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Abstract

Carbon dioxide is recognized as a typical greenhouse gas and dras-
tic reduction of COg emissions from industrial process is becoming
more and more important in relation to global warming. In fact,
the reaction between monoethanolamine (MEA) and CO3 in aqueous
solution has been widely used for the removal from flue gases. In
this study, the role of the interplay between solvent water and nitro-
gen (MEA) — carbon (CO2) bond formation is discussed based on the
molecular theory using RISM-SCF-SEDD, which is the hybrid method
of quantum chemistry of solute and statistical mechanics of solvent.

1 Introduction

Carbon dioxide is recognized as a typical greenhouse gas and drastic reduc-
tion of CO2 emissions from industrial process is becoming more and more
important in relation to global warming. Aqueous amine systems have been
widely used for the removal of CO5 from flue gases and the following process
operates in these systems:

Among several factors controlling the capability of the absorption, a molec-
ular characteristic of the amine is of primary importance. To develop a
more efficient system, understanding of the mechanism is indispensable. Mo-
noethanolamine (MEA) is one of the representative substances utilized for
such a purpose. Thanks to intensive experimental studies,!™ it becomes clear
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that the rate-determining step of the process is the bond formation between
amine nitrogen and COy carbon.

C02 -+ NHQCHQCHQOH — COQ-NHQCHQCHQOH (2)

A theoretical approach is expected to offer precious information that is dif-
ficult to be accessed by experimental research. Several studies based on
standard molecular orbital theory as well as molecular simulation have been
reported. ® However, interplay between aqueous water and the bond forma-
tion —which is nothing but the changing of electronic structure in MEA-CO,
system— has not been studied so far though it is essential for addressing the
heart of the capture. Therefore, a simultaneous treatment of quantum chem-
istry and ensemble of solvent molecules is necessary, namely only QM/MM
or its equivalent theory can touch the essence of the process. An explicit
treatment of solvent water is crucial to deal with hydrogen bonding that
governs the intermolecular interaction.

In the present study, the reaction mechanism of this bond formation be-
tween MEA and CO, is investigated by means of RISM-SCF-SEDD.? !
Since reference interaction site model (RISM)!*!3 is a statistical mechan-
ics for molecular liquids, wealth of information including solvation structure,
free energy change can be obtained efficiently. RISM-SCF-SEDD, in which
RISM is coupled with molecular orbital theory, is recognized as an alternative
to QM/MM. One of the big differences is the capability to compute accu-
rate free energy with reasonable computational time due to the advantage
of RISM, allowing us to use highly sophisticated electronic structure theory
cooperated with solvation effect. The emphasis is on the free energy that
describes the system in reality, which is difficult to elucidate only by consid-
ering a few water molecules. Now, this combinational method can afford the
heart of the mechanism of the reaction.

2 Method

RISM is a statistical mechanics theory for molecular liquids developed by
Chandler and Andersen.!? The theory was then extended to treat electro-
static interaction (XRISM) by Rossky and Hirata.'® The main equation of
the theory is as follows,

php = w* c*w + w * ¢ x php. (3)
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Here, “*” denotes convolution integral, p is number of density, w is intramolec-
ular correlation function defining the molecular geometry. h and c are total
and direct correlation function, respectively. In the present study very stan-
dard hyper-netted chain (HNC) closure was employed to solve the equation.

Cas(r) = exp[—Buas(r) + Yas(r)] — Yas(r) — 1, (4)
Yas(r) = has(r) — cas(r),

where u,,(r) is interaction between site a and s, hqys(7) and cqs(r) correspond
to the matrix element appearing in Eq. 3, and § = 1/kgT. Free energy
of solvation (Ap) is then readily computed by using obtained hs(r) and
Cas(r). 14

ai=-£% / dr {cam - %his(r) + %has(r)cas('r’) | (5)

Some selected features and advantages of RISM are summarized as follow-
ing: (1) The theory provides adequate thermodynamic ensemble and is free
from statistical error or so-called sampling problem. It deals with an infinite
number of solvent molecules and requires no ‘simulation box’. (2) Since it
is written in algebraic equation, computational cost is dramatically reduced
compared to standard molecular simulation method. (3) The inputs of the
computation are the same as those of simulations, and the outputs are very
similar, too.
In RISM-SCF, %19 total energy of the system is defined as,

o = Esolute + A/% (6>

where Fgute is total energy of the solute molecule described by standard ab
initio molecular orbital theory, corresponding to MEA and/or CO, in the
present study. By using variational principle, a set of equations describing
solution system is obtained.!® Hence, the electronic structure of the solute
and solvation structure are obtained in a self-consistent manner. RISM-
SCF has been successfully applied to a wide range of chemical reactions in
solution. It is our intent here to only describe the brief summary of the theory
and assume the readers’ familiarity of RISM-SCF as well as the statistical
mechanics of molecular liquids. Some examples of recent studies are found
in Refs.1771® More lengthly discussions can be found in the literatures. 92!



3 Computational Detail

The distance between the carbon atom of CO5 and the nitrogen atom of MEA
was taken as the reaction coordinate (R¢) to focus on the bond-making pro-
cess in the reaction. The geometry optimisation was carried out at B3LYP /6-
311++G** level in gas phase under the restriction of Cg structure, in which
COs and N-C-C-O-H are in the same plane. This treatment was necessary
to exclude trivial intramolecular hydrogen-bonding structure that is unstable
in aqueous solution. In fact, even starting from a low symmetry structure
at meta-stable state (ILI; see below), optimisation in aqueous solution leads
to the same Cg structure. In Cg symmetry, there is another conformation in
which COs is perpendicular to the N-C-C-O-H plane. But its total energy
was only slightly higher (~ 0.1 kcal/mol) and the rotation about the axis
of N(MEA)-C(CO2) bond was virtually free. All the energy was evaluated
with CCSD(T)/6-311++G**. The present basis set is considered among
the best, especially in combination with the highly sophisticated CCSD(T)
theory and its dependency seems to be negligible. Computations in aqueous
solution phase were then carried out with the RISM-SCF-SEDD by GAMESS
package?® modified by us and PCM methods by Gaussian 03 program?* with
these gas-phase geometries. We have also performed the optimisation in
aqueous solution and found that the structure were almost unchanged. The
barrier height is only 0.4 kcal mol™! less than that in gas phase. Note that
the aqueous-solution geometry by PCM is also different, and thus we decided
to use the gas phase geometry to exclude the contribution of the geometri-
cal difference between our method and PCM with the aim of focusing on
the interplay between bond formation and solvation effect. The Lennard-
Jones parameters of the solute were taken from Refs.? 2% and SPC-like water
was assumed for the solvent.?? All of them are summarized in Table 1. To
compute the weight of resonance structure, Pipek-Mezey localization®® was
utilized to separate valence orbitals. Unfortunately, m orbital and lone-pair
orbital at oxygen were mixed together and four equivalent localized orbitals
were obtained. Hence, these four orbitals were chosen to evaluate the weights
using the standard Lowdin-type operator.®! Then the contributions from two
lone-pair orbitals, corresponding to O~ C?* O~, were eliminated to represent
the resonance structure.



4 Results and discussion

4.1 Free energy profile in aqueous solution

Figure 1 shows the energy profile along the reaction coordinate, Rc. COo
approaches to MEA from the right hand side of the figure. In gas phase, the
energy is continuously decreasing as the reaction proceeds, then the stable
structure is found at Rc = 3.0 A (I). Obviously it does not correspond to the
capturing because of too long bond length as well as barrier-free approaches
that are not consistent with experimental knowledge. The energy monotoni-
cally increases at shorter regions (Rg < 3.0A) due to the repulsive interaction
derived from Pauli’s principle. In aqueous solution, energy profiles changes
drastically. Besides the minimum at Rc ~ 3.0 A corresponding to I, another
meta-stable structure appears at Re < 2.0 A(III), which is followed by a fast
proton dissociation step to reach the final product. The barrier height from I
to ITI calculated by RISM-SCF-SEDD is 6.9 kcal mol~!, being slightly higher
(2.7 keal mol™!) than by PCM. Presumably the difference comes from strong
stabilization of I due to the hydrogen bonding that is properly treated in
RISM-SCF-SEDD. Since the experimentally obtained data is the activation
enthalpy AH*, the free energy change mentioned above should be converted
as following,

AHY = AG* + TASH, (7)

where activation entropy AS* was calculated by difference formula, and stan-
dard corrections such as zero point energy are taken into account. Our activa-
tion enthalpy AH* is 9.3 kcal mol™! (The zero point and vibration contribu-
tion: 0.8 kcal mol™!), which is in good agreement with experimental results
(11.2,2 9.8,3 11.7,% and 11.1° kcal mol™!). Although the free energy profile
and the activation enthalpy are obtained using one of the most accurate the-
oretical methods available at the present time, further calibration would be
desired because the results may depend on Lennard-Jones parameters, basis
sets, the closure and so on.

4.2 Resonance structure

MEA-CO, bonding complex is formed at R = 1.6 A caused by the charge mi-
gration from MEA nitrogen to COy carbon (C4x). The change of electronic



structure may be nicely analyzed in terms of resonance structure embed-
ded in molecular orbital by using the recently developed analysis based on
the second quantization of singlet-coupling.! Fig. 2 shows the dominative
weight of COy moiety both in gas and aqueous phases. Supposably, the
largest contribution to the electronic structure contains one ionic bond and
one double bond. The doubly ionic structure is also important and the sum
of three main contributions (2, 4 and 5) is about 60%. In isolated COa,
the change in electronic structure is negligibly small upon transferring from
gas phase to aqueous solution. However, the bond formation significantly af-
fects the electronic structure: the contribution from 5 is especially enhanced
more than 10% while the double bond character (2) is considerably reduced.
This may be simply attributed to the change of bond angle, O—C-O. The
angle changes from 177° (I) to 141° (II; Rc = 2.0 A), suggesting that the
7 conjugation is substantially suppressed and electron tends to be isolated
at oxygen atoms. In terms of molecular orbital, the change corresponds to
the electron transfer from N lone pair to COy 7* orbital. In fact, natural
population charge of N changes as —0.95|¢| — —0.68|e| and that of O.qy as
—0.62|e] — —0.83]e|. The same trends can be found in the resonance struc-
ture on C---N bond at ITI: 38%(C-N), 10%(C*T N ~) and 37%(C ~ N * ),
respectively (corresponding gas phase values are 34%, 42%, 7%).

4.3 Solvation structure and solvation free energy change

Because of the large charge migration, solvation structure around them dras-
tically changes as the reaction proceeds. Fig. 3 shows the change of pair
correlation functions (PCFs). The left panel exhibits PCF between N and
solvent-water hydrogen (Hy ), while the right one is that between Ocqx-Hw.
The sharp peaks found at 7 = 2.0 A in both panels correspond to hydrogen
bonding. At first, MEA is weakly hydrated around N atom at I, and the
peak completely disappears in the transition state (II). This is, of course,
caused by the steric hindrance by approaching CO, and the solvation struc-
ture hardly changes after passing through T. PCF around CO, oxygen also
shows weak hydrogen bonding at I, but the peak is contrastively increasing
as the reaction proceeding, indicating that COs moiety strongly attracts sol-
vent water even at Rc < 2.0 A. The development of hydrogen bonding is
attributed to the above mentioned increasing of O.4, charge.

Both of these changes in hydration structure affect the free energy change
in this bond-forming region. Solvation free energy Ap (Eq.5) can be “for-
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mally” divided into the contribution from each atom labeled .
Ap=Y" A, (®)
and

B =5 [ar {casm = LR20) + )] (9)

This quantity represents how much the contribution from each site is. Fig.
4 shows the change of total solvation free energy (Afisore) and the main ele-
ments, Afttorar, Apin and Apo,, , along Re. Apy increases along the reaction
coordinate from I to III region, whereas A, decreases around the same
region. Namely, while O.qy is solvated, a nitrogen atom is desolvated as the
reaction proceeds. At the region from I to II, the hydration-development
around O.qx and de-hydration around N are virtually canceled out, and thus
the total free energy change in aqueous solution eventually looks very similar
to the energy change in the gas phase. However, at the region from IT to III,
Ocax hydration becomes dominative and the total free energy decreases to
establish the meta-stable intermediate. These are consistent with the change
of the solvation structure. In other words, the barrier and stability of the
state in aqueous solution are understood as an interplay of the dehydration
around N and hydration around O.qy. Note that many previous works in-
dicate that a proton is released from this meta-stable intermediate as the
second step of the absorption.

4.4 Conclusion

In summary, we first report the bonding mechanism between carbon dioxide
and monoethanolamine at molecular level. In gas phase, an ordinary single
minimum is formed at Rc = 3.0 A without barrier. On the other hand,
in aqueous solution, after the formation of intermediates similar to the gas
phase, a stable structure is found at the bonding region (R¢ = 1.6 A) wvia the
transition state at Rc = 2.0 A with activation enthalpy of 9.3 kcal /mol, which
shows good agreement with experimental knowledge. The hybrid method
that can describe both electronic structure change and hydrogen bonding is
a promising tool to understand the CO, capture. This understanding would
lead to a more tactical search for amines with higher absorption capability.
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Table 1: Lennard-Jones parameters.

o /A € /kcal mol™!

Solute
N 3.300 0.170
C(methyl) 3.500 0.066
C(COs)  3.296 0.120
O(OH)  3.070 0.170
0(CO,)  2.850 0.200
H(methyl) 2.500 0.030
H(HO)  1.000 0.0560
Solvent
0] 3.166 0.1550
H 1.000 0.0560
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— RISM-SCF-SEDD

Figure 1: Potential energy curve for the C-N bond formation in gas phase
(dashed line) and free energy curves in aqueous solution calculated by RISM-
SCF-SEDD (solid line) and PCM (dotted line) along the reaction coordinate

(Rc). The inset structures are at Rg = 3.0 A (I), 2.0 A (II), 1.6 A (III),
respectively.
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Figure 3: Pair correlation function of N-Hyw (left side) and Ocgq-Hw (right
side) of R¢=3.0 A (I, dotted line), Rc=2.0 A (II, dashed line), and Rc=1.6
A (11, solid line).
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RISM-SCF-SEDD.
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