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Abstract We investigated CO, absorption in aqueous alka-
nolamine solutions using density functional theory with
dielectric continuum solvation models (SMD/IEF-PCM
and COSMO-RS). We varied the alkyl chain length (m=2,
3, 4) and the alcohol chain length (n=2, 3, 4) in the alkanol-
amine structures, H(CH,),,NH(CH,),OH. Using the SMD/
IEF-PCM/B3LYP/6-311++G(d,p) and COSMO-RS/BP/
TZVP levels of theory, our calculations predict that the
product of CO, absorption (carbamate or bicarbonate) is
strongly affected by the alcohol length but does not differ
significantly by varying the alkyl chain length. This prediction
was confirmed experimentally by '*C-NMR. The observed
sensitivity to the alcohol chain length can be attributed to
hydrogen bonding effects. The intramolecular hydrogen
bonds of HN - - - HO, NH," - - - OH, and NCOO™ - - - HO
induce ring structure formation in neutral alkanolamines, pro-
tonated alkanolamines, and carbamate anions, respectively.
The results from our studies demonstrate that intramolecular
hydrogen bonds play a key role in CO, absorption reactions in
aqueous alkanolamine solutions.
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Introduction

Aqueous alkanolamine solutions have been widely used in
the removal of acid gases from gas streams. For CO, capture
on the industrial scale, amine scrubbing is the most promis-
ing and currently applicable technology [1]. In this context
the CO, absorption properties of the alkanolamine solutions
have been extensively studied to maximize its capture effi-
ciency and to reduce energy costs [2—10].

Primary and secondary amines react with CO, in aqueous
solutions to form carbamate or bicarbonate anions [8, 11].

2R'R*NH + CO, < R'RP’NCOO™ + R'R*NH,* (1)

R'R*NH + CO, + H,0 « HCO3~ + R'R*NH, " (2)

As shown in reactions (1) and (2), amines, protonated
amines, carbamates, bicarbonates and water exist in the
CO;-loaded amine solutions. As the reaction rate, absorp-
tion capacity and heat of reaction differ between these two
reactions, the branching ratio of these reactions is highly
relevant to absorbent performance.

The steric hindrance of substituents adjacent to the amino
group is a crucial factor which affects the product ratio of
carbamate to bicarbonate anions, [R'R*NCOO J/[HCO; ].
For example, it is well-known that CO, absorbed in aqueous
2-amino-2-methyl-1-propanol (AMP) solutions predomi-
nantly exists as bicarbonate rather than carbamate, because
of carbamate instability due to steric hindrance [11, 12].

There has been a tendency to only consider steric hin-
drance when discussing differences in reactivity toward CO,
between different amine solvents [10]. However, because
there is an abundance of amino lone pairs, hydroxyl groups,
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Fig. 1 Linear and hydrogen-bonded structures for primary and sec-
ondary amines from Puxty et al. [13]

ions and water in the system, it is conceivable that the
reactivity is governed by other factors such as electron
density, hydrogen bonding and solvation.

Puxty et al. [13] studied the CO, absorption of 76 amines
and found seven amines with outstanding CO, absorption
capacities. These seven amines shared a common structural
feature: a hydroxyl group located within two or three car-
bons of the amino group. They inferred that intramolecular
hydrogen bond formation between the amino and the hy-
droxyl groups (Fig. 1) might decrease the amine basicity to
destabilize carbamate formation and push the absorption
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Fig. 2 Intramolecular hydrogen-bonded conformers for (a) neutral
amine (H(CH,),,NH(CH,),OH), (b) protonated amine and (c) carba-
mate with electronic energies (kcal mol ") relative to those of the linear
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toward the more stoichiometrically efficient hydration path-
way of reaction (2).

Because the hydrogen bond is of great importance in
various aspects of chemistry, biology, and material science,
there have been a number of quantum chemistry studies to
understand and describe it [14—18]. For example, the intra-
molecular hydrogen bonding effects in salicylaldehyde
derivatives were analyzed at the B3LYP/6—311+G(d,p) and
MP2/aug-cc-pVDZ levels, where both levels of theory led to
equivalent results [14].

In this work, we conducted quantum chemical (DFT)
and spectroscopic ('*C-NMR) analyses to elucidate the
molecular mechanisms underlying the CO, absorption
products in aqueous alkanolamine solutions. We fo-
cused on the amine substituent effects in alkanolamine
structures, H(CH,),,NH(CH,),,OH, by varying the alkyl
chain length (m=2, 3, 4) and the alcohol chain length
(n=2, 3, 4) to investigate the intramolecular hydrogen
bond effects.
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dotted lines with lengths (A) calculated at the SMD/IEF-PCM/B3LYP/

6-311++G(d,p) level
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Methodology

The electronic energy and the Gibbs free energy for all
molecules in reactions (1) and (2) were calculated for the
aqueous solutions of alkanolamine, H(CH,),,NH(CH,),OH.
For this purpose, DFT calculations with the SMD solvation
model using the integral equation formalism polarizable
continuum model (IEF-PCM) protocol for bulk electrostat-
ics [19, 20] were carried out at the B3LYP/6—311++G(d,p)
level. The free energy of each species in the aqueous solu-
tion phase was calculated based on the DFT geometry
optimized structures followed by a frequency analysis for
thermal and zero point energy corrections. From the fre-
quency analysis, we confirmed that minimum energy struc-
tures were obtained for all optimized geometries in the
aqueous solution phase.

SMD is the latest model to predict solvation free energies
of neutral and ionic solutes in solutions [20]. This model
separates the solvation free energy into two main compo-
nents: one based on a self-consistent reaction field treatment
of bulk electrostatics and the other non-electrostatic contri-
bution arising from short-range interactions between the
solute and solvent molecules. The SMD model has been
parameterized using the IEF-PCM protocol mainly with the
B3LYP hybrid functional. Recently we have used the SMD/
IEF-PCM/B3LYP/6—-311++G(d,p) level of theory to deter-
mine the reaction pathways of CO, absorption into aqueous
AMP solutions [7].
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In the free-energy calculations, a conductor-like screen-
ing model for real solvents (COSMO-RS) [21-24] was also
applied with DFT at the BP/TZVP level. In this method, the
distribution functions of the polarization charges on each
molecular surface are obtained by applying the continuum
solvation model in the conductor limit. Then, the free energy
of each species in solution is calculated from its chemical
potential with a statistical thermodynamics algorithm which
measures the system affinity to molecular surface polarity.
With the COSMO-RS/BP/TZVP method, we have devel-
oped a calculation model to predict the product ratio be-
tween carbamate and bicarbonate [8].

To investigate conformational effects, we performed a
conformational distribution analysis for each species in the
gas phase using molecular mechanics with the MMFF force
field [25]. Based on the conformational analysis results, two
types of stable conformations, intramolecular hydrogen
bonding and linear, were set as the initial geometries in all
DFT calculations.

Gaussian09 (Rev. A.1) [26], COSMOtherm (Ver. C2.1),
TmoleX (Ver. 2.0) and Spartan’06 (Ver. 112) programs were
used for the above calculations.

To measure the product ratio between carbamate and
bicarbonate, CO, saturated samples were prepared by flow-
ing 20 % CO, gas balanced with N, into a 30 wt.% aqueous
amine solution in a glass scrubbing bottle at 40 °C. '*C-
NMR spectra were recorded at 100 MHz with a NMR
spectrometer (JNM-ECA400, JEOL). To improve the lock
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Fig. 3 Linear conformers for (a) neutral amine (H(CH,),,NH(CH,),,OH), (b) protonated amine and (c) carbamate
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signal, 100 mL D,0 was added to 500 mL of each sample.
Quantitative spectra were obtained at 21-23 °C using the
inverse-gated decoupling technique with a pulse angle of
30°, a delay time of 30 s and 400 scans [8].

Results and discussion

For all species investigated, the most stable conformations, as
determined with the MMFF force field in the gas phase, were
those involving intramolecular hydrogen bonds (Fig. 2). The
intramolecular hydrogen bonds of HN - - - HO, NH," - - - OH,
and NCOO - - - HO for neutral alkanolamine, protonated
alkanolamine and carbamate, respectively, stabilize the molec-
ular structures. Based on PCM and SM5.4A solvation calcla-
tions, it has been suggested that such intramolecular hydrogen
bonds are favored even in amine—H,O—CO, solutions [27].

Figure 2 shows the electronic energies relative to those of
the corresponding linear conformers shown in Fig. 3. The
negative relative energies of all conformers in Fig. 2, which
were calculated using SMD/IEF-PCM/B3LYP/6-311++G(d,
p) optimizations, indicate that the stabilization due to intra-
molecular hydrogen bonds is significant in aqueous solu-
tion. The carbamates are considerably stabilized in the
amine species, and the stabilization energy is highly sensi-
tive to the alcohol chain length.

Figure 2 also shows the intramolecular hydrogen bond
lengths of HN - - - HO, NH, " - - - OH, and NCOO™ - - - HO in
the SMD/IEF-PCM/B3LYP/6-311++G(d,p) optimized ge-
ometries. The intramolecular hydrogen bond lengths show
negligible changes with alkyl chain length; however they
are strongly dependent on the alcohol chain length. In the
neutral and protonated alkanolamines, the intramolecular
hydrogen bond length decreases with increasing alcohol
chain length. In contrast, in the carbamates, the intramolec-
ular hydrogen bond length increases with increasing alcohol
chain length; this is in good agreement with the relative
energies shown in Fig. 2, which reflect the extent of carba-
mate stabilization. These results predict that the product
ratio of carbamate to bicarbonate will be reduced with
increasing alcohol chain length.

We confirm the above prediction by quantitative '*C-NMR
measurements. In "*C-NMR spectra of CO,-loaded aqueous
alkanolamine solutions, absorbed CO, are observed in the
range 160—165 ppm [28, 29]. In Figs. 4 and 5, the peaks of
163—164 represent the carbonyl carbons of carbamate. The
carbamates were unambiguously identified, because a carba-
mate molecule contains several carbon atoms.

From "C-NMR peaks, it is not possible to distinguish
between protonated and proton-dissociative states, because
of the fast proton-exchange rates. Consequently, the '*C-
peaks shift depending on the pH. A study on the pH depen-
dency of the peak chemical shifts for COs*  and HCO;~
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Fig. 4 '>C-NMR spectra of CO, saturated 30 wt.% aqueous solutions
of ethylaminoalkanol, CH3;CH,NH(CH,),,OH with alcohol chain
lengths of 2, 3 and 4

reported that the peak shifts in samples solely containing
CO5*" or HCO;™ were 168.9 and 161.4 ppm, respectively
[29]. Therefore, the peaks of 161-162 ppm in Figs. 4 and 5
are attributed to HCO5 .

Figure 4 clearly indicates that the formation of carbamate is
markedly reduced in the propanolamine (n=3) and butanol-
amine (n=4) solutions, while a significant amount of carba-
mate is formed in the ethanolamine (#=2) solution. This
confirms the prediction by DFT calculations. Furthermore,
as shown in Fig. 5, the product ratios of carbamate to bicar-
bonate are comparable in the ethylethanolamine, propyletha-
nolamine, and butylethanolamine solutions (m=2, 3, 4). These
facts strongly suggest that the formation of carbamate or
bicarbonate cannot be solely explained by the steric hindrance
of substituents adjacent to the amino group. The alcohol chain
length significantly affects the properties of CO, absorption
by alkanolamine solutions.

The carbamate and bicarbonate equilibrium ratio is rep-
resented by the equilibrium constants of reactions (1) and
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Fig. 5 '>C-NMR spectra of CO, saturated 30 wt.% aqueous solutions
of alkylethanolamine, H(CH,),,NH(CH,),OH with the alkyl chain
lengths of 2, 3 and 4

(2), which are related to the reaction free energies. The ratio
depends not only on the reaction free energies but also on
the amine basicity, the chemical activities, and the pH [8].

Table 1 Reaction free energies (kcal mol ') of the CO, absorption by
alkanolamines with the formation of carbamate (AG) and bicarbonate
(AG,) at 298.15 K and infinite dilution in water calculated at the SMD/
IEF-PCM/B3LYP/6—311++G(d,p) and COSMO-RS/BP/TZVP levels
of theory using the intramolecular hydrogen-bonded conformers

H(CH,),,NH(CH,),OH (m, 1)  SMD/IEF- COSMO-RS/
PCM/B3LYP/  BP/TZVP
6311++G(d,p)

AG, AG, AG,  AG,

2-(butylamino)ethanol (4, 2) 1.07 2.49 -18.8 —16.2
2-(propylamino)ethanol (3, 2) 0.97 2.24 -188 -16.3
2-(ethylamino)ethanol (2, 2) 0.28 1.53 —20.1 -17.7
3-ethylamino-1-propanol (2, 3) 0.79 0.91 -154 -158
4-ethylamino-1-butanol (2, 4) 3.77 1.43 -10.7  -15.0
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Fig. 6 Plot of the product ratio of carbamate to bicarbonate measured
by "*C-NMR in the CO, saturated aqueous alkanolamine solutions
versus exp(—AAG). AAG is the reaction free energy difference be-
tween formations of (1) carbamate and (2) bicarbonate, calculated by
the solvation model coupled with DFT using the intramolecular
hydrogen-bonded conformers

However, because of the structural similarity of the alkanol-
amines investigated in this work, we assume that the ratio has a
linear relationship with an exponential function of the differ-
ence of reaction free energies:

r = [R'R”*'NCOO™ | /[HCO; | = A exp(—AAG) + B (3)
AAG = 6(AG) — AGy), (4)

where o is a scaling coefficient. The ratios of carbamate to
bicarbonate can be experimentally determined from the peak
area ratios in the '>C-NMR spectra.
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Fig. 7 Plot of the product ratio of carbamate to bicarbonate measured

by "*C-NMR in the CO, saturated aqueous alkanolamine solutions
versus exp(—AAG). AAG is calculated using the linear confomers
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Table 1 shows the reaction free energies calculated at
the SMD/IEF-PCM/B3LYP/6-311++G(d,p) and
COSMO-RS/BP/TZVP levels. Although the values differ
between the two levels of theory, the difference of
reaction free energies are well linearly correlated be-
tween the two levels with a high coefficient of determi-
nation (R*=0.99). For convenience, the scaling
coefficient (0) was determined for each level of theory
in such a way that the scaled values of the reaction free
energy difference in 2-(ethylamino)ethanol equal to each
other at the two levels of theory.

The product ratios in the aqueous alkanolamine sol-
utions obtained from the NMR spectra in Figs. 4 and 5
are fitted to Eq. 3 using the calculated values of reac-
tion free energies at 298.15 K and are shown in Figs. 6
and 7. In Fig. 6, the experimental data correlate well
with the calculated free energies using intramolecular
hydrogen-bonded conformers at both the SMD/IEF-
PCM/B3LYP/6—-311++G(d,p) and COSMO-RS/BP/
TZVP levels, with coefficients of determination 0.91
and 0.94, respectively. In contrast, the DFT calculations
based on the linear conformers have reduced coeffi-
cients of determination, 0.44 for SMD and 0.53 for
COSMO-RS (Fig. 7). With these results, we show that
the intramolecular hydrogen bonds in amine—H,O—CO,
systems play a critical role.

Table 1 summarizes the free energies of reactions (1) and
(2) calculated using the intramolecular hydrogen-bonded
conformers. As seen, the free energies differ among the
alkanolamines mainly in reaction (1). The stabilization en-
ergies are sensitive to the alcohol chain length of carbamate
(Fig. 2). Therefore, especially the intramolecular hydrogen
bonding of carbamate is considered to play an important
role in amine—H,O—CO, systems.

The calculated free energies are in good agreement
with the experimental data, because both the SMD and
COSMO-RS methods exceed conventional dielectric
continuum solvation models in terms of adequate mod-
eling of hydrogen bonds [20, 21].However, the effects of
intermolecular hydrogen bonding, which may play a role, as
well as intramolecular hydrogen bonds, are not clear in this
work. Therefore, we cannot rule out the possibility of contri-
butions of intermolecular hydrogen bonding to the experimen-
tal data. We investigated the effect of an explicit water
molecule in the AMP-H,0—-CO, system and found that
it did not significantly affect the reactivity with CO,
[7]. In order to examine the intermolecular hydrogen
bonding contributions, however, a large number of ex-
plicit molecules have to be treated. For a comprehensive
understanding of the absorption mechanism, quantum
mechanical/Monte Carlo/free-energy perturbation (QM/
MC/FEP) study using large number of water molecules
[30] is currently underway.
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Conclusions

The reactions of CO, absorption in aqueous solutions of
alkanolamine, H(CH,),,NH(CH,),,OH, have been studied at
the SMD/IEF-PCM/B3LYP/6—311++G(d,p) and COSMO-
RS/BP/TZVP levels, paying attention to the dependence of
alkyl chain length (m=2, 3, 4) and alcohol chain length
(n=2, 3, 4). The calculations have shown that intramolecular
hydrogen bonds, especially the NCOO - - - HO bond in
carbamate, significantly modify the aqueous solution phase
and the product yields of CO, absorption are significantly
affected by the alcohol chain length. Our calculations have
been quantitatively validated by '>*C-NMR spectroscopy.
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