenced respectively to 1.8 (adaman-
tane), 38.5 (adamantane, tertiary carbon—Ieft resonance), and 33.4
ppm (glycine)*. NMR experiments were performed at 24 °C without
temperature control.

Computational Details. We performed first-principles density
functional theory calculations within the generalized gradient approxi-
mation (GGA) of revised Perdew-Burk-Ernzerhof (rPBE) with Pade
approximation.® We used a plane-wave basis and projector aug-
mented-wave (PAW)%*3¢ psuedopotentials with the Vienna ab-initio
Simulation Package (VASP) code.®*° To include the effect of the van
der Waals dispersive interactions on binding energies, we performed
structural relaxations with Grimme’s D3 method (Becke-Jonson damp-
ing)®! as implemented in VASP. For all calculations, we used (i) a 1 x
1 x 3 Monkhorst-Pack* k-point grid centered at the I'-point of the Bril-
louin zone, (ii) a 900 eV plane-wave cutoff energy, and (iii) a 107 eV
self-consistency criterion. We explicitly treated two valence electrons
for Mg (3s?), six for O (2s22p*), five for N (2s22p®), four for C (2s22p?),
and one for H(1s'). All structural relaxations were performed with a
Gaussian smearing of 0.05 eV.*? The ions were relaxed until the Hell-
mann-Feynman forces are less than 0.01 eVA™!,

To compute CO: binding energies, we optimized dmen—
Mg:(dobpdc) prior to CO2 adsorption (Edmen-mor), interacting with CO2
in the gas phase (Ecoz) within a 20 A x 20 A x 20 A cubic supercell,
and dmen—Mg. (dobpdc) with adsorbed CO2 molecule (Ecoz dmen-moF)
using vdW-corrected DFT. The binding energies (Es) are obtained via
the difference EB = ECOZ—dmen—MOF - (Edmen—MOF + ECOZ)' Starting
structures for the activated and full-capacity reverse structures were ob-
tained from single crystal X-ray structures of dmen—Znz(dobpdc).*®
The starting structure for the full-capacity forward structure was ob-
tained from the calculated structure of a previous study.?* Following
these geometry optimizations, starting points for the half-capacity and
mixed structures were obtained by overlaying the activated and full-
capacity structures and relaxing symmetry constraints to the P31 space
group.

For NMR simulations, we determined a arer Value by comparing ex-
perimental Jiso values to calculated oiso Values as the isotropic chemical
shift (Jiso) is obtained from Siso = —(giso — arer) Where orer is a reference
value. The orer Values for *H (31.2 ppm) and *3C (172.4 ppm) were ob-
tained by first computing ciso values for cocaine. The orer Value for °N
(225.7 ppm) was determined by comparison of DFT-calculated oiso and
the experimental Siso Value for glycine.?* We compared the computed
aiso Values for the cocaine molecule with the published experimental
values,*® with orer given as the y intercept of a linear fit with a fixed
gradient of —1 in a plot of diso (experimental) versus ciso (Calculated)
(see Figure S30).
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