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Cooperative Carbon Dioxide Capture in Alcoholamine- and 
Alkoxyalkylamine-Functionalized Metal–Organic Frameworks 
Victor Y. Mao, Phillip J. Milner, Jung-Hoon Lee, Alexander C. Forse, Eugene Kim, Rebecca L. 
Siegelman, C. Michael McGuirk, Leo B. Porter-Zasada, Jeffrey B. Neaton, Jeffrey A. Reimer, and 
Jeffrey R. Long[a] 
 Abstract: A series of structurally diverse alcoholamine- and 
alkoxyalkylamine-functionalized variants of the metal–organic 
framework Mg2(dobpdc) are shown to exhibit selective, step-shaped 
adsorption of carbon dioxide (CO2). Optimized structures obtained 
from vdW-corrected DFT calculations indicate that the observed 
adsorption profiles can be attributed to carbamic acid (for 
alcoholamines) or ammonium carbamate (for alkoxyalkylamines) 
chain-like structures stabilized by hydrogen bonding interactions 
within the framework pores, as corroborated by solid state NMR. As 
the first report of materials exhibiting cooperative CO2 chemisorption 
without the use of diamines, this finding provides the foundation for 
expanding the scope of cooperative CO2 capture in porous materials. 

I. Introduction
 It has been well-documented that recent atmospheric 

carbon dioxide (CO2) levels have been rising rapidly, with CO2 

levels exceeding an unprecedented average of 400 ppm globally 
in 2016.1 Studies have shown that the continued rise of CO2 
atmospheric levels will likely have irreversible impacts on the 
planet’s climate.5 To date, fossil fuel combustion accounts for the 
largest percentage of anthropogenic CO2 emissions,2 and as such, 
the development of cost-effective strategies for mitigating CO2 
emissions from traditional energy sources is paramount. A 
proposed strategy to reduce anthropogenic CO2 emissions from 
point sources is carbon capture and sequestration (CCS).1 The 
implementation of CCS using current technologies would be 
expensive, however, leading to an estimated >30% increase in 
the levelized cost of electricity.3,4 Because the CO2 capture step 
represents approximately 70–80% of the cost associated with 
CCS,3 the development of new carbon capture materials could 
dramatically increase the cost-efficiency and applicability of CCS.  

Recently, it has been shown that diamine-appended 
variants of Mg2(dobpdc) (dobpdc4– = 4,4'-dioxidobiphenyl-3,3'-
dicarboxylate), a metal–organic framework with coordinatively 
unsaturated Mg2+ sites, capture CO2 through a unique 
cooperative adsorption mechanism involving the insertion of CO2 
into Mg–N bonds to form ammonium carbamate chains (Figure 
1).7 This mechanism allows for selective capture of CO2 and 
results in step-shaped adsorption profiles, which in turn enable 
high working capacities with low regeneration energies. 
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Figure 1. a) Proposed CO2 adsorption mechanism for alcoholamine-
appended Mg2(dobpdc) involving hydrogen bond-stabilized carbamic acid 
chains. b) Representative structure of the metal−organic framework 
Mg2(dobpdc). The inset shows a single open Mg2+ site appended with an 
alcoholamine or alkoxyalkylamine. Grey, red, and green spheres represent C, 
O, and Mg atoms, respectively; H atoms are omitted for clarity. 



Furthermore, these materials can be structurally tuned to fit the 
required operating conditions for a given process, making them 
leading candidates for carbon capture applications.9,10 However, 
ammonium carbamate chain formation remains the only 
cooperative CO2 chemisorption mechanism known to date, which 
greatly restricts the library of usable materials.  

We have recently shown that changing the structure of the 
diamine in these materials can lead to new adsorption 
mechanisms, such as the formation of carbamic acid pairs.9 
Based on this finding, we envisioned that more significant 
variations in this system, including changing the appended 
diamines to other bifunctional molecules such as alcoholamines 
(Figure 1), could not only reveal new mechanisms for cooperative 
adsorption but also greatly expand the range of materials suitable 
for carbon capture applications. Herein, we demonstrate via a 
combination of gas sorption, spectroscopic, and computational 
studies that alcoholamine- and alkoxyalkylamine-appended 
variants of Mg2(dobpdc) are also capable of undergoing 
cooperative CO2 adsorption through related but distinct 
mechanisms.  

II. Results and Discussion
Step-shaped CO2 Adsorption in Alcoholamine-Appended 
Mg2(dobpdc) Variants 

 Alcoholamines are attractive functionalities in the design of 
new scalable adsorbents for carbon capture, as they are typically 
significantly less expensive than the corresponding diamines. 
Indeed, current large-scale carbon capture applications are 

primarily carried out with aqueous alcoholamine solutions due to 
their low cost and scalability.15 However, the previously reported 
cooperative adsorption of CO2 is facilitated by the ability of 
diamines to form extended chains in which one amine has reacted 
with CO2 and the other has accepted a proton to form an 
ammonium species.7 Because alcoholamines cannot react by this 
mechanism,14 it was unclear prior to this work if alcoholamine-
appended frameworks could undergo cooperative adsorption via 

a different mechanism. 
In order to probe the CO2 adsorption properties of 

alcoholamine-appended frameworks, a diverse range of 
alcoholamines were grafted to the parent framework Mg2(dobpdc) 
using our previously reported procedure.7 Gratifyingly, reversible 
step-shaped adsorption was found to occur with alcoholamines 
bearing moderately bulky secondary amines. Namely, the ethyl 
(e-2-OH), n-propyl (nPr-2-OH), isopropyl (iPr-2-OH), n-butyl (nBu-
2-OH), cyclohexyl (cy-2-OH), and isoamyl (iPent-2-OH)
substituents distinctly display this behavior in both isobaric
(Figure 2) and isothermal (Figure S198, S199) measurements.
Other alcoholamines, such as 3-aminopropanol (3-OH), exhibited
modest cooperative adsorption as well (SI, Section 8). As
expected, minimal, non-cooperative adsorption was observed
with O2, N2, and CH4, other gases relevant to CO2 capture
applications (Figure 3). Because the alcoholamines in these
materials cannot react with CO2 to form ammonium carbamate
chains, they must operate by a new cooperative chemisorption
mechanism (see below).  Indeed, while the differential enthalpy of
CO2 adsorption in e-2-OH–Mg2(dobpdc) is comparable to that
previously reported10 for the corresponding diamine-appended
framework e-2–Mg2(dobpdc) (–81 ± 4 vs. –84 ± 3 kJ/mol,
respectively), the entropic penalty is much larger (–214 ± 11 vs. –
186 ± 14 J/mol·K, respectively) (Figure S203), which is consistent
with a different mechanism for cooperative adsorption.9

Increasing the amine substituent size with alcoholamines 
generally decreased the adsorption threshold, thereby increasing 
the isobaric step temperature (equivalent to a lower step pressure 

Figure 3. Single-component isotherms for e-2-OH–Mg2(dobpdc). Closed 
circles indicate adsorption, and open circles indicate desorption. A capacity of 
2 mmol/g corresponds to 1 CO2 adsorbed per 2 molecules of e-2-OH. 

Figure 2. Pure CO2 adsorption isobars at atmospheric pressure for e-2-OH–, 
nPr-2-OH–, iPr-2-OH–, nBu-2-OH–, cy-2-OH–, and iPent-2-OH–
Mg2(dobpdc), as measured by thermogravimetric analysis. Each framework 
exhibits a maximum capacity of 0.5 CO2 per amine, or 1 CO2 per two 
alcoholamines. 
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in an isotherm).10 For example, under pure CO2, the adsorption 
step temperatures range from 60 °C (iPr-2-OH) to 125 oC (iPent-
2-OH), with larger and longer amine substituents generally
shifting the adsorption step to higher temperatures (Figure 2).
Isothermal measurements reflected identical trends in the
favorability of CO2 adsorption in these materials (SI, Section 21).
Notably, alcoholamine-appended Mg2(dobpdc) variants with very
sterically hindered amine substituents (e.g. t-Butyl), as well as
those with tertiary amines, did not appreciably adsorb CO2,
suggesting that reaction at the amine sites is key to the adsorption
mechanism (SI, Section 8).

For the series of 2-(alkylamino)ethanol-appended 
frameworks that do exhibit step-shaped adsorption, the observed 
post-step adsorption capacity corresponds to 1 CO2 molecule per 
two alcoholamines. While this capacity is half that corresponding 
to 1 CO2 per diamine we had observed previously in diamine-
appended variants of Mg2(dobpdc), it does maintain the 
adsorption ratio of 1 CO2 per two amines.7 Double-step adsorption 
behavior has been previously reported for diamine-appended 
variants of Mg2(dobpdc) with bulky substituents due to steric 
interactions between adjacent diamines in the a-b plane of the 
framework.8 However, unlike in our previous work, cooling e-2-
OH–Mg2(dobpdc) under pure CO2 in a differential scanning 
calorimeter to –70 °C did not reveal the presence of a second 
adsorption step below the primary adsorption step at 80 °C 
(Figure S173). This suggests that the “half capacity” observed in 
alcoholamine-appended frameworks is likely not due to the steric 
interactions and cannot be overcome by increasing the driving 
force for CO2 adsorption. In addition, appending the same 
alcoholamines to frameworks with a larger spacing between metal 
sites in the a-b plane, namely Mg2(pc-dobpdc) (pc-dobpdc4- = 3,3'-
dihydroxy-[1,1'-biphenyl]-4,4'-dicarboxylic acid) and Mg2(dotpdc) 
(dotpdc4- = 4,4-dioxido-[1,1':4',1''-terphenyl]-3,3''-dicarboxylate), 
did not lead to higher adsorption capacities as in our previous 
work,8 but instead produced materials lacking step-shaped 
adsorption profiles. Finally, powder X-ray diffraction studies of 
both e-2-OH–Mg2(dobpdc) and nPr-2-OH–Mg2(dobpdc) revealed 
a non-negligible a-b unit cell contraction upon CO2 adsorption (–
1.5% and –1.9%, respectively, Table S9), indicative of a favorable 
a-b interaction that is not evident with diamine-appended
frameworks (–0.3% for e-2–Mg2(dobpdc)) (Table S9). Overall,
these findings suggest that alcoholamine-appended frameworks
likely exhibit stabilizing interactions in the a-b plane of the
framework involving the interaction of two alcoholamines per
molecule of CO2 adsorbed.

Mechanism of CO2 Adsorption 
Metal effect 

A key feature of ammonium carbamate chain formation in 
diamine-appended M2(dobpdc) frameworks is the influence of the 
metal center (Mg, Mn, Fe, Co, Ni, Zn) on the CO2 adsorption step 
pressure, which arises due to the breaking of the M–N bond.7 In 
contrast to our previous results with diamines,7,9 only 
alcoholamine-appended variants of Mg2(dobpdc) were found to 
exhibit step-shaped adsorption profiles, as appending 
alcoholamines to the isostructural frameworks M2(dobpdc) (M = 
Mn, Co, Ni, Zn) produced adsorbents displaying non-cooperative 
adsorption profiles (SI, Section 8). This evidence lends significant 

support for a cooperative process similar to that of the diamine-
appended metal-organic frameworks,7 whereby either a metal-

Figure 4. a) Activated (MAS rate = 17 kHz) and 13CO2-dosed (MAS rate = 16 
kHz) 13C solid state magic angle spinning spectra of e-2-OH–Mg2(dobpdc). A 
small secondary 13CO2 resonance in e-2-OH–Mg2(dobpdc) at approximately 
162 ppm likely arises from a minor side product from noncooperative 
chemisorption. b) Activated and 13CO2-dosed 15N solid state magic angle 
spinning spectra of e-2-OH–Mg2(dobpdc). Asterisks mark spinning side 
bands.  



amine or metal-oxygen bond must be broken in order to adsorb 
CO2 in a cooperative manner. Unfortunately, because large single 
crystals have to date only been accessible for the zinc framework, 
and because the alcoholamine-appended variants of Zn2(dobpdc) 
do not cooperatively adsorb CO2, it was not possible to obtain a 
single crystal X-ray diffraction structure of the CO2-inserted 
phases of any alcoholamine-appended frameworks.7,9 While we 
were able to obtain the unit cell parameters for activated and CO2-
dosed e-2-OH–Mg2(dobpdc) via powder X-ray diffraction, the 
structures proved to be too disordered to be solved. Therefore, it 
was necessary to turn to other characterization techniques to 
elucidate the CO2 adsorption mechanism in alcoholamine-
appended variants of Mg2(dobpdc).  

Spectroscopic Evaluation 
Solid-state magic angle spinning 13C and 15N NMR 

spectroscopy was utilized to examine local environments for e-2-
OH–Mg2(dobpdc) upon adsorption of isotopically enriched 13CO2 

(Figure 4). To serve as a point of reference, a 13C and 15N NMR 
spectrum of activated e-2-OH–Mg2(dobpdc) was first obtained. 
The resulting broad, low-intensity 15N NMR resonance is 
consistent with our DFT predictions of dynamic O/N binding 
(Figure S190). Upon dosing the sample with 13CO2, a dominant 
13C resonance was observed at 158.7 ppm. This chemical shift is 
smaller compared to those of the ammonium carbamates formed 
in diamine-appended frameworks7,9,12,13,24 and is more similar to 
the previously reported shifts for the carbonyl carbons of carbamic 
acids and ammonium alkylcarbonates.12,13,16,17,24 In the 13C NMR 
spectrum of 13CO2-dosed e-2-OH–Mg2(dobpdc), splitting of the 
alcoholamine 13C resonances was immediately apparent, 
consistent with the observed adsorption of CO2 at only half of the 
alcoholamine sites in alcoholamine-appended variants of 
Mg2(dobpdc). In addition, 13C–1H NMR correlation measurements 
indicate the presence of carbamic acid or ammonium 1H (11.4 
ppm) strongly interacting with the carbonyl carbon of the CO2-

adsorbed product (SI, Figure S186). This 1H chemical shift is 
similar to those previously measured for carbamic acids and is 
lower than those for secondary diamines forming ammonium 
carbamates,24 thus suggesting that this new product is most likely 
a carbamic acid. 

In the 15N NMR spectrum of 13CO2-dosed e-2-OH–
Mg2(dobpdc) (Figure 4a), two distinct resonances at larger 
chemical shifts relative to the activated alcoholamine nitrogen 
shifts were observed. The resonance at approximately 90 ppm is 
assigned to an amine that has reacted with CO2 and is higher than 
any corresponding chemical shift for diamine-appended metal–
organic frameworks.24 Importantly the observation of this 
resonance confirms that CO2 reacts at nitrogen, rather than at 
oxygen (SI, Section 18). The resonance at approximately 41 ppm 
likely corresponds to a free alcoholamine participating in 
hydrogen bonding due to the higher chemical shift compared to 
that observed for the activated alcoholamine-appended 
framework. The similarity in resonance intensities between the 
two sets of alcoholamine resonances in the 13C NMR spectrum 
and the two resonances in the 15N spectrum indicates that the two 
distinct alcoholamine environments are in equal proportion, 
further supporting the participation of the free alcoholamine in 
hydrogen bonding interactions with the CO2-adsorbed product. 
These experiments were repeated for iPr-2-OH–Mg2(dobpdc) 
and very similar results were observed (SI, Section 16), which 
suggests that alcoholamine-appended variants of Mg2(dobpdc) 
follow the same general CO2 adsorption mechanism. 

DFT Calculations 
Motivated by our previous experimental7,9,10,24 and 

computational11,23 studies of the mechanisms of CO2 adsorption 
in diamine-appended metal–organic frameworks, we investigated 
five potential mechanisms for cooperative CO2 adsorption in e-2-
OH–Mg2(dobpdc) by van der Waals (vdW)-corrected Density 
Functional Theory (DFT) calculations (SI, section 18). This 

Figure 5. a) Structures of O-bound activated and CO2-inserted e-2-OH–Mg2(dobpdc). b) Predicted structure of CO2-inserted e-2-OH–Mg2(dobpdc), as viewed 
along the c-axis. c) View down the c-axis of the predicted structure of CO2-inserted e-2-OH–Mg2(dobpdc). All structures were calculated through DFT methods 
(SI, Section 17). Grey, red, blue, white, and green spheres represent C, O, N, H, and Mg atoms, respectively.



structural analysis led to a promising candidate structure for CO2 
adsorption in e-2-OH–Mg2(dobpdc) involving the unprecedented 
formation of carbamic acid chains (Table 1, Figure 5). The 
carbamic acid chain structure (Mechanism A, Figure 5) shows the 
best agreement between the various calculated and experimental 
parameters (Table 1, Table S11, SI section 18). 

The proposed mechanism is similar to the ammonium 
carbamate chain mechanism observed experimentally in many 
diamine-appended frameworks7,10 but without proton transfer to a 
neighboring amine, leading to a two-fold hydrogen bond-
stabilized carbamic acid chain. Hydrogen bond donation occurs 
from the carbamic acid to the neighboring O of the terminal 
alcohol, which itself donates a hydrogen bond to the non-bridging 
carboxylate oxygen atom of the ligand. This complex is further 
stabilized via O-H hydrogen bond donation from the neighboring 
alcoholamine in the a-b plane of the framework. The extensive 
hydrogen bonding network likely accounts for the energetic 
stability of this structure despite the documented instability of 
carbamic acids.19-22 Furthermore, this mechanism captures the 
experimentally observed capacity of one CO2 per two 
alcoholamines and the a-b unit cell contraction observed by 
powder X-ray diffraction (Table S9). Although we considered the 
possibility of the amine of the free alcoholamine to act as a 
hydrogen bond donor, we found this structure to be less 
energetically favorable (Figure S194). 

Expanding Cooperativity to Alkoxyalkylamine-Functionalized 
Mg2(dobpdc) Variants. 

Consistent with our general mechanistic hypothesis, we 
have preliminarily found that primary alkoxyalkylamine-
functionalized Mg2(dobpdc) variants also display step-shaped 
adsorption profiles (Figure 6). In this case, the mechanism is 
predicted to be similar to that with alcoholamine-appended 
frameworks but with additional proton transfer from the carbamic 
acid to a neighboring, uninserted amine in the a-b plane to form 

an ammonium carbamate. As our experimental isobaric and 
isothermal data, 1H NMR and 13C NMR, and DFT calculations 
reveal that this adsorption mechanism is likely structurally similar 
to that of e-2-OH–Mg2(dobpdc), we leave this discussion to the SI. 
Based on these initial findings, it appears that the mechanism of 
CO2 adsorption may be functionality dependent, wherein 
switching alcohols for ethers lowers the stability of carbamic acid 
in favor of ammonium carbamate. 

IV. Conclusion
We have discovered the first experimentally verified

cooperative mechanism for CO2 chemisorption that does not 

Experimental Mechanism A 

EB (kJ/mol) –81(4) –79

a (Å) 21.255(1) 21.299 

c (Å) 6.875(4) 7.053 

d 13C (C=O) (ppm) 158.7(1) 158.5 

d 15N (ppm) 90(1) (inserted N) 
41(1) (free N) 

102.4 (inserted N) 
38.7 (free N) 

Table 1. Computed free energies (E), CO2 binding energies (EB), lattice 
parameters and chemical shifts of Mechanism A of CO2 insertion in e-2-OH–
Mg2(dobpdc). The binding energy was calculated using O-bound e-2-OH–
Mg2(dobpdc) as a starting reference, as we have also found this to be the 
most energetically favorable structure for almost all alcoholamines and within 
calculational error for O- vs. N-bound e-2-OH–Mg2(dobpdc) (Table S10). 
Errors are indicated in parentheses.  

Figure 6. a) Pure CO2 adsorption (blue) and desorption (red) isobars at 
atmospheric pressure for 3-O-m–Mg2(dobpdc), as measured by 
thermogravimetric analysis. The grey dash indicates 1 CO2 per two molecules 
of 3-O-m. b) Predicted structure of CO2-inserted 3-O-m–Mg2(dobpdc), as 
viewed along the c-axis. All structures were calculated through DFT methods 
(SI, Section 17). Grey, red, blue, white, and green spheres represent C, O, N, 
H, and Mg atoms, respectively. 



involve diamines, exhibited in a variety of structurally diverse 
alcoholamine- and alkoxyalkylamine-functionalized variants of the 
metal–organic framework Mg2(dobpdc). Namely, secondary 
alcoholamines with moderately large alkyl substituents, as well as 
primary alkoxyalkylamines, demonstrate selective, step-shaped 
adsorption and desorption of CO2 in Mg2(dobpdc). Computational 
structural studies, solid state NMR spectroscopy, and other 
experimental evidences indicate that the observed adsorption 
capacity of 1 CO2 per 2 alcoholamines or alkoxyalkylamines 
arises due to hydrogen-bonding chain structures that are 
stabilized by additional interactions in the a-b plane of the 
framework. This new adsorption mechanism greatly increases the 
scope of functionalized materials that undergo cooperative CO2 
adsorption and paves the way for the discovery of new materials 
and mechanisms for carbon capture applications. 
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The first documented cooperative CO2 chemisorption mechanism without the usage 
of diamine is described. Step-shaped adsorption is observed and characterized in a 
variety of structurally-diverse alcoholamine and alkoxyalkylamine-functionalized 
metal-organic frameworks. It is found that carbamic acid or ammonium carbamate 
formation can result, and that the formation of hydrogen-bonded chain structures 
likely leads to the observed adsorption steps. 
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