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CO, Aggregation on Monoethanolamine: Observations from

Rotational Spectroscopy

Fan Xie, Wenhao Sun, Pablo Pinacho, and Melanie Schnell*

Abstract: The initial stages of the gas-phase nucleation
between CO, and monoethanolamine were investigated
via broadband rotational spectroscopy with the aid of
extensive theoretical structure sampling. Sub-nano-
meter-scale aggregation patterns of monoethanol-
amine-(CO,),, n=1-4, were identified. An interesting
competition between the monoethanolamine intramo-
lecular hydrogen bond and the intermolecular inter-
actions between monoethanolamine and CO, upon
cluster growth was discovered, revealing an intriguing
CO, binding priority to the hydroxyl group over the
amine group. These findings are in sharp contrast to
the general results for aqueous solutions. In the quinary
complex, a cap-like CO, tetramer was observed cooper-
atively surrounding the monoethanolamine. As the
cluster approaches the critical size of new particle
formation, the contribution of CO, self-assembly to the
overall stability increases. )

Introduction

Human-induced climate change has attracted wide atten-
tion for its foreseeable catastrophic consequences.!! Ever
frequent extreme weather events such as heat waves were
linked with the rising global average temperature.” Among
the greenhouse gases, CO, contributes more than 60 % to
global warming.”! To date, the peak CO, concentration in
the atmosphere has reached 421 ppm, which is 50 % higher
than pre-industrial levels according to the Mauna Loa
Observatory.”! In response to the growing climate change
induced by human activities, nations and organizations
across the world have declared to achieve carbon neutrality
within the next few decades.”!
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One of the essential measures is to develop technolo-
gies to capture and store CO,.) Aqueous alkanolamine
solutions are already commercialized in removing trace
CO, from flue gas and natural gas.”" It is also expected to
be the most applicable molecular system for absorbing the
CO, emission of power plants.*®! Among the various
alkanolamines, monoethanolamine (MEA), in particular,
serves as a benchmark system, and its reaction mechanism
and kinetic behaviors were extensively studied by quan-
tum-chemical calculations and nuclear magnetic resonance
spectroscopy.! It is commonly assumed that a key inter-
mediate of the reaction is a zwitterion formed via the
attack from the NH, lone pair to the electron deficient CO,
carbon atom. Despite enormous theoretical investigations
that were performed,”™*'” the zwitterion has not been
experimentally observed to date. Furthermore, physical/
chemical adsorption of CO, on porous nanomaterials has
attracted significant interest for its inherent low energy
consumption in regeneration and gentle corrosivity com-
pared to the alkanolamine solutions. Various adsorbents,
for example functionalized graphene,! carbon nanotubes
(CNT),'” or amine-containing metal-organic frameworks
(MOFs)," 5! were proposed and tested.

With respect to atmospheric chemistry, CO, was used
as a prototype molecular system to study nucleation
processes in the gas phase.'" The kinetic behaviors and
shell structures of nanometer scale clusters were exten-
sively characterized via laser-coupled mass spectrometry.!!
It was discovered that the presence of weakly bonded CO,
hetero-molecular clusters was able to efficiently catalyze
aerosol formation,!'” despite the exact intermolecular bind-
ing topology remaining unknown due to the complexity of
the nearly condensed particles and the lack of structure
sensitivity of the applied detection methods.!'”)

High-resolution molecular spectroscopy is well known
for its ability to provide accurate, structure-specific charac-
terization of smaller weakly bound complexes that could be
present in the initial stages of aerosol formation."®! For
example, self-aggregation processes of neutral CO, with up
to thirteen partners were revealed using jet-expansion
infrared spectroscopy.'” The complexes between CO, and
other linear molecules such as HCN, OCS, N,O, and CS,
were also studied via infrared and microwave
spectroscopy.l” With water participating, microhydration
topologies of CO, and MEA were revealed by the
observation of noncovalently bonded complexes.”” Re-
cently, insights into noncovalent interactions between CO,
and complex partner molecules containing various func-
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tional groups including NH,, OH, C=0O, ether, and aryl
were systematically gained via rotational spectroscopy.?"
In this study, we present the direct observation of sub-
nanometer scale CO, aggregation processes on MEA using
broadband chirped-pulse Fourier transform microwave
(CP-FTMW) spectroscopy, also known as Molecular Rota-
tional Resonance spectroscopy® combined with high-level
theoretical calculations. An interesting competition be-
tween the MEA intramolecular hydrogen bond (H-bond)
and the intermolecular interactions between MEA and
CO, upon cluster growth was discovered revealing the
aggregation pattern of early-stage gas-phase nucleation.

Results and Discussion

The measurements were carried out using the Hamburg
CP-FTMW spectrometer COMPACT (compact-passage-
acquired coherence-technique) covering the 2-8 GHz fre-
quency range.” The detailed operating principle and
device specifications are described elsewhere.) Here a
brief description of the experimental details is provided.
An approximate concentration of 1% of CO, was seeded
in neon as carrier gas at a backing pressure of 3 bars. MEA
(98 % chemical purity) was purchased from Sigma-Aldrich
and used without further purifications. The liquid MEA
sample was placed in a homemade internal reservoir
located directly at the valve orifice before the jet expansion
and heated up to 50°C. A supersonic jet was generated by
the adiabatic expansion of the gas mixture of diluted MEA
and CO, into a vacuum chamber. Since trace water vapor is
ubiquitous in the pipe lines of the instrument, the spectra
of pure MEA and CO, were measured separately with
slightly hydrated neon carrier gas. These spectra were used
as background spectra to isolate the rotational fingerprints
of the targeted MEA-(CO,), clusters from the complicated
global spectrum that is dominated by MEA monomers,
possible MEA hydrates as well as CO, hydrates in different
combination degrees. For each measurement, about four
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million acquisitions in the form of a free induction decay
(FID) (see experimental details in the Supporting Informa-
tion) were collected and averaged.

To aid the identification of the MEA-(CO,), cluster
binding topologies, an increasingly popular schemel!
combining the cost-effective conformational space explora-
tion tool CREST™! with quantum-chemical calculations
was applied. Low-energy isomers obtained using the
GFN2-xTBP! approach were used as starting geometries of
B3LYP-D3(BJ)/def2-TZVP?" re-optimizations using the
ORCA quantum-chemistry program package.® Harmonic
frequency calculations were carried out to verify these
geometries to be real minima and to provide zero-point-
energy (ZPE) corrections. The list of the energetically low-
lying conformational ensemble of MEA-(CO,),, n=1-4,
and their corresponding spectroscopic constants are listed
in Table S1 in the Supporting Information.

After subtraction of the background spectra, as dis-
cussed above, a set of strong a-type transitions was assigned
in the experimental spectrum (Figure 1 (a)), which could
be identified as the MEA-CO, dimer based on the
magnitude of the fitted rotational constants. However, we
were unable to find a satisfactory match with any of the
calculated spectroscopic constants of the isomers, obtained
at the B3LYP-D3(BJ)/def2-TZVP level of theory as
presented in the Supporting Information, Table S1, despite
exhaustive structural searches. This situation led us to
search for the spectral signatures of the singly substituted
heavy-atom isotopologues in natural abundance (i.e., °N
and "*C), thereby determining the structure of the heavy-
atom backbone experimentally. The spectra of *C and "N
singly substituted MEA-CO, in natural abundance were
readily visible and assigned after 16 million FIDs were
accumulated in an additional measurement. The fitted
spectroscopic constants, derived Kraitchman
coordinates,” and rotational transitions included in the
fits are summarized in the Supporting Information, Ta-
bles S2, S3, and S7, respectively.
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Figure 1. Sections of the broadband rotational spectrum for MEA-CO, clusters. (a) Broad overview of the experimental spectrum (black trace) and
simulated spectra of MEA-CO, (blue trace) and MEA-(CO,), (red trace) based on the fitted experimental rotational constants. (b) Zoom-in section
of the experimental spectrum (black trace) to highlight larger MEA-CO, clusters together with the simulated spectra for MEA-(CO,); (green trace)
and MEA-(CO,), (purple trace) based on the fitted experimental rotational constants. For all the simulations, a rotational temperature of 1 K was

used.
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An interesting binding topology between CO, and
MEA emerged based on the determined experimental
structure, as illustrated in Figure 2. Two oxygen lone pairs
of the OH group of MEA competitively bind to the
electron-deficient carbon atom of CO,. This observation
inspired us to perform a relaxed scan at multiple levels of
theory as a function of the C—C—C angle, in which the CO,
binding site shifts from one OH lone pair to the other.
Both the B3LYP-D3(BJ)/def2-TZVP and MP2/def2-
TZVP! energy scans predicted a stability priority of a
single lone-pair binding topology that adopts a C—C-C
angle of 96°, while the other single lone pair binding
configuration of 150° is about 1 kJ mol™! higher in energy.
Note that these two lone-pair binding sites are calculated
to be almost isoenergetic at the DLPNO-CCSD(T)BY
CBS(3/4)P? level, and the minimum structure adopts an
intermediate angle of 120° that is close to the angle of
122.91(56)° derived from the Kraitchman structure®! via
rotational spectroscopy. Based on this, we decided to
perform a more expensive geometry optimization of the
MEA-CO, dimer at the DLPNO-CCSD(T)/cc-pVQZ level
of theory. The calculated spectroscopic constants agree
with the experimental values reasonably well, as shown in
Table 1.

After the rotational transitions corresponding to the
MEA-CO, dimer have been identified in the spectrum,
another set of slightly weaker a-type transitions could be

—— B3LYP-D3(BJ)
—— DLPNO-CCSD(T)
3.09——mpP2

0 =122.91(56)°
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Figure 2. The relaxed energy scan profile as a function of the angle of
the three carbon atoms, ranging from 80° to 160° at the B3LYP-D3(B))/
def2-TZVP (black) and MP2/def2-TZVP (blue) levels of theory with a
step size of 1°. The energy curve in red was assembled using single-
point energies obtained with DLPNO-CCSD(T)/CBS(3/4) on the
structures of 80 constrained optimizations from the relaxed B3LYP-
D3(B))/def2-TZVP scan. In the molecular structure of MEA-CO,, the
Kraitchman coordinates obtained from the analysis of the *C and "N
singly substituted isotopologues were indicated with solid black balls.
The corresponding angle determined via rotational spectroscopy is
122.91(56)°.
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assigned, this set could be identified as MEA-(CO,), (red
trace in Figure 1 (a)) by comparison with the results from
quantum-chemical calculations (Table S1) as well as the
overall magnitude of the rotational constants. After remov-
ing the transitions for both MEA-CO, and MEA-(CO,),,
another two sets of weak b-type transitions were identified
as MEA-(CO,); and MEA-(CO,),, respectively, with an
overview of the spectrum presented in Figure 1 (b). From
the isomeric ensembles of MEA-(CO,),, n=2-4, optimized
at the B3LYP-D3(BJ)/def2-TZVP level and presented in
the Supporting Information, Table S1, we were able to
identify cluster structures that unambiguously match with
the experimentally determined spectroscopic constants
including the rotational constants, the "N nuclear quadru-
pole coupling constants, and the magnitudes of the electric
dipole-moment components as compared in Table 1. The
complete set of fitted constants and rotational transitions
included in the fits are presented in the Supporting
Information, Tables S4 and S6, respectively. According to
the single-point energies obtained using DLPNO-CCSD-
(T)/CBS(3/4), the observed structures of MEA-(CO,),, n=
2-4, are the global minima of their respective isomer pool,
which is consistent with the characteristics of supersonic jet
expansion experiments.

The experimentally identified structures of MEA-
(CO,),,, n=1-4, together with their visualized non-covalent
interactions (NCI)P! using Multiwfn,*® are summarized in
Figure 3. The predominant contributions of CO, binding to
MEA arise from the OH or NH, lone pairs binding with
the electron-deficient center of CO,. This meets the
definition of a O—C or N—C tetrel bond.’”! They are
indicated with light blue isosurfaces. Additionally, weaker
van der Waals interactions marked with green color could
be found between the MEA hydrogen atoms and the CO,
lone pairs. In the structure of MEA-CO,, both lone pairs of
the OH group competitively bind to the CO, molecule,
revealing the inadequacy of relative energy calculations at
both the B3LYP-D3(BJ) and MP2 levels as discussed
above. With one more CO, participating in the complex-
ation of MEA-(CO,),, each of the OH lone pairs is
occupied by one of the electron-deficient centers of the
distorted CO, dimer. In such cases, geometries optimized
at the B3LYP-D3(BJ)/def2-TZVP level of theory were
sufficient enough to provide unambiguous agreement with
the experimentally determined spectroscopic constants and
thus confident structural assignments. With both OH lone
pairs occupied, the third CO, molecule attaches to the NH,
group, interacting with the moderate intramolecular H-
bond between the NH, and the OH group. In the structure
of MEA-(CO,);, the bifurcation of the NH, lone pair is
evident, both the electron-deficient CO, carbon atom and
the OH proton competitively serve as the electron-density
acceptors. Interestingly, such bifurcated binding topologies
can also be found in the calculated isomeric ensemble of
MEA-(CO,),, n=1,2,4. They are the second most stable
structures within their respective isomer pool according to
DLPNO-CCSD(T)/CBS(3/4) energies. A comparison of
these complexation patterns, relative stabilities, and
SAPT™ energy decomposition of the intramolecular H-
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moment components. N is the number of rotational transitions included in the fit. o is the root-mean-square deviation of the fit. Watson’s semirigid-rotor S-reduction Hamiltonian® coupled with one

Table 1: Comparison between experimentally determined and calculated rotational parameters of MEA-(CO,),, n=1-4. A, B, and C are the rotational constants, y, 4, and p, are the electric dipole-
nitrogen hyperfine term in its I representation was applied to the assignments using PGOPHER.*
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[a] Calculated spectroscopic constants of the minimum structure optimized at the DLPNO-CCSD(T)/cc-pVQZ level of theory. [b] The rotational constants were calculated from minimum structures
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optimized at the B3LYP-D3(B))/def2-TZVP level of theory. The dipole-moment components and nitrogen hyperfine constants were derived from the electronic configurations of DLPNO-CCSD(T)/

CBS(3/4) single-point energy calculations using the geometries optimized at the B3LYP-D3(B))/def2-TZVP level.
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bond strength is provided in Figure S3 and Table S5. It
should be noted that the stability priority of fully O—-C
tetrel bonded structure is pronounced only in MEA-CO,
and MEA-(CO,),. With the third and fourth CO, aggregate
on MEA, hybrid O—C and N—C binding topologies begin to
show competitiveness.

As the aggregation is progressing, the self-binding
interactions between CO, molecules become readily visible
according to the NCI representations. The observed MEA-
(CO,), complex configuration is a particularly interesting
case: a three-dimensional van der Waals interaction net-
work is constructed by the interactions between the
electron lone pairs of the CO, oxygen atoms and the
electron-deficient carbon atoms of neighboring CO, mole-
cules. Each of the CO, bridges with two or three other CO,
molecules, whereas such self-aggregation was observed in a
one-on-one fashion for the configurations of MEA-(CO,),
and MEA-(CO,);. In order to quantitively analyze the
interaction strength with increasing level of aggregation
and the partition of the CO, self-binding energies contribu-
ting to the global stability, a simple energy decomposition
scheme is applied for observed MEA-(CQO,),, n=1-4, with
the detailed formalism explained in the Supporting In-
formation. The averaged total interaction energies (black)
and interaction energies between MEA and CO, (red)
calculated at DLPNO-CCSD(T)/CBS(3/4) level of theory
are summarized in Figure 4. The energy gap (green)
between them represents the CO, self-binding energies.
With more CO, molecules aggregating on MEA, an
increasing trend of CO, self-interaction strength is evident.
Especially in the case of MEA-(CO,),, 28 % of interaction
energy is contributed from CO, self-assembling.

Conclusion

The spectroscopic identification of the (CO,),, n=1-4,
aggregation pattern on MEA was performed with the aid
of extensive theoretical calculations. The relatively expen-
sive DLPNO-CCSD(T) level of theory is necessary to
rationalize the observations in the delicate case of the
mono-CO, aggregation, resulting in the MEA-CO, dimer.
Without the participation of water,”™ we found that the
binding topology between CO, and NH, that leads to the
formation of the zwitterionic intermediate in aqueous
solutions is not populated under molecular-jet expansion
conditions, since the NH, was predominantly occupied by
the intramolecular H-bond. Instead, O—C tetrel bonding
was observed with energetic preference, especially in the
first and second CO, aggregation. These observed aggrega-
tion patterns from binary to quinary complexes in the gas
phase could support the understanding of the building-up
processes of aerosols that are formed in the amine
scrubbing process.” Furthermore, the variation of the
interaction strength and the role of CO, self-aggregation
along the aggregation process were revealed, providing
insights into the future design of high-capacity CO, capture
materials.
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Figure 3. Binding topologies and NCI plots of the observed MEA-(CO,),, n=1-4, complexes. The structure of MEA-CO, is optimized at the
DLPNO-CCSD(T)/cc-pVQZ level. The structures of MEA-(CO,),, n=2-4, are optimized at B3LYP-D3(B))/def2-TZVP level. The isosurface cut-off
value is 0.6. The attractive and repulsive interactions are defined by the sign of sign(),)o, A, is the second eigenvalue of the electron-density
Hessian. @ is the electron density. As indicated in the color bar, deep blue represents strong attractive interactions, light blue indicates a moderate
attractive interaction, and weaker van der Waals (vdW) interactions are colored in green.
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into MEA-CO, interaction energy (red) and CO, self-binding energy
(green) calculated using the DLPNO-CCSD(T)/CBS(3/4) single-point
energies.
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