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Why does 2-(2-aminoethylamino)ethanol have superior CO2 
separation performance to monoethanolamine?: A computational 
study
Daiki Aso,a Yuuichi Orimoto,b Makoto Higashino,c Ikuo Taniguchi d and Yuriko Aoki *b 

Our computational reaction analysis shows that 2-(2-
aminoethylamino)ethanol (AEEA) has superior performance to 
monoethanolamine for CO2 separation, in terms of its ability to 
sorb CO2 by the primary amine and desorb CO2 by the secondary 
amine in AEEA.

Introduction
Recently, the global average temperature has been increasing, 
which has contributed to major problems such as rising sea and 
river levels,1,2 abnormal weather conditions,3,4 and adverse 
effects on ecosystems.5 This increase in temperature is known to 
be caused by an increase in the concentration of carbon dioxide 
(CO2) in the atmosphere.6 However, many countries around the 
world depend heavily on coal-fired power plants that produce a 
large amount of CO2; about 40 percent of the world’s electricity 
is generated by coal combustion.7,8 Because there are no 
alternatives that can be quickly, cheaply, and broadly deployed, 
society will likely remain dependent for some time on coal 
despite its substantial CO2 emissions. Therefore, it is important 
to capture and store the exhausted CO2 efficiently to prevent 
further contributions to global warming. Here, CO2 separation 
from the exhaust gas (H2/CO2) of coal-based plants refers to the 
sorption and desorption of CO2 using amine-containing solvents 
or membranes (see Fig. 1(a)).8 Exhaust gases may contain not 
only H2/CO2 but also N2 and other gases, but we focus on only 
H2/CO2 in this study. At the microscale, CO2 sorption and 

desorption to amine corresponds to CO2 interaction with and 
dissociation from amine, respectively. Fig. 1(a) shows a 
schematic image in which an amine-containing membrane 
allows CO2 exhaust gas to pass through but blocks H2. 
Monoethanolamine (MEA, H2N(CH2)2OH) has been widely 
studied by experiments and theories as a model compound for 
CO2 separation and capture.9-11 More recently, 2-(2-
aminoethylamino)ethanol (AEEA, H2N(CH2)2NH(CH2)2OH) 
and diethylenetriamine (DETA, H2N(CH2)2NH(CH2)2NH2) have 
attracted attention for its superior CO2 separation and capture 
performance compared to monoamines such as MEA.12-15 In this 
study, we focused on AEEA for which a large amount of 
experimental data was reported.12-14 AEEA is a diamine with a 
primary and a secondary amine group and a hydroxyl (-OH) 
group, as shown in Fig. 1(b). For simplicity, the primary and 
secondary amines of AEEA are referred to as AEEAp and AEEAs, 
respectively. Our previous study showed that the structure of 
AEEA in its twisted form is more stable than that in its all-trans 
form.16 Therefore, the twisted AEEA structure is assumed to be 
the reactant that interacts with CO2 in this study. 
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Fig. 1(a) Schematic image of CO2 separation process by an 
AEEA-containing membrane. (b) Structure of twisted-form 
AEEA. Red, blue, gray, and white colors represent oxygen (O), 
nitrogen (N), carbon (C), and hydrogen (H) atoms, respectively.
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In our previous study,16 we theoretically investigated CO2 
sorption reaction by the primary amine in AEEA according to 
experimental reports mentioning that the primary amine in 
AEEA reacts with CO2 faster than the secondary one.12,14 In 
Ref.16, we found that water (H2O) molecules play an important 
role in promoting the reaction by causing ring-like protons 
transfer and creating H3O+ structure at the transition state. As a 
next step of our study, the present study compares the reaction 
mechanisms of CO2 with the primary and secondary amines in 
AEEA and MEA using density functional theory (DFT) 
calculations to determine why AEEA exhibits superior CO2 
separation performance compared to MEA as found 
experimentally.13,14 Historically, studies16-18 have widely 
examined the sorption reactions of the primary amine including 
our previous study16 but have not studied desorption reactions 
for either AEEA or MEA. The present study focuses on sorption 
but, in order to consider the complete CO2 separation process, 
also discusses desorption.

AEEA is known to participate in two-step CO2 reactions to 
form carbamic acid at each primary and secondary amine site via 
the following equations:19

Primary amine:
AEEA + CO2 + H2O⇄AEEACOOp

― + H3O + ,      (1)
AEEACOOp

― + H3O + ⇄AEEACOOpH + H2O.     (2)

Secondary amine:
AEEA + CO2 + H2O⇄AEEACOOs

― + H3O + ,      (3)
AEEACOOs

― + H3O + ⇄AEEACOOsH + H2O.      (4)

The first step reactions (Eqs. (1) and (3)) are the formation of a 
carbamate anion, while the second step reactions (Eqs. (2) and 
(4)) correspond to carbamate protonation.

Computational details
Reaction analyses based on DFT calculations were performed to 
investigate the reaction between AEEAp/AEEAs and CO2. All 
calculations were carried out using the Gaussian 16 program,20 
and calculation results were visualized by Gaussview 6.0.21 In 
this study, we used the M06-2X22 functional and 6-31+G(d,p) 
basis set. This functional is known to be effective for molecules 
in which noncovalent interactions play an important role.22 
Pruned 99,590 integration grid was used for all the M06-2X 
calculations to keep the computational accuracy. Solvent effects 
from water (dielectric constant: 78.36) were described using the 
integral equation formalism polarizable continuum model (IEF-
PCM).23,24 Transition state (TS) structures were searched to 
determine reaction pathways. The structures of reactant (RC) and 
product complexes (PC) were obtained by intrinsic reaction 
coordinate (IRC)25 calculations from the TS structures, followed 
by full geometrical optimizations. Thermochemical analyses 
were carried out based on vibration analysis, and the energy was 
corrected by the temperature (358.15 K) and pressure (2.4 MPa) 
regarding the experiments of Kai et al.26 Relative energies to the 
RC (not separated reactants) were used to show the stability of 

each state in the reaction pathway to keep the consistency with 
our previous study.16

Results and discussions 
Calculations investigated the CO2 interaction with twisted 
AEEA (see Fig. 1(b)) as the first stage of CO2 separation. Fig. 2 
shows the pathway for CO2 interaction with AEEAp, 
corresponding to Eqs. (1) and (2), which was found to be a three-
step reaction by these calculations. In the first reaction step (from 
the RC to intermediate (INT) 1), AEEAp is attacked by CO2 to 
form AEEA(NH2)pCOO. The -OH group and secondary amine 
form hydrogen bonds with H2O in the RC structure. It is assumed 
that the H2O molecule is captured by the -OH group according 
to our previous study.16 Furthermore, CO2 forms a covalent C-N 
bond (1.59 Å in length) with the primary amine in the INT 1 
structure (see Fig. S1(a)). In addition, the orbital hybridization 
around the carbon (C) atom of the CO2 changes from sp (RC) to 
incomplete sp2 (INT 1) (Fig. S1(b)). We can consider that the 
first RC→INT 1 step is the middle stage of Eq. (1); that is, 
AEEA(NH2)pCOO is formed as an intermediate before the 
formation of carbamate anion by deprotonation. The Gibbs free 
energy of activation (∆G) from RC to INT 1 was found to be 3.14 
kcal/mol (see Table 1). In the second step (INT 1→INT 2), the 
hydrogen bond between AEEAs and H2O is broken and H2O 
moves away from AEEAs. Intermolecular hydrogen bonds 

Table 1. Gibbs free energy (∆G) and total energy (∆E) of 
activation in reaction pathways of CO2 interaction with primary, 
secondary amines in AEEA, and primary amine in MEA.

　 Step ΔG 
(kcal/mol)

ΔE 
(kcal/mol)

Primary 
amine

(AEEA)

First (RC→INT 1) 3.14 2.36

Second (INT 1→INT 2) -0.31 0.59

Third (INT 2→PC) 6.29 10.07
Secondary 

amine
(AEEA)

First (RC→INT) 3.95 1.88

Second (INT→PC) 13.60 15.77
Primary 
amine 
(MEA)

First (RC→INT) 4.30 1.81

Second (INT→PC) 10.75 13.38

Fig. 2 Reaction pathway of the CO2 interaction with AEEAp 
(Gibbs free energy, ∆G) at the M06-2X/6-31+G(d,p) level 
within the IEF-PCM. The green, yellow, and blue markers 
represent hydrogen atoms Hα, Hβ, and Hγ, respectively.
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recombine in AEEA(NH2)pCOO in this step, although it is not a 
carbamate anion. TS 2 is more stable than INT 1, and ∆G for this 
reaction step has a negative value of -0.31 kcal/mol (Table 1). 
However, Fig. S2 shows that this is an error due to temperature 
and pressure corrections. The total energy of activation (∆E) 
without these corrections has a positive value of 0.59 kcal/mol 
(Table 1). The third step (INT 2→PC) includes three atomic 
movements: (i) the hydrogen (H) atom of the primary amine (Hα) 
in AEEA transfers to the -OH group; (ii) the H atom of the -OH 
group (Hγ) moves to H2O; (iii) the H atom of H2O (Hβ) moves to 
CO2. According to Ref. 16, the moving hydrogen atoms are 
protons, a fact confirmed by this study as well (see Table S1). 
The concerted movement of these three protons (Hα

+, Hβ
+ and 

Hγ
+) around the AEEAp is referred to as “three-proton transfer” 

in this study. The movement of H2O in the INT 1→INT 2 step is 
what is required to initiate the three-proton transfer. Here, 
movement (i) corresponds to deprotonation from AEEAp. It can 
be seen in TS 3 that a hydronium ion (H3O+) is formed by H2O 
and Hγ at INT 2. Based on previous work, it is known that 
activation energy decreases by forming H3O+ in the TS.16 In the 
PC structure, the deprotonation from H3O+ causes the Hβ 
movement to CO2 (movement (iii)) to form carbamic acid, and 
the PC is much more stable than the RC, INT 1, and INT 2. This 
means that the deprotonation of AEEAp and the formation of 
carbamic acid through the three-proton transfer at the third step 
may contribute significantly to the stability of the PC structure. 
Moreover, orbital hybridization of the C atom of CO2 changes 
from incomplete sp2 in INT 2 to complete sp2 in the PC (Fig. S1). 
Another H atom in AEEAp that is not transferred in TS 3 forms 
a hydrogen bond with H2O. In the third step, the protonation of 
COO- and the deprotonation of the AEEAp occur simultaneously. 
Thus, the last step corresponds to the reaction from the middle 
stage of Eq. (1) to (2). The activation energy of the third step is 
larger than that of the other steps, meaning that it is the rate-
limiting process in the reaction. 

Fig. 3 shows the reaction pathway of CO2 interaction with 
AEEAs. Based on these calculations, this is a two-step reaction. 

In the first step (RC→INT), AEEAs is attacked by CO2 to form 
AEEA(NH)sCOO. In the RC structure, H2O is captured via 
hydrogen bonding by both the -OH group and AEEAs. CO2 
forms a covalent bond with the AEEAs in the INT structure (C-
N bond length = 1.60 Å) (Fig. S1(a)). In addition, the O-C-O 
angle changes from around 180° to 135° (Fig. S1(b)). Thus, 
during the RC→INT step, the orbital hybridization of the C atom 
of CO2 changes from sp to incomplete sp2, similar to the AEEAp 
case. The first step of the reaction can be considered as the 
middle stage in Eq. (3). As the result, AEEA(NH)sCOO is 
formed as an intermediate before the formation of the carbamate 
anion. ∆G for this reaction is 3.95 kcal/mol (see Table 1). The 
structure of the RC and INT have almost the same energy, and it 
is possible that the relatively high ∆G of TS 2 is due to the 
stability of INT. In the second step (INT→PC), the H atom of 
the secondary amine (Hα) is transferred to H2O while the H atom 
of H2O (Hβ) is moved to CO2 as shown in Fig. 3. In this study, 
the concerted movement of two protons (Hα

+ and Hβ
+) around 

AEEAs is referred to as “two-proton transfer”. H3O+ forms as 
part of TS 2, similar to the case of AEEAp. Unlike the AEEAp 
case, H3O+ in TS 2 is formed only from H2O and Hβ in INT. It 
should be stressed that in TS 2, the -OH group is not directly 
involved in the proton transfer reaction, although it is indirectly 
related to the two-proton transfer because it plays a role in 
capturing H2O in the RC. The bond between the C atom of CO2 
and the nitrogen (N) atom of the AEEAs is strengthened from 
INT, with a single bond of length 1.60 Å, to the PC with a 1.5-
fold bond of length 1.36 Å (Fig. S1(a)). The orbital hybridization 
of the C atom in CO2 was found to change from incomplete sp2 
in INT to complete sp2 in the PC (see Fig. S1). The second step 
corresponds to reacting from the middle stage of Eq. (3) to Eq. 
(4) and to the third step of the AEEAp reaction. Carbamic acid 
forms in the PC, and its energy is more stable than the RC and 
INT. The ∆G of the second step is 9.65 kcal/mol higher than that 
of the first step (Table 1), indicating that the second step is rate-
limiting, similar to the third step of AEEAp case.

The changes in Gibbs free energy during the two reaction 
pathways were compared (see Fig. S3); results suggest that 
AEEAp is about 7 kcal/mol more likely to react with CO2 than 
AEEAs in their rate-limiting steps (Table 1). Thus, AEEAp has a 
higher CO2 sorption performance than AEEAs. According to the 
literature investigating the hydration reaction of CO2, the charge 
of the oxygen atoms in CO2 and H2O grows more negative as the 
number of transferred protons increases, which is expected to 
stabilize the TS structure and decrease the activation energy of 
the hydration reaction.27,28 Fig. S4 shows that the charges of the 
oxygen atoms in CO2 and the -OH group in the AEEAp reaction 
TS structure are more negative than those in the AEEAs TS. As 
a result, the structure of the TS in the AEEAp reaction is 
stabilized, lowering the activation energy. 

It should be noted again that CO2 separation by amine-
containing membranes consists of both sorption and desorption 
processes. In order to separate CO2, it is necessary to both sorb 
and then desorb CO2. From the calculation results of CO2 
interaction with AEEA, it is determined that AEEAp has a higher 
CO2 sorption performance than AEEAs. However, the PC 
structure from the AEEAp reaction is 5.56 kcal/mol more stable 

Fig. 3 Reaction pathway of the CO2 interaction with the AEEAs 
(Gibbs free energy, ∆G) at the M06-2X/6-31+G(d,p) level 
within the IEF-PCM. See the caption of Fig. 2 regarding colored 
markers. 
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than that of the AEEAs reaction (see Fig. S3). This difference can 
be explained by the mismatch in the H2O chain and the strength 
of the hydrogen bonds (see Fig. S5). As a result, CO2 dissociation 
from AEEAp is less likely to proceed compared to AEEAs 
because of the AEEAp reaction’s stabilized PC structure. Thus, 
AEEAs shows superior CO2 desorption performance to AEEAp.

Reactions of CO2 interaction with MEA by two-proton 
transfer have been well studied11,17, but interaction with MEA by 
three-proton transfer has not been investigated. Fig. 4 shows CO2 
interaction with the primary amine of MEA. It can be seen that 
CO2 forms a covalent bond with the primary amine of MEA in 
the first RC→INT step, and the three-proton transfer occurs in 
the second INT→PC step, similar to AEEAp. The ∆G for this 
reaction is 10.75 kcal/mol, which is 4.46 kcal/mol greater than 
that for AEEAp but 2.85 kcal/mol less than that for AEEAs (see 
Table 1). That is, the order of CO2 sorption ability can be 
considered as AEEAp > MEA > AEEAs. Comparison of TS 
structures for CO2 interaction with the AEEAp and MEA (Fig. 
S6) shows that Hα in AEEAp forms hydrogen bonds to two N 
atoms. On the other hand, Hα in MEA forms a hydrogen bond to 
a single N atom. In addition, hydrogen bonds (OH---H2O, H2O-
--COOH) of AEEAp are stronger than those of MEA (Fig. S6). 
These results suggest that the AEEAp reaction TS may be more 
stable than the MEA reaction TS due to strong hydrogen bonding. 
Thus, AEEAp is superior to MEA in CO2 sorption performance. 
On the other hand, AEEAs is inferior to the primary amine of 
MEA in CO2 sorption performance by the same reason as the 
difference between AEEAp and AEEAs. Experiments reported 
CO2 sorption ability with AEEAp > AEEAs at high CO2 loading 
condition,12,14 and faster CO2 sorption of AEEA than MEA at the 
same condition.13,14 Our results on CO2 sorption performance 
agree in qualitative trend with the experiments by considering 
that the main contributor in AEEA to the CO2 sorption is its 
primary amine.
      Here, it is important to consider the energy change in RC 
formation stage from separated reactants (reactants→RC). As 
expected, in all the reaction paths enthalpy stabilizes RC by 

hydrogen bonds etc., while entropy destabilizes RC due to the 
reduction of randomness (see Table S2). By cancelling the 
opposite effects, the RC formation was found to be energetic 
destabilization process with approximately 6-9 kcal/mol.

The PC in the MEA reaction is 4.34 kcal/mol more stable 
than its RC (see Fig. 4). Meanwhile, the two PC structures in the 
AEEAp and AEEAs reactions are 5.97 and 2.70 kcal/mol more 
stable than their corresponding RC structures, respectively (see 
Figs. 2 and 3). Because the order of energy difference between 
the RC and PC (= RC − PC) is AEEAp > MEA > AEEAs, the 
order of CO2 desorption ability can be stated as AEEAs > MEA 
> AEEAp. On the other hand, the PC is unstable than separated 
reactants before forming RC for all the reaction paths (see Table 
S3). However, the order of desorption ability predicted by the PC 
stability relative to reactants is consistent with the conclusion 
here based on the energy difference between the RC and PC. 
Because the rate-limiting step in the entire CO2 separation 
reaction (sorption or desorption) can be affected by experimental 
conditions, two possible reaction conditions were considered 
(see Fig. S7). If the sorption process is rate-limiting, the order of 
CO2 separation performance follows the sorption ability as 
AEEAp > MEA > AEEAs. When the desorption is rate-limiting, 
CO2 separation performance follows the desorption ability order 
as AEEAs > MEA > AEEAp. Therefore, regardless of whether 
sorption or desorption acts as the rate-limiting factor, AEEA is 
superior to MEA in CO2 separation performance by virtue of 
either the high sorption ability of AEEAp or the high desorption 
ability of AEEAs.

Conclusions
In conclusion, we investigated the mechanism of CO2 separation 
by AEEAp, AEEAs and MEA using DFT. In the CO2 interaction 
process, the reactions to generate carbamic acid were found to be 
rate-limiting for both primary and secondary amines. The results 
showed that the sorption performance is in the order of AEEAp 

> MEA > AEEAs; for CO2 desorption, the performance order is 
AEEAs > MEA > AEEAp. Therefore, AEEA presents better CO2 
separation performance than MEA regardless of whether 
sorption or desorption is rate-limiting. We believe that this study 
elucidates the reaction mechanism of primary/secondary amines 
of AEEA and CO2. This in turn can lead to the design of new 
CO2 separation materials with higher efficiency than MEA, 
AEEA, and other currently used materials.
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