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ABSTRACT: In this work, we have developed two distinct amine-functionalization series for a zirconium-based metal-organic 
framework (MOF), MOF-808. These strategies involved the direct coordination of amino acids with zirconium metal ions and the 
covalent incorporation of polyamines The MOF variants underwent thorough characterization and testing for their suitability in direct 
air capture (DAC) of CO2. Multiple analytical techniques, encompassing liquid-state 1H nuclear magnetic resonance (NMR) meas-
urements, potentiometric acid-base titration, and with energy-dispersive X-ray spectroscopy was comprehensively employed to assess 
the loading quantity of the amine functionalities. Following amine functionalization, improved CO2 capture performance was inves-
tigated using single-component sorption isotherms and dynamic breakthrough measurements. In dry conditions, the L-lysine- and 
tris(3-aminopropyl)amine-functionalized variants, termed as MOF-808-Lys and MOF-808-TAPA, exhibited the highest CO2 uptakes 
at 400 ppm, measuring 0.612 and 0.498 mmol g-1. Further capacity enhancement was achieved by introducing 50% relative humidity, 
resulting in a remarkable 97% and 75% increase compared to the dry uptakes, respectively. The enhanced uptake efficiency was 
demonstrated by 13C solid-state NMR, revealing the formation of bicarbonate species. This research indicates a broader potential for 
advancing MOF materials through judicious post-synthetic amine functionalization for DAC applications.

Introduction
The fast-paced development of industry and technology has 

led to a significant increase in energy demands, heavily reliant 
on the combustion of fossil fuels, which has resulted in the 
emission of substantial amounts of carbon dioxide (CO2), 
contributing to severe environmental issues1. In light of this, 
a crucial solution to combat CO2 emissions from the 
atmosphere is through the implementation of direct air capture 
(DAC)2-4. To effectively capture CO2 from the ambient air, 
which is present at a low concentration (0.04%), it is essential 
to have highly reactive specific sites for CO2 adsorption. In 
this context, amine functionalities have emerged as promising 
candidates for chemisorption sites, facilitating the 
development of efficient CO2 capture sorbents5-11. While 
current methods involve using aqueous alkaline solutions12, 13 
to chemically bind CO2, they suffer from significant 
drawbacks such as energy-intensive desorption processes and 
poor long-term cyclability. These issues result in high energy 
consumption and unavoidable secondary CO2 emissions, 
leading to elevated costs. Therefore, it is imperative to 
develop protocols that exhibit high CO2 capacity, low energy 
penalty, and exceptional chemical stability for the DAC 
scenarios, as they hold the key to effectively addressing this 
challenge. 

Numerous categories of solid-state materials have 
undergone extensive exploration to fulfill the criteria for 
efficient CO2 sorbents and to decipher the CO2 sorption 
chemistry, including zeolites5, 14, polymers8, 15, 16, silicas10, 17-

19, metal-organic frameworks (MOFs)7, 20-26, and covalent 

organic frameworks (COFs)9, 27. In our prior research 
endeavors28, we formulated and synthesized a sequence of 
coordinatively amino acid-functionalized MOF-808 
materials, termed MOF-808-AAs (AAs = amino acids), with 
the primary aim of elucidating the mechanism underlying CO2 
capture via amine moieties. We thus observed the favorable 
amine-CO2 interaction attributed to the generation of 
bicarbonate species28, 29 facilitated by water vapor. Expanding 
upon this foundational understanding, our current 
investigations have led us to develop a novel series of  post-
synthetically functionalized MOF-808 materials, designated 
as MOF-808-PAs (PAs = polyamines), involving the covalent 
incorporation of 4 different liquid polyamines via two-step 
functionalization. Combined with 4 meticulously optimized 
or newly synthesized MOF-808-AA materials, the 
composition, porosity, and inherent pore characteristics of 
these compounds have been fully characterized. Furthermore, 
their performance in CO2 uptake under both dry and humid 
conditions has also been evaluated, encompassing aspects 
such as sorption capacity, adsorption and desorption behavior, 
and overall cycling proficiency. Notably, the phenomenon of 
water-enhanced CO2 capacities can be observed through the 
dynamic breakthrough measurements, offering a valuable 
blueprint for the strategic advancement of CO2 sorbents 
tailored for DAC applications. 
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Figure 1. (a) Structure of MOF-808 and (b) general synthetic scheme for MOF-808-AA and MOF-808-PA. Selected installed amino acids 
and polyamines are provided in (c). Zr atoms are represented as light blue polyhedra, while other atoms are represented as spheres (color 
code: C, gray; O, red). H atoms are omitted, and the yellow spheres highlight the small tetrahedral pores for clarity. 

 
Design and synthesis 

Due to its remarkable robustness30-32, efficient large-scale 
preparatory process33, and capacity for post-synthetic modifi-
cations34-37, MOF-808 [Zr6O4(OH)4(BTC)2(HCOO)6, BTC = 
1,3,5-benzenetricarboxylate] (Figure 1a) was chosen as the 
foundational material for amine-functionalization and was 
synthesized following previously established procedures28. 
Subsequently, MOF-808-FR was derived through the elimi-
nation of formate ligands via hydrochloric acid (HCl) treat-
ment at 85 °C for a duration of 5 days. The targeted function-
alities were then introduced onto the MOF-808 backbones 
through the coordination between Zr(IV) and carboxylate 
groups, thereby fine-tuning the pore environment and creating 
specific chemisorption sites tailored for CO2 capture.  

For the preparation of MOF-808-AA sorbents (Figure 1b), 
termed as MOF-808-Gly, MOF-808-Pro, MOF-808-Lys, and 
MOF-808-Arg, 4 amino acids (Figure 1c), namely glycine, 
DL-proline, L-lysine, and L-arginine, were selected with their 
high pKa of the amines38 to provide strong chemical interac-
tion with CO2. The MOF-808-FR powder was immersed in 
saturated solutions of these amino acids for a duration of 1 to 
3 days at the designated temperature. The resultant solid was 
then collected, subjected to washing with deionized water and 
acetone, followed by treatment with a 10% solution of 1,8-
diazabicyclo[5.4.0]undec-7-ene (DBU) in tetrahydrofuran 
(THF) to achieve amine deprotonation and hydrochloride salt 
removal. Further activation was performed using dynamic 
vacuum conditions, resulting in the creation of MOF-808-AA 
samples. In pursuit of enhancing the loading capacity of 
amino acids and achieving a greater density of chemisorption 

sites, an extensive screening process has been conducted to 
assess the optimal loading solvent, temperature, and reaction 
duration within the synthetic procedure. In order to prevent 
the potential degradation of MOF-808 during the loading pro-
cedure at elevated temperatures caused by the strong basic na-
ture of L-lysine and L-arginine, their hydrochloride salt forms 
were employed. Moreover, it was determined that ethylene 
glycol exhibited remarkable solubility and superior loading 
capabilities for these two amino acid species. This significant 
finding contributed to a substantial enhancement in loading 
efficiency, effectively reducing both reaction time and solvent 
usage. 

On the other hand, a two-step polyamine-functionalization 
strategy has been devised to develop the MOF-808-PA series 
(Figure 1b). Initially, 3-chloropropionic acid was introduced 
by binding its carboxylate groups to Zr(IV) of MOF-808 co-
ordinatively. Parallel to the synthetic procedure implemented 
for the MOF-808-AA series, the process began by immersing 
MOF-808-FR powder in a saturated aqueous solution of 3-
chloropropionic acid at 85°C, with the solution being freshly 
replenished within a 3-day interval. After the solvent ex-
change and activation process, it yielded the formation of 
MOF-808-EtCl, serving as the foundation for the following 
step. Subsequently, the newly synthesized product was treated 
with the polyamine solutions at 85°C for 24 hours. Four dis-
tinct polyamines (Figure 1c), ethylenediamine (EDA), 1,3-di-
aminopropane (DAP), tris(3-aminoethyl)amine (TAEA), and 
tris(3-aminopropyl)amine (TAPA), were utilized for this 
amine-functionalization. The covalent incorporation of se-
lected polyamines was executed through nucleophilic 



 

substitution, replacing chloride ions of the installed 3-chloro-
propionic acid. The resultant solid was then collected, sub-
jected to washing, and activated, ultimately yielding MOF-
808-PA products. (termed as MOF-808-EDA, MOF-808-
DAP, MOF-808-TAEA, and MOF-808-TAPA). This strate-
gic approach notably enhanced the density of accessible sorp-
tion sites, with a particularly pronounced effect observed with 
TAEA and TAPA, effectively doubling the count of primary 
amine groups per loaded molecule, ultimately contributing to 
enhanced CO2 uptake capabilities. 

The composition of the functionalized MOF-808 samples 
was comprehensively determined through an array of analyti-
cal techniques, encompassing liquid-state 1H nuclear mag-
netic resonance (NMR) measurements, potentiometric acid-
base titration, and scanning electron microscopy (SEM) with 
energy-dispersive X-ray spectroscopy (EDS). To further char-
acterize the samples, nitrogen sorption isotherm and powder 
X-ray diffraction (PXRD) analyses were employed to investi-
gate their porosity and crystallinity. Additionally, water vapor 
isotherm measurements were conducted to explore the influ-
ence of water during CO2 capture. To delve into the CO2 up-
take performance under distinct conditions, both CO2 sorption 
isotherm and dynamic breakthrough measurements were un-
dertaken. These investigations aimed to shed light on the sam-
ples' performance at DAC conditions, in dry environments or 
in the presence of water. Furthermore, the desorption behavior 
and cycling performance were evaluated to gauge the effi-
ciency and stability of the functionalized MOF-808 materials. 
Finally, solid-state NMR was employed to decipher the chem-
isorption mechanism of amine functional groups and CO2. 
Structural and compositional characterization 

The retention of crystallinity across all modified MOF-808 
variants was evident in the PXRD measurements (Section S5). 
In comparison with the simulated PXRD pattern of MOF-808, 
there have been no noticeable phase changes or degradation 
observed in the MOF-808-AA series following the post-syn-
thetic functionalization process. For the MOF-808-PA series, 
some minor degradation was observed, which was likely 
linked to the disorder introduced by incorporating polyamine 
molecules into the MOF structure. This outcome underscored 
the resilience of MOF-808, solidifying its potential as a robust 
platform for targeted applications through post-synthetic 
modification.  

To assess the loading quantity of the designated molecules, 
the activated functionalized MOF samples were fully hydro-
lyzed with the aid of hydrofluoric acid (HF) and deuterium 
chloride (DCl) within a solvent mixture of DMSO-d6 and deu-
terium oxide (D2O). The identification of the loaded mole-
cules was achieved through the introduction of minute quan-
tities of pure molecules into the MOF samples, which were 
subsequently subjected to analysis via digest NMR (Section 
S3). The distinct peaks attributable to the targeted molecules 
within the resulting spectra were discernible through in-
creased integration. Upon this analytical framework, the load-
ing numbers of amino acids per secondary building unit 
(SBU) of MOF-808-Gly and MOF-808-Pro were quantified 
as 4.19 and 3.90 (Figure S3-4), respectively. These values 
translated to a gravimetric effective amine loading of 3.28 and 
2.05 mmol g-1. For MOF-808-Lys and MOF-808-Arg, the es-
tablished loading numbers were 2.81 and 2.77 (Figure S5-6), 
which correspond to a gravimetric primary amine loading of 
3.98 and 3.28 mmol g-1. As a result, MOF-808-Lys emerged 

as the exemplar within the series, boasting the highest effec-
tive amine loading. 

On the contrary, quantifying the loaded polyamine content 
using digest NMR presents a considerable challenge due to 
potential change in chemical shifts following covalent incor-
poration. Thus, the utilization of potentiometric acid-base ti-
tration39 (Section S4) served as a viable alternative to evaluate 
the amount of basic components within the MOF-808-PA se-
ries—specifically, the amine functionalities, which also al-
lowed for the assessment of functionalized polyamine quanti-
ties. In this method, the MOF samples were ground and sus-
pended in an aqueous NaNO3 solution. The pH of the solution 
was adjusted to a range of 10-11 using a 0.1 M aqueous NaOH 
solution prior to the titration process, which was carried out 
by adding 0.1 M aqueous HCl solution incrementally. It is 
worth noting that two distinct equivalence points manifested 
across the titration curves for all MOF-808-PA samples. 
These points signified the presence of unreacted primary 
amines and the secondary amines, each possessing a different 
level of basicity. The pKa values were calculated accordingly 
at 9.4 - 9.8 and 10.2 - 10.3 for two equivalent points (Table 
S1), respectively, and the loaded polyamines were also quan-
tified in a range from 1.61 to 2.05 mmol g-1 of MOF-808-PA 
series (Figure S12-15, Table S3). The TAPA variant demon-
strated the highest conversion rate (98.1%) based on the load-
ing of 3-chloropropionic acid with a value of 2.07 mmol g-1 
using digestion NMR (Figure S7), and this was accompanied 
by the highest gravimetric primary amine loading, reaching 
4.10 mmol g-1. Additionally, the potentiometric acid-base ti-
tration method was also employed to ascertain the loading of 
amino acids within the MOF-808-AA series (Figure S8-11, 
Table S2). For MOF-808-Lys and MOF-808-Arg, two equiv-
alence points can be observed, indicating the number of the 
basic functionality. Remarkably, the results obtained from this 
titration process aligned closely with values acquired through 
digestion NMR (Figure 2). The great agreement exhibited the 
reliability of the analytical procedure, furnishing an invalua-
ble strategy for the evaluation of active sites for CO2 capture 
applications. 

Figure 2. Comparison of loaded amino acids/polyamines in 
MOF-808-AA and MOF-808-PA series by employing acid-
base titration (light green) and 1H digest NMR (light blue). 

The effectiveness of the two-step post-synthetic functional-
ization process for the MOF-808-PA series was validated 
through SEM-EDS measurements (Section S6). In the pristine 
MOF-808 sample, no signals associated with Cl or N were 
detected. Upon introducing 3-chloropropionic acid, the MOF-
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808-EtCl sample exhibited a noticeable Cl signal, confirming 
the successful molecule installation. Following the subse-
quent polyamine functionalization step, a reduction in Cl sig-
nal intensity was observed, accompanied by an increase in N 
signal intensity. These observations pointed to the elimination 
of Cl atoms via nucleophilic substitution and the incorporation 
of the polyamines. This analysis thus reinforced the affirma-
tion of the successful functionalization process within the 
MOF-808-PA series. 
Nitrogen and water sorption isotherms 

Nitrogen sorption isotherms were measured at a tempera-
ture of 77 K to investigate the permanent porosity and pore-
size distribution of different variants of MOF-808 (Figure 3, 
Section S7). The comparison between MOF-808 and MOF-
808-FR showed that the nitrogen uptake increased after the 
removal of formate ligands, associated with a slight rise in the 
calculated Brunauer−Emmett−Teller (BET) surface area from 
1545 to 1610 m2 g-1. This phenomenon can be explained by 
the elimination of formate ligands, which resulted in a larger 
effective volume. In contrast, when examining the MOF-808-
AA series, the introduction of amino acids led to a decrease in 
nitrogen sorption capacities, resulting in both lower BET sur-
face areas (ranging from 573 to 1361 m2 g-1) and pore sizes 
(ranging from 8.5 to 14.9 Å). This decrease was attributed to 
factors such as the loading number and the molecular size of 
the amino acids. In the case of the MOF-808-PA series, the 
nitrogen sorption capacities also decreased following the in-
corporation of polyamines and can be translated into BET sur-
face areas ranging from 321 to 676 m2 g-1. One significant ob-
servation was the presence of a typical type H3 hysteresis 

loop40 during the desorption process for all four samples, 
which occurred in the pressure range between P/P0 = 0.5 and 
1.0, usually found on the material with wide pore size distri-
butions. This observation was further supported by the calcu-
lated specific pore volumes and pore sizes, which exhibited 
two distinct values, pointing to the uneven distribution of pol-
yamine incorporation. Particularly, the pore size of MOF-808-
EtCl closely resembled that of the larger pores within the 
MOF-808-PA series, indicative of the distribution of unre-
acted 3-chloropropionic acid. Conversely, the smaller pores 
represented the areas of concentrated amine functionalities. 

To explore the effects of post-synthetically incorporated 
functionalities on the pore environment, water sorption iso-
therms were conducted at 298 K (Figure 3, Section S8). In the 
case of MOF-808, a distinct steep pore-filling step occurred at 
approximately 35% relative humidity (RH), accompanied by 
an adsorption capacity of 0.3 g g-1. Following the removal of 
formate groups, water adsorption commenced at lower RH 
levels and demonstrates a significantly increased total adsorp-
tion capacity of 0.55 g g-1. This enhancement was attributed 
to the direct interaction between water molecules and the hy-
drophilic zirconium nodes within the structure. The introduc-
tion of amino acids into the MOF-808-AA series similarly re-
sulted in an early onset of water sorption at lower RH levels. 
However, the overall uptake capacity diminished notably 
when compared to the original MOF-808. Within the MOF-
808-PA series, a hysteresis phenomenon was also observed in 
the water sorption behavior. In summary, all variants of MOF-
808 exhibited great affinity for water molecules, indicating a 
conducive environment for robust interactions with CO2. 

 

Figure 3. Comparison of (a)(b) N2 sorption isotherms at 77 K and (c)(d) water sorption isotherms at 25 °C of MOF-808, MOF-808-FR, 
MOF-808-EtCl, MOF-808-AAs, and MOF-808-PAs .



 

 
Figure 4. Comparison of CO2 sorption isotherms measured at 25 °C for (a) MOF-808 and the MOF-808-AA series and (b) MOF-808 
and the MOF-808-PA series with pressure plotted on a linear scale and a logarithmic scale (c)(d) to highlight the uptake at the DAC-
relevant pressure.

 
Carbon dioxide sorption analysis 

To evaluate the CO2 adsorption capacity at a concentration 
of 400 ppm, which approximates atmospheric CO2 levels, dry 
CO2 sorption isotherms were measured for all variants of 
MOF-808 as well as the pristine MOF-808 at 298 K (Figure 
4a, Section S9). Despite having the highest BET surface area 
among all the candidates, MOF-808 exhibited the lowest CO2 
uptake across the entire pressure range from 0 to 1000 mbar, 
which suggests a lack of strong adsorption sites for CO2 mol-
ecules within MOF-808. In contrast, all amine-functionalized 
MOF-808 variants displayed significantly enhanced CO2 up-
takes even though they featured lower porosity compared to 
the pristine framework. Within the MOF-808-AA series (Fig-
ure 4a), namely MOF-808-Gly, MOF-808-Pro, and MOF-
808-Arg, they demonstrated the ability to adsorb CO2 within 
the range of 0.142 to 0.342 mmol g-1 at this DAC relevant CO2 
concentration. Particularly noteworthy is MOF-808-Lys, 
which displayed an uptake of 0.612 mmol g-1, the highest 
among all functionalized MOF-808 sorbents. This increased 
CO2 adsorption can be credited to the highly reactive amine 
groups within the pores, providing strong chemisorption sites 
for CO2 molecules. Furthermore, the quantity of CO2 captured 
was influenced by a combination of factors, including the ef-
fective gravimetric loading, basicity, and accessibility of these 
amine species. In the cases of MOF-808-Lys and MOF-808-
Arg, their high pKa values and substantial gravimetric loading 
of amines created environments with more reactive and 
densely packed sorption sites for CO2, resulting in higher 

uptake compared to MOF-808-Gly and MOF-808-Pro. The 
disparity in uptake between MOF-808-Lys and MOF-808-
Arg can be attributed to the lower pore accessibility of the lat-
ter, which was due to greater steric hindrance resulting from 
the larger molecular size of L-arginine and incomplete re-
moval of residual ethylene glycol molecules within the pores 
(Figure S6). In summary, among the studied variants, MOF-
808-Lys demonstrated the highest CO2 uptake, showcasing its 
superior performance in this regard. 

In the MOF-808-PA series (Figure 4b), the CO2 uptakes at 
400 ppm ranged from 0.175 mmol g-1 for MOF-808-DAP to 
0.498 mmol g-1 for MOF-808-TAPA, also exhibiting the sig-
nificant increase in CO2 uptake compared to pristine MOF-
808 due to the two-step polyamine installation. MOF-808-
TAPA stood out with the highest gravimetric amine loading, 
consequently yielding the highest CO2 capture performance. 
Furthermore, despite both being functionalized with diamine 
species, MOF-808-EDA presented a slightly higher CO2 up-
take than MOF-808-DAP, which featured the stronger 3-car-
bon 1,3-diaminopropane. This observation suggested that the 
amount of CO2 adsorbed is influenced not only by basicity but 
also by the quantity of amine loading. It is important to high-
light that the CO2 sorption performance of the MOF-808-PA 
series differed notably from that of the MOF-808-AA series 
at high pressure ranges of CO2. Typically, the variants in the 
MOF-808-AA series exhibited higher uptakes in the high-
pressure range compared to the MOF-808-PA series. This 
phenomenon was likely attributed to the generally lower BET 
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surface areas of the MOF-808-PA samples, resulting in re-
duced physisorption of CO2. The CO2 isotherm measurements 
demonstrated that MOF-808 serves as a robust platform for 
basic amine functionalization, offering promising chemisorp-
tion sites for strong CO2 interaction, even at relatively low 
CO2 partial pressures, which is advantageous for DAC appli-
cations. 
Dynamic breakthrough measurements 

To further assess the CO2 capture performance in the con-
text of practical DAC applications, dynamic breakthrough 
measurements were conducted (Figure 5, Section S10), which 
is essential since most capturing scenarios involve high gas 
flow rates and the presence of water. MOF-808-Lys and 
MOF-808-TAPA were once again chosen to measure CO2 up-
takes under varying RH levels from 0 to 50% to investigate 
the impact of water vapor. The samples were activated within 
the reaction column, and the desired gas feed, containing 400 
ppm of CO2 with different humidity levels, was precisely con-
trolled by adjusting the blend ratio of humidified and dry com-
pressed air. The CO2 uptakes were calculated through numer-
ical integration of the monitored outlet concentrations of CO2. 

With breakthrough measurement, MOF-808-Lys (Figure 
5a) showed a CO2 uptake of 0.556 mmol g-1 at dry condition, 
which represented a 9% decrease when compared to its single-
component CO2 isotherm. This decline can likely be assigned 
to the slow kinetics of the interaction between MOF-808 and 
CO2, a phenomenon that was also evident during extended 
isotherm measurements. By introducing 10% RH, the adsorp-
tion capacity can be increased to 0.613 mmol g-1. 

Furthermore, the uptake increased to 0.865 mmol g-1 in the 
presence of 25% RH as a 56% enhancement compared to its 
dry breakthrough uptake. Notably, by doubling the RH to 
50%, an exceptional boost in CO2 uptake to 1.205 mmol g-1 
was observed, representing a remarkable 2.17-fold increase 
over the dry breakthrough uptake and a 1.97-fold increase 
over the single-component isotherm. This experiment effec-
tively demonstrated that under varying humidity conditions, 
moisture can significantly enhance the adsorption efficiency 
of CO2 to varying degrees. In the case of MOF-808-TAPA 
(Figure 5b), the CO2 uptake reached 0.454 mmol g-1 under dry 
conditions, which similarly indicates a 9% deviation from the 
uptake observed in the dry isotherm. The CO2 uptake in-
creased to 0.757 mmol g-1 in the presence of 10% RH, trans-
lating to a 67% enhancement. Elevating the humidity to 25% 
did not yield a significant increase, resulting in only a slightly 
higher uptake of 0.796 mmol g-1. Finally, employing a 50% 
RH condition allowed for an uptake of 0.872 mmol g-1, mark-
ing a 75% increase in comparison to the uptake observed in 
the dry isotherm. Interestingly, the breakthrough sorption be-
havior of MOF-808-TAPA differed from that of MOF-808-
Lys, as the increase in outlet CO2 concentration was much 
slower in the presence of 10% and 25% RH. However, the rate 
at which the outlet CO2 concentration increased as adsorption 
approached saturation largely accelerated with 50% RH, sug-
gesting that water enhance the kinetics of CO2 uptake of 
MOF-808-TAPA at high humidity conditions.  
 

 

Figure 5. Dynamic breakthrough measurements at 25 °C with 0%, 10%, 25%, and 50% RH for (a) MOF-808-Lys and (b) MOF-808-TAPA. 
In the plot of the outlet CO2 concentration, the CO2 uptake can be derived through numerical integration of the marked area. (c) Comparison 
of CO2 uptakes of MOF-808-Lys and MOF-808-TAPA by dynamic breakthrough measurements. (d) CO2 uptakes of MOF-808-Lys at 400 
ppm, 50% RH derived from the temperature-swing cycling measurement. The average working capacity was 0.696 mmol g-1 cycle-1. 



 

 
Figure 6. (a) Chemisorption mechanism of amines and CO2 in dry conditions and in the presence of water. 13C solid-state NMR spectra on 
(b) MOF-808-Lys and (c) MOF-808-TAPA. Bottom: pristine MOF samples; middle: 13CO2 dosing under dry conditions; top: 13CO2 dosing 
with 50% RH. 

Given the remarkable CO2 uptake in humid conditions, a 
temperature-swing cycling test (Figure 5c, Section S11) was 
conducted on MOF-808-Lys at DAC condition (400 ppm CO2 
with 50% RH). For the measurement efficiency, a quick scan 
process was employed: both the sorption measurement and the 
regeneration process were set to conclude when the outlet CO2 
concentration reached 380 ppm and 20 ppm, respectively. 
While this approach resulted in some partial CO2 uptake loss, 
it still allowed for the evaluation of the reproducibility of sorp-
tion-desorption behavior. The measured uptake capacity was 
determined to be 0.696 mmol g-1 cycle-1 over ten consecutive 
cycles without significant decay. 
Solid-state NMR study 

To examine the sorption characteristics of amine-function-
alized MOF-808, solid-state cross-polarization magic-angle 
spinning (CP-MAS) 13C NMR spectra were measured for 
MOF-808-Lys, and MOF-808-TAPA (Figure 6). This analy-
sis aimed to assess alterations in the chemical composition be-
fore and after the introduction of 13CO2, in the presence and 
absence of water. Hence, the solid-state NMR spectra of these 
samples were measured under three distinct conditions: (1) ac-
tivated samples, (2) adsorption of CO2 under dry condition, 
and (3) adsorption of CO2 with 50% RH.  

In the 13C NMR spectra, weak signals at 172 and 134 ppm 
were observed in both MOF variants before and after CO2 
sorption, which correspond to the carboxylate and aromatic 
carbons of the MOF linkers. Both MOF variants were exposed 
to 13CO2 under dry conditions and at 50% RH at 298 K for 24 
hours. In both samples, two distinct signals at 161 and 168 
ppm appeared after loading 13CO2 under dry conditions, indi-
cating the formation of carbamic acid or carbamate28, 29 
through covalent interaction between 13CO2 and primary 
amine moieties. For the wet conditions, notably, MOF-808-
Lys exhibited a single signal at 167 ppm under 50% RH (Fig-
ure 6b), attributed to ammonium bicarbonate formation28, 29. 
The presence of water enhanced amine utilization efficiency 
through the formation of bicarbonate species, resulting in in-
creased CO2 uptake compared to the dry conditions. Con-
versely, MOF-808-TAPA presented two signals under humid 

conditions (Figure 6c), possibly due to incomplete conversion 
from carbamic acid/carbamate to bicarbonate. This discrep-
ancy in conversion may be linked to the higher water uptake 
by MOF-808-Lys (~0.17 g g-1) compared to MOF-808-TAPA 
(~0.09 g g-1) at 50% RH. The incomplete conversion of bicar-
bonate in MOF-808-TAPA led to a lower increase in CO2 up-
take by water vapor compared to MOF-808-Lys during the 
dynamic breakthrough measurement. Furthermore, a signal at 
121 ppm was observed in the MOF-808-Lys sample, both 
with and without the presence of water. This signal was as-
cribed to physiosorbed 13CO2. In contrast, free 13CO2 was not 
detected in the MOF-808-TAPA sample. Due to the presence 
of functionalized branched amines, the BET surface area of 
MOF-808-TAPA (321 m2 g-1) was lower than half that of 
MOF-808-Lys (701 m2 g-1), which made it challenging for 
MOF-808-TAPA to accommodate more CO2 molecules 
within its pores. This phenomenon provided an explanation 
for the observed lower CO2 uptakes in the high-pressure 
ranges of the MOF-808-PA series when compared to the 
MOF-808-AA series in the context of single-component CO2 
isotherms. 
Conclusions 

We employed two distinct amine-functionalization strate-
gies for MOF-808, utilizing amino acids that are directly 
bound to the zirconium SBU, and polyamine incorporation via 
a two-step nucleophilic substitution. The resulting compounds 
demonstrated exceptional CO2 capture capacity and stability 
when exposed to ambient air containing water vapor. The 
quantity of loaded amine species, the sorption behavior, and 
the sorption chemistry have been fully characterized. This re-
search showcased the extensive tunability of MOF-808 and 
unveiled substantial potential for amine-functionalization in 
the development of solid-state sorbents for DAC relative ap-
plications. 
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