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Abstract

A new diamine-functionalized metal-organic framework comprised of 2,2-dimethyl-1,3-
diaminopropane (dmpn) appended to the Mg?* sites lining the channels of Mg,(dobpdc)
(dobpdc?~ = 4,4’ -dioxido-3,3"-biphenyldicarboxylate) is characterized for the removal of CO,
from the flue gas emissions of coal-fired power plants. Unique to members of this promising class
of adsorbents, dmpn—-Mgy(dobpdc) displays facile step-shaped adsorption of CO, from coal flue
gas at 40 °C and near complete CO, desorption upon heating to 100 °C, enabling a high CO,
working capacity (2.42 mmol/g, 9.1 wt%) with a modest 60 °C temperature swing. Evaluation of
the thermodynamic parameters of adsorption for dmpn—Mg,(dobpdc) suggests that the narrow
temperature swing of its CO, adsorption steps is due to the high magnitude of its differential
enthalpy of adsorption (A/gs = =73 £ 1 kd/mol), with a larger than expected entropic penalty for
CO» adsorption (As,gs = —204 + 4 J/mol-K) positioning the step in the optimal range for carbon
capture from coal flue gas. In addition, thermogravimetric analysis and breakthrough experiments
indicate that, in contrast to many adsorbents, dmpn-Mgs(dobpdc) captures CO, effectively in the
presence of water and can be subjected to 1000 humid adsorption/desorption cycles with minimal
degradation. Solid-state 13C NMR spectra and single-crystal X-ray diffraction structures of the Zn
analogue reveal that this material adsorbs CO» via formation of both ammonium carbamates and
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carbamic acid pairs, the latter of which are crystallographically verified for the first time in a
porous material. Taken together, these properties render dmpn-Mgs(dobpdc) one of the most
promising adsorbents for carbon capture applications.

Graphical Abstract
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INTRODUCTION

Rising atmospheric levels of greenhouse gases, primarily CO», are linked to global climate
change.! In particular, the combustion of coal for energy generation accounts for
approximately 30% of global CO, emissions.? Despite this, coal is projected to remain a
major energy source in the near future, especially in rapidly industrializing nations.2:3
Therefore, post-combustion carbon capture and sequestration (CCS) from coal flue gas,
which consists of CO; (15-16%), O, (3—4%), H,0 (5-7%), N, (70-75%), and trace
impurities (e.g. SOy, NOy) at ambient pressure,? is a key strategy needed to reduce global
CO, emissions during the transition to cleaner energy sources.1® Because 60-70% of the
cost of CCS is accrued during the CO, separation stage, the development of improved
adsorbents for carbon capture stands to limit substantially the rise in cost of electricity upon
implementation of CCS.6 Specifically, a temperature swing adsorption (TSA) process
requires an adsorbent that: (i) selectively adsorbs CO, under typical coal flue gas conditions
(150 mbar of CO5, at 40 °C), (ii) captures 90% of the CO, from the stream, (iii) is
regenerable at low temperatures under pure CO, to minimize regeneration costs, (iv)
displays fast adsorption/desorption kinetics, and (v) possesses long-term stability to both
water and adsorption/desorption cycling.52.7

The most widely employed sorbents for CCS are aqueous solutions of organic amines, such
as monoethanolamine (MEA), which selectively react with CO, to form ammonium
carbamate and/or bicarbonate species.538 However, amine solutions are prone to oxidative
and thermal degradation889 and suffer from low CO, working capacities, contributing to an
untenable increase in the cost of electricity if employed for CCS.6-10 To address these issues,
solid adsorbents, including porous carbons, silicas, zeolites, and metal-organic frameworks,
have been investigated as promising alternatives due to their high thermal stabilities and
potentially lower regeneration energies.>®7-11 Extensive studies have revealed that most of
these adsorbents are not applicable for CCS due to hydrolytic instability and/or competitive
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binding of water to the CO, adsorption sites.112.¢-9.1213 On the other hand, amine-
functionalized adsorbents!10.4.7.9.14 can offer both high CO, selectivity and enhanced
performance under humid conditions,120:14b.15 byt often exhibit slow adsorption kinetics2?
and require high regeneration temperatures. Thus, there remains an ongoing need for new
adsorbents that perform well under humid conditions and can be regenerated at moderate
temperatures under pure CO,.

Recently, wel and others’ have investigated a new class of amine-functionalized
adsorbents prepared by appending diamines to the open metal sites of metal-organic
frameworks. Remarkably, alkylethylenediamine-appended variants of Mg,(dobpdc)
(dobpdc?~ = 4,4’ -dioxidobiphenyl-3,3’-dicarboxylate),16a-¢.17a-C 3 metal-organic framework
possessing hexagonal one-dimensional channels lined with coordinatively-unsaturated Mg2*
sites, adsorb CO, via a unique cooperative mechanism involving the formation of
ammonium carbamate chains (Figure 1).162b This cooperative adsorption leads to step-
shaped isotherms that enable high working capacities in a TSA process (Figure 2).16a0 |n
addition, previous mixed-gas equilibrium adsorption measurements indicate that these
materials maintain their high capacity for CO, under humid conditions, a critical challenge
for carbon capture.120.16b.17a

Owing to their highly exothermic differential enthalpies of adsorption, Mgo(dobpdc) variants
appended with primary,secondary (1°,2°),162 secondary,secondary (2°,2°),162-¢ and most
primary,primary (1°,1°)173.¢ alkylethylenediamines display step-shaped adsorption of CO, at
very low partial pressures (<1 mbar of CO, at 40 °C) (Figure 2). As a result of their low step
pressures, these adsorbents are well-suited for carbon capture from dilute streams such as
air.16a.c.17¢ However, this strong adsorption results in high desorption temperatures under
pure CO, (140-200 °C), which greatly increases the regeneration costs associated with the
use of these adsorbents. In contrast, primary,tertiary (1°,3°) diamine-appended variants of
Mg,(dobpdc) can be regenerated at lower temperatures (75 °C), but due to their relatively
high step pressures (= 100 mbar, 40 °C) would capture only < 30% of the CO, from a coal
flue gas stream (Figure 2).16a17b A promising adsorbent would display step-shaped
adsorption at ~15 mbar of CO, at 40 °C to enable 90% capture from a coal flue gas stream
containing 150 mbar of CO,, and minimal adsorption under 1 bar of CO, at < 100 °C to
enable regeneration of the CO,-saturated bed with lower grade steam. More specifically, the
ideal adsorbent would possess a free energy of adsorption (Agsgs) as close as possible to that
required for a CO, adsorption step (sep) at 15 mbar at 40 °C (-10.9 kJ/mol, as determined
from Agags = RTIN(Ostep/ p0) With pp = 1 bar),16a which will enable effective capture of CO,
while minimizing the energy required for desorption. None of the alkylethylenediamine-
appended variants of Mg, (dobpdc) reported to date meet these criteria.16a-¢.172-C Herein, we
demonstrate that Mg,(dobpdc) appended with 2,2-dimethyl-1,3-diaminopropane (dmpn,
Figure 2) possesses these desirable attributes, while maintaining excellent long-term stability
and performance under humid conditions. Altogether, these characteristics make dmpn—
Mg,(dobpdc) one of the most promising adsorbents identified to date for CCS from coal flue
gas.
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EXPERIMENTAL SECTION

General Procedures.

All synthetic manipulations were carried out under air unless noted otherwise. All diamines
and solvents were purchased from commercial sources and used without further purification.
The ligand Hdobpdc was purchased from Hangzhou Trylead Chemical Technology Co. The
metal-organic frameworks My(dobpdc) (M = Mg, Mn, Co, Ni, Zn) were prepared according
to modified literature procedures, as detailed in the Supporting Information.16a0 powder X-
ray diffraction patterns (Figure S1) and 77K N, adsorption isotherms (Figure S2) for these
materials are consistent with those from the literature.162.0 1H NMR spectra for digestion
experiments were collected on a Bruker AMX 300 MHz NMR spectrometer and referenced
to residual DMSO (& 2.50 ppm). Attenuated total reflectance (ATR) infrared (IR) spectra
were collected on a Perkin-Elmer Spectrum 400 Fourier Transform (FT) IR spectrometer.
Differential scanning calorimetry (DSC) measurements were carried out using a TA
Instruments Q200 differential scanning calorimeter. Laboratory powder X-ray diffraction
patterns were collected using a Bruker AXS D8 Advance diffractometer using CuKa
radiation (1 = 1.5418 A).

Synthesis of Diamine-Appended M,(dobpdc) (M = Mg, Ni) Compounds.162

A 20 mL scintillation vial was charged with 4 mL of toluene and 1 mL of the diamine (for
2,2-dimethyl-1,3-diaminopropane, the diamine was melted prior to use). Methanol-solvated
M (dobpdc) (~20 mg, M = Mg or Ni) was filtered and washed with successive aliquots of
toluene (2 x 10 mL) (Note: My(dobpdc) should not be allowed to dry completely as this can
in some cases lead to decomposition of the framework).16¢ Next, M(dobpdc) was added to
the diamine solution, and the vial was swirled several times and allowed to stand at room
temperature for 24 h. The mixture was then filtered, and the resulting powder was
thoroughly washed with toluene (3 x 20 mL) and allowed to dry for 2 min, yielding ~30 mg
of the diamine-appended metal-organic framework. In all cases, 'H NMR digestion
experiments (Supporting Information Section S5) confirmed that the ratios of diamine to
Mg?* sites were >100% (Table S2), indicative of solvation by excess diamine. Activation of
the samples at 130-150 °C for 20-30 min under flowing N, was sufficient to remove the
excess diamine from the pores. A modified procedure®® was used to prepare small-scale
samples of dmpn-appended Mj(dobpdc) (M = Mn, Co, Zn) (see Supporting Information for
details). Powder X-ray diffraction patterns, infrared spectra, pure CO, adsorption/desorption
isobars, and thermogravimetric N, decomposition curves for all new diamine-appended
metal—organic frameworks prepared in this work are included in Sections 2-4 of the
Supporting Information.

Single-Crystal and Powder X-ray Diffraction Structures.

Details of powder X-ray diffraction refinements are included in Supporting Information
Section 10. Single crystals of Zny(dobpdc) and diamine-appended analogues were prepared
according to modified literature procedures.162 Additional details and structures are included
in Supporting Information Section 11.
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Gas Adsorption Measurements.

Adsorption isotherms of N, O,, CO5, and H,O were obtained by volumetric methods using
a Micromeritics ASAP 2020 gas adsorption analyzer. All gases were 99.998% purity or
higher. Deionized water was subjected to three freeze—pump-thaw cycles prior to adsorption
measurements. Isotherms conducted at 25, 30, 40, 50, 60, and 75 °C were measured using a
circulating water bath. Isotherms at 100 °C were measured using a heated sand bath
equipped with a programmable temperature controller. Samples were regenerated at 100 °C
under dynamic vacuum (<10 pbar) for 2—4 h between isotherms. The isotherm data points
were considered equilibrated after <0.01% pressure change occurred over a 15 s interval.

Calculations of Differential Enthalpies and Entropies of Adsorption.

Isotherms were fit by linear interpolation. Using the isotherm fits, the exact pressures (p,)
corresponding to specific CO, loadings (g) were determined at different temperatures (7).
The Clausius—Clapeyron relationship (eg. 1) was used to calculate the differential enthalpies
of adsorption (A/,4s) based on the slopes of the linear trendlines fit to In(pg) vs. 1/ T at
constant values of g. The y~intercepts of these linear trendlines are equal to — As,4¢/ R at each
loading (with g = 1 bar),8 and thus were used to determine the corresponding differential
entropies of adsorption.

In(p,) = (Nsda)(%) +c @)

Thermogravimetric Analysis and Cycling Measurements.

Dry thermogravimetric analysis (TGA) experiments were conducted using a TA Instruments
TGA Q5000. Humid TGA experiments were conducted using a TA Instruments TGA Q50.
The incident gas stream was humidified by passing it through two water bubblers in series,
leading to an estimated water content of 1.3% at 25 °C (as determined by comparison to
water isotherms). Isobars were measured using a temperature ramp rate of 1 °C/min. Custom
CO4/N5 blends (50%, 30%, 15%, 10%, and 5% CO, in N5) were purchased from Praxair.
Samples were activated at 130 °C or 150 °C under flowing N5 for 20-30 min (until the mass
stabilized) prior to switching the gas stream. Masses are uncorrected for buoyancy effects.
Decomposition experiments were carried out under dry N, using a temperature ramp rate of
1.5 °C/min.

Breakthrough Measurements.

See Supporting Information Section 7 for complete experimental details.

Solid-State Magic Angle Spinning (MAS) 13C NMR Experiments.

For NMR experiments performed on samples dosed with 13CO, (Sigma Aldrich, 99 atom %
13C, <3 atom % 180), samples were first activated under flowing N, at the temperatures
indicated in Table S2 for 30 min, cooled to room temperature, and transferred to a N»-filled
glovebag. The samples were then packed into rotors. Uncapped rotors were then evacuated
for at least 30 min inside a home-built gas-dosing manifold before dosing with 13CO,, after
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which the samples were allowed to equilibrate for 30 min (see Supporting Information
Section 8 for further details). All NMR spectra were recorded at 7.1 T using a DOTY magic
angle spinning probe with a 4 mm silicon nitride rotor. A Tecmag Discovery spectrometer
capable of double resonance experiments was used. 13C NMR spectra were acquired by
cross-polarization from 1H with a contact time of 1 ms, and with continuous-wave 1H
decoupling during the acquisition period. All 13C NMR spectra were referenced using the
tertiary carbon atom of adamantine with a chemical shift of 38.5 ppm (secondary reference).
Sample dosing and NMR experiments were carried out at ambient temperature.

RESULTS AND DISCUSSION

Discovery and Evaluation of dmpn—-Mg,(dobpdc).

Our previous work demonstrated that modifying the nitrogen substituents of diamines allows
for rational tuning of the CO, step pressure for alkylethylenediamine-appended variants of
Mg, (dobpdc).162 However, as summarized in Figure 2, changing the substitution patterns on
the nitrogen atoms led to step pressures that were either too high (= 100 mbar) or too low (<
1 mbar) for the efficient removal of CO, from coal flue gas. Therefore, we examined
whether changing the substituents on the backbone of the diamine — specifically, switching
from ethylenediamines to diaminopropanes — could tune the step pressure to ~15 mbar at
40 °C. To this end, we appended 1,3-diaminopropane (pn, Figure 3) to Mg,(dobpdc), which
produced an adsorbent displaying step-shaped adsorption of CO, with a similar step
pressure (~0.5 mbar, 40 °C) as compared to other strongly adsorbing diamine-appended
variants of Mg, (dobpdc) (Figure 3a).163-¢.17a.c However, in distinct contrast to variants of
Mg, (dobpdc) functionalized with primary,primary ethylenediamines (Figure S21),173:¢ pn—
Mg,(dobpdc) displays almost no hysteresis upon CO, desorption, allowing for its near
complete regeneration at 130 °C under pure CO» (Figure 3b). The addition of a methyl
group (2-methyl-1,3-diaminopropane, mpn) to the diamine backbone does not have a
significant effect on the CO, adsorption step pressure or temperature compared to pn—
Mg,(dobpdc) (Figure 3).

Unexpectedly, with the addition of a second methyl group to the diamine backbone, 2,2-
dimethyl-1,3-diaminopropane (dmpn) led to a drastic change in the adsorption properties
(Figure 3). For this adsorbent, the CO, adsorption step at 40 °C is broadened and shifted to a
pressure of ~15 mbar, which is suitable for ~90% capture of CO, from coal flue gas (Figure
3a). In addition, near-complete CO5 desorption can be achieved at 95 °C under pure CO,
(Figure 3b), although an unusual hysteresis profile is apparent during desorption. This low
CO», desorption temperature is particularly advantageous because the regeneration
temperature of the adsorbent strongly affects the efficiency of a carbon capture process.1®
During the preparation of this manuscript, a similar substituent effect was disclosed for
ethylenediamine-appended variants of Mg,(dobpdc).172 Although the adsorbent
functionalized with the ethylenediamine analogue of dmpn, 1,1-dimethyl-1,2-
ethylenediamine (den, referred to herein as dmen), displays a similar pure CO, adsorption
step temperature, it possesses a lower CO, capacity and a higher CO, desorption
temperature of 116 °C due to significant hysteresis (see Supporting Information Section 3
for details).172
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The ability of dmpn—Mg,(dobpdc) to effectively capture CO, at 40 °C while showing
minimal adsorption under 1 bar CO, at 95 °C led us to further examine its potential for
carbon capture from coal flue gas. Accordingly, CO, adsorption isotherms were collected at
a range of temperatures from 25 to 100 °C (Figure 4). At temperatures < 75 °C, step-shaped
adsorption of CO, is apparent, with the step occurring at higher pressures as the temperature
increases. Consistent with the isobaric data (Figure 3b), the CO» isotherm for dmpn-

Mgy (dobpdc) at 100 °C is nearly flat up to a pressure of 1 bar. Based on the single-
component isotherm data of dmpn—Mg,(dobpdc), adsorption at 150 mbar of CO, at 40 °C
(2.91 mmol/g, 11 wt%) and desorption under 1 bar of CO, at 100 °C (0.49 mmol/g, 1.9 wt
%) produces a high working capacity of 2.42 mmol/g (9.1 wt%) with only a 60 °C
temperature swing. Using the crystallographic density of activated dmpn—Mg,(dobpdc)
(0.94 g/cm?3), this corresponds to an approximate volumetric working capacity of 2.28
mmol/cm3 (51 v/v).

Surprisingly, the height and sharpness of the CO, adsorption steps were also affected by
temperature, with sharper, taller steps observed at lower temperatures and broader, shorter
steps observed at higher temperatures. Similar behavior was observed in isobaric adsorption
measurements of dmpn—Mg,(dobpdc) using gas streams with decreasing partial pressures of
CO,, (Figure S10). In contrast, other adsorbents in this family,162-¢.17a-¢ sch as closely
related mpn—-Mg,(dobpdc), exhibit CO, adsorption steps of equivalent height regardless of
the temperature in isothermal measurements (Figure S12) or the partial pressure of CO5 in
isobaric measurements (Figure S15). The fundamentally different response of the CO,
adsorption step heights of dmpn-Mg,(dobpdc) to changing conditions compared to other
diamine-appended variants of Mgy (dobpdc) suggests that it adsorbs CO5 by a different
mechanism, as will be discussed in detail below.

The CO, adsorption isotherms at 40, 50, and 60 °C in Figure 4 were fit empirically using
linear interpolation (Figure S7), which allowed the differential enthalpy of adsorption to be
determined at each CO», loading using the Clausius—Clapeyron relationship (Figure S8). At a
CO», loading of 1 mmol/g (/.e., in the adsorption step), a differential enthalpy of adsorption
(Ahygs) of =74 £ 1 kJ/mol was determined for dmpn—Mg,(dobpdc), which is comparable to
that of other diamine-appended variants of Mg,(dobpdc)162 as well as mpn-Mg,(dobpdc)
(=71 £ 4 kJ/mol, Figure S13) and pn—Mg5(dobpdc) (=76 + 2 ki/mol, Figure S17). Using the
low reversible heat capacity (1.5 J/g-°C) of dmpn—-Mgy(dobpdc) (Figure S28), an
approximate regeneration energy of 2.1 MJ/kg CO, was calculated (see Supporting
Information Section 6 for details). This value is approximately half that required to
regenerate a 30% monoethanolamine solution (4.8 MJ/kg CO,),20 less than that for zeolite
5A (approximately 3.2 MJ/kg CO5),2! and similar to that of N,V -
dimethylethylenediamine—Mg,(dobpdc) (2.3 MJ/kg CO,).162 However, all of these
adsorbents must be heated to significantly higher temperatures (120,2° 150,21 and 140 °C,162
respectively) than dmpn—Mg,(dobpdc) (100 °C) to fully desorb CO,. Notably, dmpn-
Mg,(dobpdc) also adsorbs only negligible amounts of N, (0.017 mmol/g at 750 mbar) and
05 (0.002 mmol/g at 40 mbar) at 40 °C, leading to excellent CO,/N, (882) and CO,/O,
(517) noncompetitive selectivities at the partial pressures relevant for a coal flue gas stream
(Figure S11 and Table S1).11d
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The similar differential enthalpies of CO, adsorption in dmpn—, mpn—, and pn—-Mgz(dobpdc)
are surprising given the significantly higher step pressure of dmpn—-Mg,(dobpdc), as our
previous work suggested that the differential enthalpy should dictate the CO, step pressure.
16a,0 \We previously observed that the differential enthalpies and entropies of adsorption at a
loading of 1 mmol/g (/.e., in the step) are linearly correlated for alkylethylenediamine-
functionalized variants of Mg,(dobpdc) (gray circles, Figure 5, see Table S3 for individual
values).162 In this plot, isothermal CO, step pressures decrease moving towards the upper
right corner, as indicated by both stronger CO, binding (more negative A/,qys) and reduced
CO», and diamine mobility (more negative As,q4s) in the adsorbed phase. Both mpn—
Mg,(dobpdc) and pn—Mg,(dobpdc) obey this relationship and possess 40 °C step pressures
(~0.5 mbar) similar to those of adsorbents with comparable differential enthalpies of
adsorption.16ab

Performing the same analysis for dmpn—Mg,(dobpdc), however, revealed it to be an outlier
from this trend (black line, Figure 5), as it possesses a more negative differential entropy of
adsorption (Asygs = —204 + 4 J/mol-K) than expected given its highly exothermic differential
enthalpy of adsorption (Afgs = =74 £ 1 kd/mol). This increase in the entropic penalty for
CO» adsorption in dmpn—-Mg,(dobpdc) over what would be predicted from the linear
trendline followed by other alkyldiamines (—181 J/mol-K) leads to a Agyqs at 40 °C of =10 £
2 kJ/mol. Importantly, this value is within error of the Ag,qs calculated to be necessary to
achieve step-shaped adsorption of CO5 at 15 mbar and 40 °C (-10.9 kJ/mol), as indicated by
its position on the dashed green line in Figure 5. Although dmen-Mg,(dobpdc)172 also lies
on this line, it exhibits a less negative A/,g4s (=63 = 4 kJ/mol) than dmpn—Mg,(dobpdc) (-74
+ 1 kJ/mol), which contributes to the larger temperature swing (A 7= 76 °C) required to
move the adsorption step past 1 bar of CO, (eq. 1). The significant change in the differential
entropy of adsorption between dmpn-Mg,(dobpdc) and mpn—Mg,(dobpdc) and pn—

Mgy (dobpdc) predominantly accounts for the difference in step pressures between these
adsorbents at 40 °C (Figure 3a). Notably, this represents a rare instance in which the
adsorption properties of a material have been tuned by changing the differential entropy of
adsorption.

Performance Under Humid Flue Gas Conditions.

Although dmpn-Mg,(dobpdc) shows promising properties in single component
measurements, assessing its performance for carbon capture under humid conditions is
imperative due to the high water content (5-7%) of coal flue gas. In general, materials
bearing open metal coordination sites adsorb water and CO, at the same binding sites, with
more favorable adsorption of water, generally leading water to outcompete CO> in
multicomponent measurements.122b.22 |n contrast, isothermal measurements confirm that
the average differential heat of adsorption for water in dmpn—-Mg,(dobpdc) is —47 £ 1
kJ/mol (Figures S29 and S30), which is less negative than that for CO, (=73 + 1 kJ/mol) due
to the different binding modes of these two adsorbates. However, these single-component
measurements do not necessarily reflect the ability of dmpn—-Mg,(dobpdc) to competitively
adsorb CO, under humid conditions.

JAm Chem Soc. Author manuscript; available in PMC 2021 June 23.
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Multicomponent measurements of CO, adsorption in the presence of water are more
informative for evaluating the potential of dmpn—Mg,(dobpdc) for carbon capture.120
Therefore, we performed humid thermogravimetric analysis (TGA) measurements by
bubbling the incident gas stream through water to study the ability of dmpn—-Mg,(dobpdc) to
adsorb CO, under humid conditions (Figure 6). One drawback of these measurements is that
the exact composition of gases adsorbed cannot be reliably determined, although comparison
of the mass changes observed with different gas streams provides insight into the behavior of
the adsorbent under dry and humid conditions. Consistent with isothermal data (Figure S11),
dmpn-Mg,(dobpdc) adsorbs a negligible amount of dry N, at 40 °C (dark blue, Figure 6).
Therefore, N, co-adsorption can assumed to be negligible in these multicomponent
measurements. Cooling dmpn—Mg,(dobpdc) below 60 °C under a humid N, stream led to an
increase in mass relative to the dry N, isobar. The difference between the dry and humid N,
cooling isobars should primarily be due to water adsorption and suggests that 1.58 g water
per 100 g of adsorbent (0.22 molecules per diamine) are taken up at 40 °C in the absence of
C0,.23 Importantly, step-shaped adsorption of H,O was not observed in this assay,
suggesting that any step-shaped adsorption observed with humidified CO5 streams results
from CO, adsorption.

Cooling dmpn—Mg,(dobpdc) under a stream of dry 15% CO, in N5 led to step-shaped
adsorption of CO, (green, Figure 6), with a CO, uptake of 14.3 g/100 g (3.24 mmol/g) at 40
°C. This is comparable to the 2.91 mmol/g of CO, adsorbed at 150 mbar in the 40 °C
isotherm (Figure 3a). Significantly, step-shaped adsorption was also observed upon cooling
dmpn-Mg,(dobpdc) under humid 15% CO, in N (light blue), suggesting that CO, capture
in dmpn-Mg,(dobpdc) occurs readily in the presence of water. The apparent CO, adsorption
step of dmpn-Mgs(dobpdc) shifted to a slightly higher temperature under the humid gas
stream, indicating that water promotes CO, adsorption. The same increase in apparent CO,
adsorption step temperature was observed with humidified pure CO, and 5% CO» in N,
streams (Figures S32 and S33). This effect is likely due to water stabilizing the CO,
adsorbed phase through hydrogen-bonding or ion-dipole interactions, as has been observed
with other amine-functionalized materials.1>-24 Consistent with this hypothesis, dmpn—
Mg,(dobpdc) exhibits a greater increase in mass after the adsorption step under humid
conditions compared to dry conditions. This increased uptake suggests that dmpn—

Mg, (dobpdc) co-adsorbs significantly more water after CO, adsorption, leading to an
additional uptake of 9.98 g/100 g (5.55 mmol/g if all water, see below) at 40 °C under humid
15% CO» in N, compared to the dry stream (Figure 6). Together, these findings indicate
favorable interactions between water and adsorbed CO, in dmpn—Mg»(dobpdc), which could
lead to enhanced uptake of low partial pressures of CO, under humid conditions.

To corroborate these promising TGA results, we also performed breakthrough experiments
using 0.63 g of semi-spherical dmpn—-Mg,(dobpdc) pellets (350-700 pm diameter) in a
stainless steel column with a total packed adsorbent volume of 2.19 cm?3 (Figure 7, see
Supporting Information Section 7 for further details). First, breakthrough measurements
with a dry 15% CO, in N, stream were carried out. Near immediate breakthrough of N, was
observed (blue circles, capacity: < 0.1 mmol/g), followed by sharp breakthrough of CO,
(green circles, capacity: 2.7 mmol/g) after approximately 30 min at a flow rate of 10 sccm.
The incident stream was then switched to He that had been bubbled through water at room
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temperature, and the dmpn-Mg,(dobpdc) was humidified at 40 °C until water breakthrough
was detected at the end of the column. Several breakthrough adsorption cycles at 40 °C were
then carried out on the water-saturated bed using a stream of 15% CO, in N that was
humidified by bubbling through CO,-saturated water at room temperature (~2% water).
Similar to the dry breakthrough results, the facile separation of N, (purple circles, capacity:
< 0.1 mmol/g) and CO5, could be achieved under humid conditions. Moreover, the CO,
breakthrough curve became sharper in the presence of water (black circles), leading to a
slightly higher CO, capacity of 3.0 mmol/g compared to the dry breakthrough
measurements. These breakthrough measurements confirm that dmpn—Mg,(dobpdc) shows
superior adsorption of CO, under humid conditions compared to dry conditions, making it
effective for the removal of CO, from a coal flue gas stream.

Another critical factor for employing dmpn—-Mgs(dobpdc) is its long-term stability to
adsorption/desorption cycling under humid conditions. This stability was examined by
subjecting dmpn—Mg,(dobpdc) to 1000 simulated adsorption (humid 15% CO; in Ny, 5 min,
40 °C) and desorption (humid COs, 1 min, 100 °C) cycles, the results of which are
summarized in Figure 8. The adsorption and desorption capacities (black circles), as well as
the CO,/H,0 cycling capacity (blue circles), remained constant during the last 200 cycles
(see Figure S36 for the raw cycling data). In addition, the adsorbent maintained crystallinity
and a high diamine loading of 97% after both 300 and 1000 cycles, confirming that dmpn-
Mg, (dobpdc) is stable to both diamine loss and degradation upon long-term cycling in the
presence of water. Some permanently adsorbed species (~7.4 g/100 g, ~4.1 mmol/qg if all
water) slowly built up during the first 100 cycles, though a high cycling capacity of ~10
g/100 g (~2.3 mmol/g if all CO,) was still achieved over the last 200 cycles with only a 60
°C temperature swing.2> Very short adsorption (5 min) and desorption (1 min) intervals
could be used in this cycling experiment, reflecting the fast CO,/H,O adsorption and
desorption Kinetics of dmpn—Mg,(dobpdc). Overall, the dry and humid adsorption
measurements indicate that dmpn—-Mg,(dobpdc) is an excellent adsorbent for carbon capture
from coal flue gas.

Mechanism of CO, Adsorption.

Metal Effect on CO, Adsorption Step Pressure.—We initially hypothesized that the
COy, adsorption step in dmpn—Mg»(dobpdc) originated from the cooperative formation of
ammonium carbamate chains, similar to the behavior previously reported for related
frameworks. 162 However, the unusual CO, adsorption profile (Figures 3 and 4) and
deviation from the linear relationship between A/,4s and As,qs followed by other adsorbents
in this family (Figure 5) suggested a change in the adsorption mechanism for dmpn—
Mg,(dobpdc). One diagnostic feature of ammonium carbamate chain formation is a metal
effect on the CO, adsorption step pressure, because this mechanism involves breaking a
M—N bond and forming a M—O bond.16P To probe any potential metal effect on the CO,
adsorption step, dmpn-M5(dobpdc) (M = Mn, Co, Ni, Zn) were synthesized and compared
to the Mg analogue (see Supporting Information Section 4 for details). The CO, adsorption
isotherms for dmpn-M(dobpdc) (M = Mg, Mn, Co, Zn) at 25 °C confirm that these
adsorbents undergo step-shaped adsorption of CO, (Figure 9). The distinctive isotherm
shapes of dmpn—Ms(dobpdc) (M = Mn, Co, Zn) are similar to that of the Mg analogue,
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suggesting that these materials adsorb CO, via a similar uptake mechanism. Consistent with
cleavage of the M—N bond during CO, adsorption, the CO, adsorption step pressures
increase in the order Mg < Mn < Co » Zn, which is the same order previously observed for
M,(dobpdc) variants appended with A,V ~dimethylethylenediamine!6 and trends with
increasing M—N bond strength.28 In addition, the diagnostic C-N stretch of an ammonium
carbamate at ~1330 cm~1 was observed in the IR spectra of CO,-dosed samples of dmpn—
M,(dobpdc) (M = Mg, Mn, Co, Zn) (Figures S41 and 42).158.16a.b Taken together, these
findings support the formation of ammonium carbamate chains in dmpn-M,(dobpdc) (M =
Mg, Mn, Co, Zn). Notably, as with alkylethylenediamine-appended variants,16° dmpn—
Ni,(dobpdc) did not display step-shaped adsorption of CO, and thus likely adsorbs CO, via
a distinct mechanism.

Solid-State 13C NMR Experiments.—To further probe the CO, adsorption mechanism
in dmpn-Mga(dobpdc), magic angle spinning (MAS) solid-state 13C NMR measurements
with isotopically enriched 13CO, were carried out (Figures 10 and 11). Using 13CO,
improved the signal-to-noise ratio of these spectra and allowed for short acquisition times
(~30 min).2 In addition, a custom dosing manifold enabled the preparation of samples
dosed with different pressures of 13CO, and thus for the examination of the uptake
mechanism at different points in the CO, adsorption isotherms (see Supporting Information
Section 8 for details).

To serve as a point of reference, the 13C NMR spectrum of 13CO,-dosed dmen-

Mg, (dobpdc)17@ (Figure 10) was collected, as the single-crystal X-ray diffraction structure
of dmen—Zn,(dobpdc) confirms that it forms ammonium carbamate chains (Figure S47).
Consistent with the literature,172 the 13C NMR spectrum of dmen—Mga(dobpdc) displays a
new resonance at 163.7 ppm upon exposure to 13CO, (Figure 10a). This same resonance was
observed at both moderate (129 mbar) and high (989 mbar) pressures of 13CO,. Previous
solid-state NMR studies of amine-appended silicas assign resonances with this chemical
shift to the carbonyl carbon of an ammonium carbamate species.28 The remainder of the
spectrum features assignable resonances from the framework and diamine comparable to the
spectrum obtained before 13CO, dosing (Figure S39), supporting the formation of one
dominant ammonium carbamate species upon exposure to 13CO,.

The 13C NMR spectra of pn—Mg,(dobpdc)-13C0O, and mpn-Mg,(dobpdc)-13CO, are
similar to that of dmen—Mg,(dobpdc)-13CO,, with a single dominant resonance observed at
162.7 and 162.8 ppm, respectively (Figure 10b,c). In both cases, the same dominant
chemisorbed species was observed at low and high pressures of 13CO,, although a slight
shoulder was observed at ~159 ppm in the spectrum of pn—Mg»(dobpdc) at 980 mbar of
13C0O,. In addition, the IR spectra of CO,-dosed samples of mpn- and pn-Mg,(dobpdc)
display new stretches at ~1330 cm™1 corresponding to the C-N stretch of an ammonium
carbamate species (Figure S41).158.16ab Taken together, these findings suggest that mpn—
and pn—Mg,(dobpdc) predominantly form ammonium carbamate chains upon CO»
adsorption. Unfortunately, we have thus far been unable to structurally characterize the CO,-
adsorbed phases of mpn- or pn—M5(dobpdc) variants to confirm this hypothesis.
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In contrast, the 13C NMR spectrum of dmpn-Mga(dobpdc)-13COs is significantly more
complex, with at least two resonances corresponding to the carbonyl carbon atoms of
chemisorbed species observed at 164.2 and 161.1 ppm under 29 mbar of 13CO, (Figure
11a). At higher pressures (88 and 1072 mbar), three resonances result from chemisorbed
13C0,. Additional splitting of the amine resonances is also apparent, particularly at 1072
mbar, supporting the formation of multiple chemisorbed species. By comparison with the
13C NMR spectra shown in Figure 10, as well as with the literature,28 we assign the
downfield resonance at 164.2 ppm that dominates immediately after the CO, adsorption step
(29 mbar) as arising from ammonium carbamate chains. Due to the low step pressure of
dmpn-Mg,(dobpdc) at room temperature (~5 mbar), we have thus far been unable to obtain
13C NMR spectra at 13CO, pressures below the adsorption step.

The higher step pressure of dmpn—Zn,(dobpdc) (~100 mbar, 25 °C) compared to dmpn-
Mg, (dobpdc) (~5 mbar, 25 °C) allowed for the acquisition of 13C NMR spectra before and
after the adsorption step (Figure 11b). At partial pressures of 13CO, below the adsorption
step (79 and 87 mbar), a number of weak broad resonances arise from chemisorbed 13CO,
(160-165 ppm). These relatively weak signals result from the minor amounts of 13CO, (0.5
mmol/g) adsorbed at these pressures (Figure 9). Increasing the 13CO, pressure past the CO,
adsorption step (156 and 304 mbar) results in two sharp resonances at 164.4 and 160.1 ppm
and splitting of the resonances corresponding to the framework and diamine into several
peaks. By comparison with the literature8 and the other 13C NMR spectra presented in
Figure 10, we assign the downfield resonance at 164.4 ppm in these spectra to ammonium
carbamate chains. Indeed, density functional theory (DFT) calculations using a putative
ammonium carbamate chain structure for dmpn-Zny(dobpdc)-CO» yielded a predicted
chemical shift of 165.3 ppm (Figure S40). Thus, the NMR experiments indicate that the
ammonium carbamate species observed by both 13C NMR and IR spectroscopy is partly
responsible for the adsorption step at ~100 mbar at 25 °C.

Interestingly, at higher pressures of 13CO, (842 and 1038 mbar) the two resonances
observed at intermediate pressures greatly decrease in intensity, leading a hitherto
unidentified species (161.1 ppm) to dominate at 1038 mbar. In contrast, for dmpn—

Mg, (dobpdc) the assigned ammonium carbamate chains (164.2 ppm) are apparent even at
high pressures of 13C0O, (1072 mbar), reflecting their more stable nature compared to those
of the Zn analogue.18P Although it is perhaps unsurprising that dmpn—M,(dobpdc) (M = Mg,
Mn, Co, Zn) analogues form ammonium carbamate species upon CO, adsorption in view of
the reactivity of related diamine-appended metal—organic frameworks,162b the identity of the
other chemisorbed species in the 13C NMR spectra of dmpn—M,(dobpdc) (M = Mg, Zn) was
not immediately apparent.

3.3.3 Single-Crystal X-ray Diffraction Studies.—We turned to single-crystal X-ray
diffraction in order to identify the species observed at 161.1 ppm that dominates the 13C
NMR spectrum of dmpn-Zn,(dobpdc) at higher pressures of 13CO, (Figure 11). The
structure of diethyl ether-solvated dmpn—Zny(dobpdc) was first obtained in the absence of
CO», (Figure 12a). Importantly, considerable unobstructed pore volume remains after
diamine grafting (Figure S45), consistent with the high Brunauer-Emmett-Teller (BET)
surface area of 948 + 3 m2/g determined for dmpn—Mg,(dobpdc) from the N, adsorption
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isotherm at 77 K (Figure S6). This should allow for rapid diffusion of CO, into and out of
the pores. Interestingly, the presence of an extensive hydrogen bonding network between
adjacent diamines can be inferred from the close N---N contacts of 3.26(3) A. In addition,
the powder X-ray diffraction pattern of dmpn—Mn,(dobpdc) is consistent with the presence
of a similar hydrogen bonding network (see Section 10 of the Supporting Information).
Likewise, the single-crystal structure of toluene-solvated mpn—Zn,(dobpdc) shows two
distinct conformations involving hydrogen-bonding between amines; the minor conformer
involves hydrogen-bonding along the c-axis, as in Figure 12a (30.8(13)% occupancy),
whereas the major conformer (57.1(13)% occupancy) involves intramolecular hydrogen
bonding between the terminal and metal-bound amines of a single diamine (Figure S46).
These interactions are not available to alkylethylenediamine-appended variants of
Zn,(dobpdc) because adjacent diamines are unable to reach one another down the c-axis6aP
and likely contribute significantly to the observed stability of dmpn—-Mg»(dobpdc) to
adsorption/desorption cycling (Figure 8).

Remarkably, dosing activated single crystals of dmpn—Zn,(dobpdc) with 1 bar of CO,
allowed us to obtain the X-ray diffraction structure corresponding to the unidentified species
observed by solid-state 13C NMR spectroscopy (Figure 11). In contrast to all other diamine-
appended metal organic frameworks studied to date,162P dmpn-Zn,(dobpdc) was found to
form carbamic acid pairs bridging diagonally adjacent diamines upon exposure to CO,
(Figure 12b, Figure 13). While the bridging hydrogen atoms could not be located in the
structure, their presence was inferred from the close O---O contacts of 2.38(4) and 2.88(4) A,
respectively. These pairs are connected by hydrogen-bonding interactions along the c-axis
and thus form an extended ladder-like structure running down the pores of the framework
(Figure 12b). Importantly, significant unoccupied pore volume remains even after CO»
adsorption, enabling facile gas transport through the pores (Figure 13). Although previous
DFT calculations suggested that the formation of carbamic acid pairs would not be expected
to proceed cooperatively,2° the presence of hydrogen-bonding interactions along the c-axis
in this structure may impart some degree of cooperativity. However, such interactions are
also present in the absence of CO, (Figure 12a), and therefore any cooperative effects are
likely offset by similar hydrogen-bonding interactions between adjacent carbamic acid pairs,
between carbamic acid pairs and adjacent free amines, and between adjacent free amines.
Therefore, the carbamic acid pairs likely dominate in the post-step regimes of the CO,
isotherms of dmpn-M5(dobpdc) (M = Mg, Mn, Co, Zn), with insertion to form ammonium
carbamate chains occurring predominantly near the CO, adsorption step. The combination
of a primarily non-cooperative adsorption isotherm for the carbamic acid pairs and a step-
shaped adsorption isotherm for the ammonium carbamate chains likely gives rise to the
distinct isotherm shapes of dmpn-functionalized analogues of My(dobpdc). Notably, dmpn—
Niy(dobpdc), which possesses M—N bonds that are too strong to allow for CO, insertion to
form ammonium carbamate chains, 6P likely adsorbs CO, exclusively via the formation of
carbamic acid pairs and exhibits a non-cooperative adsorption profile.

Although carbamic acid pairs have not been experimentally observed in a diamine-appended
metal—organic framework until now, previous DFT calculations found that carbamic acid
pairs of a different geometry were comparable in energy to the experimentally observed
ammonium carbamate chains with N,V “dimethylethylenediamine in place of dmpn.160.29
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The formation of hydrogen-bond stabilized carbamic acids upon reaction with CO5, has also
been proposed in certain amine-functionalized adsorbents,152:0:30 byt this adsorption
mechanism has recently been called into doubt3! due to the known instability of carbamic
acids.32 Therefore, to the best of our knowledge, the present results constitute the first
crystallographic observation of carbamic acid pair formation in a porous solid333# and thus
serve as corroborating evidence for the formation of carbamic acid species stabilized by
hydrogen-bonding in other adsorbents. Consistent with this assessment, the solid-state 13C
NMR resonances previously ascribed to carbamic acid species were observed at ~160 ppm,
28 similar in chemical shift to the resonance at 161.1 ppm we assign to carbamic acid pairs
in the 13C NMR spectra of dmpn-Zn,(dobpdc) (Figure 11). In addition, DFT calculations
using the single-crystal X-ray diffraction structure (Figure 12b) afforded a predicted
chemical shift of 161.1 ppm for the observed carbamic acid pairs (see Supporting
Information Section 8 for details). Based on this assignment, the species observed at
intermediate pressures (156 and 304 mbar) at 160.1 ppm in the 13C NMR spectra of dmpn-
Zny(dobpdc) is possibly an unpaired carbamic acid intermediate. Together, the 13C NMR
and X-ray diffraction experiments corroborate that dmpn—Mo(dobpdc) (M = Mg, Mn, Co,
Zn) form a complex mixture of ammonium carbamate and carbamic acid species upon CO,
adsorption.

CONCLUSION

Through careful consideration of the thermodynamics of CO, adsorption in diamine-
appended metal-organic frameworks, we have developed a new adsorbent, dmpn-
Mg,(dobpdc), that is well-tuned for the efficient capture of CO, from coal flue gas.
Specifically, the highly negative differential enthalpy of adsorption (Afgs = =74 £ 1 kJ/mol)
facilitates the effective capture of CO, at 40 °C and near complete regeneration at 100 °C
under 1 bar of CO,, whereas the larger than expected entropic penalty for CO, adsorption
(Asygs = =204 £ 4 J/mol-K) moves the step to a higher pressure at a given temperature. With
this new adsorbent, a narrow temperature swing (A 7= 60 °C) can be used to achieve a high
CO, working capacity of 2.42 mmol/g (9.1 wt%) in a TSA process, which should help to
dramatically lower the energy penalty associated with carbon capture and sequestration.
Importantly, dmpn-Mg,(dobpdc) also exhibits exceptional long-term stability and maintains
its performance under humid conditions. Efforts are now underway to evaluate the use of
dmpn-Mg»(dobpdc) for large-scale CO, capture applications.

The NMR studies presented herein suggest that the mechanistic possibilities for the uptake
of CO, in diaminopropane-appended metal-organic frameworks are more complex than
with ethylenediamines, as the latter appear to adsorb CO, solely via cooperative formation
of ammonium carbamate chains (Figure 10a).162.2 In particular, the addition of a single
methyl group to the diamine backbone (from mpn to dmpn) drastically changes the CO,
adsorption step pressure (Figure 3a), differential entropy of adsorption (Figure 5), and CO,
adsorption mechanism (Figures 10-12). Relatedly, single-crystal X-ray diffraction and 13C
NMR experiments demonstrate for the first time that carbamic acid pair formation is feasible
and can occur competitively with ammonium carbamate chain formation in a diamine-
appended metal-organic framework. Additional structural and NMR investigations are
underway to fully understand the effect of diaminopropane structure, metal, CO, partial
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pressure, temperature, and humidity on the mechanisms of CO, adsorption in dmpn-
Mg,(dobpdc). One critical area for further experimental and theoretical investigation is the
relationship between bridging carbamic acid pairs and ammonium carbamate chains,
particularly regarding the cooperative adsorption of CO,. Given the exceptional promise of
dmpn-Mg,(dobpdc) for the efficient capture from coal flue gas, these studies should prove
valuable for developing next generation adsorbents for carbon capture applications.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
General structure of alkylethylenediamine-appended variants of My(dobpdc) (dobpdc?~ =

4,4’ -dioxidobiphenyl-3,3’-dicarboxylate), represented by the single-crystal X-ray diffraction
structure of the Zn framework, which cooperatively adsorb CO, via the formation of
ammonium carbamate chains.
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Figure 2.

Summary of 40 °C CO», step pressures and regeneration temperatures under 1 bar of CO, for
alkyldiamine-appended variants of Mgy (dobpdc).
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Figure 3.
(a) Isotherms for the adsorption of CO at 40 °C CO, in pn—, mpn—, and dmpn—

Mg,(dobpdc) (desorption data shown with open circles). The dashed line indicates the
approximate partial pressure of CO, in coal flue gas (150 mbar). (b) Adsorption (solid) and
desorption (dotted) isobars of pn—, mpn—, and dmpn-Mgy(dobpdc) under pure CO,, as
measured by thermogravimetric analysis.
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Isotherms for the adsorption of CO5 at 25, 40, 50, 60, 75, and 100 °C in dmpn-Mg»(dobpdc)

(desorption data at 100 °C shown with open circles).
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Figure5.
Correlation between the negative differential enthalpy (—A/,gs) and negative differential

entropy (—As,gs) of CO, adsorption in diamine-appended variants of Mg,(dobpdc). The
adsorbents mpn—-Mg,(dobpdc) (purple circle), pn—Mg,(dobpdc) (red circle), and previously
reported ethylenediamine-appended variants (gray circles)162172 follow a linear relationship,
whereas dmpn—Mg,(dobpdc) (blue circle) is an outlier. The dashed green line indicates the
combinations of A/g4s and Asygs that yield Agags = —=10.9 kJ/mol, corresponding to pgtep = 15
mbar at 40 °C and thus enabling a 90% capture rate from a coal flue gas stream.
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Humid 15% CO, in N5 (black), dry 15% CO, in N (green), humid N, (purple), and dry N,
(dark blue) isobars for dmpn-Mgs(dobpdc), as determined by thermogravimetric analysis

(TGA).
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Dry and humid 15% CO> in N, breakthrough measurements with dmpn—-Mg,(dobpdc).
Breakthrough of N, under dry (blue) and humid (purple) conditions occurred nearly
immediately, followed by clean breakthrough of CO, under both dry (green) and humid
(black) conditions.
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(6 001/6) Awoeded BuljoAD

The adsorption maxima (filled black circles), desorption minima (open black circles), and
cycling capacities (open blue circles) of the last 200 of 1000 humid cycles of dmpn-
Mg,(dobpdc), as determined by thermogravimetric analysis (TGA). The baseline value of 0
9/100 g is defined as the mass after activation under humid 15% CO, in N, for 20 min at

130 °C prior to the first cycle.
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Metal effect on CO5 adsorption at 25 °C for dmpn—Ms(dobpdc) (M = Mg, Mn, Co, Zn, Ni).
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Figure 10.
Room temperature 13C MAS NMR (7.1 T) spectra for (a) dmen—-Mg,(dobpdc), (b) pn—

Mgs,(dobpdc), and (c) mpn-Mg,(dobpdc) dosed with two different pressures of 13COs,.
Spectra were acquired by cross polarization from 1H. Sample spinning rates were 8 kHz in
all cases.
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Figure 11.
Room temperature 13C MAS NMR (7.1 T) spectra for (a) dmpn—Mg-(dobpdc) and (b)

dmpn-Zn,(dobpdc) dosed with various pressures of 13CO,. Spectra were acquired by cross
polarization from 1H. Sample spinning rates were 8 kHz for dmpn-Mg,(dobpdc) (a), and 7,
10, 11, 10, 10, 11 kHz for spectra at 79, 87, 156, 304, 842, 1038 mbar, respectively, for
dmpn-Zny(dobpdc) (b).
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Figure 12.
Single-crystal X-ray diffraction structures of dmpn—-Zn,(dobpdc) at 100 K, with two views

shown. a) The structure of diethyl ether-solvated dmpn-Zny(dobpdc) shows hydrogen-
bonding between adjacent diamines (N--N distance = 3.26(3) A). b) After activation and
dosing with 1 bar of CO,, dmpn-Zn,(dobpdc) forms bridging carbamic acid pairs. Extensive
hydrogen-bonding of carbamic acids to the framework and between adjacent carbamic acid
pairs is observed. The hydrogen atoms between the carbamic acid pairs could not be located
crystallographically and are shown here as visual aids.
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Figure 13.
View down the c-axis of the single-crystal X-ray diffraction structure of the carbamic acid

pairs formed upon CO, adsorption in dmpn—Zn,(dobpdc) at 100 K. The hydrogen atoms
between the carbamic acid pairs could not be located crystallographically and are shown
here as visual aids.

JAm Chem Soc. Author manuscript; available in PMC 2021 June 23.



	Abstract
	Graphical Abstract
	INTRODUCTION
	EXPERIMENTAL SECTION
	General Procedures.
	Synthesis of Diamine-Appended M2(dobpdc) (M = Mg, Ni) Compounds.16a
	Single-Crystal and Powder X-ray Diffraction Structures.
	Gas Adsorption Measurements.
	Calculations of Differential Enthalpies and Entropies of Adsorption.
	Thermogravimetric Analysis and Cycling Measurements.
	Breakthrough Measurements.
	Solid-State Magic Angle Spinning (MAS) 13C NMR Experiments.

	RESULTS AND DISCUSSION
	Discovery and Evaluation of dmpn–Mg2(dobpdc).
	Performance Under Humid Flue Gas Conditions.
	Mechanism of CO2 Adsorption.
	Metal Effect on CO2 Adsorption Step Pressure.
	Solid-State 13C NMR Experiments.
	Single-Crystal X-ray Diffraction Studies.


	CONCLUSION
	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.
	Figure 6.
	Figure 7.
	Figure 8.
	Figure 9.
	Figure 10.
	Figure 11.
	Figure 12.
	Figure 13.

