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ABSTRACT: Understanding the impact of O, during a carbon 5 Volatiles O _~, Hz0, COz, ...
capture process is vital for designing robust, cost-effective materials S

for carrying it out. However, mechanistic studies of the O,-induced LM v HoN

degradation of materials are not easily undertaken owing to the B Solids '}I

complex sequential reaction pathways that arise. Here, we report Moy EE:/N\ANZ/""' | g
comprehensive mechanistic investigations of the O,-induced v~ e,

degradation of diamine-appended metal—organic frameworks g Y o,ganics°\v\
(MOFs) exhibiting cooperative CO, adsorption. Oxygen exposure N
experiments were performed on seven different diamine-appended

MOFs, including e-2—Mg,(dobpdc) (e-2 = N-ethylethylenedi- Experimental & computational mechanistic studies
amine, dobpdc4_ = 4,4’-dioxidobiphenyl-3,3'-dicarboxylate), under e Pathways of degradation e Structure-stability relationships

various temperatures and O, pressures. These experiments show

that diamine degradation inhibits CO, chemisorption and that the degradation rate is significantly influenced by the diamine
structure. In contrast, the parent frameworks remain essentially intact upon O, exposure. Detailed characterization of O,-exposed e-
2—Mg,(dobpdc) revealed the formation of various degradation products, including acetaldehyde, carbon dioxide, water, ethylamine,
and other aldehyde- and imine-containing species. Together, these observations suggest that diamine degradation occurs via C—N
bond cleavage through pathways involving C-centered radicals. Furthermore, computational evaluation of the initiation and
propagation pathways for amine degradation in diamine-appended MOFs indicates that (i) degradation is likely initiated by OH?®,
(ii) carbon-centered radicals generated via radical transfer reactions react with O,, leading to amine degradation, and (iii) the rate-
limiting step of the degradation reactions likely involves O—O bond cleavage. Overall, these mechanistic insights could inform
strategies for mitigating O,-induced amine degradation in next-generation carbon capture technologies.

Bl INTRODUCTION such as metal oxides and amine-based solid adsorbents, have
been advanced in recent years.”"'~"*

Over the past decade, we and others”*™*® have
demonstrated the potential of amine-appended metal—organic
frameworks (MOFs) as transformative carbon capture
materials (Figure la). In these materials, diamines or
tetraamines are coordinated to the metal sites lining the
channels within a honeycomb-type MOF. Insertion of one
CO, molecule into a metal-N(amine) bond promotes
additional CO, insertion into adjacent metal—N bonds, leading

Rapid economic and population growth since the 1970s has
resulted in a doubling of global CO, emissions from fossil fuel
combustion, associated with an increase in the atmospheric
CO, concentration from ~320 ppm to ~420 ppm (the
monthly average CO, concentration in Mauna Loa for
December of 2024 was 425.4 ppm).'~* In efforts to reduce
CO, emissions and ultimately meet the target set forth by the
Paris Agreement of less than 2 °C of warming above
preindustrial levels by the end of this century, the large-scale
deployment of carbon capture technologies is expected to play

15-23

a crucial role.”™” Currently, aqueous amine solutions are the Received: May §, 2025 =ALS
most advanced and established systems for capturing CO,. Revised:  June 4, 2025
Despite their proven performance at the commercial scale, Accepted: June 5, 2025

amine solutions suffer from volatilization, oxidation, energy- Published: July 10, 2025

. . . .10
intensive regeneration, and low process efficiencies.” To
overcome such limitations, alternative capture technologies,
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Figure 1. (a) Portion of the crystal structure of a representative Mg-
based framework, Mg,(dobpdc). Diamines can be appended to the
coordinatively unsaturated Mg2+ cations. Green, gray, red and white
represent Mg, C, O, and H atoms, respectively. (b) Schematic
representation of cooperative CO, insertion into a diamine-appended
framework to form ammonium carbamate chains. (c) Structures of
the two linkers and five amines used in this study. Frameworks based
on these two linkers, Mg,(dobpdc) and Mg,(olz), exhibit hexagonal
pores with different diameters.

to the formation of one-dimensional ammonium carbamate
chains (Figure 1b).>**?*° This cooperative CO, chemisorption
results in exceptional CO, selectivity over other gases (e.g., N,
0O,, CH,) and sharp step-shaped adsorption profiles, where
CO, uptake suddenly rises to near full capacity (i.e., one CO,
per diamine) within a narrow temperature or pressure range,
both in the presence and absence of water.'®'”*" The ability to
swing the full CO, adsorption capacity on and off the material
with just a small change in temperature or pressure enables a
high separation working capacity. Further, the CO,-capture
properties of these materials can be tuned by varying the
appended amines, leading to adsorbents suitable for CO,
capture from a variety of CO,-containing gi{as streams,
including crude natural gas (~0.7 bar CO,), 7 emissions
from coal-fired power plants (~15% CO,),"*"*° and natural
gas-fired combined cycle (NGCC) power plants (~4%
CO,),'*" and air (420 ppm of CO,).””**

Oxygen is a ma;jor component in a variety of CO,-containing
gas streams,”' > and therefore its impacts on the stability
and lifetime of carbon capture materials must be carefully
considered.”**~*” Oxidative degradation of aqueous amine
systems has been extensively investigated.”®~*’ More recently,
there has been growing interest in understanding the impact of
O, on solid carbon capture materials such as silica- or alumina-
supported amine adsorbents.’*”**7>" These studies revealed
O,-induced amine degradation, which led to detrimental
effects on the performance of the adsorbents. However, due to
the structural complexity of these materials, precise and
conclusive identification of the decomposition products,
especially nonvolatile and amino species, remains challenging.

Despite their well-defined structures, the oxidative stability
of amine-appended MOFs has not yet been investigated in
detail, in contrast to the comprehensive studies that have been
carried out on their adsorption mechanisms, adsorption
kinetics, and stability under humid conditions.'®'®'**"3°
Given that the unique cooperative mechanism relies upon
continuous, ordered chains of amines running along the one-
dimensional pores, O,-induced amine degradation, if occur-
ring, could dramatically affect the CO, capture performance of
these materials. A preliminary study of a tetraamine-appended
framework, 3-4-3—Mg,(dobpdc) (3-4-3 = N,N’-bis(3-amino-
propyl)-1,4-diaminobutane; dobpdc*™ = 4,4’-dioxidobiphenyl-
3,3'-dicarboxylate), revealed moderate capacity loss after air
exposure at 100 °C for 12 h.>' For a commercial application,
degradation at this level would be unacceptable if O, exposure
at such an elevated temperature were to occur in every
adsorption—desorption cycle over a period of many months or
years.”*>%%%! Therefore, it is crucial to examine whether the
amines or frameworks degrade upon exposure to O, and how
the amine and framework structures affect oxidative stability, as
well as the O,-induced degradation pathways of these
materials. The results of such studies could pave the way for
effectively mitigating degradation, significantly lowering the
cost of a separation process.

Herein, we report detailed mechanistic investigations
focused on the O,-induced degradation of diamine-appended
metal—organic frameworks, including an evaluation of the
impact of O, exposure on adsorbent performance, the
recognition of diamine degradation, and, for the first time,
the identification of the molecular structures of several key
degradation products. Combining further experimental find-
ings and computational calculations, we also propose
degradation pathways for how the O,-induced degradation is
initiated and propagated in the pores of the frameworks.

B RESULTS AND DISCUSSION

Diamine-appended frameworks were prepared and character-
ized according to published procedures (see the Supporting
Information, Section S2 for details).'>'7 %22 Briefly,
Mg, (dobpdc) and Mg,(olz) (olz*~ = (E)-5,5'-(diazene-1,2-
diyl)bis(2-oxidobenzoate) were synthesized via solvothermal
methods from Mg(NOs;),-6H,0 and the corresponding linker
precursor, H,dobpdc or H,olz, respectively (Figure 1c). Next,
the methanol-solvated MOF was soaked in a diamine-
containing toluene solution for 18 h, and the resulting solid
was collected by filtration and activated (i.e., desolvated) by
heating under flowing argon. The crystallinity and porosity of
the bare and diamine-appended frameworks were confirmed by
powder X-ray diffraction analysis and N, adsorption isotherm
measurements at 77 K. The amount of diamine loaded into the
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activated sample was determined based on 'H nuclear
magnetic resonance (NMR) measurements of acid-digested
samples (i.e., treatment with 35 wt % deuterium chloride
solution in deuterated water, denoted as “DCIl digestion”).
Prior to evaluating the oxidative stability of the diamine-
appended frameworks, thermogravimetric measurements of the
materials were performed under a constant pressure of dry
CO, flow (CO, isobar) to estimate the CO, adsorption
capacity through the weight change of the material, along with
the step temperature at which this uptake occurs.

Air Stability of e-2—Mg,(dobpdc). An ethyl ethylenedi-
amine (e-2) appended framework, e-2—Mg,(dobpdc), was
selected as the reference adsorbent because e-2 is one of the
simplest diamines and CO, adsorption behaviors of e-2—
Mg,(dobpdc) were well studied previously in our laboratory
(Figure 1c).”"” To estimate the CO, adsorption capacity, a
CO, isobar for freshly prepared and activated (denoted as
“pristine”) e-2—Mg,(dobpdc) was collected under a pure CO,
stream. The isobar did not show a significant weight change
when the temperature was higher than 130 °C, while a large,
step-shaped weight increase was observed at around 120 °C
due to CO, adsorption in the material (Figure 2a). The
amount of CO, adsorbed corresponds to one CO, per
diamine, which is consistent with our previous results.'”

The pristine e-2—Mg,(dobpdc) sample was exposed to dry
air at ambient temperature (~25 °C) for 60 days to evaluate
the air stability of the amine-appended frameworks (see the
Supporting Information, Section S2.2 for detailed procedures).
While moderate degradation was observed after 60 days of air
exposure, as evidenced by the ~15% decrease in the amount of
CO, adsorbed in the CO, isobar of the air-exposed sample
compared to that of the pristine material (Figure 2a), the
lengthy nature of this experiment prevents evaluation of
multiple samples in a time-efficient manner. These observa-
tions prompted us to conduct O, exposure experiments under
harsher conditions (i.e., higher temperature and O, concen-
tration, see the Supporting Information, Section S3 for details).

Accelerated O, Exposure Experiments with e-2—
Mg,(dobpdc). Upon exposing e-2—Mg,(dobpdc) to atmos-
pheric pressure of dry O, at 100 °C for S days (see the
Supporting Information, Section S2.3 for detailed procedures),
a significant decrease in the CO, adsorption capacity and
broadening of the adsorption step were observed in the
corresponding CO, isobar (Figure 2b), indicating faster and
more severe degradation than that observed after 60 days of
exposure to ambient air, as described above. This is in sharp
contrast to the sample pretreated by heating at 100 °C for 10
days under argon, for which the CO, isobar profile exhibited
only minor differences from that of the pristine sample.
Therefore, the presence of O, is the primary factor in the loss
of CO, adsorption capacity. This loss is likely due to changes
in the structure of e-2 and/or crystallinity and porosity of the
framework. To further evaluate and deconvolute the impact of
O, exposure on the appended diamine and the host
framework, a set of techniques was employed to characterize
e-2—Mg, (dobpdc) before and after O, exposure.

Analysis of acid-digested samples for the pristine and O,-
exposed e-2—Mg,(dobpdc) via solution NMR spectroscopy
revealed decreases in the ratio of diamine to organic linker
upon O, exposure and the appearance of several new
resonances close to the resonances for e-2 in the aliphatic
region of corresponding 'H NMR spectra (Figure 2c).
Compared with the sample exposed to O, for S days, the
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Figure 2. (a) Pure CO, isobars of e-2—Mg,(dobpdc) after exposure
to dry air at ~25 °C for 60 days. (b) Pure CO, isobars of e-2—
Mg, (dobpdc) after exposure to O, for S and 15 days at 100 °C or to
argon for 10 days at 100 °C. In panels (a, b), a CO, isobar for the
pristine e-2—Mg,(dobpdc) sample is overlaid as a reference, and the
gray dashed line corresponds to the full CO, adsorption capacity (1
CO, per diamine). (c) Aliphatic region of the solution 'H NMR
spectra of DCl-digested species from pristine e-2—Mg,(dobpdc) and
e-2—Mg,(dobpdc) after S and 1S5 days of O, exposure at 100 °C
(solvent: DMSO-dg). The peak intensity in the spectra is normalized
based on the organic linker peak that appeared in the aromatic region
(not shown).
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Figure 3. (a—d) Pure CO, isobars of four diamine-appended frameworks after O, exposure at 100 °C for the indicated time intervals (orange: after
S days of O, exposure, red: after 15 days of O, exposure, as shown in panel (a). For references, the CO, isobars for the corresponding pristine
samples are overlaid (blue). Gray dashed lines correspond to the full CO, adsorption capacity (1 CO, per diamine).

intensity of resonances for e-2 was further decreased when the
sample was exposed to O, for 15 days, along with an increase
in the intensity of new resonances. In contrast, a significant
difference in the aromatic region of the 'H NMR spectra,
associated with the dobpdc*~ linker, was not observed upon O,
exposure (Figure S9). These findings indicate that O, exposure
of e-2—Mg,(dobpdc) predominantly degrades the appended
diamine molecules.

The structural integrity of the framework after 15 days of O,
exposure was further examined using powder X-ray diffraction
(A =1.5418 A) and surface area analysis. The X-ray diffraction
pattern of the oxidized sample was nearly identical to that of
the pristine sample (Figure S25), as expected from NMR
analysis of acid-digested samples that displayed an almost
identical spectral profile in the aromatic region. The O,-
exposed sample also exhibits a surface area similar to that of
the pristine material (Figure S$29). Because the precise
composition of chemical species in the pores is not available,
we are not able to determine whether the porosity change of
the Mg,(dobpdc) framework itself is negligible after the O,
exposure. However, it is reasonable to conclude that the O,

stability of the framework is significantly higher than the
appended diamines.

Benchmarking Oxidative Stability. The foregoing
studies indicate that O, exposure causes partial degradation
of the diamine in e-2—Mg,(dobpdc) while the framework
structure remains intact over the course of the experiments. It
should also be noted that similar new resonances were found in
the 'H NMR spectrum of the acid-digested sample of e-2—
Mg,(dobpdc) after 60 days of ambient air exposure (Figure
$10). The formation of similar products during exposure to
ambient air and accelerated exposure conditions suggests that
the degradation of e-2 should follow similar degradation
pathways regardless of the temperature and the oxygen
concentration. Therefore, these accelerated conditions (pure
0, and 100 °C) should be suitable for evaluating the oxidative
stability of the diamine-appended frameworks. Employing
these conditions, we next performed O, exposure experiments
with four additional diamine-appended frameworks, ethyl-
enediamine (en)- and N,N-dimethyl-ethylenediamine (mm-2)-
appended Mg,(dobpdc), and e-2- and mm-2-appended
Mg,(olz). In these materials, each Mg center is coordinated
by a primary amino group, and the spacing between two amino
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groups remains the same (Figure 1b,c). Meanwhile, we
systematically varied the functionality of the dangling amino
group from primary (en), through secondary (e-2) to tertiary
(mm-2).

First, we collected CO, isobars for these materials to
evaluate how the structures of diamines and frameworks affect
the CO, adsorption capacity after O, exposure. As expected, all
pristine materials displayed a single-step isobar upon CO,
adsorption with nearly full capacity (Figures 1b and
3).10718222% After S days of O, exposure at 100 °C, isobars
for the en- and e-2-appended frameworks exhibited a shallow
step, and their CO, adsorption capacity dropped to roughly
half of the original values. In contrast, the differences observed
in CO, isobars for the mm-2-appended frameworks were much
smaller (Figure 3), and these isobars exhibited a distinctive
step originating from CO, adsorption even after a 15-day O,
exposure. These findings clearly demonstrate that O, exposure
induces the loss of CO, adsorption capacity, while adsorbents
featuring certain diamine structures are likely less susceptible
to O,-induced degradation (we will discuss this point later in
detail).

Similar to e-2—Mg,(dobpdc), diamine degradation for these
four adsorbents, en—Mg,(dobpdc), mm-2—Mg,(dobpdc), e-
2—Mg,(olz), and mm-2—Mg,(olz), was confirmed by 'H
NMR analysis of corresponding acid-digested samples of O,-
exposed materials (Figures S34—S38 and Table S2). The most
stable diamine-appended frameworks were the mm-2-
appended versions as they exhibited the least diamine loss
among these adsorbents. This is consistent with the isobar
analyses, where they featured a smaller loss of CO, adsorption
capacity upon O, exposure compared to other frameworks.

In contrast to the varying levels of performance loss with
diamine degradation, the host frameworks all remained intact
after accelerated O,-exposure experiments regardless of the
diamines appended, as evidenced by the minute changes in the
aromatic region of the NMR spectra of the acid-digested
samples, which contain resonances for the linker. This is also
supported by the retention of high porosity, as estimated by N,
isotherm measurements at 77 K, and the presence of sharp
powder X-ray diffraction peaks after O, exposure (Figures
$25—831). These findings are consistent with the above
studies on e-2—Mg,(dobpdc). The oxidative stability of the
framework materials is also supported by morphology
observations of crystalline powder samples using high-angle
annular dark-field scanning transmission electron microscopy
(HAADF-STEM) (Figures S32 and S33). The similarity in the
images obtained for pristine and O,-exposed samples indicates
that the frameworks are not significantly influenced by O,
exposure at 100 °C for 15 days.

Impact of O,-Induced Amine Degradation on the CO,
Adsorption Mechanism. It is likely that if the appended
diamine molecules were degraded, CO, chemisorption relying
on cooperative CO, insertion into the Mg—N(diamine) bond
would be inhibited, although the degraded materials should
still physisorb CO, molecules to some extent. We have
previously reported that *C solid-state NMR spectra acquired
by direct excitation display resonances for chemisorbed and
physisorbed '3CO,, at ~160 and 125 ppm, respectively.”” To
assess whether the CO, chemisorption ability of the O,-
exposed materials is retained, we collected direct *C magic
angle spinning (MAS) solid-state NMR ('H decoupled)
spectra of the *CO,-dosed diamine-appended materials before
and after 15 days of O, exposure at 100 °C.***°

The *C MAS solid-state NMR spectrum of *CO,-dosed
pristine e-2—Mg,(dobpdc) exhibited resonances at ~162 and
~125 ppm, which are assigned to chemisorbed and
physisorbed *CO,, respectively, based on our previous reports
(Figure 4a, blue line).” After O, exposure at 100 °C for 15

a e-2-Mg,(dobpdc) b en—-Mg,(dobpdc)

L
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0O,, 15 days

¢ e-2-Mg,(0olz) d mm-2-Mg,(olz)

N NN
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Figure 4. (a—d) Direct solid-state *C MAS NMR ('H decoupled)
spectra of '*CO,-dosed diamine-appended frameworks without O,
exposure (blue) and after 15 days of O, exposure at 100 °C (red). See
the Supporting Information, Section S2.5 for detailed NMR
parameters. The peaks at ~160 and ~125 ppm are assigned to
chemisorbed and physisorbed '*CO,, respectively. Carbon-13 CO,
gas was dosed at ~1 bar. Solid-state NMR experiments, including
BCO, dosing, were performed at room temperature.

days, the resulting e-2—Mg,(dobpdc) sample exhibited only
one major resonance peak (~125 ppm) in the *C MAS solid-
state. NMR spectrum, indicating that most of the CO, is
physisorbed in the pores. This scenario suggests that O,
exposure inhibits CO, chemisorption. The disappearance of
the resonance at ~162 ppm associated with chemisorbed CO,
was also observed with the samples of en—Mg,(dobpdc) and e-
2—Mg,(olz) after 15 days of O, exposure at 100 °C (Figure
4b,c), consistent with the significant decrease of CO,
adsorption capacity and the disappearance of the sharp
adsorption steps in the corresponding CO, isobars (Figure
3). Notably, when *CO, is dosed into the O,-exposed mm-2—
Mg, (olz) sample, which still features step-shaped CO,
adsorption in its isobar, the resonances originating from the
chemisorbed '*CO, species were observed (Figures 3d and
4d). These results again highlight the high O, tolerance of
mm-2-appended frameworks.

Product Identification for O,-Induced Diamine Deg-
radation in e-2—Mg,(dobpdc). The aforementioned studies
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reveal that the primary reason for the loss of CO, adsorption
capacity in diamine-appended frameworks after O, exposure is
diamine degradation; however, the identity of the products
from diamine degradation in the frameworks, as well as the
corresponding degradation mechanism, remains elusive. We
next conducted a series of experimental studies to identify the
molecular structures of degradation products using e-2—
Mg,(dobpdc) as the adsorbent.

Degradation Products Remaining in the Framework. To
identify the degradation products accurately, it is critical to
select characterization techniques that do not require workup
procedures that may trigger further reactions. For instance,
while NMR analysis of acid-digested samples is a convenient
way to confirm the formation of new species, the new species
observed do not necessarily represent the actual products of
O,-induced degradation, because a strong acid like deuterium
chloride is also highly reactive and may alter the degraded
species. To overcome this problem and identify the exact
degradation products remaining in the framework pores, we
employed cross-polarization '*C solid-state NMR spectrosco-
py, which allowed us to characterize O,-exposed adsorbents in
bulk.

The cross-polarization *C solid-state NMR spectrum of the
oxidized e-2—Mg,(dobpdc) sample was collected to compare
with that of the pristine sample. Similar to the solution NMR
experiments, multiple new resonance peaks were observed in
the aliphatic region after O, exposure (Figure Sa). Notably,
two of the new resonances located at ~16 and ~36 ppm are
reminiscent of the chemical shifts of ethylamine in solution
NMR spectra,”> which could be generated by amine oxidation
through C—N bond cleavage.””®* Therefore, an ethylamine-
appended framework, e—Mg,(dobpdc), was prepared as a
model compound, although the ethylamine loading (i.e., the
ratio of ethylamine to the Mg site) in the pores was roughly
two-thirds due to the competing binding of tetrahydrofuran
(THF) to the Mg sites (Figure S43, see the Supporting
Information, Section S4 for details). As shown in Figure S, the
cross-polarization '*C solid-state NMR spectrum for e—
Mg, (dobpdc) exhibited four resonances in the aliphatic region,
two of which were assigned to the appended ethylamine in the
Mg, (dobpdc) framework, and the other two are resonances for
the remaining THF used for ethylamine appending (marked
with asterisks).”> Considering that both e—Mg,(dobpdc) and
O,-exposed e-2—Mg,(dobpdc) samples displayed nearly
identical resonances assignable to ethylamine, ethylamine is
determined to be one of the degradation products generated
during O,-exposure of e-2—Mg,(dobpdc).

In the aromatic region of the '*C solid-state NMR spectra,
no significant difference between pristine and O,-exposed e-2—
Mg,(dobpdc) was observed in the resonances corresponding
to carbons on the dobpdc*™ linker (Figure Sb). This result is
consistent with the oxidative stability of the framework
structures, as shown by acid digestion NMR and X-ray
diffraction analyses. One noticeable difference in the aromatic
region is that the O,-exposed adsorbents display two new
resonances at 160 and 145 ppm, within the range of resonances
for the C=N functionality.”>>* This is reminiscent of the
formation of carbonyl and imino species resulting from O,-
induced degradation that has been proposed for poly-
(ethylenimine) (PEI) on an alumina support based on new
infrared bands that appeared at 1600—1700 cm™' (Figure
$39).”” However, the molecular structures of these C=N-
containing species remain elusive due to the limitations of

a Aliphatic region
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0O,, 15 days
e— Mg2 dobpdc) “ “
60 40 20
& 13C (ppm)

b Aromatic region

.

T T T T
180 160 140 120
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Figure 5. (a) Cross-polarization '*C solid-state NMR spectra
(aliphatic region) of the remaining solids from pristine e-2—
Mg,(dobpdc) (blue), O,-exposed e-2—Mg,(dobpdc) (red), and
independently prepared e—Mg,(dobpdc) (purple). Two resonances,
highlighted in purple, are assigned to two carbons in ethylamine. (b)
Cross-polarization '*C solid-state NMR spectra (aromatic region) of
the remaining solids from pristine e-2—Mg,(dobpdc) (blue) and O,-
exposed e-2—Mg,(dobpdc) (red). Two resonances, highlighted in
red, are proposed to be associated with imino species. Asterisk marks
indicate the presence of the remaining THF in the pores (see the text
for details). See the Supporting Information, Section S2.5 for detailed
NMR parameters.

solid-state characterization techniques (i.e., solid-state NMR
spectroscopy and infrared spectroscopy) in structure determi-
nation.

Organic Species Extracted from the Framework. To
further probe the identity of degradation products that cannot
be recognized via solid-state NMR analysis, we extracted the
organic species with methanol from O,-exposed e-2—
Mg,(dobpdc). Unlike DCI digestion, methanol soaking can
extract organic species from the pores without breaking down
the framework structure into corresponding metal salts and
linkers. Although extraction is less efficient than digestion for
accurate quantification (Figure S40), the extracts are suitable
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for qualitative analysis using gas chromatography with mass
spectrometry detection (GC-MS).

For the major component observed in the GC plot of the
extracts from '°0,-exposed e-2—Mg,(dobpdc), we found that
its mass-to-charge (m/z) ratio was 128, which is assigned to its
molecular weight. Notably, the extracts from the '*0,-exposed
sample exhibited a larger value of m/z = 130 (Figure 6a,b).
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Figure 6. Gas chromatograms (left) and corresponding mass spectra
(right) for m/z = 128 and 130 species observed in GC-MS analysis.
The organic species were extracted with methanol from the remaining
solids of e-2—Mg,(dobpdc) after exposure to dry 0, (a) and dry
130, (b) at 100 °C for 15 days and '°O, containing H,"®0O (c) at 100
°C for 7 days.

Considering their similar m/z patterns, it is presumed that
these species are essentially the same, and the difference in the
mass comes from the single oxygen atom, 160 or !2Q,
depending on the O, source. Based on the structure of e-2, as
well as our hypothesis that formation of imine species and
occurrence of O,-induced C—N bond cleavage generate
acetaldehyde and ethylamine, we propose the formation of
aminoacetaldehyde or iminoacetaldehyde derivatives (Figure
S51) that may be generated via combined processes involving
C—N bond cleavage, aldehyde oxidation, decarboxylation,
and/or imine condensation. We note that organic species with
m/z = 169, containing '®O (171 for the product containing
'80), and 194 were also observed in GC-MS analyses (Figures
S48 and S49), where these imino species could be formed by a
similar mechanism as the organic species with m/z = 128.

It is also likely that water, inevitably present in practical
carbon capture processes, is involved in the degradation
mechanisms. Therefore, we examined the role of water in
aldehyde formation by exposing a sample of e-2—Mg,(dobpdc)
to '°0, in the presence of H,"®O and then performing a
methanol extraction (see the Supporting Information, Section

S6 for detailed procedures). The appearance of the species
with m/z = 130 as the major component in the GC-MS data
suggests that at least one pathway for aldehyde formation
involves water. One possible pathway is through the hydrolysis
of imino species generated upon O, exposure in the presence
of water (Figure SS0).

Volatile Degradation Products in the Gas Phase. The
foregoing studies identified several amine degradation products
with low volatility. We therefore sought to determine whether
O, exposure leads to the formation of gas-phase degradation
products, and if so, to identify their molecular structures. To
do this, mass spectrometry was used to analyze the volatile
species from '°0, and 'O, exposure experiments with e-2—
Mg,(dobpdc) (see the Supporting Information, Section S7 for
experimental details).

As a typical example, we describe the analysis of the gaseous
species with a mass-to-charge ratio of m/z = 44 observed in the
160, exposure experiment (Figure S54). In the region of m/z =
40—50, this particular m/z ratio is the sole observed signal in
the '90, exposure experiment (100 °C, 15 days, dry O,
exposure) and could correspond to CO, or acetaldehyde.
Notably, the volatiles from the analogous '®O, exposure
experiment exhibited three signals with different m/z ratios
(44, 46, and 48) in the same region. Given that the only source
of an 0 atom is '®0,, the volatiles with m/z = 46 and 48
should result from reactions involving O,. The '*O-labeled
compound with m/z = 46 is likely acetaldehyde, containing
just one '*O atom. Similarly, the volatile species with m/z = 48
should have two 20 atoms. Thus, a plausible explanation is
that C'®0, was generated by further oxidation of acetaldehyde
or other aldehyde-containing species followed by decarbox-
ylation. The m/z = 44 signal observed in the *O, experiment
is unlikely to be related to a labeled oxygen atom, but rather is
most likely to be a result of CO, from air entering the system
during the operation.

The formation of water is indicated by the observation of m/
z = 19 and 20 signals in the experiments with '*O, and the
observation of m/z = 17 and 18 signals when 'O, was used for
the accelerated degradation with dry O, exposure at 100 °C for
15 days (Figure SS5). During O, exposure, H,O may be
generated via hydrogen atom transfer (HAT) between a
peroxide species and an amino species, or through a reaction
between an aldehyde species and an amino species.

Experimental Investigations of the Mechanisms of e-
2 Degradation in the Frameworks. It is known that amine
oxidation processes typically occur via radical pathways, where
the radical is often located on the nitroégen atom or an adjacent
carbon atom (@-amino carbon).®°™® Importantly, the
formation of C-centered radicals can be inhibited by full
substitution of the a-amino carbon atoms. If oxidative
degradation of diamines in the frameworks involves C-centered
radicals, functionalization of the @-amino carbon atoms should
enhance oxidative stability. To test this hypothesis, we
appended the Mg,(dobpdc) framework with 2,3-diamino-2,3-
dimethylbutane (tmen), for which the a-amino carbon atoms
are fully substituted, in a similar manner to the other amine-
appended frameworks (see the Supporting Information,
Section S8 for detailed procedures).

Although we made various attempts to achieve the full
diamine loading (i.e., 1 tmen per Mg site), we only reached
~80%, possibly due to the high rigidity of the diamine
structure, which could make it difficult to be accommodated in
the pores. After 10 days of O, exposure at 100 °C, the 'H
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Figure 7. Possible oxidative degradation pathways via C—N bond cleavage of e-2 appended to the framework (a) and subsequent reactions (b, c).
Reactions with light gray arrows are likely to occur but unconfirmed experimentally in this study. Species in an orange rectangle have been observed
experimentally. While imino species with m/z = 128, 169, and 194 were also observed experimentally, their exact molecular structures are difficult
to determine due to the existence of multiple isomers, as listed in Figure SS1. Panel (c) represents one possible pathway for the formation of one
set of these imino species. Oxygen atoms originating from O, and unpaired electrons are highlighted in red and purple, respectively. Radical species,
shown as A® and highlighted in dashed purple rectangles, could be initiators (X°, typically OH®) and radical species generated during oxidation.

NMR spectrum of the acid-digested sample for O,-exposed contrast to e-2-appended frameworks. Further, the diamine
tmen—Mg,(dobpdc) was nearly identical to that of the loading of this material was not influenced by the accelerated
corresponding pristine sample (Figures SS58 and S59), in oxidation conditions, indicating a high oxidative stability for
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tmen. To exclude the possibility that the high stability
originates from the lower initial amine loading, the framework
with a larger pore diameter, Mg, (olz), was also appended with
tmen using analogous procedures to e-2—Mg,(olz), affording
tmen—Mg,(olz), which indeed achieved ~99% tmen loading
(Figure S60, see the Supporting Information, Section S8 for
detailed procedures). Notably, tmen—Mg,(olz) held ~98% of
tmen without degradation in the pores of the framework after
10 days of O, exposure at 100 °C (Figures S60 and S61).
These findings clearly demonstrate that amine degradation can
be efficiently suppressed by deliberately functionalizing
diamine molecules to inhibit the formation of C-centered
radicals. Therefore, O,-induced diamine degradation in the
pores of the frameworks likely involves C-centered radicals,
although the intermediacy of N-centered radical species cannot
be ruled out.

Given that C-centered radicals are likely involved in the
oxidative degradation process, the next question is how such
radicals are generated, specifically through either photo-
chemical or chemical processes. If the major pathway for
radical generation involved light-induced singlet O, or ozone,
O,-induced degradation of diamines should be slowed down
by maintaining a dark environment during O, exposure.
Therefore, we compared the profile of CO, isobars for e-2—
Mg, (dobpdc) after O, exposure in the dark and under light.
Relative to the regular oxidation experiments, the sample after
O, exposure in the dark for S days displayed only marginally
higher CO, uptake, indicating that light does not play a critical
role in diamine degradation (Figure S41).

It has also been proposed that a trace amount (i.e., ppm-
level) of redox-active metals can cause amine degradation in
liquid and solid sorbents.”"~"® This is because these metals
may react with O, to generate peroxide radical anions or
hydroxy radicals that could react with the amines to initiate
oxidative degradation.M’75 We therefore evaluated the amount
of metal contaminants in e-2- and mm-2-appended frameworks
using inductively coupled plasma optical emission spectrosco-
py (ICP-OES) analysis, which revealed the presence of non-
negligible amounts of Fe and Ni impurities (e.g, 15 and 1.6
ppm for Fe and Ni in e-2—Mg,(dobpdc), respectively,
corresponding to an Fe/Mg ratio of 0.007% and a Ni/Mg
ratio of 0.0007%, Table S3), regardless of their oxidative
stability.

To further evaluate the impact of minor metal impurities on
the oxidative stability of diamine-appended frameworks,
additional iron was doped into e-2—Mg,(dobpdc) by
preparing the Mg,(dobpdc) framework with Mg(NO;),
mixed with 3% of FeCl, (see the Supporting Information,
Section S9 for detailed procedures). The resulting e-2—
Mg,(dobpdc), containing ~2700 ppm of Fe (Fe/Mg ratio:
1.2%), degrades much faster in O, exposure experiments, as
evidenced by DCI digestion studies (Figures S69 and S70) and
CO, isobar measurements (Figure $72). For example, the e-2
loading of Fe-doped e-2—Mg,(dobpdc) dropped from 90% to
22% after S days of O,-exposure at 100 °C, while a decrease
from 100% to 52% in e-2 loading was observed with non-Fe-
doped e-2—Mg,(dobpdc) under the identical exposure
conditions (Figures S69 and S70 and Table S2). These results
demonstrate that Fe species are detrimental to the oxidative
stability of diamine-appended frameworks, supporting our
hypothesis that a small amount of Fe (and possibly Ni)
impurities in the adsorbent could cause the generation of

radical species, such as peroxide radical anions or hydroxy
radicals, which in turn initiate the degradation of amines.

Possible Degradation Pathways. Based on the mecha-
nistic studies mentioned above and considering the possibility
of C—N bond cleavage via C-centered radical pathways and
the autoxidation mechanism reported in literature,>®” we
propose a number of plausible pathways for O,-induced
degradation of e-2 within the pores of the framework, along
with subsequent reactions (Figure 7). Given that multiple
reactions occur both in parallel and sequentially during O,
exposure, these pathways may not represent all degradation
routes; however, they are the simplest that support formation
of the species observed.

Figure 7 shows the degradation pathways for the e-2-
appended frameworks with each framework type involving
similar steps. Carbon-centered radical species can first be
generated by a radical species (A*) produced from the reaction
of trace metal with O, or oxidation of another e-2 molecule.
Three types of C-centered radical species result in C—N bond
cleavage, but the position of cleavage in the diamine differs
(Figure 7a). Consequently, pathway 1 generates ethylamine
and Mg—AA (AA = aminoacetaldehyde), while pathway 2
generates acetaldehyde and Mg—en. Indeed, the formation of
ethylamine and acetaldehyde was confirmed by solid-state
NMR and gas-phase mass spectrometry analyses, respectively.
Pathway 3 generates ammonia that is bonded to the Mg site
and ethylaminoacetaldehyde (AMA). Although AMA has not
been detected in oxidized materials, this pathway cannot be
simply ruled out, as calculations presented in following sections
revealed that oxidation of AMA is both thermodynamically and
kinetically feasible (Tables S7 and S9), and given the existence
of multiple possible subsequent reactions of AMA, including
the formation of AA.

Several degraded species mentioned above, such as Mg—AA
and AMA, contain an aldehyde functionality that can be
further oxidized to a carboxylic functionality or a carboxyl
radical, followed by decarboxylation reactions to generate CO,.
As a typical example, Figure 7b (upper) outlines a pathway for
CO, formation from the oxidation of Mg—AA, where an
aminoacetic acid (glycine) radical can be formed to liberate
CO,. Formation of CO, during O, exposure has been
confirmed by gas-phase mass spectrometry analyses; however,
further studies are required to uncover whether a particular
aldehyde source can selectively lead to CO, formation.

It is notable that the radical pathways follow a “chain-
reaction”-like mechanism. Reactions of O, with any single
radical species (A®) generate not only oxidized products
(aldehydes, CO,, etc.) but also three radical species (A*) that
can subsequently react with O, (Figure 7a and 7b (th, lower)).
In other words, it is crucial to prevent the spread of radical
species within the pores of the frameworks to improve the
oxidative stability.

In addition to successive oxidation processes, aldehyde
species formed during O, exposure, such as Mg—AA, AMA, or
glyoxal, may react with an amino functionality of a neighboring
molecule, forming heavier species featuring imine function-
alities. As shown in Figure 7c, there are some possible reactions
between the oxidation products of e-2, or between e-2 and its
oxidation products. Indeed, GC-MS studies indicate the
formation of aldehyde species containing imine groups with
mass-to-charge ratios of 128, 169, and 194.

Computational Studies of Oxidative Degradation
Mechanisms. To complement experimental studies focusing
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Figure 8. Computed reaction profile for the oxidative degradation

of N-methylethylamine (me) as a simplified model for oxidative amine

degradation (wB97X-D3/def2-TZVPPD//wB97X-D3/def2-SVP, thermochemistry calculated using the QRRHO approximation at 101,325 Pa (1
atm) and 100 °C). Changes in reaction free energy (AG) and enthalpy (AH in square brackets) are reported in kJ/mol. Species labeled in gray are
reactants and products involved in degradation. Species involved in unimolecular and bimolecular O—O cleavage mechanisms are denoted with a u

or b modifier to the compound symbol, respectively.

on product identification and specific mechanistic insights,
computational approaches were used to understand quantita-
tively the energetics and mechanisms of the oxidative
degradation of diamines within the frameworks.

Oxidation Mechanism for N-Methylethylamine. We first
evaluated the energy landscape of the oxidative degradation of
a model compound, N-methylethylamine, based on model
reactions derived from our experimental observations (Figure
8). Static DFT calculations were carried out using Q-Chem
(ver. 6.1)’° at the wB97X-D3/def2-TZVPPD//wB97X-D3/
def2-SVP level”””® with the QRRHO approximation at 100 °C
and 1 atm (see the Supporting Information, Section S11.1 for
details).””*°

The initiation reaction is modeled by the reaction of N-
methylethylamine with OH®, forming a radical species (step
1). While this radical species could also be formed by other
radicals (e.g.,, superoxide or peroxide), we presumed that the
corresponding reaction profiles should be similar to those
elaborated in Figure 8. A detailed discussion of possible
initiation pathways is presented in the following sections. In
step 1, N—H abstraction by OH® (blue path, AG* = 27.1 kJ/
mol) is found to be kinetically favored over C—H abstraction
(black path, AG* = 36.4 kJ/mol) at 100 °C, by 9.3 kJ/mol
(AAGH, or AAH* = 4.4 kJ/mol). However, the a-amino
radical formed via C—H abstraction (1-C) is slightly more
stable than the N-centered radical generated via N—H
abstraction (1-N, AAG = —8.8 kJ/mol, AAH = —8.5 kJ/mol).

In the gas phase, C—O bond formation via trapping of the
C-centered @-amino radical by triplet O, is expected to be
strongly exergonic and exothermic (step 2, black path, AG = —
65.9 kJ/mol, AH = —128.5 kJ/mol), while the weak N—O
bond formed upon trapping of the N-centered radical results in
an endergonic and mildly exothermic process (step 2, blue
path, AG = +53.9 kJ/mol, AH = —8.2 kJ/mol). Therefore,
even if the initial N—H abstraction (blue path) is favored over
the C—H abstraction (black path), from the thermodynamic
point of view, the subsequent C—O bond formation (black
path) should be significantly favored over N—O bond
formation (blue path). Assuming fast inter- or intramolecular
radical translocation is allowed via hydrogen atom transfer
(HAT, see the detailed discussion below), it is reasonable to
assume that N-centered radicals induced by N—H abstraction
can undergo translocation to form the C-centered radical (i.e.,
1-C), followed by reaction with O,. The probability of radical
translocation within the pores of the frameworks is described
in the following sections.

Hydrogen atom transfer between 2-C and a second
equivalent of amine forms a hydroperoxyl species, 1-hydro-
peroxy-N-methylethan-1-amine (3-C, step 3). This reaction
corresponds to the third step involved in the proposed
degradation pathways of e-2 (Figure 7a). Cleavage of the O—0O
bond for this hydroperoxyl species may occur by either
unimolecular homolytic fission to expel a hydroxyl radical (step
4, red path) or undergo bimolecular cleavage involving a third
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N-methylethylamine molecule that liberates a water molecule
(step 4, black path).”® Quenching of the resulting O-centered
radical (4-C-u) by HAT with an additional equivalent of amine
generates an @-hydroxylamine (step S, black/red paths), which
may then undergo subsequent C—N bond cleavage to form
acetaldehyde and methylamine (step 6, black/red paths).

In these gas phase model reactions, a competition between
unimolecular and bimolecular O—O cleavage mechanisms may
exist.”' ™ Our calculations revealed that the bimolecular
pathway (black path) features a slightly higher rate-limiting
free energy barrier (2-C — 4*-C-b, AG* = +219.3 kJ/mol), by
6.1 kJ/mol, than that of the unimolecular pathway (red path,
2-C » §*-C-u, AG = 42132 kJ/mol). In terms of enthalpy,
however, the bimolecular pathway (black path, 2-C — 4*-C-b,
AH* = +168.5 kJ/mol) is strongly favored over the
unimolecular pathway (black/red path, 2-C — 4-C-u, AH* =
+216.9 kJ/mol), by 48.4 kJ/mol. Further, acetaldehyde
formation via the bimolecular pathway exhibits exergonicity
with respect to the peroxyl radical intermediate (2-C — 6-C-b,
AG = —33.5 kJ/mol), while the formation of acetaldehyde via
the unimolecular pathway (6-C-u) is endergonic compared
with 2-C (AG = +82.5 kJ/mol). The former is also far less
endothermic compared to the latter (2-C — 6-C-b vs 2-C —
6-N/C-u, AH = +105.6 kJ/mol vs +211.3 kJ/mol). Thus, we
tentatively conclude that the bimolecular O—O cleavage
mechanism is preferred for the oxidative degradation of N-
methylethylamine in the gas phase and at elevated temper-
atures.

The energy landscape for N-methylethylamine oxidation via
the N-centered pathway (blue path) was also evaluated.
Starting from the N-centered radical species, 1-N, the rate-
limiting free energy barrier is found to be 237.5 kJ/mol (2-N
— $*-N-u), which is higher than C-centered pathways (black
or red path, 210—220 kJ/mol). This scenario suggests that the
C-centered pathway is kinetically favored over the N-centered
one.

Although our DFT calculations indicate that the oxidative
degradation of gaseous diamines is thermodynamically feasible,
we anticipate that the contribution of each mechanism to the
overall degradation behaviors of diamines appended to the
frameworks will vary strongly with temperature. This is
because of the difference in the molecularity of the rate-
limiting steps of the two competing C-centered radical
pathways (i.e., unimolecular vs bimolecular pathways). We
predict that the unimolecular process will dominate at higher
temperatures due to the positive activation entropy of
homolytic O—O bond fission (AS* = +141 J/(mol-K)),
compared with the negative activation entropy of bimolecular
O—0 cleavage (AS* = =173 J/(mol-K)) and that the rate of
amine degradation will accelerate with increasing temperature
as a result.

In the realistic case involving amine oxidation in the
frameworks, the confinement effects within the pores will
substantially modify the entropic contributions to each of these
mechanisms. Therefore, the difference in free energy observed
with the simple N-methylethylamine model will not represent
the actual scenario within the diamine-appended frameworks.
For example, bimolecular processes such as 3-C — 4*-C-b are
expected to be substantially accelerated under confinement.
Additionally, coordination with the Lewis-acidic Mg** ion may
impact amine decomposition (as discussed further below), and
tunneling will increase the kinetic feasibility of transition states
involving C—H cleavage. In addition, the involvement of

multiple equivalents of amine is required in these “chain-
reaction”-like mechanisms, and thus the balance of these
processes is likely to be highly dependent on the amine used.

Three Diamine-MOF Models. To assess the impact of the
framework environment on the initiation of the O,-induced
diamine degradation process, we modeled three diamine—
framework clusters with different complexity (Figure 9a, see
the Supporting Information, Section S11 for details). Among
them, two cluster models, the S model and the L model were
employed to understand the thermodynamics of HAT. The S
model employed the MgCl, molecule to mimic the positively
charged Mg*" site. Although incapable of replicating the
confinement effects induced by the framework pores, the
simplicity of this model allows calculations with hybrid DFT.
All calculations in this model were performed at the wB97X-
D3/def2-TZVPPD//@wB97X-D3/def2-SVP level of theory.

The L model was designed to replicate the actual
environment surrounding the diamine in the framework.
This model incorporates three adjacent diamines aligned
along the ¢ axis and a significant portion of the framework
structure, including nine Mg atoms and ten truncated organic
ligands (overall formula: [(D);—Mg,(salicylate)s(benzoate)-
(NH;)4(CH;0H),]”) where D stands for a diamine. Due to
the large size of this model, full optimization and consideration
with hybrid DFT were impractical. A QM1/QM2 approach
was therefore applied, where the target amine was described at
the high QM1 level (wB97X-D3/def2-TZVPPD//wB97X-
D3/def2-SVP), and the remaining atoms were included in the
QM2 model (GFN2-xTB level).

The M model was used to investigate HAT kinetics. It
employs three CH,O ligands and a 2-oxybenzoate dianion to
represent the organic linkers (overall formula: (D)-Mg-
(salicylate) (CH,0);). This model reproduces the octahedral
coordination environment of the Mg** cation in the Mg-based
frameworks more faithfully than the S model, despite not being
able to replicate the steric environment around the diamine in
the framework as precisely as the L model. The moderate size
and complexity of this model allow the identification of
corresponding transition states (TSs) using the wB97X-D3/
def2-TZVPPD//wB97X-D3/def2-SVP level of theory without
imposing any geometric constraints during optimization.

Thermodynamics of Initiation of the Degradation
Process. As shown in Figures 7 and 8, we assume that the
oxidative degradation of amines is initiated by the abstraction
of a hydrogen atom by a radical species. To validate this
assumption, elucidate the identity of potential initiators, and
evaluate the susceptibility of selected diamines toward
initiation (i.e, e-2, en, and mm-2), we calculated the
thermodynamics associated with HAT at each C—H or N—
H bond of the diamine appended to the Mg** sites (Figure 9b
and Tables SS and S6, see the Supporting Information for
detailed discussions of computational subjects and methods)
with the § and L models. More specifically, we calculated the
differences in Gibbs free energies and electronic energies for
hydrogen atom detachments (R—H — R*® + H*) at all possible
C—H or N—H bonds of the diamine to estimate the energy
required to remove a hydrogen atom from the diamine. In
addition, we calculated the differences in Gibbs free energies
and electronic energies for the radical quenching reaction (X +
H* > X-H*forX=0,(S=00r1)and O, ,and X* + H* —
X—H for X = OH"®). The combination of energies for these
two reactions allows us to determine which attacking radical
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Figure 9. (a) DFT optimized structures of diamine—MOF clusters.
Green, gray, red, blue, pale green, and white represent Mg, C, O, N,
Cl, and H atoms, respectively. The diamine molecules and the Mg
atoms to which the diamines are coordinated are shown as ball-and-
stick models. Other units are shown in wire-and-stick for clarity. (b)
Numbering of the C and N atoms in three diamines. (c)
Thermodynamics of initiation of the degradation process depicted
by the differences in Gibbs free energies for HAT between different
attacking radical species and different diamines using the L model.
The range indicates the values for different attacked C—H and N—H
bonds. See Table SS for values for all cases.

species could yield an overall exergonic HAT reaction (R—H +
X* - X—H + R* or R-H + X - X-H"* + R®).

As a typical example, Figure 9c depicts the range of
differences in Gibbs free energies for HAT between different
attacking radical species and all possible C—H and N—H
bonds at different diamines using the L model. For three
diamines, e-2, en, and mm-2, initiation by triplet O, (red) and
superoxide (purple) were found to be strongly disfavored
thermodynamically. Initiation by singlet O, (blue) lies on the
border of thermodynamic feasibility; however, experiments
carried out in the absence of light rule out triplet oxygen
sensitization as the major initiation mechanism. In all cases,
initiation by hydroxyl radical is predicted to be thermodynami-
cally favored. One possible pathway for the formation of the
hydroxyl radical involves the reaction of a trace amount of
metal 1mpur1t1es (e g, iron and nickel) with O, to generate
hydroxy radicals.”* Considering that Fe and Ni impurities were
detected in the diamine-appended frameworks, it is likely that
at least one of the plausible initiation pathways involves the
hydroxyl radicals induced by these metal impurities.

Comparison of the differences in Gibbs free energies for
hydrogen atom detachments (R—H — R*® + H*) at all possible
C—H or N—H bonds of the diamine also allows us to evaluate
the relative thermodynamic stability of the radical species with
the radical located at different C or N atoms (Table S5).
Notably, the N-centered radicals are generally less stable than
the C-centered radicals, being about 40 kJ/mol higher in
energy than the most stable C-centered radical, in both S and L
models. For the C-centered radicals, coordination to the Mg2+
site destabilizes the formation of a radical at sites closest to the
metal atom (i.e., site 2, Figure 9b). For example, the radical
located at site 2 of e-2 is destabilized by approximately 20—30
kJ/mol with respect to the most stable sites (i.e., sites 3 and §).
In addition, the primary f-amino C-centered radical at site 6
remains less stable than those a-amino C-centered radicals at
sites 3 and S for both bare and coordinated e-2 (Table S5).
Consequently, sites 3 and 5 are more thermodynamically
favorable for forming C-centered radicals than other sites.
Similar trends were observed for diamines en and mm-2
(Table SS). In this context, removing all @-amino hydrogen
atoms could improve resistance toward oxidation, as it
prevents the formation of the most stable a-amino C-centered
radicals. This is indeed supported by experimental results,
where high oxidative stability was observed by appending the
framework with tmen due to the full substitution of protons
adjacent to the nitrogen atoms with methyl functionalities.

Kinetics of Initiation of the Degradation Process.
Although the thermodynamic data highlight the stability of
certain radicals, kinetic barriers play a crucial role in
determining the preferred site for HAT initiation via the
initial OH® radical attack. Therefore, we performed con-
strained molecular dynamics simulations (see the Supporting
Information, Section S12.2 for details) to analyze the kinetics
of the HAT process. Specifically, the distance between the
oxygen atom of the OH® radical and the hydrogen atom of the
C—H or N—H moieties, as well as the C—H or N—H bond
lengths, were identified as the key distances. These distances
were determined from the typical transition state geometries
involving the C—H or N—H moieties and kept constant
throughout the simulation.

We found that H atom abstraction is kinetically feasible at
both C—H and N—H sites (Figure S81). Notably, when the
diamine is coordinated with the positively charged Mg site, the
barrier for the HAT process at sites 1 and 2 generally increases
(Figures S82 and S$83). Further, the mean energy from
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Figure 10. (a) Four scenarios for the hydrogen atom transfer (HAT) process with a neighboring diamine. (b) Three possible HAT pathways with
the neighboring amino group located in three directions (illustrated using process B as an example). (c) Likelihood indexes of degradation of the
neighboring amino functionality in the framework pores, calculated using LC models. A number approaching unity indicates a greater chance of

HAT.

constrained molecular dynamics suggests a moderately lower
activation barrier for HAT at site 4 (N—H site) than at
adjacent sites 3 and § (two C—H sites). This aligns with the
computational results for the N-methylethylamine model
(Figure 8), which is indicative of a lower activation barrier
for N—H abstraction compared with C—H abstraction. These
results imply that the amino functionality with one or more
hydrogen atoms, farthest from the positive charge, is the
favored site for the HAT initiation from a kinetic perspective.
Conversely, the tertiary nitrogen atom at site 4 in mm-2
hinders the rapid formation of the N-centered radicals. This
feature could account for the high oxidative stability of mm-2-
appended frameworks.

Additionally, we performed static calculations with the M
model. The results indicate that the barriers to HAT are low
(AG* =~ 20—40 kJ/mol, Table S8), suggesting rapid initiation
kinetics following OH® formation. This model serves as a
valuable estimation of the magnitudes of activation barriers
that can be expected in the considered HAT reaction, even
though the M model cannot differentiate among various HAT
sites due to its smaller cluster size. With that said, after the
rapid formation of a C-centered or N-centered radical,
subsequent radical shifts are likely to lead to the formation
of an ensemble of the most stable @-amino C-centered radicals,
which then participate in subsequent reactions as discussed
below.

Propagation Mechanisms and the Likelihood Index for
Radical Transfer to Neighboring Diamines. As depicted in

25773

Figure 7a, upon formation of the C-centered radicals in the
framework, most of them are likely to undergo HAT processes
with a neighboring amino species (process A, Figure 10a) or
react with O, to generate an a-peroxylamine radical. The
hydrogen atom transfer from the a-peroxylamine radical to a
neighboring amino species (process B) will form a new C-
centered or N-centered radical on the neighboring amino
species and quench the O-centered radical to form a
hydroperoxyamine. The resulting hydroperoxyamine can
subsequently undergo bimolecular HAT with a neighboring
amino species (process C)to generate another new C-centered
radical and an alkoxy radical. This alkoxy radical can also
undergo HAT with a neighboring amino species (process D)
to produce a third C-centered radical. The latter three
processes (B—D) involve amplifying “chain-reaction”-like
propagation, where the reaction of one C-centered radical
with one O, molecule generates three additional C-centered
radical species.

For these four HAT processes (A—D), the abstracted proton
is likely to be transferred to a neighboring diamine along the
pore (c axis) or a diamine coordinated to the neighboring one-
dimensional Mg;(0);(CO,); rod (Figure 10b). Considering
that the hexagonal channel of Mg,(dobpdc) is somewhat
distorted, the edge of the hexagon can be termed concave or
convex. Similar to the L model, a set of cluster models (LC
models) was developed to reproduce the environment
surrounding the diamine along the ¢ axis, from the concave
direction, and from the convex direction of the framework
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pores (Figure S79, see the Supporting Information, Section
S11.4 for more details). A likelihood index was developed
using a composite approach consisting of molecular dynamics
simulations and statistical analysis to evaluate the likelihood of
HAT processes with neighboring diamines from different
directions (see the Supporting Information, Sections S11.4 and
S13 for details). Briefly, the likelihood index ranges from 0 to 1
and a higher likelihood index indicates a greater chance of
HAT with respect to the distance. A process is considered
“feasible” if the likelihood index is larger than 0.50.

For the HAT process A (Figure 10a), these calculations
suggest that equilibration by HAT with neighboring amines is
feasible for e-2- and mm-2-appended Mg,(dobpdc) frame-
works, as shown by their likelihood indexes of up to 0.67 and
0.68 (Figure 10c); however, it is slightly less likely for en—
Mg, (dobpdc) which features a shorter diamine. For all of the
diamine-appended Mg,(dobpdc) frameworks studied, the
HAT processes B and C should be possible, given the
corresponding likelihood indexes for the three diamines are up
to 0.63—0.83 (Figure 10c). The neighboring diamine could be
an adjacent diamine across the concave edge of the hexagonal
channel or along the c axis. Transfer of a hydrogen atom across
the convex face of the framework is more difficult for processes
A—C, as indicated by the relatively low values of corresponding
likelihood indexes (0—0.28) compared to that of HAT along
the ¢ axis (0.19—0.73) and across the concave face (0.31—
0.83). This is potentially due to the increased interamine
distance.

In the case of process D, HAT with a neighboring amine
across the concave edge of the hexagonal channel can be
possible for the alkoxy radicals derived from both e-2 and mm-
2. In contrast, HAT involving the alkoxy radical derived from
en and a neighboring amine is predicted to be slow due to its
shorter length compared to e-2 and mm-2. In this context, we
envision that frameworks appended with shorter diamines or
frameworks with larger pore sizes and/or longer distances
between metal sites along the ¢ axis would exhibit higher
oxidative stability. These structural characteristics could
provide two benefits: (i) the oxidized diamine itself would
have to undergo an alternative, higher-energy (i, slower)
degradation pathway, and (ii) the radical propagation of
nearby amines would be hindered. On the other hand, these
characteristics could also result in weakened cooperativity,
amine volatilization and/or lower volumetric CO, adsorption
capacities, and thus it is important to balance the benefits of
enhanced oxidative stability with the potential trade-offs in
performance.

B CONCLUSIONS AND OUTLOOK

Oxygen-involved degradation of diamines appended in
magnesium-based metal—organic frameworks was extensively
investigated. The results indicate that O, exposure leads to
amine degradation, accompanied by the formation of
acetaldehyde, carbon dioxide, water, ethylamine, and other
aldehyde- and imine-containing species. Notably, the molec-
ular structures of the products of O,-induced degradation have
not yet been conclusively identified for other amine-based
adsorbents, including silica- or alumina-supported amine
adsorbents.”*”**7>?%%% Diamine degradation through radi-
cal-induced C—N bond cleavage ultimately inhibits CO,
chemisorption and, consequently, causes a loss of CO,
adsorption capacity. With computational support, we propose
detailed degradation mechanisms. It was found that oxidation
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is likely to be initiated by OH®, followed by the N-centered
radical formation. These N-centered radicals will be converted
to C-centered radicals through fast intra- or intermolecular H
atom translocation to undergo subsequent “chain-reaction’-
like oxidative degradation. Importantly, this work also revealed
that the amine structure significantly impacts the rate of
oxidative degradation by affecting the selectivity and barrier of
O—O0 cleavage and HAT processes.

These findings support several strategies for inhibiting the
detrimental impact of O, on CO, capture technologies with
diamine-appended frameworks: (1) Considering that frame-
works such as Mg,(dobpdc) and Mg,(olz) exhibit much
greater stability to O, exposure than diamines, degraded
adsorbents may be recycled by replacing damaged diamines
(Figure S73). A preliminary demonstration of this concept was
included in the Supporting Information (Section S10). For
both e-2—Mg,(dobpdc) and e-2—Mg,(olz), the recycled
materials exhibited similar profiles of CO, isobars, including
their step temperature and adsorption capacity, compared with
the corresponding pristine materials (Figures S76 and S77).
Ultimately, this approach could extend the service life of the
bare frameworks and thus reduce the cost of materials in
carbon capture. (2) Oxygen-induced degradation of diamines
can be initiated by hydroxyl radicals that could be generated
through the reaction of O, with trace amounts of transition
metal impurities such as iron. Therefore, ensuring that the
diamine-appended frameworks have minimal levels of tran-
sition metal contamination and/or performing adsorption—
desorption cycles in equipment or containers that preclude the
presence of redox-active components should improve the
oxidative stability of the adsorbents. Note, however, that this
would likely be associated with increases in costs, required
steps, and complexity of the overall setup. (3) Given the
favored amine H atom abstraction by OH®, primary, tertiary
(1°,3°) diamine-appended frameworks should exhibit higher
oxidative stability. Indeed, O, exposure experiments showed a
much smaller impact on the loss of the CO, adsorption
capacity for mm-2-appended frameworks compared to e-2-
appended ones. It should be recognized, however, that
primary, tertiary diamine-appended frameworks (e.g., mm-2—
Mg,(olz) and ee-2—Mg,(dobpdc), ee-2 = N,N-diethylethyle-
nediamine) are typically not capable of capturing CO, from
very dilute CO, streams.””** (4) Degradation of diamines via
C-centered pathways can be suppressed by substituting
protons on the carbon atoms adjacent to the nitrogen atoms
with alkyl groups. While adsorbents containing such rigid and
bulky diamines may not be suitable for cooperative CO,
capture—as evidenced by tmen—Mg,(olz), which showed
negligible CO, chemisorption capacity under 1 bar of CO,
(Figure S65)—innovative material design could circuvent this
limitation and result in high-performance, oxidatively stable,
and cost-effective adsorbents. We envision that such materials
will be identified soon.
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