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General Introduction
The aim of the work described in this thesis is to use quantum chemical methods
to find more suitable solvents for post-combustion CO2 capture from coal-fired
power plants. An improved understanding of the electronic and steric effects on
the pKa, carbamate stability and activation energies for different reaction pathways
of substituted ethanolamines and piperazines with CO2, enables to find better
solvents for CO2 capture that form less stable carbamates at higher reaction rates
than existing solvents. The solvents proposed in this thesis may be useful for the
industrial capture of CO2 from coal-fired power plants.
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General Introduction

1.1 Global Warming
An increase in the concentration of greenhouse gases (GHG) in the atmosphere,
particularly carbon dioxide (CO2), is considered to be the main responsible for global
warming. According to estimates from the Intergovernmental Panel for Climate Change
(IPCC 2013),1 the global temperature will increase between 1.5 to 4.5 °C in this century.
The current CO2 concentration in the atmosphere has reached an alarming level of about
400 ppm in 2014, which is ~40% higher than at the start of the 19th century. This trend
towards increasing levels seems unlikely to slow down if no serious measures are taken to
mitigate the anthropogenic sources.2, 3 Over-emission of greenhouse gases into the
atmosphere may not only contribute to increasing the global temperature, but also for
causing other climate change effects, like stronger heat-waves, changing precipitation
patterns and disappearing glaciers. Furthermore, loss of biodiversity and rising of sea
levels are anticipated. According to the Kyoto Protocol (1997), developed countries have
agreed to reduce their CO2 emissions in 2020 by 5.2% below their 1990 levels and the
European Union (EU) has even agreed in 2008 to reduce GHG emissions to 20% below
1990 levels in 2020. However, when the increasing global energy demand remains based
on fossil fuel consumption, a further increase of CO2 levels in the atmosphere is
unavoidable, unless atmospheric emissions are reduced. Therefore, much effort is
currently devoted to controlling and reducing CO2 emissions.

1.2 Contributors to CO2 Emissions
The main contributors to CO2 emissions into the atmosphere are burning of fossil fuels
(coal, natural gas, and fuel oil) for electricity, heating, and transportation. These account
for two-thirds of all global non-natural CO2 emissions.4 One-third of the global CO2
emissions is coming from industries like cement production, refineries, iron and steel
production and petrochemical industries, from commercial and residential areas, and from
agriculture. Figure 1 shows the contributions of various greenhouse gases including CO2,
CH4 and NO2 to the global emissions and the contributions of the various sectors to CO2
emissions. Worldwide, electricity production and heating heavily rely on coal, which is
the most carbon-intensive fossil fuel. The use of renewable energy instead of fossil fuels
can considerably reduce emissions of greenhouse gases and other pollutants. However, the
rapid population growth and increasing standard of living in especially the developing
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countries generates a high demand of electrical energy. Therefore, there will still remain a
strong dependence on coal-based power plants. The most promising way to reduce CO2
emissions into the atmosphere is by so-called Carbon Capture and Storage or
Sequestration (CCS). CCS is a three-step process (Figure 2): (1) Capture of CO2 from a
power plant or industrial process; (2) Transport to a storage site; (3) Injection into a
geological formation.5-7

Methane
9%

Fluorinated Gases
2%

NO2
5%

Carbon Dioxide
84%

Commercial and
Residential
11%
Industry
20%

A

Agriculture
8%
Transportation
28%
Electricity
33%

B

Figure 1. A) Contribution of various greenhouse gases into total global emissions. B) Global CO2
4
emissions by sector.

Figure 2. Pictorial representation of Carbon Capture and Storage (CCS).
(picture taken from www.abc.net.au).
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1.3 Carbon Capture Methods
To remove and capture CO2 from gas streams, different industrial technologies are
being used. This is applied when CO2 is an undesirable contaminant or where it is
necessary to separate it as a product gas.8, 9 Currently, there are three main methods for
CO2 capture: post-combustion capture (PCC), pre-combustion capture, and oxy-fuel
capture.10
1.3.1 Post-Combustion Capture
Post-combustion capture (PCC) is the most commonly used method to separate CO2
from a gas stream using alkaline solvents (Figure 3).11 The PCC process consists of two
steps. In the first step, the flue gas that arises from burning fossil fuels passes through an
absorption column (scrubber), which is filled with an aqueous alkaline solvent (often an
alkanolamine or piperazine) where CO2 is bound. The second step involves the
transportation of the CO2-loaded solvent from the absorption column to a separation unit
(stripper). At the high temperatures in this unit, typically 100 - 140 °C, desorption of CO2
takes place. The released CO2 is pure enough to be compressed and transported to the
storage site. The lean solvent (without CO2) is transported back to the absorber for reuse.

Air
Fuel
Post-Combustion Capture

Energy
Conversion

Power

CO2
separation

Flue gas

CO2

Figure 3. Schematic diagram of post-combustion CO2 capture process.

Flue gas that comes from fossil fuel combustion also contains other acidic gases such as
SOx and NOx, which are also capable of reacting with the solvent. The efficiency of a CO2
capture plant is mostly dependent on how good these SOx and NOx gases are removed
before CO2 capture. Therefore the flue gas must be pre-treated to remove most of the NOx
and SOx before absorption.
A promising alternative to such amines could be solid metal-organic frameworks.
Although some of these materials display highly efficient and specific CO2 capture, their
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large-scale application may be not immanent, due to mechanical limitations and limited
long-term stability upon intense use.
1.3.2 Pre-Combustion Capture
Pre-combustion capture involves converting fossil fuel into CO2 and H2 and removal of
CO2 prior to final combustion, to produce only hydrogen gas (Figure 4). Hydrogen
combustion produces no CO2 emissions, with water vapor being the main product.
Provided that this technology is used in combination with carbon storage, it could provide
a CO2 emission-free process for the future.

Air
Fuel
Pre-Combustion
Capture

Fuel
Conversion

Air
CO2
separation

CO2

H2

Energy
Conversion

Power

Flue gas

Figure 4. Schematic diagram of pre-combustion CO2 capture process.

The capture process consists of three stages; firstly a hydrocarbon fuel (typically methane,
or gasified coal) is converted into hydrogen and carbon monoxide (CO) to form synthesis
gas. The second step is to convert the CO with water into CO2 and more hydrogen by the
water-gas shift reaction. Finally, the CO2 is separated from the hydrogen, which can then
be combusted cleanly. The CO2 can be compressed into a liquid and transported to a
storage site. This process is still under development, partially because both combustion
processes (fuel and H2) will have non-ideal yields which overall limits the energyefficiency of this approach, and industrial pre-combustion CO2 capture facilities do not
exist yet.

1.3.3 Oxy-Fuel Capture
Oxy-fuel combustion with CO2 capture is very similar to post-combustion CO2 capture
(Figure 5). The main difference is that the combustion is carried out with pure oxygen
instead of air. As a result the flue gas contains mainly CO2 and water vapor, which can be
easily separated. The challenge is to economically produce pure oxygen. The currently
available technologies for pure oxygen production are based primarily on cryogenic
6
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separation of air. In this process the air is cooled down below the boiling point before the
liquefied oxygen, nitrogen and argon are separated by fractionated distillation. However,
the high amount of energy involved in this process makes it very expensive. Promising
on-going research to develop membranes that separate oxygen from air may drastically
improve efficiency and lower capital investment costs.
Fuel
Air
Oxy-fuel Capture

Air
Separation

O2

N2

Energy
Conversion

Power

CO2

Figure 5. Schematic diagram oxy-fuel CO2 capture process.

1.4 Reaction of CO2 with Amines
CO2 reacts with amines to form carbamate or bicarbonate salts, depending on the nature
of the amine. Primary or secondary amines preferably form carbamates and tertiary and
sterically hindered amines preferably form bicarbonates.

In literature, two types of mechanisms are proposed for carbamate formation.
According to Caplow,12 CO2 first forms a bond with an amine and this is followed by
transfer of a proton to a second molecule (another base molecule or water). This is a twostep mechanism with a zwitterion as an intermediate. Alternatively, Crooks and
Donnellan13 proposed that binding between the amine and CO2 and the proton transfer
take place simultaneously. Therefore, it is a single-step termolecular reaction. The initial
product in this mechanism is not a zwitterion, but a loosely-bound encounter complex.
Most of these complexes break down again to give the starting molecules because of the
higher entropy. The former (Caplow) mechanism could be more favored in the presence
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of extra solvent molecules because the stability of the zwitterion increases due to
hydrogen bond formation. Donaldsen and Nguyen14 proposed a mechanism for
bicarbonate formation, where tertiary amines react with CO2 to form bicarbonate. The
carbamate formation involves transfer of a proton from the amine functionality. Amines
that do not have such protons, like tertiary amines, only form bicarbonates as products.
Caplow mechanism:12

Crooks and Donnellan mechanism:13

Donaldsen and Nguyen:14

1.5 Industrial Solvents for Post-Combustion CO2 Capture
The efficiency of the CO2 capture process is mostly dependent on choosing the right
solvent. A good solvent for CO2 capture should have properties like a high CO2 absorption
capacity, high reaction rate with CO2, low volatility, low thermal and oxidative
degradation rates and also a low desorption temperature. A lower desorption temperature
leads to a significant reduction in the costs for solvent regeneration and thereby an
increase in the efficiency of the CO2 capture process.
A variety of different amines have been tested for post-combustion CO2 capture under
different reaction conditions (structures of commonly used amines are shown in Figure
6).10, 15-33 Monoethanolamine (MEA) is commonly used as an industrial solvent due to its
high reactivity towards CO2, low solvent cost, low molecular weight and good water
solubility. However, MEA has certain disadvantages, such as the formation of rather
stable carbamates with CO2 and a concomitantly high energy demand for regeneration, a
relatively high volatility, and it shows significant long-term thermal and oxidative
degradation.15, 23, 24 A second class of amines that are used for CO2 capture are sterically
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hindered amines (SHE). Sterically hindered amines have one or more substituents on the
carbon atom next to the amine group (α-position). 2-Amino-2-methyl-1-propanol (AMP)
is a sterically hindered amine used for CO2 capture due to its ability to capture one mole of
CO2 per mole of amine due to a preference for forming bicarbonate and to form relatively
unstable carbamates. However, AMP has the disadvantage of a low reactivity with CO2.15
Tertiary amines like methyldiethanolamine (MDEA) form bicarbonates rather than
carbamates, thereby leading to an increase in the CO2 absorption capacity. MDEA also
has the disadvantage of a low reactivity with CO2. PSR1-3 and KS1-3 are solvents for
CO2 capture patented by two different companies whose compositions were not revealed.
They are believed to consist of a combination of sterically hindered amines and a
promoter (generally piperazine). Recently, it was found that piperazine can also be used as
a standalone solvent for CO2 capture, due its high reaction rates and thermal stability.
Finally, ammonia may also be used to capture CO2. Ammonia is far more volatile than
alkanolamines, and therefore capture has to take place at lower temperatures to avoid
evaporation of the solvent. Lower temperatures lead to a longer reaction time. Therefore,
this process is not yet commercially available for CO2 capture.

Figure 6. Some commonly used alkanolamines for post-combustion CO2 capture.

1.6 Aim of the Research
The aim of the research described in this thesis is to find more optimal solvents for CO2
capture, which have high CO2 absorption rates and low regeneration costs as compared to
the most commonly used MEA. The reaction between amines and CO2 leading to
formation of either carbamate or bicarbonate mostly depends on the ability of the amine to
9
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abstract a proton (i.e. the basicity of the amine). The basicity of the amine can be
expressed as its pKa. The CO2 absorption capacity of the amine is related to the stability of
the carbamate, i.e. the formation of a more stable carbamate leads to an absorption
capacity of 0.5 moles of CO2 per amine, and a less stable carbamate leads to an absorption
capacity of one mole of CO2 per amine. The basicity and carbamate stability thus are the
important parameters that determine the CO2 absorption capacity of the solvent. For the
regeneration of the solvent, i.e. the desorption of CO2 at high temperatures, the transition
state energy is an important factor that determines the energy requirement of the process.
All these parameters can be quantified by modern quantum chemical calculations, which
is the main approach chosen in this thesis.

1.7 Outline of the Thesis
In this thesis, quantum chemical methods will be utilized to calculate important
parameters like pKa, carbamate formation, carbamate stability, and activation energies for
different reaction pathways of CO2 with a variety of substituted alkanolamines and
piperazines. The focus will be on finding better solvents for CO2 capture that form less
stable carbamates and thereby require a low amount of energy for regeneration of the
solvent.
In Chapter 2, the influence of electronic effects from the introduction of electronwithdrawing and electron-donating substituents like CH3, CH2F, CHF2, CF3, F, dimethyl,
difluoro and bis(2-trifluoromethyl) groups on the pKa, the carbamate stability, and the
reaction enthalpy for carbamate formation of substituted monoethanolamines was
investigated using a variety of density functional methods (B3LYP, M06-2X, M08-HX,
and M11-L) and ab initio methods (SCS-MP2 and G3). In addition, the effects of different
solvation models (SMD, SM8, and CPCM) on the solvation energy of the different
monoethanolamines were compared.
In Chapter 3, a variety of quantum chemical methods was used to calculate the pKa of
a wide variety of amines, including different alkanolamines which can be useful for the
CO2 capture, neurotransmitters, alkaloid drugs, and nucleotide bases. The aim was to find
a generic method for the accurate pKa calculation of a wide variety of amine compounds
at a cheap computational cost.
In Chapter 4, the influence of electronic and steric effects on carbamate stabilities of a
wide variety of alkanolamines was investigated with different quantum chemical methods
i.e. B3LYP/6-311+G(2d,2p), MP2/6-311+G(2d,2p), spin-component-scaled MP2/6
311+G(2d,2p) (SCS-MP2), and M11-L/6-31+G(d,p). Through this approach, the aim was
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to delineate the electronic and steric effects on carbamate stabilities of sterically hindered
amines, thereby reaching a proposal for some alkanolamines that could be interesting as
industrial CO2 capture agents.
In Chapter 5, the influence of –CH3, –CH2NH2, –CH2OH, –CH2F, –COCH3, and –CN
groups on the pKa and carbamate stabilities of substituted piperazines was studied with
quantum chemical methods. The objective is to find substituents for which we can
combine the intrinsically nice properties of piperazines with the knowledge learned in
Chapters 2-4 and in fact we have (vide infra).
In Chapter 6, the activation energy barriers and reaction kinetics for the reaction of
several alkanolamines with CO2 were investigated by transition state calculations using an
ab initio method (SCS-MP2) in combination with the SMD solvation model. The aim was
to better understand and describe the reaction pathways of CO2 with amines by varying
the substituents at the α or β position next to the amine group in monoethanolamines.
In Chapter 7, a summary is given of the most important results reported in this thesis.
Furthermore, on-going research work in the area of improving solvent for CO2 capture is
discussed. Finally, comments on the future developments in the area of CO2 capture
research are given.
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Improving the Capture of CO2 by Substituted
Monoethanolamines: Electronic Effects of Fluorine
and Methyl Substituents.
The influence of electronic and steric effects on the reaction between CO2 and
monoethanolamine (MEA) absorbents is investigated using computational
methods. The pKa of the alkanolamine, the reaction enthalpy for carbamate
formation, and the hydrolytic carbamate stability are important factors for the
efficiency of CO2 capture. The steric and electronic effects of CH3, CH2F, CHF2,
CF3, F, dimethyl, difluoro, and bis(2-trifluoromethyl) substituents at the α carbon
of MEA on this reaction are investigated. Density functional theory (DFT)
(B3LYP, M06-2X, M08-HX, and M11-L) and ab initio methods [spin componentscaled second-order Møller-Plesset theory (SCS-MP2), G3], each coupled with
solvent models [conductor-like polarizable continuum model (CPCM) and
universal solvation models (SM8 and SMD)], are shown to yield accurately
calculated pKa values of the substituted MEAs. Specifically, G3, SCS-MP2, and
M11-L methods coupled with the SMD and SM8 solvation models perform well
with a mean unsigned error (MUE) of only 0.15, 0.24, and 0.25 pKa units,
respectively. SCS-MP2 is used to calculate the reaction enthalpy for carbamate
formation and the carbamate stability towards hydrolysis. With the introduction of
-fluoro substituents (especially the CH2F moiety) the reaction enthalpy for the
formation of carbamates can be fine-tuned to be less exothermic than that using
the unsubstituted MEA. This implies a reduced energy requirement for the
solvent-regeneration step in the post-combustion carbon-capture method, which is
currently the energy-limiting step in efficient CO2 capture. -Fluoro-substituted
MEAs are also shown to form less stable carbamates than MEA. Thus, -fluoro-
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substituted MEAs display a great potential for the use in the post-combustion
carbon-capture process. Finally, a clear correlation is observed between the gasphase basicity and the tendency to form carbamates. This allows for the rapid
prediction of which species will be formed experimentally, and thus the CO2absorbing capacities of alkanolamines can be estimated.
This chapter has been published as:
“Improving the Capture of CO2 by Substituted Monoethanolamines: Electronic
Effects of Fluorine and Methyl Substituents”. S. Gangarapu, A. T. M. Marcelis, H.
Zuilhof, ChemPhysChem, 2012, 13, 3973-3980.
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2.1 Introduction
Human activities, such as burning fossil fuels, result in huge quantities of greenhouse
gases (mainly CO2) being emitted into the atmosphere. These emissions are thought to
significantly contribute to the global warming. To diminish emission of these greenhouse
gases, capturing and separating CO2 from flue gases of energy plants is an option that is
currently widely investigated. CO2 capture by chemical absorption with alkanolamines,
and specifically aqueous monoethanolamine (MEA), is commonly used in industrial
processes.1 However, there are several issues associated with the use of aqueous MEA for
the capture of CO2 from flue gas. First, the reaction of MEA with CO2 to form a
carbamate [Reaction(A); Scheme 1] is highly exothermic (ca. 17 kcalmol-1).2, 3
Furthermore, the energy demand for solvent regeneration is concomitantly high and the
degradation rate of MEA is considerable.4-6 Finally, the volatility of MEA (b.p. = 170 C)
contributes to a loss of the capturing agent over time. As a result of these issues, MEA is
not an optimal compound. Considering the expected increase in the worldwide CO2 output
and the overall high energy demand for the current CO2-capture and -release process, any
improvement in this process is desirable and urgent. Therefore, it is essential to develop
new absorbents for CO2 capture, which bind strongly to CO2, so as to capture it
efficiently, but at the same time release CO2 in the regeneration step at a much reduced
cost.

Scheme 1. Reaction A indicates the formation of carbamate from alkyl amines and CO2 and Reaction
B indicates hydrolysis of carbamate to form bicarbonate and amine.

The reaction between primary or secondary alkanolamines and CO2 in water leads to
the formation of carbamates. Tertiary and sterically hindered alkanolamines do not form
carbamates. Instead, they form ammonium compounds and bicarbonate in the presence of
water. The hydrolysis of carbamates to form bicarbonate and amines can be written as
shown in Reaction(B) and Scheme 1.
A significant amount of computational work has been done on the calculation of pKa
values of different alkanolamines,7 on the formation of carbamates,8, 9 and on the
carbamate stability of different alkanolamines.10 However, only a limited amount of
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computational work has been done on how substituents affect the heats of reaction for
CO2 reacting with alkanolamines. Chakraborty et al.11 combined infrared (IR)
spectroscopy with modified neglect of differential overlap (MNDO) calculations to study
the effect of α-CH3 substitution on amine–CO2 interactions, and found that such
substitution leads to a decrease in the basicity and in the heat of reaction for carbamate
formation. Recently, Mindrup and Schneider12 studied the effect of direct substitution with
different substituents on amines, and observed that the reaction energies for both
carbamate and carbamic acid formation of substituted amines depend on the nature of the
substituents. In addition, Xie et al.13 reported that by substitution of different groups on
the α or β carbon next to the amine in alkanolamines the reaction stoichiometry between
amine and CO2 can be tuned.
Table 1. Substituted MEAs used herein.

Compound
monoethanolamine (MEA)
2-amino-2-fluoroethanol
2-amino-2,2-difluoroethanol
2-amino-1-propanol (α-CH3-MEA)
2-amino-2-methyl-1-propanol (AMP)
2-amino-3,3,3-trifluoropropanol
2-amino-3,3,3-trifluoro-2-(trifluoromethyl)-propanol

R1
H
F
F
CH3
CH3
CF3
CF3

R2
H
H
F
H
CH3
H
CF3

Herein, a range of quantum chemical methods is used to investigate the influence of
electronic effects obtained by the introduction of electron-withdrawing and -donating
groups- on the pKa, on the carbamate stability, and on the reaction enthalpy for carbamate
formation of different alkanolamines. Furthermore, the experimental pKa values were
determined for a promising compound for CO2 capture. Three series of α-substituted
MEAs were considered with 1) 0, 1 or 2 α-CH3 groups, 2) 0, 1 or 2 α-CF3 groups, and 3)
0, 1 or 2 α-F substituents. To compare the effect of F substitution on MEA, we also
studied the effect of F-substitution at the β position of ethylamine (Table 1). To minimize
the chance of method-dependent results we used a variety of density functional methods
(B3LYP,14 M06-2X,15 M08-HX,16 and M11-L)17 in combination with ab initio methods
[second-order Møller-Plesset theory (MP2),18 spin component-scaled second-order
Møller-Plesset theory (SCS-MP2),19 and G320 calculations], all with a 6-311G(d,p) basis

18

Improving the Capture of CO2 by Substitution of the Absorbent
set [M08-HX and M11-L used 6-31+G(d,p) as basis set]. To mimic the influence of water,
three different solvent models [conductor-like polarizable continuum model (CPCM)21
and universal solvation models (SMD22 and SM8)]23 were used. By this approach we
aimed to clearly outline the effect of substituents on the CO2-binding properties of
substituted alkanolamines. As a result we propose a novel CO2-capturing agent that
should bind CO2 effectively, but strongly reduces the energy required for its regeneration.

2.2 Computational Details
2.2.1 Calculation and Determination of the pKa of Substituted
Alkanolamines
The acidity constant (pKa) for an acid BH+ is defined as pKa = -log Ka = ∆Gps/2.303 RT,
with ∆Gps = free energy of protonation in an aqueous environment and Ka = equilibrium
constant. The general approach to calculate ∆Gps is from a thermodynamic cycle,24-26
(Scheme 2). In this cycle, ∆Gpg and ∆Gps are the gas phase and aqueous phase free energy
of protonation, respectively. ∆Gs (BH+), ∆Gs (B) and ∆Gs (H+) are the free energies of
solvation for BH+, B and H+, respectively.

Scheme 2. Thermodynamic cycle used for the calculations of the pKa values for bases B.

∆Gps is given by the Equations (1)-(3):
∆Gps = ∆Gpg + ∆Gs,
(1),
where
∆Gpg= Ggas(B) + Ggas(H+) – Ggas(BH+)
(2),
and
∆Gs = ∆Gs (B) + ∆Gs (H+) – ∆Gs (BH+)
(3).
+ 26
There is a debate about the solvation energy of the proton ∆Gs(H ), for which
experimental values in the range of -254 to -265.9 kcalmol-1 have been reported.25 To
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overcome this problem, known experimental pKa values are often taken as a reference.
Therefore, we took the well-described pKa of unsubstituted ethanolamine as a reference
(REF) to calculate the pKa values of the bases B of interest [Equation (4)], namely
substituted alkanolamines and fluoro-substituted ethylamines.
pKa(B) = pKa(REF) + 1/2.303 RT {[∆Gs (B) - ∆Gs (REF)]
– [∆Gs (BH+) - ∆Gs (REF-H+)] + [∆Ggas(B) - ∆Ggas(REF)]}
(4)
The carbamate stabilities towards hydrolysis were calculated by using the
thermodynamic cycle reported by da Silva et al.10
2-Amino-3-fluoro-propanol was purchased from the FCH group (compound ID:
FCH948014, purity: > 95% pure) as its HCl salt and used without further purification for
the determination of the experimental pKa by titration with NaOH.
2.2.2 Computational Details
Due to the free rotation of the C-C bond, several conformations exist for the
alkanolamines. To find the substituted MEAs lowest energy conformers their protonated
forms and carbamate derivatives were analyzed by the gas-phase and solution-phase
conformational analysis. A conformer search was performed with the MMFF9427 force
field in ChemBio3D.28 The pre-optimized geometries were then further used for geometry
optimization with quantum chemical methods. All geometry optimizations were carried
out using B3LYP, M06-2X, and MP2 with a 6-311G(d,p) basis set and M08-HX and
M11-L, with 6-31+G(d,p) or part of the composite G3 calculations. Frequency
calculations were carried out on optimized geometries to confirm that the optimized
structures were true minima on the potential energy surface (PES), using all methods with
the same basis set. Single-point energy calculations were done using all methods with the
6-311+G(2d,2p) basis set. Thermal corrections and entropic contributions were added to
the total electronic energy for the calculation of the free energy. We used gas phaseoptimized conformers for calculation of the gas phase basicity, and subsequently reoptimized conformers in solution for all solution data. The implicit solvation models that
we used for calculation of free energy of solvation were trained against the experimental
free energies of solvation, and include an entropic contribution to the free energy of
solvation. We added an explicit water molecule for molecules which do not possess an
intramolecular hydrogen bond in our calculations, to improve the accuracy of pKa
calculations. The explicit water molecule was placed next to the amine group of the
ethylamine in such a way that it formed an intermolecular O…H-N hydrogen bond. All
calculations (except M08-HX and M11-L) were carried out with the Gaussian0929
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software package and the Gaussview5.0 visualization software. M08-HX and M11-L
calculations were carried out using Q-Chem 4.0 [which allows the use of the SM8 solvent
model with basis sets up to 6-31+G(d,p)].30 The Gibbs free energy of each species in the
gas phase is given by Equation (5):
∆G(X(g)) = Ee(X(g)) + ZPE(X(g)) + ∆G0→298(X(g))

(5)

where Ee is the total electronic energy, and ∆G0→298 is the Gibbs free energy from 0 to
298 K. Recently, it has shown that SCS-MP218, 19, 31 method gives significantly improved
results in cases where MP2 underperforms, which prompted us to use SCS-MP2 energies
wherever possible. Atomic charges of all species were calculated by the natural
population analysis (NPA)31 and the electrostatic potential-derived charges (ChelpG)31
population analysis method. Implicit solvent effects were included with the CPCM and
the recently developed universal solvation models SMD and SM8 using water as a
solvent.

2.3 Results and Discussion
2.3.1 pKa Values of Substituted MEAs by Evaluating the Free Energies of
Protonation and Solvation
The first step in our calculation of the CO2-capturing efficiency [Reaction(A);
Scheme 1] was the determination of the pKa of relevant ethanolamines. For this reason we
optimized the neutral and protonated forms of the studied ethanolamines by a variety of
methods. Figure 1 shows some of the MP2/6-311G(d,p)-optimized geometries of the
lowest-energy conformations of the α-substituted ethanolamines and the length of relevant
internal hydrogen bonds (see Table 2 for key geometrical features of the hydrogen bonds).
Alkanolamines contain both an amine and a hydroxyl functional group both being capable
of forming hydrogen bonds. It was observed that the conformers with N...H-O internal
hydrogen bonding are ~2.6 kcalmol-1 lower in energy than the conformers with O...H-N
hydrogen,32, 33 and thus nearly fully dominate the equilibrium population.
In contrast to the neutral species, for the protonated alkanolamines (i.e., the ammonium
ions), the conformers with an O…H-N intramolecular hydrogen bond have the lowest
energy. The lowest-energy conformations of all alkanolamines and ammonium cations
formed from the substituted MEAs are depicted in the Supporting Information (Figures S1
and S2), together with their intramolecular hydrogen bond lengths (see also Table 2).
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Substitution with fluorine atoms on the C1 of MEA increased the hydrogen bond length
by ~0.14 Å for the first α-F and an additional ~0.01 Å for the second α-F substitution,
whereas substitution of the α-H by α-CH3 decreased the hydrogen bond length by 0.024 Å
for the first and an extra 0.005 Å for the second α-CH3. The electron-withdrawing
properties of F34-37 and the electron-donating properties of CH338, 39 influence the charge
on the amine and thus the hydrogen bonding properties. Substitution of the methyl-H
atoms by F atoms, that is β substitution with respect to the amino group in 2-amino-1propanol, increased the hydrogen bond lengths by steps of ~0.02 Å. For the protonated
substituted MEAs, no correlation between substitution and hydrogen bond lengths was
observed, due to the smaller effect of substitution on the charges of either N or O atoms.

2.156 Å

2.147 Å

2.297 Å

2.132 Å

2.196 Å

Figure 1. Lowest-energy conformers of selected substituted monoethanolamines in the gas phase
...
and their N H-O hydrogen bond lengths. blue – N; red – O; grey – C; white– H; green – F.

The gas phase basicity (GBs) (free energies) of substituted MEAs and substituted
ethylamines were calculated at the B3LYP, M06-2X, M08-HX, M11-L, SCS-MP2 and G3
levels of theory. The results obtained with M11-L and G3 methods are listed in Table 3,
while the (analogous) data from the other two methods (M06-2X, M08-HX, B3LYP, and
SCS-MP2) are shown in the Supporting Information (Table S1). A value of 1.89 kcalmol-1
was added to the calculated gas-phase energies to convert them to standard states of 1 atm
and 1 molL-1.40
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The calculated GBs of unsubstituted MEA by M11-L and G3 calculations (214.7 and
214.9 kcalmol-1, respectively) are in agreement with the experimental value of 214.3
kcalmol-1,41 indicating the reliability of the theoretical methods used. Substitution of α-H
by α-F decreased the GB by ~13.5 kcalmol-1 as compared to unsubstituted MEA. F
substitution at the β position decreased the GB in the order of 4–6 kcalmol-1 for each Fatom substitution. This observation was further supported by the effect of HF
substitution on ethylamine (3-7 kcalmol-1 for every F substitution). Methyl substitution at
the α position increased the GB by ~3 kcalmol-1 per methyl substituent, which is
comparable to values reported by Mindrup and Schneider for aliphatic amines. The charge
on the amine functional group in substituted MEAs was calculated with NPA, Mulliken
charges, and ChelpG charges (see the Supporting Information, Table S2). Substitution
with α-F and α-CF3 moieties decreased the charge on the amine moiety, whereas methylgroup substitution increased the charge. No strong correlation between charges and GBs
of substituted MEAs was observed (R2 = 0.74).
Table 2. Intramolecular hydrogen bond lengths (in Å) of neutral and protonated
substituted MEAs [MP2/6-311G(d,p) data].
Compound name
Neutral form
Protonated form
…
N H
O…H
monoethanolamine
2.156
2.015
2-amino-2-fluoroethanol
2.297
2.044
2-amino-2,2-difluoroethanol
2.306
2.035
2-amino-1-propanol
2.132
1.991
2-amino-2-methyl-1-propanol
2.127
2.006
2-amino-3-fluoropropanol
2.147
1.960
2-amino-3,3-difluoropropanol
2.184
2.030
2-amino-3,3,3-trifluoropropanol
2.196
1.996
2-amino-3,3,3-trifluoro-2-trifluoromethyl)propanol
2.148
1.927
The pKa values of the substituted MEAs were calculated by the thermodynamic cycle
shown in Scheme 2. For the pKa, calculation values for ∆Gg(B), ∆Gg(BH+), ∆Gs(B) and
∆Gs(BH+) are required. Solvation energies can be calculated by using SM8, SMD and
CPCM solvation models. Using the implicit solvation model for optimization, we found
that there is an elongation in the hydrogen bond length in alkanolamines (0.003Å in case

23

Chapter 2
of MEA). This is due to competition between intramolecular hydrogen bonding (usually
present in alkanolamines) and intermolecular hydrogen bonding [i.e. between solvent
(water) molecules and alkanolamines]. However, there is no significant change in energy
for the most stable conformer in both phases (gas phase and solution). This observation
was further supported by findings from da Silva et al.10 Combining the calculated results
with the SMD and SM8 solvation models excellent results were obtained, taking into
account that for amines without alcohol functionality a water molecule has to be included
explicitly in the model to get good results. For alkanolamines, such addition did not affect
the obtained pKa result significantly and therefore, we abstained from the addition of an
explicit water molecule for alkanolamines without loss of accuracy. Despite the various
simplifications used in this approach (use of only one conformer, addition of one explicit
water molecule), we obtained excellent results. The results based on the M11-L and G3
electronic energies are shown in Table 4, those obtained with B3LYP, M06-2X, M08-HX,
and SCS-MP2 are shown in Tables S3 and S4 in the Supporting Information.
Table 3. Calculated gas phase basicities (kcalmol-1) of substituted MEAs.
Compound Name
Gas Phase Basicity (GB)
M11-L/6-31+G(d,p)
G3
a
monoethanolamine
214.7 (214.3 )
214.9
2-amino-2-fluoroethanol
200.5
201.2
2-amino-2,2-difluoroethanol
194.2
195.6
2-amino-1-propanol
217.4
217.7
2-amino-2-methyl-1-propanol
221.0
219.7
2-amino-3-fluoropropanol
211.6
213.9
2-amino-3,3-difluoropropanol
208.1
209.1
2-amino-3,3,3-trifluoropropanol
202.3
203.3
2-amino-3,3,3-trifluoro-2-(trifluoromethyl)196.2
196.3
propanol
ethylamine
211.5 (210.0a)
213.0
2-fluoroethylamine
208.8
210.0
2,2-difluoroethylamine
203.5
205.0
2,2,2-trifluoroethylamine
196.1
197.4
a
Experimental GB values of MEA and ethylamine from ref. [41]
α-Substitution of methyl groups on MEA had only a small influence on the pKa, but
substitution with either an α-F or α-CF3 group decreased the pKa by ~7–9 units. This is
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comparable to the reported decrease of 7 pKa units upon introduction of an α-CF3 group in
aliphatic amines.42 Substitution with a second α-F or α-CF3 group on MEA decreased the
pKa by a further ~5 pKa units in both cases. Substitution with β-F decreased the pKa values
of F-substituted MEAs by ~2.5 pKa units and F-substituted ethylamines by ~1.7 pKa units
for each substitution, respectively, all in agreement with the experiment. Combining the
calculations with the SM8 and SMD solvation models yielded a MUE of only 0.15, 0.24,
and 0.25 pKa units for G3, SCS-MP2 (with SMD solvation model), and M11-L (with SM8
solvation model), respectively.
Table 4. pKa values of substituted MEAs and ethylamines calculated by using ∆G values
from thermodynamic cycle (Scheme 2, see text).
Compound name
Expt
SMD/G3
SM8/M11-L
43
monoethanolamine
9.51
a
2-amino-2-fluoroethanol
0.20
-0.79a
2-amino-2,2-difluoroethanol
-4.29a
-4.34a
2-amino-1-propanol
9.4743
9.57 (9.64a)
9.43 (9.54a)
2-amino-2-methyl-1-propanol
9.7143
9.78 (9.67a)
9.54 (9.69a)
2-amino-3-fluoropropanol
7.45
7.60a
7.52a
2-amino-3,3-difluoropropanol
4.90a
4.99a
2-amino-3,3,3-trifluoropropanol
2.58a
1.84a
2-amino-3,3,3-trifluoro-2(trifluoromethyl)-propanol
-4.12a
-4.07a
Ethylamine
10.744
10.84
11.15
44
2-fluoroethylamine
9.0
8.71
8.90
44
2,2-difluoroethylamine
7.3
7.46
7.77
44
2,2,2-trifluoroethylamine
5.7
5.80
6.10
Mean Unsigned Error
0.15
0.25
2
R value
0.99
0.98
a
pKa values calculated without explicit water molecule.
The slope and R2 values were almost equal to unity as seen in the correlation plots
between calculated pKa and experimental pKa values of substituted MEAs and
ethylamines (Figure 2). Overall, M11-L, SCS-MP2, and G3 calculations in combination
with the SM8 and SMD solvent models thus allow for an accurate calculation of the pKa
of amines for which no experimental pKa data are available. It is specifically relevant to
note that the computational cheap M11-L density functional method provides data that are
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similar in quality to SCS-MP2 and almost as good as G3. This thus allows an easy and
extensive comparison of any future data, specifically when combined with a TruhlarCramer-type solvation model (SM8/SMD). Further evidence for the quality of our
approach comes from the experimental determination of the pKa of 2-amino-3-fluoropropanol by using a standard titration experiment. The experimental pKa of 2-amino-3fluoro-propanol was found to be 7.45±0.10, which agrees nicely with the calculated pKa
values (SMD/G3:7.60; SM8/M11-L: 7.52). Data from calculations showed that the
theoretical pKa values for substituted MEAs and F-substituted ethylamines decrease in the
order (most basic to less basic):ethylamine > AMP (2-amino-2-methyl-1-propanol) > αCH3-MEA > fluoroethylamine > difluoroethylamine > trifluoroethylamine. This is exactly
the trend of experimental pKa values found for compounds for which such experimental
data are available, which confirms that with the methods used (SM8/M11-L, SMD/G3,
SMD/SCS-MP2) the pKa can be calculated accurately.
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Figure 2. Correlation between the experimental and calculated pKa values of substituted MEAs and
ethylamines with G3 and SCS-MP2 coupled with the SMD solvation model.

2.3.2 Carbamate Formation from Amines and CO2 : Structures and Gibbs
Free Energy
The second step in our calculation of the CO2-capturing efficiency [Reaction(A);
Scheme 1] involved the determination of the Gibbs free energy for carbamate formation.
The lowest-energy conformers of the carbamate anions showed H bonds between the O
atom of the COO- group and the H atom of the OH group. The lowest-energy
conformations of the carbamate anions along with N-C bond lengths and intramolecular
hydrogen bond lengths are shown in Figure 3 [MP2/6-311G(d,p) data, the lengths
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obtained by, for example, M11-L/6-31+G(d,p), are highly similar]. The lowest-energy
conformers of the carbamate anions in the gas phase and solution phase were almost
similar in geometry, and intramolecular H bonds in carbamate anions, as observed in the
gas phase, were still favorable in solution. The N-C bond length in the carbamate of
unsubstituted MEA was 1.455 Å, which is characteristic for an N-C single bond. Upon
substitution by fluorine atoms of MEA, the N-C bond lengths increased. This reflects a
higher electron deficiency of the N-CO2 bond in fluoro-substituted MEA and indicates
that substitution of hydrogen by fluorine atoms of MEA weakens the N-C bond in
carbamates, which is of crucial importance for the regenerative desorption of CO2 (Table
5).
The effect of different substituents on carbamate formation of MEAs can be better
understood by looking at the reaction enthalpy of carbamates and Gibbs free energy for
carbamate formation (see Table 6).

1.466 Å
1.602 Å

1.480 Å
1.674 Å

1.591 Å

1.460 Å

1.457 Å

1.584 Å

1.567 Å

1.462 Å

1.644 Å

1.468 Å
1.584 Å

1.594 Å

Figure 3. Lowest energy conformers of the carbamate anions formed upon reaction of CO 2 with
…
substituted monoethanolamines, showing also the O H-O and C-N bond lengths (MP2/6-311G(d,p)
data).
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The calculated reaction enthalpy for the MEA carbamate was -16.6 kcalmol-1, which is
in good agreement with a reported calculated value of -17.6 kcalmol-1 45 [B3LYP/6311+G(d,p) data] and experimental flow-calorimetry data of -18.4 kcalmol-1 46 and -19.6
kcalmol-1.47 Substitution of H atoms by fluorine has a profound effect on the Gibbs free
energy (∆G) for the formation of carbamates. For example, the ∆G for the reaction of CO2
with 2-amino-2-fluoroethanol was ~20 kcalmol-1 higher than with MEA. The substitution
by an α-F thus more or less blocks the carbamate-formation reaction. While a methyl
substitution of MEA gave no significant changes in ∆G, upon replacing one of the methylH atoms by F, the reaction Gibbs free energy went up from -5.2 to -3.6 kcalmol-1, and a
second α-Hα-F substitution, yielding 2-amino-3,3-difluoropropanol, increased this
value to 1.0 kcalmol-1. Replacing the third H atom as well, made the reaction
nonspontaneous (∆G=3.5 kcalmol-1).
This means that the substitution of one of the β-H atoms by F provides a highly
promising route to reduce the energy needed to regenerate alkanolamines from
carbamates, while maintaining a sufficiently large driving force for the initial CO2absorption reaction. These observations are further supported by calculations of the Gibbs
free energy for the carbamate formation of substituted MEAs.
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Figure 4. Calculated reaction enthalpy of carbamate formation of substituted MEAs (kcalmol ) versus
their gas phase basicities (GB). Compound numbers correspond to entry numbers in Table 7.

Finally, a decent correlation (R2=0.91) was observed between the calculated GB of
substituted MEAs and the enthalpy for carbamate formation (Figure 4). This indicates that
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carbamate formation depends on the substitution pattern of the alkanolamine and that it
can be predicted accurately from its basicity.
Table 5. Intramolecular hydrogen bond lengths [Å] and C-N bond lengths [Å] of the
carbamate of substituted MEAs [MP2/6-311G(d,p) data].
Compound name
hydrogen bond lengths C-N bond lengths
monoethanolamine
1.602
1.455
2-amino-2-fluoroethanol
1.591
1.466
2-amino-2,2-difluoroethanol
1.674
1.480
2-amino-1-propanol
1.584
1.458
2-amino-2-methyl-1-propanol
1.567
1.457
2-amino-3-fluoropropanol
1.644
1.460
2-amino-3,3-difluoropropanol
1.584
1.462
2-amino-3,3,3-trifluoropropanol
1.594
1.468
Table 6. Reaction enthalpy (∆H in kcalmol-1) and Gibbs free energy of formation (∆G
in kcalmol-1) of the carbamate of substituted MEAs [SCS-MP2/6-311G(d,p) data].
Compound name
∆H carbamate
∆G carbamate
a
monoethanolamine
-16.6 (-18.4 )
- 6.3
2-amino-2-fluoroethanol
3.2
13.0
2-amino-2,2-difluoroethanol
5.5
16.5
2-amino-1-propanol
-16.0
- 5.2
2-amino-2-methyl-1-propanol
-16.1
- 4.6
2-amino-3-fluoropropanol
-13.9
- 3.6
2-amino-3,3-difluoropropanol
-9.5
1.0
2-amino-3,3,3-trifluoropropanol
-2.5
3.5
a
Experimental reaction enthalpy of formation of MEA carbamate from J-G Shim et.al.45

2.3.3 Stability of Carbamates towards Hydrolysis
The third step in our calculation involved determination of the stability of the formed
carbamates of substituted MEAs towards hydrolysis [Reaction(B); Scheme 1]. According
to Chakraborty et al.11 and Satori and Savage,6 the introduction of bulky substituents at the
α carbon to the amine group creates a carbamate instability. This speeds up the carbamate
hydrolysis, thereby increasing the amount of bicarbonate formed and hence allowing for
higher CO2 loadings. If the carbamate formation (as discussed in Section 2.3.2) is the only
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reaction, the maximum loading is limited to 0.5 mol CO2 per mol amine. Most amines
undergo carbamate hydrolysis to a certain extent due to the formation of less stable
carbamates. This increases the free-amine concentration in solution so that CO2 loadings
per amine may exceed 0.5 mol CO2 per mol amine, with a theoretical maximum of 1.0.
Therefore, the hydrolysis of the carbamate should be characterized by a value of ∆G that
is not too positive.
The computed reaction energies (∆H and ∆G) for the formation of carbamate of
substituted MEAs are shown in Table 7. The trends in both columns were analogous, thus
pointing to only minor entropic effects. Substitution of a H atom by an α-F on MEA
decreased ∆G by ~8 kcalmol-1. In case of α-methyl substitution on MEA the ∆G decreased
by ~1.5 kcalmol-1 per CH3 substitution, which was expected due to the introduction of
steric hindrance. Upon replacing one of the methyl-H atoms of 2-amino-1-propanol by F,
the ∆G decreased by 0.6 kcalmol-1, and a second substitution of an α-H by a β-F further
decreased the ∆G for carbamate formation by 1.3 kcalmol-1. This means that the stability
of the carbamate decreases upon replacement of H by β-F in substituted MEAs, as it is
desired.
Table 7. Computed reaction enthalpies and Gibbs free energies for the carbamate
hydrolysis reaction [Reaction(B); Scheme 1] derived from substituted MEAs [SMD/SCSMP2/6-311+G(2d,2p)//MP2/6-311G(d,p) data; in kcalmol-1].
Entry
Compound name
∆H carbamate
∆G carbamate
1
monoethanolamine
7.7
6.2
2
2-amino-2-fluoroethanol
-0.8
-1.9
3
2-amino-2,2-difluoroethanol
-1.9
-3.5
4
2-amino-1-propanol
7.1
5.3
5
2-amino-2-methyl-1-propanol
5.1
3.4
6
2-amino-3-fluoropropanol
6.2
4.7
7
2-amino-3,3-difluoropropanol
5.2
3.4
8
2-amino-3,3,3-trifluoropropanol
3.9
2.1
By reducing the energy requirements for the regeneration of the free amine after CO2
capture, this CO2-releasing reaction might already become competitive with the carbamate
hydrolysis under capture conditions. This becomes clear from the data in Tables 6 and 7.
While for MEA the calculated ∆G values for Reaction B and reverse Reaction A (Scheme
1) were nearly identical (6.2 and 6.3 kcalmol-1), for example, 2-amino-3-fluoropropanol,
these values differed by 1 kcalmol-1 (4.7 and 3.6 kcalmol-1). Thus, to compensate for this
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and to make proper use of the reduced energy demand upon regeneration, the capturing
conditions as used for MEA have to be re-optimized for the use of fluorinated MEA, by
changing, for example, concentrations, temperature, and pH. Since these condition
components interact, this is likely done best by a design of experiment approach.

2.3.4 Advantages of β-Fluoro Substituted Monoethanolamines for CO2
Capture
From Section 2.3.2 and 2.3.3 it follows that β-F substituted MEAs display several
advantages over MEA for CO2 capture. These include the development of less heat upon
the formation of carbamates in comparison to the industrially used MEA, and
concomitantly lower energy demands in its regeneration. Reducing the carbamate stability
also leads to a higher free-amine concentration in solution, from which higher CO2absorption capacities are to be expected with β-F substituted MEAs. In addition, the
boiling points of 2-amino-3-fluoropropanol and MEA were estimated to be 195 C and
170 C (calculated from ACD labs), respectively. The higher boiling point of 2-amino-3fluoropropanol indicates that the use of 2-amino-3-fluoropropanol instead of MEA
reduces volatility losses, which is highly relevant for the solvent-regeneration step. Based
on the pKa values, heats of formation for carbamates, carbamate stability, and boiling
points, β-F substituted MEAs are thus highly promising compounds for CO2 capture.

2.4 Conclusions
For energy-efficient capture of CO2 by alkanolamines the currently used MEA could
possibly be replaced by fluorine-containing analogues, such as 2-amino-3-fluoropropanol.
Quantum chemical calculations (including SCS-MP2, G3 and a variety of DFT
approaches) were used to calculate the pKa values of a series of substituted alkanolamines.
The results (pKa) are in agreement with experimental data for all compounds for which
such data were available. The calculations revealed that the fluorine-containing
compounds are able to bind CO2 efficiently and to lower the stability of the resulting
carbamates. Furthermore, they are less volatile than MEA due to their higher boiling
points. These compounds are therefore highly promising candidates for the energyefficient capture of CO2.
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Figure S1. Lowest-energy conformers of the substituted monoethanolamines in the gas phase and
...
their N H-O hydrogen bond lengths. blue– N; red – O; grey – C; white– H; Green – F.
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Figure S2. Lowest-energy conformations of the ammonium cations formed from the substituted
...
monoethanolamines and their O H-N hydrogen bond lengths. blue– N; red – O; grey – C; white– H;
Green – F.
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Table S1. Calculated gas phase basicity (kcalmol-1) of substituted MEAs.
Compound Name
M062X
M08-HX B3LYP
monoethanolamine
214.0
215.3
215.9
2-amino-2-fluoroethanol
200.5
201.3
202.3
2-amino-2,2-difluoroethanol
194.5
197.2
196.8
2-amino-1-propanol
216.5
216.5
218.7
2-amino-2-methyl-1-propanol
218.5
219.7
220.9
2-amino-3-fluoropropanol
213.0
214.6
215.2
2-amino-3,3-difluoropropanol
208.0
207.7
210.4
2-amino-3,3,3-trifluoropropanol 201.6
202.9
204.6
2-amino-3,3,3-trifluoro-2(trifluoromethyl)-propanol
194.1
195.8
198.1
ethylamine
211.2
212.3
213.5
2-fluoroethylamine
209.2
207.9
211.1
2,2-difluoroethylamine
202.1
202.1
204.3
2,2,2-trifluoroethylamine
195.3
193.7
198.2

MP2
216.5
203.4
197.8
218.6
220.3
215.5
210.9
205.2
197.3
214.1
212.0
205.4
199.5

Table S2. Calculated Mulliken (eu), NPA (eu) and ChelpG (eu) charges of the –NH2
group in substituted MEAs and ethylamines.
Compound Name
Charge on –NH2 group
monoethanolamine
2-amino-2-fluoroethanol
2-amino-2,2-difluoroethanol
2-amino-1-propanol
2-amino-2-methyl-1-propanol
2-amino-3-fluoropropanol
2-amino-3,3-difluoropropanol
2-amino-3,3,3-trifluoropropanol
2-amino-3,3,3-trifluoro-2(trifluoromethyl)-propanol
ethylamine
2-fluoroethylamine
2,2-difluoroethylamine
2,2,2-trifluoroethylamine
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Mulliken
-0.154
-0.101
-0.091
-0.164
-0.207
-0.160
-0.162
-0.140

NPA
-0.183
-0.159
-0.153
-0.185
-0.189
-0.169
-0.152
-0.144

ChelpG
-0.204
-0.192
-0.157
-0.258
-0.358
-0.205
-0.144
-0.142

-0.151
-0.107
-0.101
-0.101
-0.095

-0.118
-0.177
-0.162
-0.150
-0.137

-0.117
-0.301
-0.240
-0.231
-0.191
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Table S3. pKa of substituted MEAs and ethylamines with SMD and SM8.
Compound Name
Expt SMD
B3LYP M062X MP2
monoethanolamine
9.51 a
a
2-amino-2-fluoroethanol
-0.33
0.12
0.37a
2-amino-2,2-difluoroethanol
-5.43a
-5.44a
-4.22a

SM8
M08-HX
-0.71a
-3.53a

2-amino-1-propanol

9.47

9.14
(9.28a)

9.30
(9.36a)

9.37
(9.41a)

9.30
(9.55a)

2-amino-2-methyl-1-propanol

9.71

9.48
(9.38a)
7.72a
4.99a

9.24
(9.11a)
7.31a
4.80a

9.87
(10.01a)
7.33a
5.11a

9.47
(9.21a)
7.67a
4.99a

2.03a

1.65a

-4.21a
10.83
9.37
7.61
5.96
0.24
0.99

-4.18a
10.66
8.72
6.37
3.89
0.37
0.98

2-amino-3-fluoropropanol
7.45
2-amino-3,3-difluoropropanol 2-amino-3,3,31.99a
1.58a
trifluoropropanol
2-amino-3,3,3-trifluoro-2(trifluoromethyl)-propanol
-3.00a
-3.64a
ethylamine
10.7 11.05
10.70
2-fluoroethylamine
9.0
9.73
9.31
2,2-difluoroethylamine
7.3
7.04
6.89
2,2,2-trifluoroethylamine
5.7
5.81
6.03
Mean Unsigned Error
0.33
0.29
2
R value
0.96
0.96
a
pKa values calculated without explicit water molecule
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Table S4. pKa of substituted MEAs and ethylamines with CPCM.
Compound Name
Expt
CPCM
B3LYP
M062X MP2
monoethanolamine
9.51
a
a
2-amino-2-fluoroethanol
-0.08
0.35
0.60a
2-amino-2,2-difluoroethanol
-4.57a
-4.39a
-3.79a
2-amino-1-propanol
9.47
9.64
9.85
9.39
a
a
(9.46 )
(9.52 )
(9.15a)
2-amino-2-methyl-1-propanol 9.71
9.30
9.84
9.43
(9.60a)
(9.57a)
(10.54a)
a
a
2-amino-3-fluoropropanol
7.45
7.21
7.11
7.02a
2-amino-3,3-difluoropropanol 5.12a
4.67a
4.91a
2-amino-3,3,31.77a
1.16a
1.71a
trifluoropropanol
2-amino-3,3,3-trifluoro-2(trifluoromethyl)-propanol
-3.72a
-3.96a
-5.68a
ethylamine
10.7
12.25
11.48
11.82
2-fluoroethylamine
9.0
10.30
9.67
9.61
2,2-difluoroethylamine
7.3
8.83
7.63
7.72
2,2,2-trifluoroethylamine
5.7
5.25
6.00
5.73
Mean Unsigned Error
0.82
0.38
0.56
2
R value
0.88
0.97
0.96
a
pKa values calculated without explicit water molecule
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G3
-0.02a
-4.40a
9.34
(9.36a)
9.53
(9.23a)
7.05a
4.48a
2.00a

-4.49a
11.82
9.60
7.72
5.73
0.46
0.93

3

Accurate pKa Calculation of the Conjugate Acids of
Alkanolamines, Alkaloids and Nucleotide bases by
Quantum Chemical Methods.
The pKa of the conjugate acids of alkanolamines, neurotransmitters, alkaloid drugs
and nucleotide bases are calculated with density functional methods (B3LYP,
M08-HX and M11-L) and ab initio methods (SCS-MP2, G3). Implicit solvent
effects are included with a conductor-like polarizable continuum model (CPCM)
and universal solvation models (SMD, SM8). G3, SCS-MP2 and M11-L methods
coupled with SMD and SM8 solvation models perform well for alkanolamines
with a mean unsigned errors below 0.20 pKa units, in all cases. Extending this
method to the pKa calculation of a wide variety of 35 nitrogen-containing
compounds spanning 12 pKa units showed an excellent correlation between
experimental and computational pKa values of these 35 amines with the
computationally low-cost SM8/M11-L density functional approach.

This chapter has been published as:
“Accurate pKa Calculation of the Conjugate Acids of Alkanolamines, Alkaloids
and Nucleotide bases by Quantum Chemical Methods” S. Gangarapu, A. T. M.
Marcelis, H. Zuilhof, ChemPhysChem, 2013, 14, 990-995.
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3.1 Introduction
Numerous computational studies have attempted to predict the pKa value of several
kinds of organic compounds by applying different theoretical procedures.1-11 The most
commonly used schemes couple quantum chemical calculations of the gas phase
protonation energy with continuum solvation models to account for solvent effects.
Recent studies of Magill et al.12 have described that complete basis set (CBS) or Gaussiann- gas-phase methods coupled with conductor-like polarizable continuum model (CPCM)
solvation models predict the pKa with high accuracy. However, these methods are not
routinely feasible for medium and large molecules. Jang et al.13, 14 have described that the
coupling of density functional theory with a continuum solvation model is a suitable
method for the accurate calculation of pKa. Typically, accurate pKa calculation of amines
is non-trivial due to the influence of hydrogen bonds and solvent effects, which can easily
lead to under- or overestimation of the pKa. Due to the presence of intramolecular
hydrogen bonds, it is more difficult to calculate the pKa values of the conjugate acids of
ethanolamines accurately than those of alkylamines.15, 16 Up to now, only a few quantum
chemical pKa calculations of alkanolamines have been reported. For example, Da Silva et
al.16 have calculated pKa values of the conjugate acids of alkanolamines with a continuum
model and free energy perturbation models, and reported that none of these solvation
models yield a good correlation between calculated and experimental pKa values.
Alkanolamines are industrially important compounds for the multi-ton scale capture of
CO2 from exhaust gasses of fossil fuel power plants. The pKa values of the conjugate acids
of alkanolamines plays an important role in their reaction rate with CO2, via the proton
uptake from carbamic acid or from water, and their CO2 absorption capacity.17-19
Therefore, an accurate prediction of pKa values is of great interest when screening for new
candidate compounds for the capture of CO2.20
The goal of this paper is to describe an accurate, generally applicable, yet fast method to
calculate the pKa values of the conjugate acids of amines. To this aim, we did not only
investigate the above mentioned small amines as relevant for CO2 capture, but also a wide
range of amines that play a crucial role in various biological processes. The interactions
and reactions of amine groups in e.g. proteins, alkaloids and nucleic acids, depend largely
on the pKa values of the nitrogen groups and the pH of the solution. It is therefore of high
significance to know and predict the pKa value of these compounds for a better
understanding of their interactions and reactivity’s. There are many bioactive molecules
that can be viewed as ‘ethanolamine-derived’ compounds, like ephedrine, epinephrine,
and synephrine, which act mostly as neurotransmitters, so this class of compounds was
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included in our investigations. Furthermore, to test the generality of the method we
included alkaloids like nicotine, cocaine and lidocaine and also other nitrogen compounds,
including N-heterocycles, nucleic acid bases and sterically hindered bases. Overall these
compounds span a range of 12 pKa units.
The approach that was followed towards the accurate pKa calculation of this wide
variety of nitrogen-containing compounds involved the combination of density functional
(B3LYP,21 M08-HX22 and M11-L)23 and ab intio methods (SCS-MP224 and G3)25 with
solvation models like the conductor-like polarizable continuum model (CPCM)26 and
universal solvation models (SMD27 and SM8).28 Via this approach we were able to
develop a generic method for the accurate pKa calculation of a wide range of the conjugate
acids of amine compounds.

3.2 Computational Details
3.2.1 Calculation of pKa Values of Amines
The acidity constant (pKa) for an acid BH+ is defined as pKa = -log Ka = ∆Gps/2.303 RT,
with ∆Gps = free energy of protonation in an aqueous environment and Ka = equilibrium
constant. The general approach to calculate ∆Gps is from a thermodynamic cycle,6
(Scheme 1). In this cycle, ∆Gpg and ∆Gps are the gas phase and aqueous phase free energy
of protonation, respectively. ∆Gs (BH+), ∆Gs (B) and ∆Gs (H+) are the free energies of
solvation for BH+, B and H+, respectively.

Scheme 1. Thermodynamic cycle used for the calculation of the pKa of a base B.

∆Gps is given by the Equations (1)-(3):
∆Gps = ∆Gpg + ∆Gs,
where
∆Gpg= Ggas(B) + Ggas(H+) – Ggas(BH+)
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and
∆Gs = ∆Gs (B) + ∆Gs (H+) – ∆Gs (BH+)
(3).
+ 2
There is a debate about the solvation energy of the proton ∆Gs(H ), for which
experimental values in the range of -254 to -265.9 kcalmol-1 have been reported.6 To
overcome this problem, known experimental pKa values are often taken as a reference.
Therefore, we have taken the well-described pKa of monoethanolamine as a reference
(REF) to calculate the pKa values of the bases B of interest here, namely alkanolamines
and biologically active amines, yielding Equation (4):
pKa(B) = pKa(REF) + 1/2.303 RT {[∆Gs (B) - ∆Gs (REF)]
–[∆Gs(BH+)- ∆Gs (REF-H+)] + [∆Ggas(B) - ∆Ggas(REF)]}
(4)
3.2.2 Computational Details
A gas-phase conformational analysis was done on all amines and their protonated forms
to find their lowest energy conformers. A conformer search was performed with the
MMFF9430 force field in ChemBio3D.31 The pre-optimized geometries were then further
used for geometry optimization with quantum chemical methods. All geometry
optimizations were carried out using B3LYP, second-order Møller-Plesset theory (MP2)
with a 6-311+G(2d,2p) basis set; M08-HX and M11-L, with 6-31+G(d,p) and part of the
composite G3 calculations and followed by frequency calculations to confirm that the
optimized structures were true minima on the potential energy surface (PES), using all
methods with the same basis set. Single-point energy calculations were done for all
methods with the 6-311+G(2d,2p) basis set (apart from, of course, the G3 calculations).
Thermal corrections and entropic contributions were added to the total electronic energy
for the calculation of the free energy. All calculations (except for M08-HX and M11-L)
were carried out with the Gaussian0932 software package and the Gaussview 5.0
visualization software. Implicit solvent effects were included with the CPCM model and
the universal solvation models SM8 and SMD using water as a solvent. M11-L and M08HX calculations are only available in Q-Chem, and were carried out using Q-chem 4.0. QChem, however, does not include SMD, but does present the possibility to use the SM8
solvent model, with basis sets up to 6-31+G(d,p).33 Since this is therefore the best
available option in Q-Chem, this solvent/basis set option was used for the M08-HX and
M11-L calculations.

45

Chapter 3

3.3 Results and Discussion
3.3.1 pKa of the Conjugate Acids of Alkanolamines by Evaluation of Free
Energies of Protonation and Solvation
The reactivity of alkanolamines with CO2 in the CO2-capturing process depends mostly
on the basicity of the amine, i.e. the pKa of the conjugate acid. Due to the presence of both
hydroxyl and amine functional groups, intramolecular hydrogen bonding in alkanolamines
can occur, which influences the pKa. Therefore, an extensive conformational analysis was
done to find the lowest energy conformers of all alkanolamines. From the conformational
analysis, it was generally seen that the conformers with an internal N…H-O hydrogen
bond have a lower energy than the conformers with O…H-N bonding. The lowest energy
conformations of the alkanolamines under current study, as optimized at the MP2/6311+G(2d,2p) level of theory in the gas phase, are shown with their hydrogen bond
lengths in Figure 1. In the case of protonated alkanolamines, the conformers with an
intramolecular O…H-N hydrogen bond have the lowest energy. The lowest-energy
conformations of the ammonium cations of alkanolamines with their intramolecular
hydrogen bond lengths are shown in the Supporting Information (Figure S1).
To minimize the chance of method-dependent results, the gas-phase basicities (GB) of
all alkanolamines were obtained with B3LYP, M08-HX, M11-L, SCS-MP2 and G3
calculations. A value of 1.89 kcalmol-1 was added to the calculated gas-phase energies to
convert them to standard states of 1 atm and 1 molL-1.34
The calculated gas-phase basicities of the three alkanolamines for which accurate
experimental data are known (monoethanolamine, 3-amino-1-propanol and
diethanolamine) show an excellent agreement with these experimental35 gas phase
basicities. The mean unsigned error between experimental (214.3, 219.2 and 219.9
kcalmol-1 respectively) and calculated gas phase basicities (214.7, 218.9 and 219.4
kcalmol-1 with M11-L method) is <1 kcalmol-1 with all these computational methods. The
results obtained from M11-L and SCS-MP2 are better (mean unsigned errors < 0.6
kcalmol-1) than with the other computational methods (B3LYP, M08-HX and G3; mean
unsigned error ~1 kcalmol-1). The results obtained from M11-L and SCS-MP2 are shown
in Table 1, while the data from other methods (B3LYP, M08-HX and G3) are shown in
the Supporting Information (Table S1).
The pKa values of the conjugate acids of alkanolamines were calculated via the
thermodynamic cycle in Scheme 1. For calculation of pKa, the values of ∆Gg(B),
∆Gg(BH+), ∆Gs(B) and ∆Gs(BH+) are required. Solvation energies are calculated by taking
the difference between the Gibbs free energies in solution and gas phase. Solvation
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energies are calculated by using SM8, SMD and CPCM solvation models. As most
characteristic differences can be noted that, for example, the SMD solvation model takes
both short-range interactions (cavitation, dispersion, solvent structural effects and
hydrogen bonding) and long-range interactions (electrostatic polarization effects) into
account, whereas CPCM only considers the long-range interactions. Since M11-L is only
available in Q-Chem, in which SM8 is the most advanced Truhlar-Cramer solvent model,
SM8 solvation was used for the M11-L-based method for pKa calculations.

2.195 Å
1-amino-2-propanol

1.995 Å
3-amino-1-propanol

2.249 Å
2-(ethylamino)ethanol

2.244 Å
monoethanolamine

2.203 Å
2-amino-2-methyl1-propanol

2.255 Å
2-(methylamino)ethanol

2.213 Å
2-amino-1-propanol

2.220 Å
2-amino-2-methyl
propane-1,3-diol

2.247 Å
2-((2-aminoethyl)amino)
ethanol

Figure 1. Lowest-energy conformers of selected substituted monoethanolamines in the gas phase
and their N...H-O hydrogen bond lengths. Blue – N; red – O; grey – C; white – H.

For B3LYP calculations, in combination with SMD and CPCM solvation models, the
mean unsigned errors are 0.33 and 0.60 pKa units, respectively (results are shown in Table
S2 in the Supporting Information). This reflects the general trend that results obtained
47

Chapter 3
with the SM8 and SMD solvation models are typically significantly better than those
obtained by the CPCM solvation model.36 The combination of the SCS-MP2 method with
the SMD solvation model gave a mean unsigned error of only 0.18 pKa units, whereas the
mean unsigned error for M11-L, G3, M08-HX and B3LYP are 0.19, 0.20, 0.25 and 0.33
pKa units, respectively. The results based on the M11-L and SCS-MP2 energies are shown
in Table 2: those obtained with B3LYP, M08-HX and G3 are shown in Table S2 in the
Supporting Information.
Table 1. Calculated gas-phase basicities (kcalmol-1) of the alkanolamines.
Compound Name
M11-La
SCS-MP2b
monoethanolamine
214.7 (214.3c)
213.7
1-amino-2-propanol
216.6
215.2
2-amino-1-propanol
217.4
216.5
c
3-amino-1-propanol
218.9 (219.2 )
218.8
2-amino-2-methylpropanol
221.0
218.5
2-amino-2-methylpropane-1,3-diol
223.0
221.4
2-(ethylamino)ethanol
223.3
222.8
2-(methylamino)ethanol
220.3
220.8
c
diethanolamine
219.4(219.9 )
219.0
diisopropanolamine
221.5
221.2
2-(dimethylamino)ethanol
224.5
224.3
2-((2-aminoethyl)amino)ethanol
222.5
223.0
2-((3-aminopropyl)amino)ethanol
222.7
224.3
a
M11-L/6-31+G(d,p), using ZPE and thermal corrections from M11-L /6-31+G(d,p).
b
MP2/6-311+G(2d,2p), using ZPE and thermal corrections from MP2/6-311+G(2d,2p).
c
Experimental values of GB of some of protonated alkanolamines.35
The data in Table 2 reveal the high accuracy of the pKa calculations that can be obtained
by SM8/M11-L and SMD/SCS-MP2 calculations. This is, for example, clear upon looking
at the effects of N-alkylation. Direct substitution of methyl or ethyl groups on the nitrogen
atom of the amine group increased the pKa of the conjugate acids of alkanolamine,
whereas substitution of an N-hydroxyethyl or an N-aminoethyl group decreases the pKa
value of the conjugate acids of alkanolamines, in line with experimental values. The
SM8/M11-L-calculated pKa values of the conjugate acids of N-methyl and N-ethyl
substituted ethanolamine are 10.09 and 10.32, respectively, which follows the same trend
as the experimental pKa values (9.88 and 10.00, respectively). This accuracy is maintained
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for the estimation of steric effects, as substitution by a second methyl group to yield 2(N,N-dimethylamino)ethanol, decreases the calculated pKa value from 10.09 to 9.82 - due
to the increase in steric hindrance around the nitrogen atom in alkanolamines - which
trend is also seen in the experimental pKa values (a decrease from 9.97 to 9.74).
Table 2. Calculated pKa of the conjugate acids of alkanolamines with SMD solvation
model.
Compound Name
Expt
SM8/M11-L
SMD/SCS-MP2
monoethanolamine
9.51
1-amino-2-propanol
9.50
9.38
9.38
2-amino-1-propanol
9.47
9.54
9.43
3-amino-1-propanol
10.00
10.15
10.13
2-amino-2-methylpropanol
9.71
9.69
9.72
2-amino-2-methylpropane-1,3-diol
8.84
9.05
8.95
2-(ethylamino)ethanol
10.0
10.32
10.10
2-(methylamino)ethanol
9.88
10.09
9.97
diethanolamine
8.88
9.06
9.14
diisopropanolamine
8.88
8.89
8.95
2-(dimethylamino)ethanol
9.57
9.82
9.74
2-((2-aminoethyl)amino)ethanol
9.76
9.55
9.88
2-((3-aminopropyl)amino)ethanol
10.40
10.61
10.62
Overall, basicity trends are typically followed accurately, given the < 0.2 pKa units
accuracy as mentioned above. In this, it is important to mention that M11-L and SCS-MP2
yield near-identical and high accuracies, but that the M11-L density functional method is
computationally much cheaper than MP2. This induced us to use the SM8/M11-L density
functional method for further calculation of the pKa of other, more complex amines and
nitrogen-containing compounds with wide-ranging pKa values, such as ephedrines,
alkaloids, nucleotides, etc.
3.3.2 pKa of the Conjugate Acids of Biologically Active Amines by
Evaluation of Free Energies of Protonation and Solvation
The SM8/M11-L approach towards the calculation of pKa can be easily applied to
biologically active amines like ephedrines, alkaloids and nucleotide bases. Many
ephedrines act as neurotransmitters and can be considered as ‘complex ethanolamines’ of
prominent biological importance. To evaluate the general validity of our approach to
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accurately calculate the pKa values of protonated amines we also studied a series of
alkaloid drugs, nucleotide bases and other amines which have a wide range of different
pKa values. The amines that were incorporated in this study are shown in Figure 2.
Due to the possibility of multiple conformational isomers for the neurotransmitters, an
extensive conformational analysis was done using the MMFF94 force field. From this, the
lowest-energy conformer of each neurotransmitter was used for the calculation of the pKa
of all of the conjugate acids of amines. From the conformational analysis, it was observed
that conformers with an N…H-O internal hydrogen bonding are typically more stable (by
~1.7 kcalmol-1) than the conformers with O…H-N bonding. In case of protonated
ephedrines, the conformers with an O…H-N intramolecular hydrogen bond have the
lowest energy. This is the same as found for the more simple ethanolamines.36
For some of the compounds in Figure 2 (nicotine, pyridine, 2,6-dimethylpyridine, DBN,
DBU, Hunig’s base and triethylamine), the experimental gas-phase basicities are known.
This prompted us to calculate these values as well, via M11-L/6-31+G(d,p) calculations
(Table 3). An excellent agreement was observed between the calculated and experimental
gas-phase basicities, with a mean unsigned error of only ~1 kcalmol-1, which is close to
the experimental error. In fact, the largest deviation between calculated and experimental
gas-phase basicity within this set of compounds is only 1.5 kcalmol-1: 227.3 (exp) versus
228.8 kcalmol-1 (for triethylamine).
While the accuracy of the gas-phase basicities is noteworthy, the real challenge
concerns solution data. Therefore, the calculations were extended to the pKa values of all
of the conjugate acids of compounds depicted in Figure 2 by using M11-L/6-31+G(d,p)
calculations coupled with the inclusion of solvent effects via the SM8 solvation model.
The compounds were selected because of their biological relevance, structural variation,
and wide range of experimental pKa values for their conjugated acids, from 1.5 to 13. In
the case of nucleotide bases, multiple basic sites are present that can undergo protonation;
the primary protonation sites in the nucleotide bases are therefore highlighted in large font
size in Figure 2. The data of Table 3 are displayed graphically in Figure 3, which provides
a clear picture of the accuracy: the correlation between the experimental and theoretical
values for this set of 23, quite diverse amines is excellent: R2 = 0.99, while the slope is
also 0.99.
The effect of different bulky substituents like ethyl, isopropyl or tert-butyl groups on
the pKa values of the conjugate acids of tertiary amines was also investigated. The
calculated pKa values of substituted ethylamines increase in the order (less basic to more
basic): triethylamine< tri-tert-butylamine < N-ethyl-N,N-diisopropylamine (Hunig’s base)
< triisopropylamine. This is very similar to the trend observed for the experimental pKa
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values. The calculations from M11-L revealed that the CNC bond angles in substituted
alkyl amines increase upon increasing the steric hindrance around the central nitrogen:
triethylamine (113.3), Hunig’s base (114.2), triisopropylamine (117.4) and tri-tertbutylamine (119.4). In contrast, B3LYP calculations indicate that tri-tert-butylamine
(117.4) has a smaller bond angle when compared to triisopropylamine (118.3), despite
the presence of more bulky groups. This indicates that the steric effects in alkyl amines
are more accurately calculated with M11-L than with B3LYP.37

Figure 2. Biologically active amines incorporated in this study and protonated sites are highlighted in
large font size.

51

Chapter 3
Table 3. Experimental and calculated (SM8/M11-L) pKa values of a wide variety of the
conjugated acids of amines. For some bases the gas phase basicities are given between
brackets.
Compound Name
Expt
SM8/M11-L
ephedrine
9.52
9.41
norephedrine
9.37
9.90
N-methylephidrine
9.06
8.90
synephrine
9.30
9.43
epinephrine
8.55
8.17
norepinephrine
8.40
8.16
dopamine
8.89
8.94
nicotine
8.00 (222.5)
8.39 (223.8)
lidocaine
7.25
6.73
cocaine
8.60
8.08
a
DBN
13.50 (240.4 )
14.07 (242.0a)
DBU
12.00 (242.7)
11.78 (243.6)
pyridine
5.20 (214.6)
5.15 (214.5)
2,6-dimethylpyridine
6.70 (222.5)
6.52 (221.2)
triethylamine
10.65 (227.3)
10.21 (228.8)
N-ethyl-N,N-diisopropylamine
11.40 (230.3)
11.19 (229.3)
triisopropylamine
11.80
11.61
tri-tert-butylamine
10.72
10.34
adenine
4.30
4.47
guanine
4.40
4.01
cytosine
3.30
3.23
pyrimidine
1.50
1.76
purine
2.50
2.31
Mean Unsigned Error (with inclusion of 0.23
alkanolamines)
a
Experimental and calculated gas phase basicities in kcalmol-1.35
The calculated pKa values of the conjugate acids of aromatic and nucleotide bases also
match very well with the experimental pKa values. Once again this shows that the
calculation method used here (SM8/M11-L) accurately and reliably predicts the pKa
values of a wide variety of the conjugate acids of amines.
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Figure 3. Correlation between the experimental and calculated pKa values of the conjugate acids of all
amines with SM8/M11-L.

The mean unsigned error between the calculated and experimental pKa values was 0.23
pKa units, which is very close to the experimental pKa error. An excellent correlation was
observed between the experimental and calculated pKa values with R2 and slope almost
equal to unity. Out of the 23 amines which we incorporated in this study, the highest pKa
deviations (~0.5 pKa units) between experimental and calculated values were observed for
cocaine and lidocaine. This may be due to the presence of bulky groups around the basic
amine site. From this study it is concluded that it is possible to accurately and reliably
calculate the pKa of wide variety of the conjugate acids of amines by mimicking the
solvent effects and estimating the strength of hydrogen bonds with the use of suitable
solvent models (SM8/SMD) and computational methods (M11-L and SCS-MP2, G3).
Good results are obtained from SCS-MP2 and G3 methods, which are computationally
very expensive, but we can also use M11-L to calculate pKa of the conjugate acids of
amines with no significant loss of accuracy and at computationally much lower cost. The
computational cost of M11-L is similar to M06-2X but a bit higher than B3LYP.

3.4 Conclusions
The basicities of amines can be calculated rapidly and with high accuracy with the
recently developed M11-L functional in combination with the Truhlar-Cramer solvation
model SM8: for the conjugate acids of 23 amines with experimental pKa’s of 1.5 to 13, the
calculated pKa deviated on average less than 0.2 pKa units (R2 = 0.99; slope of plot: 0.99).
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Since this data set included compounds as wide ranging as alkanolamines, ephedrines,
alkaloids, nucleotide bases and sterically hindered amines, the developed method is
generally applicable. In addition, SCS-MP2 calculations display a similar accuracy, but
are about an order or magnitude slower.
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Figure S1. Lowest-energy conformations of the ammonium cations formed from the alkanolamines
...
and their O H-N hydrogen bond lengths. blue– N; red – O; grey – C; white– H.
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Figure S2. Correlation between the experimental and calculated pKa values of alkanolamines with
SCS-MP2 coupled with SMD solvation model.

Table S1. Calculated gas phase basicities (Kcalmol-1) of alkanolamines.
Compound Name
B3LYPa
M08-HXb
monoethanolamine
214.3 (214.3d)
215.3

G3c
214.9

1-amino-2-propanol

216.1

216.6

216.4

2-amino-1-propanol

217.7

216.5

217.7

3-amino-1-propanol
221.5 (219.2d)
220.1
219.9
2-amino-2-methylpropanol
220.2
219.7
219.7
2-amino-2-methylpropane-1,3-diol
222.8
222.8
222.5
2-(ethyl amino)ethanol
223.2
222.2
223.2
2-(methyl amino)ethanol
221.3
221.0
221.2
diethanolamine
220.2(219.9d)
219.8
219.9
diisopropanolamine
222.7
222.4
222.3
2-(dimethyl amino)ethanol
224.3
224.1
224.1
2-((2-aminoethyl)amino)ethanol
223.8
222.9
223.5
2-((3-aminopropyl)amino)ethanol
225.5
226.3
225.3
a
B3LYP/6-311+G(2d,2p) using ZPE and thermal corrections from B3LYP/6-311+G(2d,2p)
b
M08-HX/6-31+G(d,p) using ZPE and thermal corrections from M08-HX /6-31+G(d,p).
c
MP2/6-311+G(2d,2p) using ZPE and thermal corrections from MP2/6-311+G(2d,2p)
d
Experimental values of GB of some of alkanolamines.
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Table S2. Calculated pKa values of alkanolamines with SMD and SM8 solvation models.
Compound Name
Expt
SMD/
CPCM/ SM8/
SMD/
B3LYP B3LYP M08-HX G3
monoethanolamine
9.51
1-amino-2-propanol
9.5
9.56
9.57
9.40
9.65
2-amino-1-propanol
9.47
9.73
9.74
9.56
9.66
3-amino-1-propanol
10.0
10.34
10.91
9.96
10.41
2-amino-2-methylpropanol
9.71
10.12
9.89
9.21
9.67
2-amino-2-methylpropane-1,3-diol
8.84
9.05
9.44
9.06
9.17
2-(ethylamino)ethanol
10.0
10.56
10.81
10.23
10.35
2-(methylamino)ethanol
9.88
10.13
11.31
10.14
10.09
diethanolamine
8.88
9.27
9.11
9.17
9.04
diisopropanolamine
8.88
9.30
8.39
9.24
8.95
2-(dimethylamino)ethanol
9.57
10.14
10.10
9.66
9.50
2-((2-aminoethyl)amino)ethanol
9.76
9.66
10.29
9.84
9.72
2-((3-aminopropyl)amino)ethanol
10.4
10.75
11.51
10.91
10.78
Mean Unsigned Error
0.33
0.60
0.25
0.20
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Carbamate Stabilities of Sterically Hindered Amines
from Quantum Chemical Methods: Relevance for
CO2 Capture.
The influence of electronic and steric effects on the stabilities of carbamates
formed from the reaction of CO2 with a wide range of alkanolamines was
investigated by quantum chemical methods. For the calculations, B3LYP, M11-L,
MP2, and spin component-scaled MP2 (SCS-MP2) methods were used, coupled
with SMD and SM8 solvation models. A reduction in carbamate stability leads to
an increased CO2 absorption capacity of the amine and a reduction of the energy
required for solvent regeneration. Important factors for the reduction of the
carbamate stability were an increase in steric hindrance around the nitrogen atom,
charge on the nitrogen atom and intramolecular hydrogen bond strength. The
present study indicates that secondary ethanolamines with sterically hindering
groups near the nitrogen atom show significant potential as candidates for
industrial CO2-capture solvents.

This chapter has been published as:
“Carbamate Stabilities of Sterically Hindered Amines from Quantum Chemical
Methods: Relevance for CO2 Capture”. S. Gangarapu, A. T. M. Marcelis, H.
Zuilhof, ChemPhysChem, 2013, 14, 3936-3943.
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4.1 Introduction
The increased emission of anthropogenic greenhouse gases (GHGs) has the potential to
significantly increase the average global temperature.1 Carbon dioxide is considered one
of the major contributors to global warming, due to its abundance compared to other
greenhouse gases.2, 3 Therefore, reduction of the atmospheric emission of CO2 is
considered a primary target in environmental policies. Absorption of CO2 with
alkanolamines in mixtures with absorption promoters has traditionally been used for its
removal from exhaust gases. Among the available alkanolamines, monoethanolamine
(MEA) is the most commonly used industrial solvent for CO2 capture.4 This is because
MEA has a high reactivity towards CO2, low solvent cost, low molecular weight and good
water solubility.5-7 However, MEA has certain disadvantages, such as the formation of
rather stable carbamates with CO2 and a concomitantly high energy demand for
regeneration, a relatively high volatility, and it shows significant long-term thermal and
oxidative degradation. These factors make MEA a suboptimal solvent for CO2 capture
from power plants.8 Clearly, there is considerable scope for improving CO2-capturing
solvents, which have higher CO2 absorption rates, lower regeneration costs and lower
degradation rates than MEA.
Recently, sterically hindered primary amines and secondary amines have received much
attention as CO2-capturing solvents due to their fast reaction rates with CO2 and lower
regeneration costs than conventional primary amines like MEA.9-17 Such sterically
hindered amines form less stable carbamates upon reaction of CO2 and thereby increase
the CO2 absorption capacity from 0.5 mole of CO2 per mole of amine to up to 1 mole of
CO2 per mole of amine (Scheme 1).

Scheme 1. The possible reactions of alkyl amines and carbamates with CO 2 and water.

Widely used sterically hindered amines for CO2 capture are 2-amino-2-methyl-1propanol (AMP) and diethanolamine (DEA). Despite the advantages provided by their
bulkier substituents, these solvents are not ideal due to a poor reactivity towards CO2 and
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improvements are still needed. In the search for new solvents for CO2 capture and optimal
use thereof, we therefore need an improved and more detailed understanding of the
reaction of amines with CO2, including an accurate estimate of the factors that determine
their corresponding carbamate stability.

Figure 1. Alkanolamines for CO2 capture as investigated in this study. Different series of
alkanolamines are separated by dotted lines.

In the present study, we thus investigate the electronic and steric effects on the
carbamate stabilities of four series of alkanolamines, and we do this by calculating the
Gibbs free energy for Reaction (C) in Scheme 1 with quantum chemical methods. The
first series are primary alkanolamines in which one or two CH3 groups are present at the α
or β position from the amine group (Figure 1: entries 1–5). The second series consists of
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secondary alkanolamines that have an increasingly bulky alkyl group on the nitrogen atom
(Figure 1: entries 6–12). To the best of our knowledge, the effects of bulky groups like
isopropyl, isobutyl or secondary butyl substituents on the nitrogen atom of MEA (1), and
N-methyl or N-ethyl substitution on AMP (5) for application in CO2 capture were not
studied yet. The third series are secondary alkanolamines with various N-bound
substituents like hydroxyalkyl or aminoalkyl with variable chain lengths are present
(Figure 1: entries 13–17). Finally, the fourth series consists of the cyclic amines 2piperidinemethanol and 2-piperidineethanol (Figure 1: entries 18, 19), which have already
shown some promise in CO2 capture.
To this aim, B3LYP/6-311+G(2d,2p), MP2/6-311+G(2d,2p), spin-component-scaled
MP2/6-311+G(2d,2p) (SCS-MP2)18 and M11-L/6-31+G(d,p)19 calculations were
performed to obtain the Gibbs free energy for the carbamate hydrolysis reaction. Solvents
effects were mimicked with the universal solvation models SM8 and SMD.20, 21 Through
this approach, we aim to delineate the electronic and steric effects on the carbamate
stabilities of sterically hindered amines. Based on these finding we propose some
interesting alkanolamines for industrial use as CO2 capture agents.

4.2 Computational Details
The carbamate stabilities towards hydrolysis were calculated by using the
thermodynamic cycle reported by da Silva et al.22

Figure 2. Thermodynamic cycle used for the calculation of the Gibbs free energy of reaction C in
Scheme 1.

The reaction energy in solution (∆Gcs) can be written as Equation (1):
∆Gcs = ∆Gcg + ∆∆Gs

(1)

Where [Equation (2)]:
∆Gcg = Gg (RNH2) + Gg (HCO3-) – Gg (RNHCO2-) – Gg (H2O)

(2)
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And [Equation (3)]:
∆∆Gs = ∆Gs (RNH2) + ∆Gs (HCO3-) – ∆Gs (RNHCO2-) – ∆Gs (H2O)

(3)

Gas-phase conformational analysis was done on the species that are described in the
thermodynamic cycle to find the lowest energy conformers. A conformer search was
performed with the MMFF9423 force field in ChemBio3D.24 The lowest-energy
conformers in the solution phase were found to be the same as in the gas phase. The preoptimized gas-phase geometries obtained with MMFF94 were further optimized in
solution phase with B3LYP/6-311+G(2d,2p), MP2/6-311+G(2d,2p) and M11-L/631+G(d,p) calculations. Frequency analyses were carried out on the optimized geometries
with the same basis set to find true minima on the potential energy surface. Thermal
corrections and entropic contributions were added to the total electronic energy for the
calculation of the free energy. The universal solvation models (SMD and SM8) that we
used for the calculation of the free energy of solvation are trained against the experimental
free energies of solvation, and include an entropic contribution to the free energy of
solvation. All calculations were carried out with the Gaussian 0925 software package, Qchem4.026 and Gaussview5.0 visualization software. B3LYP, MP2, SCS-MP2 calculations
were carried out using Gaussian09 with the use of the SMD solvent model with the 6311+ G(2d,2p) basis set.27 In case of M11L, calculations were carried out using Q-Chem
4.0 [which allows the use of the SM8 solvent model with basis sets up to 6-31+G(d,p)].
Recently, it was shown that SCS-MP2 methods give significant improvements in cases
where MP2 underperforms, which prompted us to use SCS-MP2 energies wherever
possible.18, 28 All data in the tables below represent SMD/B3LYP/6311+G(2d,2p)//SMD/B3LYP/6-311+G(2d,2p),
SMD/SCS-MP2/
6311+G(2d,2p)//SMD/MP2/6-311+G(2d,2p) calculations. Data of analogous SM8/M11L/6-31+G(d,p)//SM8/M11-L/6-31+G(d,p) calculations are given in the Supporting
Information. Atomic charges of all species were calculated by natural population analysis
(NPA)29 and hybridizations by NBO analysis (NBO)29 on the solution phase-optimized
geometries.

4.3 Results and Discussion
The geometries of the alkanolamines and their carbamates were optimized with SCSMP2/6-311+G(2d,2p) and M11-L/6-31+G(d,p) methods. From previous studies, it was
found that both methods yield highly accurate pKa and carbamate stability data and thus
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display the same trends.30, 31 The lowest-energy conformers of carbamate anions of
selected alkanolamines after MP2-optimization, along with their intramolecular hydrogen
bond lengths and N–C bond lengths are shown in Figure 3. All other MP2-optimized
geometries, together with the M11-optimized geometries of all compounds under study,
are shown in the Supporting Information (Figures S1 and S2, respectively). The lowestenergy conformers of the carbamate anions show hydrogen bonds between an O atom of
the COO- group and the H atom of the OH group. The lowest-energy conformers of the
alkanolamines show intramolecular hydrogen bonding between the amine nitrogen atom
and the H atom of the hydroxyl group. The lowest-energy conformers of either
alkanolamine or its carbamate anion in the gas phase and solution phase are almost
identical in geometry, and the same intramolecular hydrogen bonds are observed in the
carbamate anions in the gas phase and in solution.32 The Gibbs free energy as calculated
from the thermodynamic cycle (Figure 2) was used as a parameter to interpret the
carbamate stabilities of the sterically hindered amines.
4.3.1 Substitution of C-linked Methyl Groups on MEA
For the sterically hindered primary amines, the effect of substitution of one or two
methyl groups either on the α- or β carbon atom from the amine functional group was
investigated. The lowest-energy conformers of the carbamate anions of relatively
important alkanolamines are shown in Figure 3, together with their hydrogen bond and N–
C bond lengths.
The carbamate stability of α–CH3 substituted MEA (3) was found to be lower than the
carbamate stability of MEA (1), due to the increase in steric hindrance around the amine
group (Tables 1a and 1b). Further substitution with a second methyl group on the αposition to the amine group yields the well-known alkanolamine AMP (5), which displays
a further decreased carbamate stability of 3.59 kcalmol-1.
The reduction in the intramolecular hydrogen bond length between the hydrogen atom
from the hydroxyl group and the oxygen atom from the –COO- group of a carbamate with
one or more –CH3 groups on the α-carbon atom is reflected by a decrease in N–C–C(OH)
bond angle, which decreases stepwise from 113.4 via 111.9 to 111.3 in going from
MEA-carbamate (1) via the carbamate of 3 to that of 5. However, the N–C–C(OH) bond
angle of 2 is 113.7, which is similar to that of the MEA carbamate (1), indicating that
there is almost no effect of the bond angle due to substitution of a –CH3 group on the βcarbon atom from the amine group. The decrease in the N–C–C(OH) bond angle upon
substitution of –CH3 groups on the α-carbon atom is due to the so-called Thorpe–Ingold
effect.33 A result of a smaller N–C–C(OH) angle is that the intramolecular (OC)O···H(O)
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bond becomes shorter. The increase in steric hindrance thus corresponds with a decrease
in the intramolecular hydrogen bond length, with (OC)O···H(O) distances for the
carbamate of 1 of 1.630 Å to 1.612 Å for 3 and 1.589 Å for 5. The effect of intramolecular
hydrogen bonding in the α–CH3 substituted alkanolamines is further studied by looking at
the structural changes between the carbamate of 5 with and without intramolecular
hydrogen bonding. The N–C–C(OH) bond angle of 5 with hydrogen bonding was found to
be 111.3, which is higher than the N–C–C(OH) bond angle of 106.7 in the nonhydrogen bonded carbamate. The increase in the N–C–C(OH) bond angle of 5 with
hydrogen bonding is accompanied by a decrease in CH3–C–CH3 bond angle from 109.3
to 107.9.

1.448 Å

1.443 Å

1.443 Å

8

5

1

1.447 Å

1.457 Å

1.440 Å

9

1.646 Å

1.589 Å

1.630 Å

1.642 Å

1.568 Å

1.575 Å

11

12

1.451 Å
1.465 Å

16

1.674 Å

1.685 Å

18

Figure 3. Lowest-energy conformers of the carbamate anions formed upon reaction of CO 2 with some
relatively important substituted alkanolamines, showing also the O···H–O and N–C bond lengths
[SCS-MP2/6-311+G(2d,2p) data]. blue– N; red – O; grey – C; white– H.

The decrease in the carbamate stability of α–CH3 substituted alkanolamines can be
further explained by looking at the N–C bond lengths in the carbamate species of
substituted MEA. The N–C bond length in the carbamate of unsubstituted MEA is 1.443
Å, which is characteristic for an N–C single bond.34 Upon substitution of a –CH3 groups
on MEA, the N–C bond length increases (data shown in the Supporting Information Table
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S1), in line with a weakening of the N–C bond by substitution of hydrogen by a -CH3
group. This weakening is crucial for a more cost-effective regenerative desorption of CO2.
Both SMD/SCS-MP2 and SM8/M11-L calculations show that ∆G for the carbamate
hydrolysis reaction becomes less negative with an increase in steric hindrance around the
nitrogen atom. The carbamate stability towards hydrolysis of substituted alkanolamines
follows
the
order:
MEA>1-amino-2-propanol>2-amino-1-propanol>3-amino-1propanol>AMP, which follows the same trend as experimentally found for compounds for
which these data are available.7 The calculated ∆Gcs of MEA carbamate was 5.83 kcalmol1
, 6.79 kcalmol-1, 6.28 kcalmol-1 and 6.55 kcalmol-1 with SCS-MP2, B3LYP, MP2 and
M11-L respectively, that is, in good agreement with the experimentally reported value of 4.92 kcalmol-1 for the reverse reaction.35 Although accurate experimental data are scarce,
this suggests that the methods used (SMD/SCS-MP2, SMD/MP2, SMD/B3LYP and
SM8/M11-L) can accurately calculate the Gibbs free energy for the carbamate hydrolysis
reaction. To check for dependence of the overall result on the solvent model and basis set,
we performed the calculation on three compounds from different series that is, 1, 8, and
18, with SMD/M11-L/6-311+G(2d,2p) (data shown in in the Supporting Information
Table S2) and compared it with one used in the calculations that is, SM8/M11-L/631+G(d,p). It was found that the results from both models are almost identical. The ∆Gcs
values from B3LYP, M11 L and MP2 deviate from the SCS-MP2 values by ~1.2 kcalmol1
, ~1.0 kcalmol-1 and ~0.5 kcalmol-1, respectively. However, the results from SCS-MP2
are more accurate than those from M11-L, and therefore the results from SCS-MP2 are
discussed here and data from B3LYP, MP2 and M11-L are shown in the Supporting
Information Tables S2 and S3.
Table 1a. Alkyl-substituted MEA’s: ∆Gcs, N–C–C bond angle.
Compound Entry

∆Gcs(kcalmol-1)

N–C–C ()

monoethanolamine (MEA) (1)
1-amino-2-propanol (2)
2-amino-1-propanol (3)
3-amino-1-propanol (4)
2-amino-2-methyl-1-propanol (AMP) (5)

5.8
5.3
5.0
4.9
3.6

113.4
113.7
111.9
111.3
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Table 1b. Alkyl-substituted MEA’s: O–H bond lengths, NPA charge on nitrogen atom.
Compound Entry
r(O–H) (Å) NPA charge on nitrogen atom
monoethanolamine (MEA) (1)
1.63
-0.882
1-amino-2-propanol (2)
1.62
-0.879
2-amino-1-propanol (3)
1.61
-0.879
3-amino-1-propanol (4)
1.64
-0.877
2-amino-2-methyl-1-propanol (AMP) (5)
1.59
-0.865

(a)

(b)

Figure 4. Correlation plots between ∆Gcs for the carbamate hydrolysis reaction and a) the NPA charge
on the nitrogen atom, or b) ∆Gcs the O···H–O intramolecular hydrogen bond length in the carbamates
of analogous compounds (1–3 and 5) (4 is excluded from the graph, because it is an aminopropanol).

A good correlation (R2 = 0.96) was observed between ∆Gcs for the carbamate hydrolysis
reaction and the charge on the nitrogen atom in alkanolamines (Figure 4a). It clearly
indicates that the higher the charge on the nitrogen atom, the stronger the bond to CO2. A
very good correlation (R2 = 0.99) was observed between ∆Gcs and the O···H–O
intramolecular hydrogen bond length in carbamates (Figure 4b).
4.3.2 Substitution of N-Linked Alkyl Groups on MEA
In this section, the direct substitution of an H atom on the amine nitrogen atom in MEA
by a variety of increasingly bulky alkyl groups is investigated. The ∆Gcs , intramolecular
hydrogen bond lengths, N–C–C bond angles and NPA charge on the nitrogen atom of the
carbamate anions of N-alkyl-substituted MEAs are shown in Tables 2a and 2b.
As expected, direct substitution of a –CH3 group on the nitrogen atom of the amine
functional group (6) decreases the carbamate stability of the alkanolamine, as seen from
the decrease in the Gibbs free energy of reaction from 5.83 kcalmol-1 to 4.80 kcalmol-1
(Table 2a). Substitution by an ethyl group (7) on the nitrogen atom yielded a ∆Gcs of 4.53
kcalmol-1 (Table 2a), which is lower than for the alkanolamines 1 and 6. This is obviously
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due to the inductive effect of a –CH3 group on the nitrogen atom. The total NPA charge of
the –CH3 group in the carbamate of 6 is 0.357, which is more positive than the NPA
charge on the hydrogen atom (0.206) in carbamate 1. Further increase in steric hindrance
around the nitrogen atom by substitution with an isopropyl group yielded the desired clear
decrease in carbamate stability. The ∆Gcs of the isopropyl group substituted alkanolamine
8 was found to be ~4.3 kcal mol-1 smaller (i.e., less negative) than of unsubstituted MEA
(1): only 1.56 kcalmol-1 (Table 2a). Surprisingly, substitution by more bulky groups on the
nitrogen atom, like isobutyl (9) or secondary butyl (10), resulted in a more negative Gibbs
free energy than obtained for the isopropyl group.
We hypothesized that this might be due to the difficulty of solvent accessibility during
the solvent energy calculations with the bulky groups. To test this idea, the solvation
energies for alkanolamines 6–10 were calculated with inclusion of one explicit water
molecule in the solvation energy calculations. The results of including one explicit water
molecule are shown in Figure 5. The distance between the nitrogen atom of the carbamate
and oxygen atom of this solvating water molecule is 2.334 Å for 6, 2.626 Å for 7 and
3.192 Å for 8. For alkanolamine 10, which contains the bulky secondary butyl group, the
distance is even >4 Å. This clearly indicates that upon increasing the steric hindrance
around the nitrogen atom in alkanolamines, it becomes more difficult for the solvent to
interact with the reaction center.
This observation is further supported by calculating the solvation energies of carbamates
of 6–10. The solvation energies for secondary butyl (10) and isobutyl (9) substituted MEA
are ca. 2–3 kcalmol-1 smaller than the solvation energy for the sterically less hindered
compounds 6–8 (full data shown in the Supporting Information Table S4). Therefore, the
steric hindrance around the nitrogen atom seems to have an optimum when aiming for an
improved CO2 absorption capacity, that is, with the isopropyl group. By comparing ∆Gcs
of the carbamates of ethanolamines with different substituents on the nitrogen atom, it is
seen that substitution of a H atom by either a methyl, ethyl or isopropyl group improves
the CO2 absorption capacity by a decrease in the stability of the carbamate anions.
The changes in the intramolecular hydrogen bond length in N-alkyl MEA nicely
correspond with the changes in N–C–C angles. Substitution of an ethyl group (7) on the
nitrogen atom increased N–C–C from 113.4 for MEA to 113.9 for 7, and increased the
intramolecular hydrogen bond length from 1.620 Å to 1.630 Å. Further substitution of an
isopropyl group on MEA (8) increased N–C–C to 114.1 and the intramolecular
hydrogen bond length to 1.646 Å.
A good correlation (R2=0.94) was observed between ∆Gcs and the charge on the
nitrogen atom in the ethanolamines (Figure 6a). This also clearly indicates that the higher
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the charge on the nitrogen atom, the stronger its binding to CO2. A reasonably good
correlation (R2 = 0.89) was observed between ∆Gcs and the O···H–O intramolecular
hydrogen bond length in carbamates (Figure 6b). It was found that a longer hydrogen
bond length, that is, weakened hydrogen bond in the reactant, decreases the resulting
carbamate stability, which is in contrast with the observation mentioned in Section 4.3.1.
This difference is due to the direct substitution of alkyl groups on the nitrogen atom in
these molecules. Due to the increasing steric hindrance, the bond angles around the
nitrogen atoms increase to close to 120 in compounds 9 and 10, corresponding to a
hybridization change from sp3 to almost sp2.36 The change in the hybridization around the
nitrogen atom was further confirmed by NBO analysis of the carbamates of 9 and 10. The
correlation plot between ∆Gcs and the NPA charge on the nitrogen atom in all
alkanolamines included in this study is shown in Figure S3, which shows that ∆Gcs and
the NPA charge depend strongly on the nature of the amine group in alkanolamines.

2.626 Å

2.334 Å

3.192 Å

7

6

8

3.682 Å
4.603 Å

9

10

Figure 5. Optimized structures obtained by inclusion of an explicit water molecule to the reaction
center (nitrogen atom) in alkanolamines 6–10. Blue – N; red – O; grey – C; white – H.
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Table 2a. N-substituted MEAs and 2-aminopropanols: ∆Gcs, N–C–C bond angle.
Compound Entry

∆Gcs (kcalmol-1)

N–C–C ()

2-(methylamino)ethanol (6)
2-(ethylamino)ethanol (7)
2-(1-methylethyl)aminoethanol (8)
2-(2-methylpropyl)aminoethanol (9)
2-(1-methylpropyl)aminoethanol (10)
2-(N-methylamino)-2-methyl-1-propanol (11)
2-(N-ethylamino)-2-methyl-1-propanol (12)

4.80
4.53
1.56
2.85
3.53
1.41
-0.84

113.6
113.9
114.1
114.0
114.0
112.2
111.6

Table 2b. N-substituted MEAs and 2-aminopropanols: O–H bond lengths, NPA charge
on nitrogen atom.
NPA charge on nitrogen
Compound Entry
r(O–H) (Å)
atom
2-(methylamino)ethanol (6)
1.622
-0.738
2-(ethylamino)ethanol (7)
1.630
-0.736
2-(1-methylethyl)aminoethanol (8)
1.646
-0.729
2-(2-methylpropyl)aminoethanol (9)
1.642
-0.731
2-(1-methylpropyl)aminoethanol (10)
1.638
-0.735
2-(N-methylamino)-2-methyl-1-propanol (11) 1.575
-0.744
2-(N-ethylamino)-2-methyl-1-propanol (12)
1.568
-0.740

(a)

(b)

Figure 6. Correlation plots between a) the Gibbs free energy for the carbamate hydrolysis reaction
(∆Gcs) and NPA charge on nitrogen atom, and b) ∆Gcs and O···H–O intramolecular hydrogen bond
length in carbamates of ethanolamines 6–10.

Methyl substitution on the nitrogen atom of AMP (11) decreased the Gibbs free energy
of reaction from 3.59 kcalmol-1 to 1.41 kcalmol-1 (Table 2a). Furthermore, substitution of
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an ethyl group on AMP (12) decreased the Gibbs free energy of reaction to -0.84 kcalmol1
, also due to poor solvation (Table 2a). This clearly indicates that upon increase in the
steric hindrance around the nitrogen atom in the alkanolamine, the carbamate stability
decreases, thereby increasing the CO2 absorption capacity of the alkanolamine. This
means that substitution of one of the hydrogen atoms on the nitrogen atom of AMP by
either a methyl or ethyl group provides a highly promising route to reduce the energy
needed for regeneration of alkanolamines from carbamates.
4.3.3 Substitution of Hydroxyalkyl and Aminoalkyl Functional Groups on
the Nitrogen Atom in MEA
In this section, the carbamate stabilities of a series of alkanolamines that contain
alkylhydroxy or alkylamine functional groups (13–17) were calculated and compared with
MEA (1). The ∆Gcs, intramolecular hydrogen bond lengths, N–C–C bond angles and
NPA charge on the nitrogen atom of carbamate anions of all alkanolamines (13–17) are
shown in Tables 3a and 3b. Upon substitution of an N-bound H atom by an Nhydroxyethyl (–CH2–CH2–OH) group (13) or an aminoethyl (–CH2–CH2–NH2) group
(14), ∆Gcs decreased from 5.83 kcalmol-1 to 4.76 and 4.51 kcalmol-1, respectively. This
decrease in carbamate stability is attributed to the presence of intramolecular hydrogen
bonding in alkanolamines 13 and 14. The formation of less stable carbamates from 13 and
14 is further supported by the NPA charge on the nitrogen atom. The NPA charges on the
nitrogen atom s in both 13 (-0.749) and 14 (-0.734), are smaller than the value of -0.882
found for MEA (1), indicating a reduced reactivity towards CO2. Compounds 14 and 17
contain two reaction centers that is, both primary and secondary amine groups. We
considered the formation of a carbamate on the secondary amine group, due its higher
reactivity towards CO2 than a primary amine group. In compound 15, in which two 2hydroxypropyl moieties are present on the nitrogen atom, the carbamate stability
decreases due to the increase in the steric hindrance. Compound 16 forms the least stable
carbamate among all amines in Table 3a, despite having a primary amine group. This is
caused by the formation of a second hydrogen bond (O–H···N) in this compound. This is
further indicated by the longest N–C bond length (data shown in the Supporting
Information Table S1) in the carbamate anion of compound 16. A very poor correlation
was observed between ∆Gcs either with the NPA charge on the nitrogen atom or with the
intramolecular hydrogen bond length. This may be due to the presence of extra
intramolecular hydrogen bonding in the alkanolamines 13–17.
Data from both calculations (SCS-MP2 and M11-L) show that the carbamate stabilities
decrease in the following order: MEA>DEA>AMP, which is the same as the experimental
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values reported by Satori and Savage.7 It clearly confirms that both methods (SMD/SCSMP2 and SM8/M11-L) are good enough to calculate the carbamate stabilities of
alkanolamines accurately.
Table 3a. Hydroxyalkyl- and aminoalkyl substituted MEAs: ∆Gcs, N–C–C bond
angle.
Compound Entry

∆Gcs (kcalmol-1)

di-(2-hydroxyethyl)amine (13)
2-(2-aminoethyl)aminoethanol (14)
1-(2-hydroxypropyl)aminopropanol (15)
2-amino-2-methyl-1,3-propanediol (16)
2-(3-aminopropyl)aminoethanol (17)

4.76
4.51
4.23
1.90
4.49

N–C–C ()
114.1
113.9
114.6
114.2
114.1

Table 3b. Hydroxyalkyl- and aminoalkyl substituted MEAs: O–H bond lengths, NPA
charge on nitrogen atom.
NPA charge on nitrogen
Compound Entry
r(O–H) (Å)
atom
di-(2-hydroxyethyl)amine (13)
1.689
-0.749
2-(2-aminoethyl)aminoethanol (14)
1.633
-0.734
1-(2-hydroxypropyl)aminopropanol (15)
1.668
-0.744
2-amino-2-methyl-1,3-propanediol (16)
1.674
-0.882
2-(3-aminopropyl)aminoethanol (17)
1.643
-0.729

4.3.4 Linear Alkanolamines versus Cyclic Alkanolamines
In this section, the carbamate stabilities of linear and cyclic alkanolamines are
investigated. Cyclic alkanolamines were found to exhibit higher CO2 absorption capacities
than conventional alkanolamines.7, 37 Tables 4a and 4b shows the ∆Gcs, hydrogen bond
lengths, N–C–C bond angles and the NPA charge on the nitrogen atom of the carbamate
anions of cyclic alkanolamines 18 and 19 and of the corresponding linear forms 1 and 4. It
was found that ∆Gcs of the carbamates of the linear alkanolamines are higher than of the
cyclic alkanolamines with the same number of carbon atoms between the hydroxyl and
amine groups. Upon increasing the carbon chain length between the amine and hydroxyl
functional groups, the carbamate stability decreased in both linear and cyclic
alkanolamines. This is caused by a reduction of the electron withdrawing effect of the
hydroxyl group on the nitrogen atom of the amine.38 In conclusion, the carbamate stability
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of substituted alkanolamines does not only depend on the different electron-donating or withdrawing properties of the functional groups, but also depends on the position ( or 
or direct) of a substituent with respect to the amine or hydroxyl functional group or
linearity of the molecule or the carbon chain length between the amine and hydroxyl
functional groups in the alkanolamines. From the calculations we can conclude that upon
increasing the steric hindrance around the carbamate nitrogen, the stability goes down and
thereby the free amine concentration in the solution increases, which leads to an increase
in the CO2 absorption capacity of the alkanolamine.
Table 4a. Linear alkanolamines 1 and 4 and cyclic alkanolamines 18 and 19: ∆Gcs, N–
C–C bond angle.
Compound Entry

∆Gcs (kcalmol-1)

monoethanolamine (MEA) (1)
3-amino-1-propanol (4)
2-piperidinemethanol (18)
3-piperidineethanol (19)

5.83
4.96
4.67
3.00

N–C–C ()
113.4
114.1
-

Table 4b. Linear alkanolamines 1 and 4 and cyclic alkanolamines 18 and 19: O–H bond
lengths, NPA charge on nitrogen atom.
Compound Entry

r(O–H) (Å)

NPA charge on nitrogen atom

monoethanolamine (MEA) (1)
3-amino-1-propanol (4)
2-piperidinemethanol (18)
3-piperidineethanol (19)

1.630
1.640
1.685
1.699

-0.882
-0.877
-0.738
-0.729

4.3.5 Advantages of Sterically Hindered Amines for CO2 Capture
From Sections 4.3.1–4.3.4, it follows that some of the sterically hindered amines may
display advantages for CO2 capture. The ideal solvent for CO2 capture should exhibit a
high boiling point, form relatively unstable carbamates with CO2, display low
regeneration costs and, most importantly, high CO2 absorption rates. The main advantage
of sterically hindered amines (Table 5) is that they form less stable carbamates than MEA.
A reduction in the carbamate stability leads to a higher free amine concentration in
solution, thereby increases the CO2 absorption capacity of the amine. Therefore, high CO2
absorption capacities are expected with secondary alkanolamines with sterically hindering
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groups near the nitrogen atom, like 2-(1-methylethyl)aminoethanol (8), 2-(2methylpropyl)aminoethanol (9), 2-(N-methylamino)-2-methyl-1-propanol (11) and 2-(Nethylamino)-2-methyl-1-propanol (12). The boiling points of compounds 1, 8, 9, 11 and
12 were estimated to be 170, 183, 175, 199 and 193C, respectively. The higher boiling
points of compounds 8, 9, 11 and 12 as compared to 1 indicate that the use of these
compounds for CO2 capture can decrease volatility losses, which are important for
regeneration of the amine. However, although 2-amino-2-methyl-1,3-propanediol (16)
forms a less stable carbamate than MEA, it has the disadvantage that it has a lower boiling
point than MEA. Based on the carbamate stability towards hydrolysis and the boiling
points, secondary alkanolamines with sterically hindering groups near the nitrogen atoms
could be highly promising solvents for CO2 capture.
Table 5. Sterically hindered amines with their boiling points, pKa and ∆Gcs values.
Boiling
∆Gcs
Compound
pKa
(kcalmol-1)
Point(C)
monoethanolamine (MEA) (1)
170
9.5139
5.83
b
2-(1-methylethyl)aminoethanol (8)
183
10.43
1.56
a
b
2-(2-methylpropyl)aminoethanol (9)
199
10.32
2.85
a
b
2-(N-methylamino)-2-methyl-1-propanol (11)
175
10.14
1.41
a
b
2-(N-ethylamino)-2-methyl-1-propanol (12)
193
9.97
-0.84
39
2-amino-2-methyl-1,3-propanediol (16)
151
8.84
1.90
a
Boiling points are calculated with ACD labs software.
b
pKa values are calculated with SMD/SCS-MP2/6-311+G(2d,2p)//SCS-MP2/6311+G(2d,2p) calculations

4.4 Conclusions
Quantum chemical calculations indicate that important parameters that influence the
carbamate stability of the alkanolamines are: steric hindrance around the nitrogen atom,
charge on the nitrogen atom and intramolecular hydrogen bonding. Secondary
alkanolamines with moderately sterically hindering groups near the nitrogen atoms form
less stable carbamates, and are thus high potential candidates as industrial solvents for
CO2 capture and could be high-capacity replacements for the currently most frequently
used solvent, monoethanolamine (MEA).
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Figure S1. Lowest-energy conformations of the carbamate anions formed from the alkanolamines
...
and their O H-O and N-C bond lengths optimized at SCS-MP2/6-311+G(2d,2p). blue– N; red – O;
grey – C; white– H.
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and their O H-O and N-C bond lengths optimized at M11-L/6-31+G(d,p). blue– N; red – O; grey – C;
white– H.
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Table S1. N-C bond lengths of alkyl-substituted MEA’s (SMD/SCSMP2/6-311+G(2d,2p)//MP2/6-311+G(2d,2p)).
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Compound Name and Entry

N-C bond length (Å)

monoethanolamine (MEA) (1)
1-amino-2-propanol (2)
2-amino-1-propanol (3)
3-amino-1-propanol (4)
2-amino-2-methyl-1-propanol (AMP) (5)
2-(methylamino)ethanol (6)
2-(ethylamino)ethanol (7)
2-(1-methyl)ethylamino)ethanol (8)
2-(2-methyl)propylamino)ethanol (9)
2-(1-methylpropylamino)ethanol (10)
2-(N-methylamino)-2-methyl-1-propanol (11)
2-(N-ethylamino)-2-methyl-1-propanol (12)
di-(2-hydroxyethyl)amine (13)
2-(2-aminoethyl)aminoethanol (14)
1-(2-hydroxypropyl)aminopropanol (15)
2-amino-2-methyl-1,3-propanediol (16)
2-(3-aminopropyl)aminoethanol (17)
2-piperidinemethanol (18)
3-piperidineethanol (19)

1.443
1.443
1.447
1.437
1.448
1.446
1.442
1.443
1.440
1.435
1.457
1.447
1.416
1.442
1.425
1.465
1.447
1.451
1.443

Chapter 4 - Supporting Information
Table S2. Gibbs free energy for the carbamate hydrolysis reaction of alkyl-substituted
MEA’s (SM8/M11-L/6-31+G(d,p)//M11-L/6-31+G(d,p)), N-C bond lengths and O-H bond
lengths.
N-C bond O-H bond
Compound Name and Entry
∆Gcs(kcalmol-1)
length (Å)
length (Å)
monoethanolamine (MEA) (1)
1.441
1.635
6.55 (6.43a)
1-amino-2-propanol (2)
1.441
1.633
5.95
2-amino-1-propanol (3)
1.442
1.640
4.68
3-amino-1-propanol (4)
1.434
1.634
3.64
2-amino-2-methyl-1-propanol (AMP) (5)
1.443
1.590
2.79
2-(methylamino)ethanol (6)
1.449
1.646
5.05
2-(ethylamino)ethanol (7)
1.454
1.640
4.76
2-(1-methylethyl)aminoethanol (8)
1.443
1.673
1.08 (1.26a)
2-(2-methylpropyl)aminoethanol (9)
1.448
1.658
1.89
2-(1-methylpropyl)aminoethanol (10)
1.439
1.687
2.77
2-(N-methylamino)-2-methyl-1-propanol (11) 1.451
1.580
2.05
2-(N-ethylamino)-2-methyl-1-propanol (12)
1.444
1.565
-1.74
di-(2-hydroxyethyl)amine (13)
1.404
1.715
4.76
2-(2-aminoethyl)aminoethanol (14)
1.446
1.662
5.34
1-(2-hydroxypropyl)aminopropanol (15)
1.408
1.707
4.50
2-amino-2-methyl-1,3-propanediol (16)
1.456
1.690
4.06
2-(3-aminopropyl)aminoethanol (17)
1.449
1.670
2.13
2-piperidinemethanol (18)
1.453
1.711
3.66 (3.59a)
3-piperidineethanol (19)
1.448
1.711
2.25
a
SMD/M11L/6-311+G(2d,2p)//M11L/6-311+G(2d,2p)
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Table S3. Gibbs free energy for the carbamate hydrolysis reaction of of alkyl-substituted
MEA’s.
Compound Name and Entry

∆Gcs(kcalmol-1)a

∆Gcs(kcalmol-1)b

monoethanolamine (MEA) (1)
1-amino-2-propanol (2)
2-amino-1-propanol (3)
3-amino-1-propanol (4)
2-amino-2-methyl-1-propanol (AMP) (5)
2-(methylamino)ethanol (6)
2-(ethylamino)ethanol (7)
2-(1-methylethyl)aminoethanol (8)
2-(2-methylpropyl)aminoethanol (9)
2-(1-methylpropyl)aminoethanol (10)
2-(N-methylamino)-2-methyl-1-propanol (11)
2-(N-ethylamino)-2-methyl-1-propanol (12)
di-(2-hydroxyethyl)amine (13)
2-(2-aminoethyl)aminoethanol (14)
1-(2-hydroxypropyl)aminopropanol (15)
2-amino-2-methyl-1,3-propanediol (16)
2-(3-aminopropyl)aminoethanol (17)
2-piperidinemethanol (18)

6.28
5.89
5.74
4.62
3.94
5.64
5.06
2.20
2.97
3.43
1.84
-0.63
5.03
5.32
4.90
2.92
5.35
5.34

6.79
6.14
5.41
4.55
4.23
5.81
5.03
2.94
3.56
4.13
1.29
-0.85
4.77
5.67
4.33
3.57
5.92
5.78

3-piperidineethanol (19)

3.63

3.13

a
b

SMD/MP2/6-311+G(2d,2p)//MP2/6-311+G(2d,2p)
SMD/B3LYP/6-311+G(2d,2p)//B3LYP/6-311+G(2d,2p)

86

Chapter 4 - Supporting Information
Table S4. Solvation energies of alkyl-substituted MEA’s (SMD/SCSMP2/6-311+G(2d,2p)//MP2/6-311+G(2d,2p)).
Solvation Energy
Compound Name and Entry
(kcalmol-1)
monoethanolamine (MEA) (1)
-68.5
1-amino-2-propanol (2)
-68.0
2-amino-1-propanol (3)
-67.9
3-amino-1-propanol (4)
-69.0
2-amino-2-methyl-1-propanol (AMP) (5)
-66.2
2-(methylamino)ethanol (6)
-66.5
2-(ethylamino)ethanol (7)
-66.2
2-(1-methyl)ethylamino)ethanol (8)
-66.0
2-(2-methyl)propylamino)ethanol (9)
-64.1
2-(1-methylpropylamino)ethanol (10)
-63.0
2-(N-methylamino)-2-methyl-1-propanol (11)
-63.9
2-(N-ethylamino)-2-methyl-1-propanol (12)
-63.4
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Quantum Chemical Studies on Solvents for Post
Combustion CO2 Capture: Calculation of pKa and
Carbamate Stability of Disubstituted Piperazines.
Piperazine is a widely studied solvent for post combustion CO2 capture. To
investigate the possibilities to further improving this process, the electronic and
steric effects of -CH3, -CH2F, -CH2OH, -CH2NH2, -COCH3 and -CN groups of
2,5-disubstituted piperazines on the pKa and carbamate stability towards
hydrolysis are investigated by quantum chemical methods. For the calculations,
B3LYP, M11-L and spin-component-scaled MP2 (SCS-MP2) methods are used
and coupled with the SMD solvation model. The experimental pKa values of
piperazine, 2-methylpiperazine, and 2,5-dimethylpiperazine agree well with the
calculated values. The present study indicates that substitution of -CH3, -CH2NH2
and -CH2OH groups on the 2 and 5 positions of piperazine has a positive impact
on the CO2 absorption capacity by reducing the carbamate stability towards
hydrolysis. Furthermore, their higher boiling points, relative to piperazine itself,
will lead to a reduction of volatility-related losses.

This chapter has been published as:
“Quantum Chemical Studies on Solvents for Post Combustion Carbon Dioxide
Capture: Calculation of pKa and Carbamate Stability of Disubstituted Piperazines”
S. Gangarapu, A. T. M. Marcelis, H. Zuilhof, ChemPhysChem, 2014, 15, 18801886.
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5.1 Introduction
The increasing amounts of carbon dioxide released into the atmosphere by worldwide
industrial activity are believed to constitute a major contribution to global warming.
Decreasing the industrial exhaust of carbon dioxide into the atmosphere by postcombustion capture is considered an important strategy to reduce the environmental risks
to our planet.1-3 Aqueous solutions of amines, especially alkanolamines, are already used
on an industrial scale for this purpose. Among the alkanolamines available,
monoethanolamine (MEA) is mostly used as an industrial solvent for CO2 capture, due to
its low cost and high reactivity towards CO2.4 However, MEA has some disadvantages,
such as a high energy demand for solvent regeneration, and significant losses due to a
high degradation rate and a relatively high volatility.5-7 An optimal solvent for CO2
capture should have fast reaction rate with CO2, a low energy demand for solvent
regeneration, low degradation rates and volatility, a low toxicity and a high solubility in
water.
The reaction between primary and/or secondary alkanolamines and CO2 in water leads
to the formation of carbamates [Reaction (B); Scheme 1]. Tertiary and sterically hindered
alkanolamines do not form carbamates; instead they are only protonated, and form
ammonium compounds and bicarbonate in the presence of water [Reaction (A); Scheme
1]. The hydrolysis of carbamate to form bicarbonate and amine can be written as shown in
Reaction (C) in Scheme 1. The equilibrium constant of this reaction is thus a direct
indicator of the stability of the carbamate that forms during the reaction of amines with
CO2.

Scheme 1. Reaction (A) represents the formation of bicarbonate from alkyl amines and CO 2 in the
presence of water, Reaction (B) the formation of carbamate, and Reaction (C) the hydrolysis of
carbamate to bicarbonate.

According to Reaction (B), two moles of amine are consumed to capture one mole of
carbon dioxide: one amine forms the carbamic acid and a second amine acts as a base to
91

Chapter 5
deprotonate the carbamic acid, thereby forming both carbamate and protonated amine. By
this approach a maximum yield of 0.5 moles of CO2 captured per mole of amine can be
obtained. According to Reaction (A), one mole of CO2 reacts with one mole of amine.
Here the amine acts only as a base. However, Reaction (A) was found to be kinetically
slower than Reaction (B). The use of two amine molecules for the capture of one molecule
of CO2 increases the solvent cost for CO2 capture. In this respect, it would be
advantageous to use a diamine with two basic sites as a CO2 capture solvent; this would
maintain a 1:1 reaction ratio between amine and CO2, even when a carbamate was formed.
Recently, it was found that a cyclic diamine, namely piperazine (1), can be an important
alternative solvent for CO2 capture. Compound 1 combines a high reactivity with CO2
with low oxidative and thermal degradation rates and low volatility losses compared with
conventional MEAs.8, 9 It also acts as a rate promoter when used in a mixture with tertiary
amine solvents.10, 11 However, the main disadvantage of piperazines is low solubility in
water, which is an important aspect for an optimal solvent system for CO2 capture. Recent
studies have shown that a concentrated aqueous solution of 1 could also be used as a
standalone solvent for CO2 capture.12-15 The reaction between 1 and CO2 yields piperazine
carbamate and protonated 1 [Reaction (D); Scheme 2] as major products. Piperazinium
carbamate [Reaction (E); Scheme 2], di-protonated 1 and dicarbamated 1 are formed as
minor products (not shown).

Scheme 2. Main products formed in the reaction of piperazine with CO2 in aqueous solution.
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Figure 1. Structures of the two series of substituted piperazines for CO 2 capture investigated in this
study; the different series are separated by dotted lines.

In this study, we investigated the influence of electronic and steric effects, through the
introduction of electron-donating and electron-withdrawing groups, on the pKa and
carbamate stabilities of substituted piperazines by quantum chemical methods. We
considered 2,5-disubstituted piperazines containing substituents like -CH3, -CH2NH2, CH2OH, -CH2F -COCH3, and -CN, which have heteroatoms at the 2 and/or 5 position of
1, to increase the solubility and/or increase the binding strength to CO2 by varying the
electron density on the nitrogen atoms (Figure 1: entries 1-13). Due to the presence of two
basic sites in the piperazines, the influence of different functional groups on the pKa and
carbamate stability of both basic sites in unsymmetrical piperazines was also investigated.
Density functional methods (B3LYP and M11-L), and an ab initio method (SCS-MP2),
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with the 6-311+G(2d,2p) basis set, were used to calculate the pKa and carbamate stability
of substituted piperazines. Implicit solvent effects are mimicked with the universal SMD
solvation model. These methods have recently been shown to yield highly accurate
predictions of the pKa values and CO2 binding properties of a wide series of substituted
amines with different steric and electronic properties.16-18 The values calculated in the
current study are, for a subset of the investigated materials, compared with a series of
experimentally determined pKa values. Through this approach, we aim to design
piperazine derivatives that combine a high CO2 absorption capacity with a low
regeneration energy, a high solubility in water and an increased boiling point, so as to
improve the efficiency of post-combustion capture of CO2.

5.2 Computational Details
The acidity constant (pKa) for an acid BH+, is defined as pKa = -log Ka = ∆Gps/2.303 RT,
in which ∆Gps is the free energy of protonation in an aqueous environment and Ka is the
equilibrium constant. The general approach to calculate ∆Gps is from a thermodynamic
cycle,19-21 (Scheme 3). In this cycle, ∆Gpg and ∆Gps are the gas phase and aqueous phase
free energy of protonation, respectively; ∆Gs (BH+), ∆Gs (B) and ∆Gs (H+) are the free
energies of solvation for BH+, B and H+, respectively.

Scheme 3. Thermodynamic cycle used for the calculations of the pKa values for bases B.

∆Gps is given by the Equations (1)-(3):
∆Gps = ∆Gpg + ∆Gs,
where
∆Gpg= Ggas(B) + Ggas(H+) – Ggas(BH+)
and
∆Gs = ∆Gs (B) + ∆Gs (H+) – ∆Gs (BH+)
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There is a debate about the solvation energy of the proton ∆Gs(H+),21 for which
experimental values in the range of -254 to -265.9 kcalmol-1 have been reported.20 To
overcome this problem, known experimental pKa values are often taken as a reference.22-24
Therefore, we have taken the well-described pKa of unsubstituted 1 (9.83) as a reference
(REF) to calculate the pKa values of the bases B of interest herein, namely substituted
piperazines, [Equation (4)]:
pKa(B) = pKa(REF) + 1/2.303 RT {[∆Gs (B) - ∆Gs (REF)]
– [∆Gs (BH+) - ∆Gs (REF-H+)] + [∆Ggas(B) - ∆Ggas(REF)]}

(4)

Gas-phase conformational analysis was performed to find the lowest energy conformers
of the species described in the thermodynamic cycle. A conformer search was performed
with the MMFF9425 force field in ChemBio3D.26 The lowest-energy conformers in the
solution phase were found to be nearly the same as those in the gas phase. The preoptimized gas-phase geometries obtained with MMFF94 were further optimized in
solution phase with both MP2/6-311+G(2d,2p), B3LYP/6-311+G(2d,2p) and M11-L/6311+G(2d,2p) calculations. Frequency analyses were carried out on the optimized
geometries with the same basis set to find true minima on the potential energy surface.
Thermal corrections and entropic contributions were added to the total electronic energy
for the calculation of the free energy. The universal solvation model (SMD) was used for
the calculation of the free energy of solvation; this solvent model is trained against the
experimental free energies of solvation, and includes an entropic contribution to the free
energy of solvation. All calculations were carried out with the Gaussian0927 software
package, and Gaussview5.0 visualization software. Recently, it was shown that spin
component-scaled MP2 (SCS-MP2) methods gave significant improvements for cases in
which MP2 underperformed, which prompted us to use SCS-MP2 energies wherever
possible.28 All data in the Tables 1-4 below represent SMD/SCS-MP2/6311+G(2d,2p)//SMD/MP2/6-311+G(2d,2p)
calculations.
Data
of
analogous
SMD/B3LYP/6-311+G(2d,2p)//SMD/B3LYP/6-311+G(2d,2p)
and
SMD/M11-L/6311+G(2d,2p)//SMD/M11-L/6-311+G(2d,2p) calculations are given in the Supporting
Information. The thermodynamic cycle used to calculate the carbamate stability constant
is shown in Figure S1 in the Supporting Information. Atomic charges of all species were
calculated by natural population analysis (NPA) and hybridizations by natural bond order
analysis (NBO)29 on solution-phase optimized geometries. Boiling points of substituted
piperazines were calculated with ACD labs.30
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5.3 Results and Discussion
5.3.1 pKa Values of Substituted Piperazines
For the CO2-capturing efficiency, the pKa values of substituted piperazines are an
important parameter. For their determination, structures of the neutral and protonated
forms of the substituted piperazines were optimized by density functional theory (DFT;
B3LYP and M11-L) and ab initio (MP2) methods. From previous studies, it was found
that both methods (MP2 and M11-L) yielded highly accurate pKa and carbamate stability
data, and thus, displayed the same trends.16-18 Figure 2 shows the MP2 /6-311+G(2d,2p)optimized geometries of the lowest-energy conformations of some symmetrically 2,5disubstituted piperazines, whereas the optimized M11-L geometries are shown in Figure
S2-S4 in the Supporting Information. Some of the substituted piperazines contain both an
amine and a hydroxyl functional group (9 and 10), both are capable of forming internal
hydrogen bonds. From the conformational analysis, it was observed that the conformers
with an internal Npiperazine…H-X hydrogen bond (X = NCH2NH2 or O) had a lower energy
than the conformers with an internal X…H-Npiperazine bond.16-18, 31
The charge on the nitrogen atoms in the substituted piperazines was calculated with
NPA. The NPA charge difference between the two nitrogen atoms (Na and Nb in Table 1)
in the symmetrically disubstituted piperazine compounds was minimal (data shown in
Table 1). In contrast, for monosubstituted piperazine compounds 1-7, the NPA charge
difference between the two different nitrogen atoms was clearly seen and was
considerable for substitution of -CH2F, -COCH3 or -CN groups at the α-position next to
amine group. From the report by Taft et al.,32 it was found that the σ values for -CH2F, COCH3 or -CN were positive, that is, 0.11, 0.50 and 0.66, respectively; this indicated that
-CH2F, -COCH3 or -CN groups were electron withdrawing. In case of -CH3, -CH2NH2,
and -CH2OH groups, the σ values were negative or neutral, that is, -0.17, -0.11 and 0.00
respectively; this indicated that these groups were (mildly) electron donating or
electronically neutral groups. Substitution of a ring -H by an α-CH2F (5) or α-COCH3 (6)
or α-CN decreases the charge on the nitrogen atom, whereas substitution of α-CH3 group
(2) marginally increases the charge on the nitrogen atom. These effects are most likely to
be caused by the electron-withdrawing or electron-donating properties of the
substituents.33-35 Despite the electron-donating nature of α-CH2NH2 in 3 and the neutral
character of α-CH2OH groups in 4, it was found that the NPA charge (-0.717 and -0.714,
respectively) on the nitrogen atom was slightly less negative than in unsubstituted 1 (0.718). The NPA charge on the nitrogen atom in open form (without intramolecular
hydrogen bonding) of 3 and 4 (-0.719 and -0.721, respectively), was found to be more
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negative than with hydrogen bonding (-0.717 and -0.714, respectively). This clearly
indicates that the presence of strong intramolecular hydrogen bonding in 3 and 4
decreases the NPA charge on the nitrogen atom. A good correlation (R2 = 0.91) between
NPA charges and the pKa of substituted piperazines was observed. An intramolecular
hydrogen bond was observed in disubstituted piperazines 9 and 10 due to the presence of
hydrogen bond-forming functional groups such as amine (9), and hydroxyl (10). The
decrease in the intramolecular hydrogen bond lengths upon going from 9 (2.519 Å) to 10
(2.246 Å) in the disubstituted piperazines correlated well with the decrease in ˂N-C-C
bond angles from 110.1 for 9 to 108.8 for 10.
2.519 Å

2.519 Å

1

11

8

9

12

2.246 Å

2.246 Å

10

13

Figure 2. Lowest-energy conformers calculated at SCS-MP2/6-311+G(2d,2p) of some symmetrically
disubstituted piperazines (8-13). Red – oxygen; blue – nitrogen; grey – carbon; white – hydrogen;
green – fluorine. Intramolecular hydrogen bond lengths (Å) are shown in compounds 9 and 10.

Overall, substitution with electron-donating groups increases the pKa of 1, whereas
electron-withdrawing groups decrease the pKa, but the formation of hydrogen bonds
complicates this picture. The pKa values of the two chemically distinguishable nitrogen
atoms (Na and Nb) in monosubstituted piperazine compounds (1-7) were calculated. From
these calculations, it was found that, in the cases of monosubstituted piperazines 5, 6 and
7, the pKa values of the remote nitrogen atoms, that is, Nb, were always higher than the
pKa values of the close-by nitrogen atoms (Na), which is due to the electron-withdrawing
properties of -CH2F,-COCH3 or -CN. However, for compounds 3 and 4 the pKa of Nb is
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still higher, despite the electron-donating nature of, for example, the –CH2NH2 group.
This is attributed to the presence of intramolecular hydrogen bonds in both the neutral and
protonated forms of these piperazines. To corroborate this, the pKa values in 3 and 4 were
also calculated in the absence of hydrogen bonding by optimization of different
conformers, and then it was indeed found that the pKa of nitrogen atoms Na were higher
than the pKa of Nb. This observation is in agreement with the decrease in the NPA charge
on the nitrogen atom. Disubstituted piperazines (8-13) contain two chemically
undistinguishable nitrogen atoms, so the pKa values of both nitrogen atoms are equal.
Table 1. pKa values and NPA charges on Na and Nb of substituted piperazines
calculated with SMD/SCS-MP2/6-311+G(2d,2p).
Compound
Protonation at Protonation at
Charge on Na
Charge on Nb
Number
Na
Nb
9.83c
9.83c
-0.718
-0.718
1
a
9.80 (9.56 )
10.25
-0.719
-0.720
2
b
b
9.73 (10.60 )
9.91 (10.31 )
-0.717
-0.719
3
b
b
9.66 (10.12 )
9.82 (9.97 )
-0.714
-0.717
4
a
8.78 (8.56 )
9.68
-0.700
-0.714
5
8.29
9.21
-0.697
-0.711
6
8.07
9.19
-0.686
-0.698
7
a
a
9.79 (9.66 )
9.79 (9.66 )
-0.723
-0.723
8
9.58
9.58
-0.717
-0.717
9
9.47
9.47
-0.714
-0.714
10
7.81
7.81
-0.705
-0.705
11
6.83
6.83
-0.703
-0.703
12
6.14
6.14
-0.680
-0.680
13
a
Experimental pKa values
b
pKa values without hydrogen bonding
c
pKa value of piperazine used as a reference
The -CH3 group of 2-methylpiperazine (2) decreases the pKa value at Na, due to the
increase in the steric hindrance at the nitrogen atom, which makes the solvation of the
cation, formed during the reaction, more difficult. Substitution of the α-CH3 group in (2)
by an α-CH2F (5) group further decreases the pKa by about one pKa unit (from 9.80 to
8.78). Upon substitution of a second -CH2F group (11) on the piperazine, the pKa further
decreases by about one pKa unit (from 8.78 to 7.81). This is comparable to the reported
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decrease of 1.7 pKa units upon the introduction of a β-F group in aliphatic amines.36
Substitution of an α-H by an α-COCH3 group decreases the pKa by 1.5 pKa units per
substitution (pKa of 6 is 8.29, and pKa of 12 is 6.83), due to the electron-withdrawing
nature of the –COCH3 group. Despite the electron-donating nature of the substituents, the
pKa values of aminomethyl-substituted piperazine (3) and hydroxymethyl-substituted
piperazine (4), that is, 9.73 and 9.66 respectively, were smaller than the pKa of 1 (9.83),
due to the formation of a strong intramolecular hydrogen bond between a hydrogen atom
of the substituent with the piperazine ring nitrogen atom. Upon substitution of a second
aminomethyl group (9) or hydroxymethyl group (10), the pKa values decreased from 9.73
to 9.58 and from 9.66 to 9.47, respectively.

37

Figure 3. Correlation between experimental and calculated pKa values of some substituted
piperazines (pKa calculated with SCS-MP2 coupled with the SMD solvation model).

The pKa values calculated by SMD/SCS-MP2 of 2-methylpiperazine (2), 2fluoromethylpiperazine (5) and 2,5-dimethylpiperazine (8) are 9.80, 8.78 and 9.79,
respectively, which agree well with the experimental pKa values determined herein (9.56,
8.56 and 9.66, respectively).37 The mean unsigned error between the calculated and
experimental pKa values was 0.19 pKa units for SMD/SCS-MP2, which was very close to
experimental error. An excellent correlation was observed between experimental and
calculated pKa values at SMD/SCS-MP2 with R2 = 0.99 and a near-unity slope (Figure 3).
A relatively poor correlation (R2 = 0.89) was observed between the experimental pKa
values and those calculated by using SMD/M11-L, which prompted us to use the
combination of SMD/SCS-MP2 to calculate the carbamate stabilities of substituted
piperazines in the Section 5.3.2. This superiority of SCS-MP2 over M11-L is in agreement
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with previous findings on alkanolamines.18 The base strength of the amine (pKa)
influences the affinity of the amine to react with CO2; the higher the pKa of the amine, the
higher the reaction rate with CO2.38 The calculations indicate that substitution of -CH3, CH2NH2 and -CH2OH groups on both the 2- and/or 5- positions of piperazine (compounds
2, 3, 4 and 8, 9 and 10) yields pKa values of ~9.70; this indicates that an increased
basicity, which stimulates reactivity towards CO2. In addition, the presence of hetero
atoms such as nitrogen and oxygen in the -CH2NH2 and -CH2OH groups can increase the
solubility of piperazines in the water. Therefore, α-CH2NH2 and α-CH2OH substituted
piperazines are likely highly suitable solvents for CO2 capture.
Table 2. Comparison of reported pKa values in literature with calculated values.
Compound number
Literature37
M11-L
SCS-MP2
1

9.83

9.83

9.83

2

9.56

9.85

9.80

8

9.66

9.95

9.79

5.3.2 Carbamate Stability Towards Hydrolysis
A second important parameter for predicting the suitability of CO2 capture solvents is
the carbamate stability (∆Gcs). Carbamates should be formed with a significant driving
force (to bring the reaction to completion), but a reduction with respect to the driving
force of, for example, MEA (-5.83 kcalmol-1), would be advantageous to reduce energy
costs related to regeneration. Therefore, the effect of different substituents in piperazines,
including methyl, fluoromethyl, aminomethyl and hydroxymethyl groups, on the
carbamate stability towards hydrolysis was investigated. The lowest energy conformers of
the monocarbamates of the symmetrical disubstituted piperazines (1, 8-13) calculated at
SCS-MP2/6-311+G(2d,2p) are shown in Figure 4 together with their C-N bond lengths.
The decrease in carbamate stability of substituted piperazines somewhat parallels an
increase in N-C bond lengths of the carbamates of the substituted piperazines (see Table
3, Figure S5 in the Supporting Information). The N-C bond length in the carbamate of
unsubstituted piperazine 1 is 1.471 Å, which is longer than the N-C bond length in the
carbamate of the industrially used solvent MEA (1.443 Å).18 In agreement with this, the
carbamate stability (∆Gcs) for 1 (4.13 kcalmol-1) is significantly lower than the ∆Gcs of
MEA, which is 5.83 kcalmol-1. The experimentally reported value of ∆Gcs for backward
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reaction of 1 is -2.66 kcalmol-1. Because calculations show that 1 forms a less stable
carbamate than MEA, the free amine concentration in the solution is higher, which leads
to an increase in the CO2 absorption capacity of the 1 over MEA. Upon substitution of
different functional groups in 1, such as -CH3, -CH2F, -CH2NH2 groups, the N-C bond
length increases, which is in agreement with a weakening of the N-C bond. This
weakening is crucial for a more cost-effective regenerative desorption of CO2.

2.059 Å

2.463 Å

1.471 Å

1.478 Å

1

1.473 Å

8

9

1.488 Å

1.480 Å

11

1.476 Å
2.201 Å

1.711 Å

10

1.497 Å

12

13

Figure 4. Lowest-energy conformers of carbamate anions of disubstituted piperazines along with
intramolecular hydrogen bonding and C-N bond lengths. Red – oxygen; blue – nitrogen; grey –
carbon; white – hydrogen; green – fluorine.

Due to the presence of two chemically different reaction centres, that is, nitrogen atoms
Na and Nb in compounds 2-7, carbamate formation can occur at two sites. The effect of
different substituents on the carbamate stability of monosubstituted piperazines can be
understood by looking at the ∆Gcs values at the different reaction centers (Na and Nb). The
∆Gcs of α-CH3 substituted piperazine (2) at Na is 0.87 kcalmol-1, which is lower than the
∆Gcs of unsubstituted piperazine 1, which is 4.13 kcalmol-1. The reduction in ∆Gcs is
obviously due to the increase in steric hindrance around the amine groups. Calculations
indicate that the effect of substituents on the ∆Gcs of monosubstituted piperazines 2-7 is
stronger at Na than at Nb. Also, the calculations indicate that the carbamates formed at Nb
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are more stable than at Na. The carbamate stabilities of substituted piperazines can be
correlated with the NPA charge on the nitrogen atom.18 For example, the NPA charge on
Na in 2 is -0.704, which resulted in a Gibbs free energy of 3.07 kcalmol-1, whereas the
NPA charge on Nb is -0.710, which resulted in a Gibbs free energy of 4.64 kcalmol-1, in
line with this higher negative charge.
The disubstituted piperazines form less stable carbamates than comparable
monosubstituted piperazines, that is, hydrogen-substituted piperazines (2-7). This is
obviously due to an increase in steric effects in the disubstituted piperazines. The
carbamate stability of α-CH3 substituted piperazine 8 was lower than that of unsubstituted
piperazine 1, due to the increase in steric hindrance around the amine groups. Upon
replacement of an α-CH3 by an α-CH2F (from 8 to 11), ∆Gcs becomes about 3 kcalmol-1
less negative, that is, the carbamate becomes less stable. Replacement of α-CH3 by more
electron-withdrawing groups, such as α-COCH3 or α-CN, further decreases the carbamate
stability by about 4 kcalmol-1 and ~5 kcalmol-1 per substitution, respectively. In case of
substitution of methyl hydrogen atoms of 2,5-dimethylpiperazine by either an amine or
hydroxyl group (9 or 10), the effects of the electron-donating nature of these substituents
and the formation of intramolecular hydrogen bonds (see Figure 4), leads to an increase in
carbamate stabilities of 9 and 10. This is further reflected in the N-C bond lengths in the
carbamate derivatives of 10 and 11, namely, 1.456 Å and 1.462 Å, respectively, which is
higher than the N-C bond length in 8 (1.478 Å).
Compounds 3 and 9, with amines in their side groups, contain more than two reaction
centers for CO2, that is, one or two additional primary amine groups. We also considered
the formation of a carbamate on the primary amine group, it was found that carbamate
formed at primary amine group is comparable or even less than to secondary amine group.
Doubly carbamated and doubly protonated products of piperazines were not included in
this study, because it is known that these two products are only present in small quantities
in the reaction mixture.8 Compounds 3 and 4 form the most stable carbamates (at Nb)
among all studied substituted piperazines in Table 3.
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Table 3. Substituted piperazines: ∆Gcs, C-Na and C-Nb bond lengths (SMD/SCS-MP2/6311+G(2d,2p)//SMD/MP2/6-311+G(2d,2p).
Compound ∆Gcs(kcalmol-1)
of ∆Gcs (kcalmol-1) of C-Na bond C-Nb bond
Number
carbamate formation carbamate formation length (Å)
length (Å)
at Na
at Nb
a
4.13 (2.66 )
4.13
1.471
1.471
1
0.87
3.87
1.475
1.469
2
b
3.28 (2.71 )
4.45
1.481
1.470
3
3.01
4.64
1.478
1.469
4
0.66
3.72
1.483
1.478
5
-1.09
2.84
1.484
1.481
6
-2.34
1.90
1.493
1.485
7
1.53
1.53
1.478
1.478
8
b
2.61 (1.75 )
2.61
1.456
1.456
9
1.43
1.43
1.462
1.462
10
-1.34
-1.34
1.480
1.480
11
-2.92
-2.92
1.488
1.488
12
-3.43
-3.43
1.497
1.497
13
a
Gibbs free energy of carbamate stability of piperazine
b
Carbamate Formation at side chain amine group

5.3.3 Advantages of Substituted Piperazines for CO2 Capture
Studies by Rochelle et al.,12 indicated that using an 8 M solution of piperazine had
many advantages for CO2 capture compared with the conventionally used solvent MEA,
like a higher CO2 absorption capacity and lower thermal degradation rate. The volatility
losses of 8 M piperazine up to 150 C were minimal, despite the boiling point of 145 C,
and were comparable to the volatility losses of MEA (boiling point 170 C; Table 4).12
The main disadvantage of piperazines, however, is low solubility in water, which is an
important aspect for an optimal solvent system for CO2 capture.
Our calculations indicate that substitution of -CH3, -CH2NH2 and -CH2OH groups on
both the 2- and 5- positions of piperazine (compounds 8, 9 and 10) has a positive impact
on the CO2 absorption capacity. This is ascribed to the presence of multiple heteroatoms
in these substituted piperazines 9 and 10. From the presence of these heteroatoms, an
increased solubility in water may also be expected. Another important advantage of these
compounds is the much higher boiling points, which are estimated to be 165 C for 7, 263
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C for 9 and 315 C for 10 from using ACD software.30 These are clearly higher than of
unsubstituted piperazine (145 C), and for 9 and 10 they are even significantly higher than
that of the industrially used MEA (170 C). Use of these compounds for CO2 capture can
therefore also decrease volatility losses, which is important for the regeneration of the
amine.
Table 4. The boiling points, pKa and ∆Gcs values of selected amines.
Boiling point (C)a

pKab

∆Gcs (kcalmol-1)

MEA

170

9.51

5.83c

Piperazine (1)

145

9.83

4.13

2,5-dimethyl piperazine (8)

165

9.79

1.53

2,5-diaminomethyl piperazine (9)

263

9.58

2.61

2,5-dihydroxymethyl piperazine (10)

315

9.47

1.43

Compound

a
b

Boiling points were calculated with ACD labs software.
pKa values were calculated at the SMD/SCS-MP2/6-311+G(2d,2p)//SCS-MP2/6-

311+G(2d,2p) level of theory.
c

Value taken from reference 18.

5.4 Conclusions
Replacement of piperazine by piperazine derivatives with -CH3, -CH2NH2 and -CH2OH
groups on both 2 and 5 positions had three advantages for the post-combustion capture of
CO2: 1) these α-substitutions lead to a reduction in the carbamate stability towards
hydrolysis, thereby decreasing the regeneration costs, while increasing the CO2 absorption
capacity; 2) the presence of additional heteroatoms was expected to give an increase in
water solubility; and 3) they contributed additionally to higher boiling points, leading to a
reduction of volatility losses. Therefore piperazines, substituted with α-CH3, α-CH2NH2
and/or α-CH2OH groups deserve further investigation as next-generation CO2 capture
solvents.
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Supporting Information to Chapter 5

Figure S1. Thermodynamic cycle used for the calculation of carbamate stability constant

The reaction energy in solution (∆Gcs) can be written as Equation (1):
∆Gcs = ∆Gcg + ∆∆Gs

(1)

Where [Equation (2)]:
∆Gcg = Gg (RNH2) + Gg (HCO3-) – Gg (RNHCO2-) – Gg (H2O)

(2)

And [Equation (3)]:
∆∆Gs = ∆Gs (RNH2) + ∆Gs (HCO3-) – ∆Gs (RNHCO2-) – ∆Gs (H2O)

2.516 Å

2

5

3

6

(3)

2.229 Å

4

7
...

Figure S2. Lowest-energy conformations of the substituted piperazines and their N H-X hydrogen
bond length ( X= N and O) optimized at SCS-MP2/6-311+G(2d,2p). Red – oxygen; blue – nitrogen;
grey – carbon; white – hydrogen; green – fluorine.
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Figure S3. Lowest-energy conformations of the substituted piperazines and their N H-X hydrogen
bond length ( X= N and O) optimized at SMD/M11-L/6-311+G(2d,2p). Red – oxygen; blue – nitrogen;
grey – carbon; white – hydrogen; green – fluorine.
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Figure S4. Lowest-energy conformations of the carbamate anions formed from the substituted
piperazines and N-C bond lengths optimized at SMD/SCS-MP2/6-311+G(2d,2p). Red – oxygen; blue
– nitrogen; grey – carbon; white – hydrogen; green – fluorine.
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1.51
R2 = 0.44 with 9 and 10

C-N bond length

1.50

R2 = 0.70 without 9 and 10
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Figure S5. Correlation plot between ∆Gcs (kcal/mol) and C-N bond lengths (Å). (R =0.44 with
2
compounds 9 and 10; R = 0.70 without compounds 9 and 10)

Table S1. pKa values of substituted piperazines calculated with SMD/M11-L/6311+G(2d,2p)// SMD/M11-L/6-311+G(2d,2p) and SMD/B3LYP/6-311+G(2d,2p)//
SMD/B3LYP/6-311+G(2d,2p)
Compound
M11-L
B3LYP
Number
Protonation at
Protonation at Protonation at
Protonation at
Na
Nb
Na
Nb
9.83
9.83
9.83
9.83
1
9.85(9.56)
10.04
10.02
10.46
2
9.91
10.35
10.51
10.86
3
9.63
10.13
9.76
10.00
4
8.96 (8.56)
9.20
9.12
9.33
5
8.44
9.36
8.62
9.67
6
8.19
9.21
8.53
9.44
7
9.95 (9.66)
9.95
10.29
10.29
8
10.19
10.19
10.83
10.83
9
10.15
10.15
10.07
10.07
10
7.91
7.91
8.01
8.01
11
6.95
6.95
7.20
7.20
12
6.17
6.17
6.38
6.38
13
Na: Nitrogen at position number 1 and Nb: Nitrogen at position number 4
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Table S2. Gas Phase Basicity, solvation energies (kcalmol-1) of substituted piperazines
calculated with SMD/SCS-MP2/6-311+G(2d,2p)// SMD/SCS-MP2/6-311+G(2d,2p)
Compound Gas
phase Gas phase
Solvation Solvation energy
Solvation
Number Basicity at Na Basicity at Nb energy of
of ammonium
energy of
piperazines
cations at Na
ammonium
cations at Nb
220.2
220.2
-10.4
-68.4
-68.4
1
2

223.8

222.2

-11.3

-65.8

-68.0

3

230.1

226.0

-14.6

-63.8

-66.4

4

225.5

221.3

-14.3

-66.8

-63.4

5

219.6

217.3

-11.4

-68.6

-72.5

6

229.4

223.9

-14.9

-61.6

-68.3

7

221.0

222.6

-15.0

-69.8

-69.8

8

224.3

224.3

-8.3

-62.2

-62.2

9

228.8

228.8

-16.4

-65.6

-65.6

10

223.7

223.7

-19.2

-73.3

-73.3

11

217.9

217.9

-12.1

-69.7

-69.7

12

227.7

227.7

-17.6

-63.2

-63.2

13

209.5

209.5

-18.7

-82.4

-82.4

Na: Nitrogen at position number 1 and Nb: Nitrogen at position number 4
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A Computational Study on the Reaction
Mechanisms of Substituted Ethanolamines with
CO2.
Quantum chemical studies were used to understand the electronic and steric effects
on the mechanisms of the reaction of substituted ethanolamines with CO2. SCSMP2/6-311+G(2d,2p) calculations were used to calculate the activation barriers
and reaction energies for both the carbamate and bicarbonate formation. Implicit
solvent effects were included with the universal solvation model SMD. The
reaction mechanism is dependent on the amine concentration in the reaction
mixture. At lower concentrations, the reaction proceeds via a two-step mechanism
with formation of an unstable zwitterion intermediate and subsequent proton
transfer. At higher concentrations, the reaction proceeds via a single-step termolecular reaction (C-N bond formation and simultaneous proton transfer) with a
lower activation barrier. Increase in the steric hindrance around the nitrogen atom
in substituted ethanolamines leads to higher activation barriers for carbamate
formation and thereby lower reaction rates. In contrast, substitution of an N-methyl
or N-ethyl group either on MEA or 2-amino-2-methyl-1-propanol (AMP) leads to
higher reaction rates as compared to MEA, and therefore these compounds have
significant potential as industrial CO2 capturing solvents.
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Reaction mechanisms of alkanolamines with CO2

6.1 Introduction
The increasing amounts of carbon dioxide released into the atmosphere by worldwide
industrial activity are alarming and believed to contribute to global warming.1 Decreasing
the industrial exhaust of carbon dioxide into the atmosphere by post-combustion capture is
considered a possible strategy to reduce the environmental risks to our planet.1-3 Aqueous
amine solutions, especially alkanolamines, are already used on an industrial scale for this
purpose. Specifically, monoethanolamine (MEA) is used as an industrial solvent for CO2
capture due to its low cost and high reactivity towards CO2.4 However, MEA also has
disadvantages, like a high energy demand for solvent regeneration, a high degradation rate
and volatility.5-7 An optimal solvent for CO2 capture should have a high reaction rate with
CO2, a low energy demand for solvent regeneration, and a low degradation rate and
volatility. In addition, it should have a low toxicity and be highly soluble in water.
Combining all these features in one material has turned out to be a non-trivial task,
partially because of uncertainties in the precise mechanism of CO2 capture.
CO2 reacts with alkanolamines to form carbamates or bicarbonate, depending on the
nature of the alkanolamine. Primary or secondary amines preferably form carbamates, and
tertiary and sterically hindered amines preferably form bicarbonate. In literature, two
types of mechanisms were proposed for the carbamate formation (see Scheme 1).
According to Versteeg et al.8 and Caplow,9 CO2 first forms a bond with an amine
functional group in alkanolamines and this is followed by transfer of a proton to a second
molecule (another base molecule or water). This is a two-step mechanism with a
zwitterion as an intermediate. Alternatively, Crooks and Donnellan10 proposed that the
binding between the amine and CO2 and the proton transfer take place simultaneously.
Therefore, it can be described as a single-step and ter-molecular reaction. The initial
product in this mechanism is not a zwitterion, but a loosely bound encounter complex.
Most of these complexes break down again to give the starting molecules because of the
higher entropy. The former (stepwise) mechanism could be more favored in the presence
of additional non-basic solvent molecules, because the stability of the zwitterion increases
due to hydrogen bond formation. The mechanism towards formation of the carbamate
anion has been controversial in terms of whether a zwitterion exists or not.11-13 Donaldsen
and Nguyen14 proposed a mechanism for bicarbonate formation, where tertiary amines
react with CO2 and water to form bicarbonate as a product. The carbamate formation
involves transfer of a proton from the amine functionality. Amines that do not have such
protons, like tertiary amines, only form bicarbonate as product.
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Two-step zwitterion mechanism:9

Concerted mechanism:10

Formation of bicarbonate:14

Scheme 1. Proposed reactions mechanisms for the formation of carbamate or bicarbonate from
amines, H2O and CO2.

Only a few quantum chemical studies on the kinetics of the reaction between
alkanolamines and CO2 have been reported. Da Silva and Svendsen calculated the
activation barrier for the formation of carbamate from MEA and CO2 by scanning the
potential energy curve at the HF/3-21G(d) level of theory.15 They found that the
zwitterion formed between MEA and CO2 is not stable, and the subsequent transfer of a
proton from the zwitterion to a base molecule proceeds without any barrier (concerted
reaction mechanism). In contrast, Arstad et al.,11 using G3MP2B3 calculations, found that
the proton abstraction process from the zwitterion to MEA has an energy barrier of 9.3
kcalmol-1 and concluded that it is a two-step reaction mechanism. Shim et al.13 reported
that MEA is a more suitable base than water for the proton abstraction step, due to its
higher basicity. Recently, Xie et al.16 have reported, based on CCSD(T)/6311++G(2df,2p)//B3LYP/6-311++G(d,p) calculations that – when taking solvent effects
into account via the CPCM model – a two-step mechanism involving the zwitterion is the
most favorable channel for forming the carbamate, and that the zwitterion formation is the
rate-determining step. This thus contrasts with the study by Arstad et al.11 While the
reaction between MEA and CO2 thus already deserves closer inspection, the need for
better solvents makes the extension of these mechanistic studies to alternative
alkanolamines worthwhile. From our previous studies,17, 18 it was found that a series of
alkanolamines (shown in Figure 1) show better properties for CO2 capture than MEA, like
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higher boiling points and formation of less stable carbamates. In this study, we therefore
investigate the electronic and steric effects on the reaction mechanism and kinetics of
substituted ethanolamines by quantum chemical methods. We consider a series of
alkanolamines that includes primary, secondary and also sterically hindered amines, and
focus on three things: 1) the role of base (additional amines) in the determination of the
mechanistic route; 2) the activation barriers of the reaction of alkyl-substituted MEAs and
CO2; 3) elucidation of the effects of N-substituents on the mechanisms of either carbamate
or bicarbonate formation from N-alkyl substituted 2-amino-2-methyl-1-propanol (AMP)
with CO2. SCS-MP2/6-311+G(2d,2p) calculations (spin-component scaled MP2) were
used for an approximation of the activation barriers via the construction of reaction
profiles, and for the reaction energies of the four different reactions in Scheme 2:
Formation of the zwitterion intermediate from substituted ethanolamines with CO2 (step
1), which is followed by proton abstraction from the zwitterion by a second amine
molecule (step 2), direct carbamate formation from two molecules of substituted
ethanolamines with CO2 (step 3), and direct formation of bicarbonate from substituted
ethanolamines with CO2 and H2O (step 4).

Scheme 2. The four different reaction steps for which the activation barriers and reaction energies
were investigated.

Implicit solvent effects were mimicked with the universal solvation model SMD, which
we previously showed to be superior over e.g. the CPCM model for the calculation of the
basicity of alkanolamines.19 Via this approach we aim to further delineate the mechanism
of the reaction between substituted ethanolamines and CO2. In addition, we aim to better
understand the effects of different substituents on the activation barriers for both
carbamate and bicarbonate formation, so as to facilitate the search for more suitable
solvents for CO2 capture.
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Figure 1. Substituted ethanolamines for CO2 capture that were investigated in this study.

6.2 Computational Details
The geometries of all the reactants, products and transition states were optimized in the
solution phase at the MP2/6-311+G(2d,2p) level of theory, and single-point data were
subsequently obtained using SCS-MP2/6-311+G(2d,2p). Frequency analysis was carried
out on all minima to confirm the nature of the stationary points on the potential energy
surface. Transition states were approximated using reaction profiles (Location of the
transition states is in progress.). The universal solvation model SMD was used for the
calculation of the free energy of solvation. The SMD are trained against the experimental
free energies of solvation, and include an entropic contribution to the free energy of
solvation. All calculations were carried out with the Gaussian0920 software package, and
Gaussview5.0 was used as visualization software. Atomic charges of all species were
calculated by natural population analysis (NPA) and hybridizations by NBO analysis
(NBO)21 on solution phase-optimized geometries.
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6.3 Results And Discussion
6.3.1 Zwitterion Formation from Substituted Ethanolamines with CO 2
The first step in the calculations was to determine the activation energies for the
formation of the zwitterion from reaction of substituted monoethanolamines with CO2.
The geometries of reaction intermediates, approximated transition states (in all cases:
transition state (TS) is here shorthand for: maximum on the reaction profile), and
zwitterion structures of selected alkanolamines 1, 3 and 7 were obtained at the
SMD/MP2/6-311+G(2d,2p) level of theory, and are shown in Figure 2. The bond distance
between the nitrogen atom of MEA (1) and the C atom of CO2 (C-N bond length) in the
TS is found to be 2.15 Å, which decreased to 1.52 Å in the resulting zwitterion
intermediate. The C-N bond lengths in the resulting zwitterions display a near constant
value: between 1.52 Å in 2, which is close to the bond length in the MEA zwitterion
intermediate (1; 1.52 Å) to 1.57 Å for 9, respectively. Generally, upon substitution of
either sterically hindering or electron-withdrawing groups at the α- or β- position or
directly on the nitrogen atom in monoethanolamines, the C-N bond length in the
zwitterion increases (for values of all compounds 1-9, see Table S1 in the Supporting
Information). In addition, the NPA charge on the –NH2 moiety in the MEA-CO2 complex
is -0.19 and in the TS it becomes less negative (-0.17). In the zwitterion intermediate, it
becomes a positive value of 0.24.
Figure 3 depicts the profile of the potential energy surface for the formation of the
zwitterion from monoethanolamine (MEA) and CO2. The activation barrier for this
reaction is found to be 13.4 kcalmol-1 at the SMD/SCS-MP2/6-311+G(2d,2p) level of
theory (Table 1), that is, in good agreement with the experimental value of 12.5 kcalmol-1
at low concentrations (0.005 to 0.040 mol/L) of MEA,12, 22 and the value of 12.0 kcalmol-1
obtained by Xie et al. at the CCSD(T)/6-311++G(2df,2p)//B3LYP/6-311++G(d,p) level of
theory.16
Substitution of a -CH3 group at the α-position of the amine in MEA, that is, compound
2, only leads to a small increase in the activation barrier for the formation of the
zwitterion intermediate. Further substitution of a second –CH3 group at the α-position,
however, leads to a much stronger increase in activation barrier. This compound 3 (2amino-2-methyl-1-propanol, AMP) is one of the best-studied compounds for CO2 capture
due to its 1:1 reaction stoichiometry with CO2, which leads to an increase in the CO2
absorption capacity.7 In addition, it has shown a higher long-term stability and better
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regeneration energies than MEA. The main disadvantage of AMP, however, is its low
reaction rate with CO2. The calculated activation barrier for the formation of the
zwitterion intermediate for AMP is ~4 kcalmol-1 higher than for MEA, which confirms the
slower reaction rate of AMP as compared to MEA (18.5 versus 13.4 kcalmol-1; see Table
1). The higher steric hindrance is borne out by the C(CO2)-N(AMP) bond distance in the
TS of 2.40 Å, which is ~ 0.25 Å longer than the C-N distance in the TS of the reaction of
MEA with CO2. These findings are further supported by the experimental results from
Satori et al.,7 who found that an increase in the steric hindrance around the nitrogen atom
decreases the reactivity of amines towards CO2, that is, MEA has a higher reactivity than
AMP.
monoethanolamine (MEA) (1)

d(C-N) = 3.24 Å
Reactants

d(C-N) = 2.15 Å

d(C-N) = 1.52 Å
Zwitterion

TS

2-amino-2-methyl-1-propanol (AMP) (3)

d(C-N) = 2.99 Å
d(C-N) = 2.40 Å
Reactants

d(C-N) = 1.53 Å

TS

Zwitterion

2-(N-(1-methylethyl)amino)ethanol (7)

d(C-N) = 3.07 Å

d(C-N) = 2.35 Å
d(C-N) = 1.57 Å

Reactants

TS

Zwitterion

Figure 2. SMD/MP2/6-311+G(2d,2p)-optimized geometries of reactants, transition states and products
of the reaction of alkanolamines with CO2 leading to the zwitterion.
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d(C-N) = 2.15 Å
d(C-N) = 3.24 Å

13.4
kcalmol-1
d(C-N) = 1.52 Å
4.6 kcalmol-1

0.0 kcalmol-1

Figure 3. Potential energy diagram for the formation of the zwitterion from monoethanolamine (MEA)
and CO2, together with the C-N bond distances.

Table 1. Activation barrier (kcalmol-1), reaction energies (kcalmol-1) for zwitterion
formation and experimental pKa values of several alkanolamines.
Compound Name
Activation
Reaction
Expt.pKa
Barrier
Energy
-1
(kcalmol )
(kcalmol-1)
monoethanolamine (MEA) (1)
13.4
4.6
9.51
2-amino-1-propanol (2)
14.5
4.5
9.47
2-amino-2-methyl-1-propanol (3)
18.5
7.4
9.71
2-amino-3-fluoro-propan-1-ol (4)
17.8
7.2
7.83
2-(N-methylamino)ethanol (5)
12.7
4.2
9.88
2-(N-ethylamino)ethanol (6)
11.4
2.4
10.00
2-(N-(1-methylethyl)amino)ethanol (7)
13.4
4.4
9.91
2-(N-methylamino)-2-methyl-1-propanol(8)
11.8
0.6
9.77
2-(N-ethylamino)-2-methyl-1-propanol (9)
10.9
0.7
9.77
The activation barrier of β-fluoro substituted MEA (4) is 17.8 kcalmol-1, which is ~3
kcalmol-1 higher than of MEA. The reason for this high activation barrier lies in the
presence of a fluorine atom at the β-position, which decreases the charge on the nitrogen
atom, and the added steric hindrance by the CH2F group, thereby decreasing the reactivity
towards CO2. We also investigated the effect of direct substitution of methyl, ethyl and
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isopropyl groups on the nitrogen atom of the amine moiety in MEA. Direct substitution
with a N-CH3 group (5) decreases the activation barrier for the formation of zwitterion
intermediate from 13.4 kcalmol-1 to 12.7 kcalmol-1, which we attribute to the inductive
effect of the –CH3 group. Substitution with an ethyl group (6) on the nitrogen atom further
decreases the activation barrier to 11.4 kcalmol-1, whereas further increase of steric
hindrance by an N-isopropyl group (7) gave an activation barrier of 13.4 kcalmol-1, that is,
equal to MEA, but higher than for compound 5 and 6. This is attributed to the poorer
solvent accessibility of the nitrogen atom caused by the sterically bulky isopropyl group.
The decrease in the activation barrier for N-alkyl substituted MEAs as compared to MEA
can be further explained by the NPA charges on the –NH moieties in the TS. They are all
more negative (-0.36 ± 0.01) than for the NPA charge on the –NH2 moiety of the MEA (0.167). The highest NPA charge on –NH moiety was found for 6, which is around -0.367
and followed by -0.357 and -0.354 for 7 and (5), respectively. Furthermore, our previous
studies showed that N-alkyl substituted MEAs form less stable carbamates than
unsubstituted MEA. This leads to an increase in the free-amine concentration in solution,
and thus leads to higher CO2 absorption capacities. Therefore, N-methyl and N-ethyl
substituted MEAs may have significant potential as alternatives for MEA as an industrial
solvent for CO2 capture, due to their higher reactivity towards CO2, formation of less
stable carbamates and their lower volatility as compared to MEA. Furthermore, the direct
substitution of methyl (8) and ethyl (9) groups on the nitrogen atom of sterically hindered
amine AMP (3) yielded activation barriers of 11.8 kcalmol-1 and 10.9 kcalmol-1,
respectively. These lower values can be attributed to the inductive effects of the Nalkylation as present in the secondary amine moieties in compounds 8 and 9.
The calculations showed that formation of a zwitterion intermediate is an endothermic
reaction for all the substituted ethanolamines. The reaction energy of the zwitterion
formation of MEA with CO2 is found to be 4.6 kcalmol-1. The substitution of an α-CH3 on
MEA (2) has no significant effects on the reaction energy, which is also the case for
compounds 5 and 7, whereas substitution of N-H atoms in 1 by N-ethyl group (6), the
reaction energy goes up by 2 kcalmol-1. Furthermore, upon replacing one of the methyl-H
atoms by F (4), the reaction energy goes up from 4.6 kcalmol-1 to 7.2 kcalmol-1. The
substitution of the α-H in 2 by an α-CH3 group (3) increases the reaction energy to 7.4
kcalmol-1, which is obviously due to an increase in the steric hindrance around the
nitrogen atom. Substitution of N-methyl (8) or N-ethyl (9) groups on AMP (3) yielded
significantly more attractive reaction energies of 0.6 and 0.7 kcalmol-1, respectively, that
is, around 7 kcalmol-1 less endothermic than found for AMP (3), which can attributed the
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presence of bulky groups that hamper solvation in the reactants while the product is more
stabilized by the inductive effects of N-alkylation.
In summary, secondary amines are more reactive towards CO2 than primary amines and
N-alkylation of MEA and AMP yields lower activation barriers, thereby increasing the
reactivity towards the formation of zwitterion intermediates.
6.3.2 Proton Transfer from Zwitterion to Second Alkanolamine
A proton transfer from the zwitterion intermediate to another base molecule leading to a
carbamate is the second step in the reaction. For this reaction the activation barrier was
also calculated. The base molecule might be another substituted ethanolamine or a water
molecule. At practically useful amine concentrations, the higher basicity of the amine will
overcome the higher concentration of water, in line with findings of Shim et al.13 For this
reason, we only considered a second substituted ethanolamine as a base to abstract a
proton from the zwitterionic intermediate.
If an amine is added to the carbamate, proton transfer proceeds without calculable
barrier, even though the starting complex (hydrogen bonded carbamate-amine complex) is
a verified minimum. Upon approach of another MEA molecule to the zwitterion
intermediate, a slight elongation of the N-H bond (from 1.01 Å in MEA to 1.13 Å in the
zwitterion was observed, indicating N-H bond activation (data shown in Table S2 in the
supporting information). This N-H bond length increase agrees well with the calculated
values reported by Shim et al. as well as with experimental studies like solution NMR
spectroscopy and neutron diffraction.23, 24 The calculated reaction energy is -5.9 kcalmol-1.
Evidently, these data together point to an early transition state for this proton transfer.
Therefore the formation of the zwitterion is the rate-determining step in the formation of
the carbamate from MEA and CO2 at low concentrations of amines. The findings from
these calculations are in line with nearly barrier-free proton transfer as calculated
(PCM/B3LYP/6-31+G(d,p)) by Shim et al.13 In contrast, Arstad et al. calculated an
activation barrier for the proton abstraction process of 9.3 kcalmol-1 on the basis of gas
phase calculations. This also agrees well with our calculations of the activation barrier for
the proton transfer in the gas phase at the SCS-MP2/6-311+G(2d,2p) level of theory,
where we found that the activation barrier is 10.3 kcalmol-1.11 This points to significant
solvent effects and the necessity to include these for mimicking this solution process..
In addition, we also studied both the electronic and steric effects on the proton transfer
from the zwitterion intermediate to the second alkanolamine molecule for several other
alkanolamines. Substitution of one or two –CH3 groups (compounds 2 and 3) at the α125
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position next to the amine group in MEA (1) increased the activation barrier for the proton
transfer from the zwitterion intermediate to the second alkanolamine MEA molecule, to
1.7 kcalmol-1 for the formation of the carbamate from the zwitterion intermediate and
second AMP molecule (3). This activation barrier agrees with the value of 2 kcalmol-1
reported by Yamada et al. at the SMD/B3LYP/6-31G(d) level of theory.25 Direct
substitution of an N-methyl (5), N-ethyl (6) or N-isopropyl group (7) in MEA lowered Ea
again (no appreciable barrier). N-alkylation on AMP (e.g. 8 or 9) has, in contrast, minimal
impact on the activation barrier for carbamate formation.
Table 2. Activation barrier (kcalmol-1) and reaction energies (kcalmol-1) for carbamate
formation.
Compound Name
Activation Barrier Reaction Energy
(kcalmol-1)
(kcalmol-1)
monoethanolamine (MEA) (1)
-5.9
2-amino-1-propanol (2)
0.9
-5.3
2-amino-2-methyl-1-propanol (3)
1.7
-3.9
2-amino-3-fluoro-propan-1-ol (4)
1.3
-3.4
2-(N-methylamino)ethanol (5)
-4.1
2-(N-ethylamino)ethanol (6)
-2.9
2-(N-(1-methylethyl)amino)ethanol (7)
1.8
2-(N-methylamino)-2-methyl-1-propanol (8)
1.6
-1.6
2-(N-ethylamino)-2-methyl-1-propanol (9)
1.6
0.9
The reaction energy for the formation of the carbamate from MEA is found to be -5.9
kcalmol-1, indicating the formation of a stable carbamate. α-CH3/-CH2F or N-methyl/Nethyl substitution decreases this stability only a little bit, yielding reaction energies in the
range from -2.9 to -4.1 kcalmol-1, as previously studied in detail.18 Overall, it can thus be
concluded that if a zwitterionic intermediate happens to be formed, it reacts almost
without barrier to yield the carbamate and protonated base. This stepwise mechanism is
thus expected to be only relevant at (unpractically) low concentrations alkanolamines.
6.3.3 Carbamate Formation of Substituted Alkanolamines with CO 2
In step 1 (Scheme 2), the formation of a zwitterion from the reaction of one substituted
ethanolamine with CO2 was investigated. However, for industrial CO2 capture a highly
concentrated (7 M) MEA solution is used. To mimic these conditions the activation
barrier and reaction energies for the direct carbamate formation from two molecules of
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substituted ethanolamines with CO2 were calculated (step 3; Scheme 2). Figure 4 shows
the potential energy diagram for the formation of carbamate from two MEA molecules
with one CO2 molecule.

1.654 Å
1.079 Å

4.7
kcalmol-1
0.0 kcalmol-1
-5.3 kcalmol-1

Figure 4. Potential energy diagram for the carbamate formation from the reaction of 2 MEA molecules
with CO2 (SMD/SCS-MP2/6-311+G(2d,2p) calculations).

The calculated activation barrier for the carbamate formation from two molecules of
MEA with CO2 is 4.7 kcalmol-1 at the SMD/SCS-MP2/6-311+G(2d,2p level of theory,
which is very good agreement with the experimental reported value of 4.3 kcalmol-1 at
higher concentrations (0.15 M to 2 M) of MEA (Table 3).12 In addition, the calculated
value of 4.7 kcalmol-1 is close the value of 5.5 kcalmol-1 reported by Shim et al. at the
CPCM/B3LYP/6-31+G(d,p) level of theory. Furthermore, the calculated activation barrier
from step 3 is ~8.5 kcalmol-1 lower than for the zwitterion formation. This indicates that
the presence of a second MEA molecule in the reaction lowers the activation barrier,
thereby resulting in a higher reaction rate. The calculated reaction energy for the
carbamate formation from MEA according to either steps 1-2 or step 3 (Scheme 2) is
almost equal, that is, -5.9 and -5.3 kcalmol-1, respectively (Tables 2 and 3).
The activation barrier and reaction energies were also calculated for the α-CH3
substituted MEA (2) to understand the effects of sterically hindering substituents. The
calculations show that substitution of an α-CH3 on MEA hardly affects both the activation
barrier and the reaction energy for the carbamate formation. The energy barrier for 2 (4.9
kcalmol-1) was found to be marginally higher than for MEA (4.7 kcalmol-1), which is
obviously due to the increase in steric hindrance around the nitrogen atom. In addition, the
pKa of α-CH3 substituted MEA (2) is slightly lower than of MEA (Table 1), based on
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which it would have indeed been predicted that the reaction proceeds slower. Analogous
reaction path calculations for the other substituted ethanolamines (3-9) are in progress.
Table 3. Activation barrier (kcalmol-1) and reaction energies (kcalmol-1) for carbamate
formation from two ethanolamines and CO2.
Compound Name
Activation Barrier
Reaction Energy
-1
(kcalmol )
(kcalmol-1)
monoethanolamine (MEA) (1)
4.7
-5.3
2-amino-1-propanol (2)
4.9
-5.1
From this section, we can conclude that the presence of a second substituted
ethanolamine in the zwitterion formation definitely lowers the activation barrier for the
carbamate formation, thereby resulting in a higher reaction rate. Furthermore, the type of
reaction mechanism, that is, a single step or a two-step mechanism, depends on the
concentration of the substituted ethanolamine in the reaction mixture.
6.3.3 Bicarbonate Formation from Alkanolamine, CO2 and Water
The third step in the process for which activation barrier calculations were performed is
the direct bicarbonate formation from reaction of substituted alkanolamines with CO2 and
H2O.
Figure 5 shows the potential energy diagram for the bicarbonate formation from the termolecular reaction of MEA with CO2 and H2O. The calculated activation barrier for the
bicarbonate formation from MEA with CO2 and water is 18.0 kcalmol-1 at the SMD/SCSMP2/6-311+G(2d,2p level of theory, which is ~4 kcalmol-1 higher than for the carbamate
formation (Table 4). It indicates that the direct formation of bicarbonate from MEA is a
less feasible reaction. In addition, the reaction energy for the bicarbonate formation is
found to be endothermic, namely 7.5 kcalmol-1, which is also higher than for carbamate
formation. The NPA charge on the nitrogen atom in the MEA + CO2 + H2O starting
complex is -0.91 and in the TS it is -0.80. Substitution of a α–CH3 group (2) decreases
both the activation barrier and the reaction energy by ~0.5 kcalmol-1. Further substitution
with a second methyl group on the α-position to the amine group yields AMP (3), which
displays a decrease in the activation barrier of another ~3.5 kcalmol-1. This is opposite to
what is found in carbamate formation. The results indicate that substitution with α-CH3
groups kinetically favors the formation of bicarbonate. The highest activation barrier (18.2
kcalmol-1) was found for β-fluoro substituted MEA (4) which is even ~0.5 kcalmol-1
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higher than for the carbamate formation. This can be attributed to the presence of the
electron-withdrawing group F, which decreases the NPA charge of the amine nitrogen in
the complex.

1.063 Å
1.555 Å

18.0
kcalmol-1

7.5 kcalmol-1
0.0 kcalmol-1

Figure 5. Potential energy diagram for the bicarbonate formation from the ter-molecular reaction of
MEA with CO2 and H2O.

Finally, N-methyl, N-ethyl and N-isopropyl groups decrease both the activation barrier
and the reaction energies for the bicarbonate formation. However, the decrease in
activation barrier is much stronger than the decrease in reaction energy. The decrease in
activation barrier is – somewhat surprisingly – very similar to the decrease in activation
barrier for the carbamate formation (Table 1). This also indicates that if carbamate
formation occurs, it is a thermodynamically driven process for N-alkyl substituted MEAs.
Furthermore, substitution of N-methyl (8) or N-ethyl (9) groups on AMP (3) decreased
both the activation barrier and the reaction energies. However, the decrease in the reaction
energy for the bicarbonate formation (Table 1) is much lower than for the carbamate
formation, which is somewhat unexpected, since compounds 8 and 9 do not form stable
carbamates.18 This unexpected behavior can be attributed to the poor solvation of
compounds 8 and 9. Furthermore, the basicities of compounds 8 and 9 are higher than of 1
and 3 (Table 1), which indicates that compounds 8 and 9 rather act as bases.26
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Table 4. Activation barrier (kcalmol-1) and reaction energies (kcalmol-1) for bicarbonate
formation.
Compound Name
Activation Barrier Reaction Energy
(kcalmol-1)
(kcalmol-1)
monoethanolamine (MEA) (1)
18.0
7.5
2-amino-1-propanol (2)
16.1
7.6
2-amino-2-methyl-1-propanol (3)
2-amino-3-fluoro-propan-1-ol (4)
2-(N-methylamino)ethanol (5)
2-(N-ethylamino)ethanol (6)
2-(N-(1-methylethyl)amino)ethanol (7)
2-(N-methylamino)-2-methyl-1-propanol (8)
2-(N-ethylamino)-2-methyl-1-propanol (9)

14.5
18.2
12.7
11.6
11.3
12.7
11.6

7.2
5.2
6.3
6.7
5.6
5.7
3.9

In conclusion, substitution of alkyl groups either on the α- or β-position or on the
nitrogen atom of MEA decreases the activation energies as well as the reaction energies
for both the carbamate formation and bicarbonate formation. The activation barriers are
higher for the direct bicarbonate formation than for the carbamate formation, meaning that
direct bicarbonate formation from substituted MEA with CO2 and H2O is unfavorable due
to the high activation barriers.

6.4 Conclusions
Quantum chemical calculations indicate that the formation of carbamates from the
reaction between substituted ethanolamines and CO2 proceeds via a one-step mechanism
(formation of the N-C bond and simultaneous loss of a proton) at sufficiently high
concentrations of alkanolamines. Only at (unpractically) low concentrations of amines, a
zwitterionic intermediate – in which the C-N bond is formed, but the proton not yet lost –
will be relevant. The substitution of N-methyl or N-ethyl groups on MEA or AMP yielded
higher reaction rates for both carbamate and bicarbonate formation. An increase in steric
hindrance at the α-position next to the nitrogen atom in MEA decreases the reaction rates
for carbamate formation. The direct bicarbonate formation from substituted ethanolamines
with water and CO2 is a kinetically unfavorable due to higher activation barriers. Nmethyl and N-ethyl substituted MEAs and AMPs could be suitable alternatives for MEA
as an industrial solvent for CO2 capture, due to their higher reactivity towards CO2,
formation of less stable carbamates and their lower volatility as compared to MEA.
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Supporting Information to Chapter 6
Table S1. N-H and C(CO2)-N(amine) bond distances (Å) in the zwitterion formed
from step 1
Compound Name
N-H
bond C(CO2)-N(amine)
distance in the bond distance in
zwitterion (Å)
the zwitterion (Å)
monoethanolamine (MEA) (1)
1.02
1.52
2-amino-1-propanol (2)
1.02
1.52
2-amino-2-methyl-1-propanol (3)
2-amino-3-fluoro-propan-1-ol (4)
2-(N-methylamino)ethanol (5)
2-(N-ethylamino)ethanol (6)
2-(N-(1-methylethyl)amino)ethanol (7)
2-(N-methylamino)-2-methyl-1-propanol (8)
2-(N-ethylamino)-2-methyl-1-propanol (9)

1.02
1.02
1.02
1.02
1.02
1.02
1.02

1.53
1.52
1.54
1.57
1.57
1.56
1.57

Table S2. N-H bond distances in TS (Å) and C(CO2)-N(amine) bond distance (Å) in
the carbamate formed from step 2
Compound Name
N-H
bond C(CO2)-N(amine)
distance in TS bond distance in
(Å)
carbamate (Å)
monoethanolamine (MEA) (1)
1.13
1.44
2-amino-1-propanol (2)
1.13
1.45
2-amino-2-methyl-1-propanol (3)
1.14
1.45
2-amino-3-fluoro-propan-1-ol (4)
1.14
1.45
2-(N-methylamino)ethanol (5)
1.14
1.45
2-(N-ethylamino)ethanol (6)
1.15
1.44
2-(N-(1-methylethyl)amino)ethanol (7)
1.16
1.44
2-(N-methylamino)-2-methyl-1-propanol (8) 1.16
1.46
2-(N-ethylamino)-2-methyl-1-propanol (9)
1.17
1.45
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General Discussion
In this chapter an overview of the results of the research described in this thesis is
given, the results are critically discussed in the broader framework of carbon
dioxide capture technologies, and finally some ideas and recommendations for
further research are given.
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General Discussion

7.1 Introduction
An increase in the concentration of greenhouse gases in the atmosphere, particularly
carbon dioxide (CO2) is considered to be a major factor responsible for global warming.
The main contributors to CO2 emissions into the atmosphere are burning of fossil fuels
(coal, natural gas, and fuel oil ) for electricity, heat, and transportation. An increase in the
global energy demand based on fossil fuel consumption, further increases the atmospheric
levels of CO2. The most promising way to reduce CO2 emissions from burning of fossil
fuels into the atmosphere is by so-called Carbon Capture and Storage or Sequestration
(CCS). The efficiency of the CO2 capture process is mostly dependent on choosing the
right capturing solvent. A good solvent for CO2 capture should have a high CO2
absorption capacity, high reaction rates with CO2, low volatility, low thermal and
oxidative rates and also a low desorption temperature. A lower desorption temperature
leads to a significant reduction in the costs for solvent regeneration and thereby to an
increase in the efficiency of CO2 capture process.
In this thesis, the electronic and steric effects on the pKa and carbamate stability, which
are the most important parameters for CO2 capture, of substituted ethanolamines and
piperazines using quantum chemical methods are investigated. This investigation has
yielded several high-potential, novel CCS materials. As a next step, transition state energy
calculations were done for several steps in the CO2 capture or release mechanisms of
substituted ethanolamines. These combined calculations yield more insight in the factors
that are important for CO2 capture, and allow to propose possible replacement solvents for
monoethanolamine (MEA) for CO2 capture.

7.2 Summary and Discussion of Results Obtained in this
Thesis
The reaction between primary and/or secondary alkanolamines and CO2 in water leads
to the formation of carbamates [Reaction (B); Scheme 1]. Tertiary and sterically hindered
alkanolamines do not form carbamates; instead they are only protonated, and form
ammonium compounds and bicarbonate in the presence of water [Reaction (A); Scheme
1]. The hydrolysis of carbamate to form bicarbonate and amine can be written as shown in
Reaction (C) and Scheme 1. The basicity, free energy for carbamate formation and
carbamate stability are the most important parameters that determine the CO2 absorption
capacity of the solvent and regeneration of the solvent by CO2 desorption.
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Scheme 1. Reaction (A) represents the formation of bicarbonate from alkyl amines and CO 2 in the
presence of water, Reaction (B) the formation of carbamate, and Reaction (C) the hydrolysis of
carbamate to bicarbonate.

In Chapter 2, the influence of electronic and steric effects on the reaction between CO2
and a range of MEA-derived absorbents was investigated using quantum chemical
methods. Furthermore, a comparison was made between three solvation models, namely
the conductor-like continuum model (CPCM) and universal solvation models SMD and
SM8, for calculation of solvation energies of all the molecules in water. It was found that
SMD and SM8 solvation models performed better than the CPCM solvation model. For
the calculation of pKa of any molecule, we have to consider the gas-phase energy and
solvation energy of all the species involved in the reaction. There is a debate on the
solvation energy of the proton. The reported experimental values for solvation energy of
the proton vary from -254 kcalmol-1 to -266 kcalmol-1 (there is no agreement in literature
about the exact value).1, 2 To overcome this problem, we chose to use the well-described
experimental pKa value of monoethanolamine as a reference to calculate the pKa values of
the other molecules of interest, which are various substituted MEAs and also fluorosubstituted ethylamines. This approach gave us very accurate results. In addition, we used
a newly developed density functional method i.e. M11-L which is a computationally less
demanding than e.g. MP2 or composite ab initio methods (like G3). The combination of
M11-L with the SM8 (or SMD) solvation model yielded the same results as methods like
SMD/SCS-MP2 and SMD/G3, which gave us confidence to use the SM8/M11-L method
to obtain accurate results for other computational problems too.
The introduction of β-fluoro-substituents on MEA (especially with a CH2F moiety in 2amino-3-fluoropropanol) showed promising results for CO2 capture by reducing the Gibbs
free energy of carbamate formation, thereby decreasing the energy requirement for the
solvent regeneration step in the post-combustion carbon capture method, which is
currently the energy-limiting step in efficient CO2 capture. In addition, 2-amino-3fluoropropanol was also shown to form less stable carbamates than MEA, which leads to a
higher free amine concentration in solution, from which higher CO2-absorption capacities
are expected. Furthermore, 2-amino-3-fluoropropanol has a higher boiling point (195 C)
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than MEA (170 C), indicating that the use of 2-amino-3-fluoropropanol instead of MEA
would reduce volatility losses. Thus 2-amino-3-fluoropropanol displays a great potential
for use in the post-combustion carbon capture process. However, before using 2-amino-3fluoropropanol as a replacement solvent for MEA, it is necessary to investigate the effect
of pH, temperature and concentration on the CO2 absorption capacity, the solubility of
CO2 in this solvent and its degradation under process conditions. Furthermore, performing
1
H-NMR, 13C-NMR, Fourier transform infrared spectroscopy (FT-IR) and calorimetric
experiments is advantageous for understanding the formation of the different species in
solution (Figure 1).3-5 Finally, the use of a proper lifecycle analysis would be required,
since the use of a halogenated compound as replacement of a non-halogenated one can
potentially yield hitherto unknown drawbacks. The high stability of the C-F bond is, of
course, critical to its use in CCS, but the long-term, environmental effects need to be
properly considered as well.
Furthermore, the combination of SM8/M11-L methods was not only used to calculate
the pKa of a series of alkanolamines that are useful for CO2 capture, but was also found to
be suitable for the pKa calculation of a wide range of different amines, including
biologically interesting molecules like neurotransmitters, alkaloid drugs and nucleotide
bases (Chapter 3). The error between experimental and calculated pKa values was found
to be ~0.20 pKa units for alkanolamines, which is an excellent result at low computational
costs. With the computationally low-cost SM8/M11-L density functional approach, an
excellent correlation was found between experimental and computational pKa values of 35
widely differing amines. The results indicate that this generic SM8/M11-L method can be
used for the accurate calculation of pKa values of interesting biomolecules at low
computational costs. Since SMD is generally considered to be a (slight) improvement over
SM8, it is likely that SMD/M11-L will perform similarly or even slightly better.
Chapter 4 deals with the influence of electronic and steric effects on the stabilities of
carbamates formed from the reaction of CO2 with a wide range of alkanolamines. Density
functional methods (B3LYP and M11-L) and ab initio methods (MP2 and SCS-MP2) are
utilized to calculate the Gibbs free energy for the carbamate hydrolysis reaction (∆Gcs).
Substitution of methyl groups at α- or β-positions next to the amine group leads to a
decrease in the carbamate stability as well as an increase in the N-C bond lengths in the
carbamates, which are attributed to the increase in the steric hindrance. The weakening of
the N-C bond lengths is crucial for a more cost-effective regeneration of solvent. In
addition, the direct substitution of methyl, ethyl or isopropyl groups on the nitrogen atom
in MEA leads to a decrease in the ∆Gcs. A further increase in the steric hindrance with
more bulky groups, like secondary butyl and isobutyl groups, however, does not leads to a
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further decrease in the ∆Gcs, but rather increases the ∆Gcs. This is attributed to an
increased difficulty of the solvent molecules, like water, to interact with the amine group.
Therefore, in order to get a high CO2 absorption capacity the steric hindrance around the
nitrogen atom has an optimum with the isopropyl group. Furthermore, ∆Gcs shows a good
correlation with the intramolecular hydrogen bond length between an O atom of the COOgroup and the H atom of the OH group in carbamates and the NPA charge on the nitrogen
atom. The steric hindrance around the nitrogen atom, the charge on the nitrogen atom and
the intramolecular hydrogen bond length were found to be important parameters for the
reduction of carbamate stability. By changing these parameters we can fine-tune the
solvents for CO2 capture with desirable properties. Due to the continuous development of
computational chemistry methods, the accuracy of the calculations performed in this
thesis can be improved. For example, recently developed dispersion-corrected density
functional theory-based methods (DFT-D) and Minnesota functionals like MN12-SX have
shown promising results for the calculation of reaction energies of macromolecules.6, 7
Use of these methods for the calculation of carbamate stability and carbamate formation
may further improve the accuracy of the results. In pilot plants for CO2 capturing, the CO2
absorption process takes place at 40 C and the desorption process at 100-140 C.
Therefore, mimicking of temperature effects in the quantum chemical calculations are
highly useful for a better understanding of the reaction mechanisms and for obtaining
suitable solvents for the CO2 capturing process.
The use of diamines, with two basic sites, is advantageous for CO2 capture due to the
1:1 reaction ratio between amine and CO2, thereby decreasing the solvent cost for CO2
capture. Piperazine is a cyclic diamine that has a high reactivity with CO2, low oxidative
and thermal degradation rates and low volatility losses as compared to conventional
monoethanolamines. However, a main disadvantage of piperazines is the low solubility in
water, which is an important aspect for an optimal solvent system for CO2 capture.
Introducing substituents containing heteroatoms in piperazine may lead to an increase in
their solubility. In Chapter 5, the effects on pKa and carbamate stability of substitution of
-CH3, -CH2F, -CH2NH2, -CH2OH, -COCH3, and -CN groups at the 2 and/or 5 positions of
piperazine are investigated. Substitution of -CH3, -CH2NH2 and -CH2OH groups at the 2
and 5 positions of piperazine has a positive impact on the CO2 absorption capacity by
reducing the carbamate stability towards hydrolysis. Furthermore, their higher boiling
points as compared to piperazine itself will lead to reduction of volatility-related losses.
Performing quantum chemical calculations on substituted piperazines increases our
understanding of the factors that are important for the reaction mechanisms and is
advantageous in choosing a suitable solvent for CO2 capture that has faster reaction rates.
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No clear-cut synthesis of disubstituted piperazines with -CH2NH2 or -CH2OH groups at
the 2 and 5 postions is described in literature; only their formation as minor sideproducts.8 Further research is needed to develop synthetic routes to efficiently prepare
these amines on a large scale. Still, performing small scale 1H-NMR, 13C-NMR, FT-IR
and calorimetric experiments are necessary to investigate and understand the formation of
different species in solution and the performance of these new compounds under process
conditions.3, 4
The reaction mechanism of the carbamate formation from amines with CO2 is not
completely clear yet. According to Versteeg et al.9 and Caplow,10 CO2 first forms a bond
with an amine functional group in alkanolamines, and this is followed by the transfer of a
proton to a second molecule (another base molecule or water). This is a two-step
mechanism with a zwitterion as an intermediate. Alternatively, Crooks and Donnellan11
proposed that binding between the amine and CO2 and the proton transfer takes place
simultaneously. Therefore, it is a single-step and termolecular reaction. In Chapter 6, the
activation energy barriers and reaction energies for both the carbamate formation and
bicarbonate formation are calculated at the SMD/SCS-MP2/6-311+G(2d,2p) level of
theory. Three reactions were considered in the calculations, i.e. a) formation of the
zwitterion intermediate, followed by proton abstraction from the zwitterion by a second
amine molecule, b) direct carbamate formation from two molecules of substituted
ethanolamines and CO2 and c) direct bicarbonate formation. The calculations showed that
the activation energy barrier and reaction energy for both carbamate and bicarbonate
formation from substituted ethanolamines and CO2 are susceptible to substituent effects.
The activation energy barrier for the zwitterion formation is 13.4 kcalmol-1, which is in
good agreement with the experimentally reported value of 12.5 kcalmol-1. At lower
concentrations of MEA, the reaction between MEA and CO2 in water is a two-step
mechanism with formation of a relatively unstable zwitterion intermediate. The formation
of the zwitterion is the rate determining step and the proton abstraction process from the
zwitterion is completely or almost completely barrier free. At higher concentrations of
MEA, the reaction mechanism is a single step mechanism of two MEA with one CO2,
with higher reactions rates. For direct bicarbonate formation the calculated activation
energy barriers are relatively high as compared to the carbamate formation. This shows
that formation of carbamates is a more feasible pathway than bicarbonate formation.
Substitution of methyl groups at the α-position increased the activation energy for the
formation of carbamate. This is attributed to the increase in steric hindrance around the
nitrogen atom. Furthermore, direct substitution of methyl and ethyl groups decreases the
activation energy barrier and thereby high reaction rates are expected. The N-methyl and
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N-ethyl substituted ethanolamines have advantages like formation of less stable
carbamates, higher boiling points (Chapter 3) and faster reaction rates with CO2
(Chapter 6). In addition, the N-methyl and N-ethyl substituted ethanolamines can be
prepared from renewable sources.12 The N-methyl and N-ethyl substituted ethanolamines
can therefore be suitable as alternative solvents for CO2 capture.
Recently, considerable progress has been made in the area of CO2 capture with
alkanolamines from flue gases. However, degradation of the commonly used
monoethanolamine (MEA) is still a problem. In my opinion, studies on degradation
pathways of monoethanolamine are worthwhile and computational chemistry tools to
study and predict these degradation pathways are very useful for designing new solvents
for CO2 capture.
Four possible ways to extend the work described in this thesis and improve its impact
for applications are shown in Figure 1. Firstly, incorporating temperature effects in
reaction energy calculations with the use of quantum chemical methods like the SM8T
solvation model.13 Secondly, obtaining a complete understanding of the degradation
pathways of alkanolamines in solution. Thirdly, performing the necessary experimental
studies like 1H NMR, 13C NMR, FT-IR to support or confirm the theoretical findings
obtained from the work in this thesis. A clear understanding of the reaction kinetics and
thermodynamics and of the species formed during the reaction between amines and CO2 is
important to select promising amines for CO2 capture. Various experimental techniques
like NMR spectroscopy14, stopped-flow spectrophotometry15, isothermal titration
calorimetry16, vapor-liquid equilibrium measurements and enthalpy measurements17 have
been used to obtain thermodynamic and kinetic data on the CO2 absorption with aqueous
amine solutions. Jakobsen et al.14 and Yamada et al.18 used 13C NMR spectroscopy to
determine the compound speciation for the reaction of MEA with CO2 in great detail.
Furthermore, McCann et al.19 measured the reaction enthalpies of carbamate formation
and amine protonation of MEA, diethanolamine (DEA) and ammonia (NH3) with CO2
using isothermal titration calorimetry (ITC). The use of stopped-flow spectrophotometry
to understand the temperature dependence of the reversible reaction between CO2 and
MEA was reported by Conway et al. Robinson et al.4, 5 performed in-situ analysis of the
reaction between CO2 and heterocyclic amines using FT-IR to understand the formation of
carbamate versus bicarbonate and CO2 absorption capacity of amine .
Before using N-substituted ethanolamines or substituted piperazines that showed
promise in the theoretical calculations for pilot plant CO2 capture, we have to
understand/measure parameters like CO2 solubility in amine solutions, susceptibility to
temperature and pressure effects, degradation products, thermodynamics, kinetics, CO2
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absorption capacity, mass transfer, diffusion as well as operational costs of the power
plant. In my opinion, performing 1H and 13C NMR spectroscopy and FT-IR studies on
these amines with various CO2 loadings at laboratory scale is definitely advantageous to
understand some of these important parameters, like the speciation of the products
(protonated amines, carbamates and bicarbonate) and thereby the reaction enthalpy for
carbamate formation and carbamate stability.
Finally, using newly developed quantum chemical methods like DFT-D or MN12-SX
functionals will improve the accuracy and predicting value of the calculations.
DFT-D methods

Degradation
Pathways

Substituted
Ethanolamines

1H

Temperature
Effects in QM
calculations

NMR, FT-IR and
Calorimetric
Studies

Figure 1. Future prospects of N-substituted ethanolamines for CO2 capture.

7.3 Future Prospects of Solvents for CO2 Capture
The well-established methodology for CO2 capture by aqueous amine solvents is a costineffective process. Therefore, we have to look for alternative solvents for CO2 capture to
improve a performance of CO2 capture plants. Figure 2 shows a list of alternative solvents
that have a great potential for CO2 capture .
Firstly, ionic liquids (ILs) have been proposed as alternative solvents for CO2 capture
due to their low volatility losses, high thermal stability, high CO2 solubility and most
importantly their tunability. However, the CO2 absorption capacity of ILs is very low
under atmosphere conditions due to its high viscosity. Recently, the combination of
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alkanolamines with ionic liquids (ILs) has shown promising results for the CO2 capture
due to its high stability, high CO2 absorption capacity and CO2 desorption at low
temperatures.20, 21 It is very well possible to study the effects of different functional groups
on the reaction energy of alkanolamine-ILs by means of quantum chemical calculations,
thereby tuning the properties of interest for CO2 capture.

2,5-di
Substituted
Piperazines

Alkanolamine
based Ionic
Liquids

Alternative
Solvents for
CO2 Capture

Metal Organic
Frameworks/
Surface
Chemistry

Mixed Amine
Solvents
Figure 2. Alternative solvents for CO2 capture.

Secondly, the use of mixed alkanolamine solvents for CO2 capture is a novel method to
achieve higher CO2 absorption capacity with fast reaction rates and thereby reduction in
the energy consumption during regeneration of solvent. Possible combinations of mixed
amines that can display better properties are: i) primary alkanolamines with tertiary
alkanolamines, or ii) primary alkanolamines with sterically hindered amines. Primary
alkanolamines will improve the reactivity of the amine groups with CO2, whereas tertiary
amines reduce the energy consumption, thereby increasing the efficiency of CO2 capture
plants.22-24 The most important remark about the mixed amine solvents is that we have to
choose the amines which can be separated easily from each other. In my opinion, the
combination of N-methyl AMP with piperazine or N-ethyl AMP with piperazine may
yield good solvent mixtures for CO2 capture. To test their applicability, experimental
studies like vapor-liquid equilibrium (VLE) measurements are advantageous. So far, no
computational studies were performed on mixed amine solvents to investigate the effect of
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substituents on basicity, reaction energies and reaction mechanisms of CO2 capture.
Quantum chemical methods are useful for understanding these effects and are therefore
highly useful for the initial search for suitable solvents for CO2 capture, without the
necessity to test all kinds of solvents and solvent combinations under wet experimental
conditions.
Lastly, there is considerable progress in the use of metal-organic frameworks (MOFs)
for CO2 capture from flue gases.25 The large-scale implementation of MOFs for CO2
capture will certainly require a complete understanding of the costs of precursors for
making MOFs, the impact of waste products on the environment and most importantly the
possibility of recycling of MOFs. Computational chemistry tools can, in my opinion, be
very useful to develop the new synthetic procedures for MOFs, to investigate their CO2
capture properties, stability of MOFs in the water and study the effects of structure
variations to find the most efficient MOFs. A clear understanding of structure-activity
relationships by a computational modelling will direct experimental efforts to a find a new
generation of solvents or materials with improved CO2 capture abilities.
The economics of CO2 capture plants can be further increased by using the captured
CO2 in the synthesis of useful chemical products and enhanced oil recovery (EOR).26-28
Examples are the conversion of CO2 to methanol by bifunctional catalysis, and reduction
of CO2 to methane.29 This may at present not be the most cost-effective way to make
methanol and methane, but it definitely contributes to the mitigation of CO2 in the
atmosphere.

7.4 Conclusions
Computational chemistry is a very effective tool to predict various interesting properties
of molecules and processes without the need to use chemicals. Quantum chemical
methods can be employed to accurately calculate parameters like pKa, carbamate stability
and reaction mechanisms of a wide variety of alkanolamines and piperazines for CO2
capture. In this thesis a fundamental understanding of the electronic and steric effects on
pKa, carbamate stability, and reaction mechanisms of CO2 with monoethanolamines and
piperazines has been obtained, as well as proposals for some potential solvents for postcombustion CO2 capture. This study generated important information about structureactivity relationships of the reactions between amines and CO2, thereby helping in the
quest to find improved and better solvents for CO2 capture. An effective follow-up would
require both experimental and theoretical work, as outlined above. Not doing any of these
might require some extensive and hard explanations to our grandchildren in 20 or 40 years
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from now: while the atmospheric chemistry and its relation to global temperatures is quite
complex, the continuous rise of the atmospheric CO2 concentration is undebated and in
urgent need of a serious response that is currently still out of reach.
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Summary
Capture of CO2 with aqueous alkanolamine solvents is one of the most important
methods to mitigate CO2 emissions into the atmosphere from burning fossil fuels by
power plants. Solutions of 30wt% monoethanolamine (MEA) in water are used as
industrial solvents for CO2 capture because they form relatively unstable carbamates, have
a high reactivity with CO2, a low molecular weight and are cheap. Some disadvantages of
MEA, like the high energy consumption that is required for the CO2-regeneration step, the
relatively high thermal and oxidative degradation rates, corrosiveness and volatility makes
MEA a sub-optimal solvent for CO2 capture. The ideal solvent for CO2 capture should
have properties like high CO2 absorption capacity, high reactivity with CO2, low volatility
and also a low desorption temperature.
The aim of the research described in this thesis is to use quantum chemical methods to
study the reactions of amines with CO2 to find more optimal solvents for CO2 capture,
which have higher CO2 absorption rates and lower regeneration costs as compared to the
most commonly used MEA.
In Chapter 2, the influence of electronic and steric effects on the reaction between CO2
and a range of monoethanolamine (MEA) absorbents was investigated using quantum
chemical methods. The calculated pKa values of substituted ethanolamines were in good
agreement with experimental data for all compounds for which such data were available.
Substitution of fluorine at the α- or β-position next to the amine group in MEA leads to
more efficient binding with CO2 and to lower stability of the resulting carbamates (Figure
1). Furthermore, the boiling points of β-fluoro substituted MEAs are higher than MEA,
which is important to reduce the volatility losses during the regeneration of the solvent. βFluoro substituted MEA’s are therefore highly promising candidates for the energyefficient capture of CO2.

Fluorine !
Substitution
H → CH2F

CO2
capture

MEA

β-F-MEA

Carbamate

Figure 1. Substitution of Fluorine at β-position next to the amine group in MEA lower stability of the
resulting carbamates.
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In Chapter 3, a variety of quantum chemical methods was used to calculate the pKa of a
wide range of amines, including different alkanolamines which can potentially be useful
for CO2 capture, but also neurotransmitters, alkaloid drugs and nucleotide bases. The
recently developed M11-L functional in combination with the Truhlar-Cramer solvation
model SM8 performed best: for the conjugate acids of 23 amines with experimental pKa
values of 1.5 to 13, the calculated pKa values deviated on average less than 0.2 pKa units
from the experimental values (Figure 2). In addition, higher level SCS-MP2 calculations
display a similar accuracy, but are about an order of magnitude slower.
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Figure 2. Correlation between the experimental and calculated pKa values of the conjugate acids of
all amines with SM8/M11-L.

In Chapter 4, the influence of electronic and steric effects on the stabilities of
carbamates formed from the reaction of CO2 with a wide range of alkanolamines was
investigated by quantum chemical methods. Introduction of alkyl groups around the
nitrogen atom as in secondary amines leads to a reduction of the carbamate stability,
increased charge on the nitrogen atom and increase in intramolecular hydrogen bond
strength (Figure 3). This was attributed to an increase in steric hindrance around the
nitrogen atom. Properties like formation of less stable carbamates than with
monoethanolamine (MEA) and higher boiling points make secondary ethanolamines
potential candidates for industrial CO2-capture solvents.
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Hydrogen
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N-alkyl Substituted MEA
Figure 3. Introduction of alkyl groups around the nitrogen atom (N-atom) as in secondary amines
leads to a reduction of the carbamate stability.

In Chapter 5, the influence of -CH3, -CH2NH2, -CH2OH, -CH2F, -COCH3, and -CN
groups on the pKa values and carbamate stabilities of substituted piperazines was
investigated with quantum chemical methods. Substitution of -CH3, -CH2NH2 and CH2OH groups at the 2 and/or 5 positions of piperazine has a positive impact on the CO2
absorption capacity by reducing the carbamate stability towards hydrolysis (Figure 4).
Furthermore, their higher boiling points as compared to piperazine itself will lead to
reduction of volatility-related losses.

˂˂
Figure 4. Substitution of -CH3, -CH2NH2 and -CH2OH groups at the 2 and/or 5 positions of
piperazine leads to high CO2 absorption capacity.
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In Chapter 6, the activation energy barriers and reaction kinetics for the reaction of
several alkanolamines with CO2 were investigated by transition state calculations using an
ab initio method (SCS-MP2) in combination with the SMD solvation model. At lower
concentrations of MEA, the reaction between MEA and CO2 in water is a two-step
mechanism with formation of a relatively unstable zwitterion intermediate. The formation
of the zwitterion is the rate determining step and the proton abstraction process from the
zwitterion is completely or almost completely barrier free. At higher concentrations of
MEA, the reaction mechanism is a single step termolecular mechanism with higher
reactions rates (Figure 5). Increase in the steric hindrance around the nitrogen atom in

substituted ethanolamines leads to lower activation energy barriers for carbamate
formation and thereby higher reaction rates.
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Figure 5. At higher concentrations of MEA, the reaction mechanism proceeds via a single step
termolecular mechanism.

Finally, in Chapter 7, an overview of the most important findings of the performed
research presented in this thesis is given. Recommendations, as well as additional ideas on
how to bring this research into fundamental and industrial applications are discussed.
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Het afvangen van CO2 met waterige alkanolamine oplossingen is een van de
belangrijkste methoden om de uitstoot van CO2 in de atmosfeer door het gebruik van
fossiele brandstoffen door elektrische centrales te verminderen. Industrieel worden
hiervoor al 30% monoethanolamine (MEA) oplossingen in water gebruikt omdat ze een
hoge reactiviteit met CO2 hebben, relatief onstabiele carbamaten vormen en omdat ze een
laag molecuulgewicht hebben en goedkoop zijn. Door enkele nadelen, zoals het hoge
energieverbruik dat nodig is om CO2 weer te regenereren, zijn relatief hoge thermische
ontledings-, oxidatie- en corrosiesnelheid en vluchtigheid is MEA niet optimaal om CO2
af te vangen. Het ideale oplosmiddel voor CO2 afvang zou een hoge CO2
absorptiecapaciteit, een hoge reactiviteit met CO2, een lage vluchtigheid en een lage
desorptietemperatuur moeten hebben.
Het doel van het onderzoek zoals beschreven in dit proefschrift is om met behulp van
geavanceerde quantum-chemische methoden de reacties tussen amines en CO2 te
bestuderen om betere moleculen te vinden voor de afvang van CO2 dan het tot nu toe
meest gebruikte MEA, met een hogere reactiviteit voor CO2 en lagere kosten voor
regeneratie.
In Hoofdstuk 2 wordt het onderzoek beschreven waarin met quantum-chemische
methoden onderzocht is hoe electronische en sterische effecten van substituenten in MEA
de reactie met CO2 beïnvloeden. De berekende pKa waarden van een reeks van
gesubstitueerde ethanolamines komen goed overeen met de experimentele waarden voor
zover die bekend zijn. Vervanging van een waterstof atoom door een fluor atoom op de αof β-positie naast de amine groep in MEA geeft een meer efficiënte binding met CO2 en
een lagere stabiliteit van het resulterende carbamaat (Figuur 1). Bovendien zijn de
kookpunten van -fluor gesubstitueerde MEA’s hoger dan van MEA zelf, wat belangrijk
is om verliezen door verdamping te voorkomen tijdens het regenereren van het
oplosmiddel. β-Fluor-gesubstitueerde MEA’s zijn daarom mogelijk veelbelovende
kandidaten voor een energieefficiënte afvang van CO2.
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Figuur 1. Substitutie van een fluor atoom op de β-positie naast de amine groep van MEA resulteert
in een lagere stabiliteit van de eruit gevormde carbamaten.

In Hoofdstuk 3 wordt onderzoek beschreven waarin een aantal quantum-chemische
methoden worden getest om zo betrouwbaar mogelijk de pKa waarden van een grote
variëteit aan amines te berekenen. Deze amines omvatten naast verschillende
alkanolamines die bruikbaar zouden kunnen zijn voor CO2 afvang, ook neurotransmitters,
alkaloïden en nucleotide basen. Het best presteerde de recent ontwikkelde M11-L
methode in combinatie met het Truhlar-Cramer solvatatiemodel SM8: de berekende pKa
waarden voor de geconjugeerde zuren van 23 amines met pKa waarden tussen 1.5 en 13,
weken gemiddeld minder dan 0.2 eenheden af van de experimentele waarden (Figuur 2).
Verder werd gevonden dat geavanceerdere SCS-MP2 berekeningen een vergelijkbare
nauwkeurigheid geven, maar ook een orde van grootte langzamer zijn.
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Figuur 2. Correlatie tussen de experimentele en de met de SM8/M11-L methode berekende pKa
waarden van de geconjugeerde zuren van alle amines.
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Carbamaat Stabiliteit

Hoofdstuk 4 beschrijft een onderzoek met quantum-chemische methoden naar de
invloed van elektronische en sterische effecten op de stabiliteit van carbamaten die
gevormd worden door de reactie van CO2 met een groot aantal gesubstitueerde
alkanolamines. De aanwezigheid van een extra alkyl groep op het N-atoom, zoals in
secundaire amines, leidt tot een afname van de carbamaatstabiliteit, een toename van de
lading op het N-atoom en een toename van de sterkte van de intramoleculaire
waterstofbrug tussen een zuurstofatoom van de carbamaat groep en de -OH groep van het
ethanolamine (Figuur 3). Dit wordt toegeschreven aan een toename van de sterische
hinder rond het N-atoom. Eigenschappen als de vorming van minder stabiele carbamaten
dan MEA en hogere kookpunten maken secundaire ethanolamines daarom tot potentiële
kandidaten voor industriële CO2-afvang.
Waterstof

Ethyl

Isobutyl

Methyl

Secondary butyl

Isopropyl

N-alkyl gesubstitueerd MEA
Figuur 3. Aanwezigheid van een extra alkyl groep op het stikstof (N) atoom van MEA (secondaire
amines) leidt tot een verlaging van de carbamaat stabiliteit.

In Hoofdstuk 5 wordt het onderzoek met quantum-chemische methoden naar de
invloed van -CH3, -CH2NH2, -CH2OH, -CH2F, -COCH3 en -CN groepen op de pKa
waarden en carbamaatstabiliteiten van gesubstitueerde piperazines beschreven. De
aanwezigheid van -CH3, -CH2NH2 of -CH2OH groepen op de 2 en/of 5 positie van
piperazine heeft een positieve invloed op de CO2 absorptiecapaciteit door de stabiliteit van
de carbamaten te verminderen, waardoor hydrolyse (dus regeneratie van CO2)
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gemakkelijker plaatsvindt (Figuur 4). Bovendien leidt hun hogere kookpunt, vergeleken
met dat van piperazine zelf, tot een vermindering van verdampingsverliezen.

˂˂
Figuur 4. Substitutie van -CH3, -CH2NH2 en -CH2OH groepen op de 2 en/of 5 posities van
piperazine leidt tot een hogere CO2 absorptiecapaciteit.

In Hoofdstuk 6 worden de overgangstoestand, de activeringsenergie en reactiekinetiek
voor de reactie van verschillende alkanolamines met CO2 bepaald met behulp van een ab
initio methode (SCS-MP2), in combinatie met het SMD solvatatiemodel. Bij lage
concentraties van MEA in water is de reactie met CO2 een tweestaps proces waarbij een
relatief onstabiel zwitterionisch intermediair ontstaat. De vorming van het zwitterion is de
snelheidsbepalende stap en het proces waarbij het proton van het zwitterion geabstraheerd
wordt is volledig of bijna volledig barrièrevrij. Bij hogere concentraties van MEA is het
mechanisme een eenstaps en termoleculair proces met een hogere reactiesnelheid (Figuur
5). Een toename van sterische hinder rond het N-atoom in gesubstitueerde ethanolamines
leidt tot lagere activeringsbarrières voor de carbamaatvorming en dus tot hogere
reactiesnelheden.
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Hoe hoger de concentratie van MEA hoe lager de activeringsbarriëre
Figuur 5. Bij hogere MEA concentraties verloopt het reactiemechanisme volgens een eenstaps
termoleculair mechanisme.

Tot slot geeft Hoofdstuk 7 een overzicht van de belangrijkste resultaten van het
onderzoek dat in dit proefschrift is gepresenteerd. Zowel aanbevelingen als verdere ideeën
om dit onderzoek naar fundamentele en industriële toepassingen te brengen worden
bediscussieerd.
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