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Abstract: [Objective] Direct air capture (DAC) technology based on solid amine adsorbents represents a promising
negative carbon emission technology that offers the advantage of flexible deployment across diverse geographical
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and operational settings, which is of great significance for achieving China’s “dual-carbon” goal. The primary
objective of this study is to elucidate the underlying microscopic mechanisms governing the interaction between
amine-based molecules and carbon dioxide (CO>), thereby providing a theoretical foundation for the rational design
and performance optimization of DAC adsorbents. [Methods] To achieve this goal, quantum mechanical simulations
were employed to systematically investigate the microscopic reaction mechanisms between amine molecules and
CO», with a particular focus on identifying the detailed reaction pathways and intermediate species involved. The
distribution of adsorption energy levels at the reactive sites of various amine modifiers interacting with CO, was
computationally determined, enabling a quantitative characterization of the energy variations associated with the
CO; adsorption reaction. Furthermore, the synergistic regulatory mechanisms by which the electronic properties of
functional groups and steric hindrance effects influence CO. adsorption were thoroughly analyzed. In addition, the
competitive adsorption behavior among CO3, nitrogen (N.), and water (H.O) was examined, and the influence of
multiple factors, including the chemical nature of the amine species, the presence of moisture, and the local steric
environment, on adsorption selectivity was systematically assessed. [Results] The simulation results reveal that the
reaction between amine molecules and CO; proceeds via a zwitterion mechanism. In this pathway, the amine group
first reacts with CO; to form a zwitterionic intermediate that carries both positive and negative charges; this
intermediate subsequently undergoes a deprotonation step to yield a carbamate or other stabilized products. When
monoethanolamine (MEA) reacts with CO> in the absence of additional amine molecules or other auxiliary proton-
transfer agents, the calculated energy barrier is as high as 147.18 kJ/mol. However, when an additional MEA
molecule participates in the proton transfer process, the reaction energy barrier is substantially reduced to
21.86 kJ/mol. In the presence of water molecules acting as proton-transfer mediators, the energy barrier decreases
to 54.50 kJ/mol. Among the different amine structures investigated, the linear-chain configuration exhibits the most
pronounced enhancement in CO; reaction performance, primarily because its reduced steric hindrance increases the
availability of chemisorption sites. Notably, even though no chemical bond is formed at the interface between MEA
and CO., a strong van der Waals interaction persists between them, contributing to the overall adsorption affinity.
[Conclusion] The findings of this study provide a comprehensive mechanistic understanding of the amine-CO;
reaction at the molecular level, highlighting the critical roles of proton transfer assistance, steric hindrance, and
electronic effects in determining adsorption performance. These insights offer theoretical support for the amine
modification and performance enhancement of DAC adsorbents, thereby facilitating the development of more
efficient and robust direct air capture technologies.

Key words: direct air capture; amine-modified resin; adsorption; quantum mechanical simulation
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3 -1905246.850 -1410133.743 -495051.973 -61.134

22 B 53 HT R AT W B BTLAR PR DG B, i E-C O
W2 BB 1) ) A AT 75 45 B T 22 0 R o) T S
I A SR AT, JE T Bader FIE T HIBIL 2T
JRF (AIMD B8, ik B 725 B 23 A bR B p(r) S S
TS E (B R TRV 2p(r) AT R R AL A
JRRFAIE . 725 BE I 5 4% Hessian #F FEARFAEAE AT
SN 42 (3,-3) HIfFtA. (3,-1) BIE TS
(BCP). (3,+1) MlmFtrife (3,+3) ZElmFtris

(3,1 BIEA A A (3,+D) HIGHR

mKSEE (3,+3) IR AR (E 1D 45
7~ | PEI-CO; 5 &K R 1M HL T S5 RFAIE

F2HIH T PEI-L4 (E%E) 5 CO, A C—N
% b BCP A& FhE M. H# 2 AT, R
PN SRR V() MEERHE S Bom g 2 5
FIEAHR, HV3(r)<0 BIHHE R ZIX A7- £ T
JRHSAL 3 1 FHARFAE . H(BCP)<O I, JL4 A1 HAE
5 = SA7, H HBCP) p(r) 43 Bk ok, s
Mimrs MEAEMARE, S EAMIE. AR
K F Mayer SE03AT YL AT, FCAHEAR o I iR
TR FILERE, MTRE Lewis BB RiAR 1L
24k, Mayer B 5 AERAA Ri—#k, H
ZSHNGER T RS AR e B IO, Tk E
FEF T A R B B R EE 2 #T

o T
CE
o %

(xS

a) M1 b) 4% 2 c) 3
11 PEI-L4 (E#E) 5 CO,RMitaBEIET AIM B
RN T

Fig.11 Topological analysis diagram of PEI-L4 (linear
chain) and CO2 adsorption configuration based on AIM

B 2 Al L, #3157 2 7E C—N ff% B
U = ) T R S AR B L HE, P8R
AL A B E T 3, IESZRIAE I C—N
SRAH EAF FH o o LA A . T R R R R A
e B AAFE B R BRI, AR T LA 5% R
T A T P AR AR XS S5 SR AR AGE T
BCP 137 B V() #5412 i i Rk . #9780 1
L34 2 11 HBCP)¥/NT- 0, 1A% 3 ¥ H(BCP)
BT 0 HEg R E MK, RHHAERLE LASSAE
A A HAEF N . Mayer f82% A 45 5 5 ik — 3%,
P 3 B (<0.15) RIHH LIVEAEESIE- A
FF. B, A1 582 fER T FREARE
o RS, IXWRE TR R R
F FHUAL SR I G

% 2PEI-L4 (Hif) 5 CO.i8 C—N #1Z E BCP LM &HEM
Tab.2 Various properties at the BCP on the C—N bond path between PEI-L4 (straight chain) and CO2

B mTEEr) HEEEE V() T35 R R L H(r)/V(r) FL o R 3 R R V2 () RERTY H()  Mayer #%
1 0.1390 -0.1400 -0.4650 0.042 2 -0.064 800 0.433
2 0.1320 -0.1300 -0.4340 0.062 6 -0.057 200 0.420
3 0.0304 -0.021 6 -0.0123 0.0833 -0.000 375 0.117
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T PEI 23 FAEAEA R A AN 7 7ok 4
) CEEBE. 24D, WH9E PEI B S 55t CO, 1
SN, 15 3R R S5 H PEN W CO2 A 5 3047 %
Eb, MM AT i3 3E & () PEL S5/ VE NS .
IrBE BRI PEI-B4 5 CO, 45 &k Rl tn il 12 e
TN HE— P T AFIR G ARG (B
. T4k PEI) CO MeBfttERE (3R 3).
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a) KR 1 b) Ha 2 0 H 3

123 # PEI-B4 (3Zft) WRF CO Bl 4y FHEHR
Fig.12 Three molecular models of CO2 adsorption
configurations of PEI-B4 (branched)

F 33T PEI-B4 (k) WRHF CO. #BY Z RS BE2 K I M &E
Hfi: kd/mol
Tab.3 Energy of each part of the three CO2 adsorption
configurations of PEI-B4 (branched) and the adsorption

energy
frapis Esum Erel-Ba E(CO2) % B R
1 -1905201.780 -1410099.848 -495056.926 —45.006
2 -1905202.087 -1410101.917 -495056.875 —43.295
3 -1905208.403 1410114459 -495058.117 -35.828

HE 12 558 3l 0L: #88 1% 3 R B R
- F-45.006~-35.828 kd/mol, HUE# /N, 7] H)5E K
RATELEACZER B M CO, MBS, 3 Pl i
COy R KATEAS, A ST BH S () 1 5 1~ o ) 4

R, RUANEILDT5 COp KA N A HE R
PEI-B4 (3fk) 5 CO, WFHHRIET AIM [
AN AT W 13 fias. PEI-B4 (3246) 5 CO, Ji
C—N ##1f% I BCP A& FlE MWK 4. WL, #4
A1 KB 2 AR CO2 H— v R 485 7517 PEI
SR, TERGEZ A R 3t 2 MEJE T
EAH48 H R E s, EM8 1. 2 B P ResE K.

x e T b
Sl ned )
\\% o;

°H
a) Hum 1 ¢) Hy 3

Vs BRI, HERGENRDHIRERTEER (3,-1. G, +1)

B (3,43) Wifsll, OUNERICERE (3,-3) IS

13 PEI-B4 (X1k) 5 CO.IRMItEIET AIM HItA$N 5
HhrE
Fig.13 Topological analysis diagrams of PEI-B4 (branched)
and CO: adsorption configurations based on AIM

b) #4742

R 4 5, MR 1% 3 LR,
RE% LA NHME . P R E AR 0, R
3 Fifgfirh C—N 42 EIAHEAER B PEI-LA B
N, AHAGRL 1L RBY 2 (A AR SR K TR 3.
HL 725 B b T R B S RE R E KT 0, R
RIE AL 228, 3 A2 ) AN A ELAE FH R 43 55
B BAE R 5 AR A AL

& 4PEI-B4 (k) 5 CO208 C—N ##Z £ BCP &M EFMEM
Tab.4 Various properties at the BCP on the C—N bond path between PEI-B4 (branched) and CO:2

BRI V()

T34 R A L

- L 735 T p(r)/Bohr3 HTEER SRS BEE TR H(r)/ :
BT owsaeantm SRR HOVOGEIEe T vugear (eemonry M
1 0.0190 -0.0131 0.0510 0.060 3 0.000 97 0.068 5
2 0.0188 -0.0130 0.052 8 0.059 8 0.000 99 0.065 7
3 0.0145 —0.009 9 0.097 7 0.050 7 0.001 42 <0.050 0
2.6 MEA 5 CO, B0 RE/EFITH a}"i L& klf*
3 it MEA W COp #ZRL I TARAL L K H5-38 7 O a € o
o=
B BRI M RS AN 14, o HL , "
::£$ &gﬁzﬁi 1:; * 5 P, AJUEH, 000 -0 ©ce 4
A 178 3 R fE Dv—43.802~ —27.809 kd/mol, g o) #m 2 o 3

HUERUIN, TR E AFAE AT 3 Ak AL rh CO,
WRRAERA, REIIE BRI
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14 3 # MEA IR Fff CO. #9853 FAEH
Fig.14 Three MEA-CO2 adsorption molecular models
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7 53 # MEA RS CO #98Y % B8 5> 5 8 LUK IR B 5E

Ff7: kd/mol
Tab.5 Energy of each part of the three MEA-CO:
adsorption configurations and the adsorption energy

k] Esum Emea E(CO2) W Bt e
1 -1047462.033 552361210 -495057.021  -43.802
2 -1047460.610 -552370.658 -495058.084  —31.868
3 -1047447.658 -552361.420 -495058.429  —27.809

MEA 5 CO, W [t 3T AIM F1h $h 741
WKl 15 fizs. MEA BN JETF5 CO, [ C JE-TA]
C—N 812 LIl F Ak r $5ds v LR 6.

o fit
CE
LE

o

a) 81 b) %4 2 c) WA 3

TE: K SRRSO/ NERD AR A TH LR (3,-1). (3,+1) & (3,+3)
g i, SRR (3,-8) InFtm (AT T, HlT ek
el

15 MEA 5 CO. IR Mt BYET AIM HO¥R$N 37 [El
Fig.15 Topological analysis diagrams of MEA-CO:2
adsorption configurations based on AIM

% 6 MEA 5 CO» 8] C—N #2712t BCP LBy & HE M
Tab.6 Various properties at the BCP on the C—N bond between MEA and CO:

AR PSR A LT R R
% r)/Bohr2 ] f s
Frapis (EEBj] r:égzg(xio,n m V(r)/(Hartree/Bohr3 H(r)/V(r)/(Hartree/e, W ek Fv2p(r)! ?:I;ti é/ng{ég Mayer £
' Hartree=4.361018 J) e=1.60x101° C) Bohr5
1 0.1822 0.1254 -0.082 1 0.5835 0.0103 0.063 9
2 0.1530 -0.103 1 -0.1125 0.504 7 0.0116 0.0593
0.148 3 -0.118 4 -0.036 0 0.602 4 0.0161 <0.050 0

MEA Wt CO, #4754 1 5#JA! 3 v CO, it
B N BRI LOL e K 16 Fir.

1.0
Io.o4o
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[ J ¥4 Bohr=5.29X10 " m
a) f Bl

l 0.640
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b) #7843
& 16 MEA IR CO: #4%! 1 548 3 v CO. 5&/RIAMI N /R
FaH LOL HEE

Fig.16 LOL-filled diagrams showing the relationship
between CO2 and the nearest N atom in MEA adsorption
configurations 1 and 3
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Fig.17 IRI color-coded contour plots visualized in MEA
adsorption configuration 1
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Fig.18 MEA adsorption configuration 1: IGMH color-coded

diagram of intermolecular interactions and the proportion
of each atom in the interaction
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Fig.19 IRI color-coded contour plots visualized in MEA
adsorption configuration 2
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Fig.20 MEA adsorption configuration 2: IGMH color-filled

diagram of intermolecular interactions and the proportion
of each atom in the interaction
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