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Abstract

Amine-based solvents are likely to play an important role in CO; capture applications in the
future, and the identification of amines with superior performance will facilitate their use in
CO> capture. While some improvements in performance will be achieved through process
modifications, modifying the CO» capture performance of an amine also implies in part an
ability to modify the reactions between the amine and CO2 through development of new
functionalized amines. We present a computational study of trends in the reactions between

CO; and functionalized amines with a focus on identifying molecular descriptors that determine
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trends in reactivity. We examine the formation of bicarbonate and carbamate species on three
classes of functionalized amines: alkylamines, alkanolamines, and fluorinated alkylamines
including primary, secondary and tertiary amines in each class. These functional groups span
electron-withdrawing to donating behavior, hydrogen-bonding, extent of functionalization, and
proximity effects of the functional groups. Electron withdrawing groups tend to destabilize CO;
reaction products, whereas electron-donating groups tend to stabilize CO; reaction products.
Hydrogen bonding stabilizes CO; reaction products. Electronic structure descriptors based on
electronegativity were found to describe trends in the bicarbonate formation energy. A
chemical correlation was observed between the carbamate formation energy and the carbamic
acid formation energy. The local softness on the reacting N in the amine was found to partially

explain trends carbamic acid formation energy.
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Introduction

Growing concerns about the long term environmental impacts of anthropogenic CO;
emissions have fueled the development of carbon capture technologies, specifically
technologies to address emissions from the power generation industry. Currently, the most
mature technology to address emissions from coal-fired power plants is a post combustion
continuous flue gas scrubbing process using amine solvents, typically 30wt.%
monoethanolamine (MEA). The National Energy Technology Laboratory has estimated that
implementing an MEA CO; capture process at a 550 MW power plant to capture 90% of the CO;

from the plant flue gas stream will lead to an 80% increase to the cost of electricity and a 30%



loss in overall plant efficiency.! The poor economics and energy intensity of this process are the
largest hurdles to commercialization and large scale implementation.?

The MEA post combustion CO; capture process is a cyclic two-tower process shown in Figure
1. Though some of the heat supplied to the stripper is recovered in the cross heat exchanger,
the largest parasitic energy demand of the process is the energy associated with thermal
regeneration of the amine in the stripper. Models of the MEA process show that about 40% of
the plant’s low pressure steam needs to be fed to the stripper reboiler to meet the heat duty
necessary to regenerate the amine, leading to reduced power output and lowered overall plant

efficiency.34

Flue Gas

Figure 1: Schematic of MEA CO; post combustion capture process. Plant flue gas enters the
absorber and the MEA solvent chemically absorbs CO;. The processed flue gas, low in CO,
leaves the absorber overhead and a CO; rich solvent stream leaves the bottoms and is passed
to a stripper. In the stripper, CO; is thermally driven out from the solvent, yielding a
concentrated CO; stream in the stripper overhead and regenerated amine solvent in the

bottoms.

Four main heating demands contribute to the overall stripper heat duty: the heat of

desorption of CO,, the heat of vaporization of water to generate stripping steam, the sensible



heating of the process streams, and the equipment heating requirement. The heat of
desorption is equivalently the negative of the amine-CO; reaction enthalpy (AHwn). Though a
direct contributor to the stripper heat duty, the relationship between the amine-CO; reaction
enthalpy and the overall energy requirements of the capture process is not direct. The reaction
enthalpy also affects other process parameters that also impact the energy requirements.>®
Amines with a lower CO> reaction enthalpy would have decreased heat of desorption
requirements, but they would tend to suffer from lower capture capacity, which leads to
increased circulation rates and the sensible heating requirement.’

The delicate balance between the effects of the amine CO; reaction enthalpy on the heat of
desorption and sensible heat requirements suggests that there may not be an optimal amine
CO: reaction enthalpy suitable for all operating conditions and emphasizes the significance of
the reaction enthalpy as a design parameter of the process. As illustrated by Onekyken and
Rochelle, using a range of theoretical reaction enthalpies, a range in stripper heat duty for the
traditional stripping process is achievable.? Additionally, for some reaction enthalpies, alternate
stripper designs, e.g. vacuum desorption, may lead lower overall energy demands.® Thus,
gaining insight in to how to control the amine-CO; reaction enthalpy through molecular design
will aid in the development of new amine-based solvents with the purpose of addressing the
economic and energy intensity challenges associated with solvent based CO; capture. Of
course, other properties are important as well, such as corrosiveness, viscosity and stability, but
the reaction enthalpy is a significant property that determines whether these other properties

even need to be considered.



The chemical absorption of CO; in amine solvent systems typically occurs through the
formation of two products, a carbamate and/or bicarbonate species.® The overall carbamate
reaction is shown in equation 1, where the protonated base, B, is usually another amine, giving
an upper limit of 2:1 amine to CO; ratio. This pathway is favored for primary and unhindered
secondary amines.'® The overall mechanism is still debated; the two leading theories are that
reaction occurs through the formation of a zwitterion intermediate or carbamic acid
formation.t1-14
CO,+RNH,+B =BH™ --- RNHCO; (1)

Bicarbonate formation occurs from the reaction of the amine with carbonic acid (equation 2).
CO; and water naturally equilibrate to form carbonic acid, bicarbonate, and carbonate species,
but the equilibrium is not product (i.e. captured CO,) favored in neutral water.> Bicarbonate
formation is enhanced in amine solvent solutions, which have a much higher pH than neutral
water. The amine acts as a more favorable Brgnsted base than water to enhance product
formation.'® The bicarbonate pathway is commonly associated with hindered secondary and
tertiary amines, where the barrier for carbamic acid formation is high due to steric hindrance
around the interacting amine site or prohibited due to the lack of an N-H bond in the tertiary
amine. As these two reactions are each equilibrium reactions, there will be speciation between
them that is determined by the relative reaction energies.

CO,+ H,04+RNH, =RNHZ - HCO; (2)

Previous work studying reactions of amine with CO; focused predominantly on evaluating the

CO; capture capacity of a range of amines with different functional groups, but an

understanding of the relationship between amine properties and reaction enthalpy with CO; is



still limited. Steric hindrance and amine basicity have long been the standard descriptors used
to describe amine-CO, reactivity.1®'” The work of Puxty et al challenges the completeness of
this point of view. They measured the equilibrium CO; capacity of 76 amine solvents spanning
primary, secondary, tertiary, and poly amines, and observed a wide range in capacity for the
solvent systems.’® In some cases, solvents showed capacities exceeding the maximum
theoretical performance predicted by either an amine pK, based capacity model for the
bicarbonate pathway or a 2:1 amine to CO; interaction ratio along the carbamate pathway.
Their work suggests that that relationship between reaction energy for the bicarbonate and
carbamate pathway is more complicated than the simple framework of amine base strength,
local geometry, and interaction ratios previously used to characterize amine- CO; reactions.
Equally significant is that work did not directly provide any molecular insight to the observed
variations in performance.

More systematic studies of amine functionalization have shown evidence that the size and
type of functional group play a role in amine-CO; reactivity. Singh et al experimentally studied
the effects of functional group chain length with alkylamines and alkanolamines and showed
that the amine-CO; reaction was stabilized as the functional chain length increased.’® Mindrup
and Schneider conducted a computational study on five groups of substituted amines using
density functional theory (DFT) to measure the trends in reaction energies relevant to CO;
capture in the gas phase.?® Their work showed that carbamic acid formation is more stable for
the group of amines substituted with electron-donating substituent and destabilized for amines
with electron-withdrawing substituents. Additionally, they showed that the changes in

reaction energy to form carbamic acid do not correlate with changes in amine protonation



energy, suggesting that different properties of the amine control the reaction energy for
carbamic acid formation and amine protonation energy.

The work of Chakraborty et al provided some foundational insight into how the functional
group alters the amine reaction site to control the energetics of the amine-CO, reaction.?! As
the first to document the effects of functionalizing the alpha carbon of alkanolamines on the
amine-CO2 reaction energy, they suggested that there was a molecular orbital interaction
between the alpha carbon functional group and the local environment of the electron density
around the nitrogen that led to destabilization of the amine-CO; interaction. However, how the
local electron density changes was not addressed nor did the study consider the longer chain
functional groups, which are now known to also impact amine-CO; reactivity. Xie et al
presented a closer look at substituent effects on carbamate and carbamic acid reaction
energies by studying the reaction energy of alpha and beta carbon substituted
monoethanolamine with CO,.22 Their work showed that the destabilization of the substituent
effects on carbamate and carbamic acid formation was decreased as the number of carbons
between the amine and the substituent increased, showing tunability of substituent effects.
However, there remains a gap in understanding what molecular features control the amine-CO;
reaction energies and how those features can be controlled through amine substitution, which
has limited the design of new solvents with targeted properties.

The present work focuses exclusively on the relationship between molecular properties of
amines and their influence on the reactions between the amine and CO.. Molecular modeling
within the framework of density functional theory (DFT) was used to evaluate the reaction

energy associated with the formation of product species within the amine-CO, system.



Conceptual density functional theory was used to relate electronic structure properties of the
amines to trends in their reactivity, with the purpose of providing the foundational
understanding necessary for the design of amine solvents for CO; capture with target
reactivities towards C0,.232> The objectives of this work are (1) to assess the impact of
functionalizing amines on their reactivity, and (2) to identify descriptors based on electronic
structure and reactivity properties that would enable the prediction of the reactivity of a new
candidate amine towards CO;. In this work three classes of amines were studied: alkylamines,
alkanolamines, and trifluoroalkylamines. These functional groups span a range of electron-
donating and electron-withdrawing behavior. Within each class of amine, primary, secondary,
and tertiary amines were considered with three different functional group lengths to determine
the effects of type and proximity of the functional group and degree of functionalization on the
amine CO; reactivity.

Computational Methods

The energy and electronic structure of molecular systems were computed with density
functional theory (DFT) calculations using Gaussian 09 with the B3LYP functional and 6-
31+G(d,p) basis set.?6 The B3LYP functional has been shown to be sufficient to establish trends
in molecular reactions of systems of the size considered in this study. 12292728 Energy and
electronic descriptor calculations were performed for a subset of the amines studied with a
larger basis set, with no change in energy correlations, indicating that this level of theory was
sufficient for the trends we observed. The solvent environment was simulated in the
calculations using a polarizable continuum solvation model, using the integrated equation

formalism model (IEFPCM) with the united atom cavity model and the dielectric constant of



water, which has been shown to be reasonably accurate for solvent phase calculations
compared to more complex representations of the solvent phase.?®32

The reaction enthalpy (AHwxn) for a generalized CO; capture reaction is expressed in equation
3. From the thermodynamic pathway shown in Figure 2, the overall enthalpy of reaction can be
expressed as the sum of two enthalpies, the enthalpy of CO; solvation and the liquid phase

amine-CO; reaction enthalpy (equations 4-5).

Aern=HAm—C02 @~ HAm(f) - HCOZ(@) (3)

Hpm—co, (¢) * H of amine-CO: product in liquid phase
Hym(ey: H of amine in liquid phase
Hco, (g H of COzin gas phase

AHn=AHo1 COo, (£) + Aern{) (4)

AHon'=Ham—co, () — Hameey — Heo, (o) (5)

aHan
CO,(g)+ Amine (¢) ==3» Amine-CO, product (¢)

AH

solv €O,
aHan ‘
CO,(¢) + Amine (¢)

Figure 2: Thermodynamic pathway of amine CO; reaction showing relationship between overall
reaction and solvent phase reaction.

Given the largely aqueous environment of amine solvents, the CO; solvation enthalpy is
assumed to be constant for all amines. Thus, any variation in overall reaction enthalpy will be
captured in AHin'. The reaction enthalpy (AHmn) of the liquid phase reaction can be

approximated by the change in internal energy (AE), assuming the liquid system is



incompressible, i.e. for the reaction APV~0 (equation 6). Thus, the reaction enthalpy analysis in
this work focuses on AExn, expressed in equation 7, where the internal energy (E2ss,) of each
species is DFT computed energy in the simulated solvent environment of the IEFPCM model
with zero point energy and temperature corrections.33

Aernf = AEyyn + A(PV)pxn ® AErgy (6)

products reactants (7)
AHpp! ~ AE, = Z Eos,i - Z E2gs,;
i j
For each reaction, the most thermodynamically relevant systems were considered by using
the lowest energy conformation of each species to compute AHx.'. The lowest energy
conformation was determined from a stochastic conformer search, detailed in the
supplemental material. The same conformation was used to perform the electronic structure
property analysis using the mathematical relationships of conceptual density functional theory
described in the following section.

Theory of DFT Based Chemical Reactivity Descriptors

The context of the electronic structure property analysis is based in conceptual density
functional theory connects mathematical relationships that naturally arise from density
functional theory (DFT) to common empirical chemical concepts of chemical reactivity.?>2*> The
fundamental relationship between DFT and chemical reactivity was defined by Parr, Donnelly,
Levy and Palke linking the electronic chemical potential, i, to the first derivative of energy, E,
with respect to the number of electrons, N, at a fixed external potential, v, (#).3* The chemical
potential can be related to electronegativity using equation 8.3° This relationship is consistent

with the qualitative understanding of these concepts; the chemical potential is the escaping

10



tendency of electrons from the system, while electronegativity measures the tendency of the

system to attract electrons.

OE
1= (5m),, = ®

Sanderson’s electronegativity equalization principle uses electronegativity as a descriptor for
the reaction between two states to form an overall product state.?® This principle states that
two bodies of different electronegativity values interact in a manner such that the
electronegativity of the product species is equalized to a value intermediate of the
electronegativity of the reactants. The necessary electronegativity equalization between two
reacting bodies could be conceptualized as the driving force for interaction.

Through a perturbation analysis, the derivative of energy with respect to the external

potential at a constant number of electrons can be shown to be equal to the electron density,

(6:2)) = p(#). Collectively, this definition of density and equation 8 are referred to as the
o)/

first order energy response functions. Second order response functions, shown in equation 9
and equation 10, are related to the concepts of absolute hardness and the fukui function
respectively, which can be used to derive the local softness of a reacting site.3”3® The fukui
function (equation 10) quantifies the concepts in the frontier electron theory of Fukui et al.*142
This theory describes the site selectivity of a reaction for a given molecule. Sites with a larger
fukui function are favored as the reaction site. This theory has correctly predicted well known
trends in intermolecular reactivity of many molecular systems, such as aromatics and carbonyl

compounds.3743-47

0%E ou
(Gwe) =G, = ?
v, (7) o (7)
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The concepts of hardness and softness stemmed from Pearson’s work in understanding
trends in the reactivity of Lewis acid base systems. Known as the principle of Hard and Soft
Acids and Bases (HSAB), this work states that hard acids react more strongly with hard bases
and soft acids react more strongly to soft bases.3%*% Hard-hard interactions are more
electrostatic in nature, while soft-soft interactions are more covalent in nature. Qualitatively,
hardness describes systems of low polarizability, high electronegativity, and that are difficult to
oxidize. Its conceptual counterpart, softness (S), refers to systems of the exact opposite
characteristics: high polarizability, low electronegativity, and easily oxidizable. Mathematically,
the definition of hardness, equation 9, measures the electron chemical potential’s resistance to
change with a change in the number of electrons. Parr and Pearson showed that is conceptually
equivalent to the qualitative chemical concept of hardness that Pearson first introduced. The

softness is defined as the inverse of hardness (equation 11).

1
S==
n

(11)

A localized version of the HSAB principle, connecting concepts of frontier electron theory and
HSAB principles, was used to describe trends in intermolecular reactivity based on local
properties of the reacting site.** This principle states that the soft-soft interaction of an acid (A)
with a base (B) is favored when the reacting sites of the A and B have similar local softness
values, s;. The local softness of a reacting site is determined by integrating the spatial

representation of the global softness, S(7#), over the volume of the reacting atom, ();, where

the local softness is spatially resolved by projecting the global softness onto the fukui function
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(equation 12). We will use the localized softness as an electronic structure descriptor for
reactivity in this work. Local softness was determined using equation 12, with the fukui function
computed as defined above and the volume of integration defined by the nitrogen (N) volume

determined from Bader population analysis of the neutral molecule.?%°

Si:f
Q

A finite difference approximation was used evaluate the derivatives in equations 8-10. In the

s(?)dV=f SF@®) av (12)

Q;

i

case of electronegativity, a centered finite difference approach was used, shown in equation

13.

__ ((EN—l — Ey)+ (Ey — EN+1)> (13)
‘ 2 1o

This is equivalent to Mulliken’s definition of electronegativity, y = (%), where [ is the

vertical ionization energy and A is the electron affinity.*® For the density derivative associated
with the fukui function, finite difference approaches to evaluation of the derivative have been
established for different types of reactions.*? These are shown in equation 14 and equation 15,
where py is the density of an N-electron system, with both densities calculated at a fixed
external potential. The local densities of the N, N+1, and N-1 systems were computed using
Bader population analysis.*?
Y@ = py+1 (@) — p(#) (nucleophilic attack) (14)
() = p(@) — py_1(#) (electrophilic attack)  (15)

Relationships between electronic property descriptors and reaction energies in this work
were made using reaction energies computed using DFT electronic energies. Temperature and

vibrational corrections to the energies were neglected in building the electronic property
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relationships to reactivity because these corrections are more a function of the molecular
mechanics and not the molecular electronic state descriptors examined.

Results and Discussion

Reaction Energy Analysis

Three groups of structurally similar amines were studied; alkylamines, alkanolamines, and
trifluoroalkylamines. Each amine group consists of primary, secondary, and tertiary amines,
with substituent chains of one to three carbons in length. The alkylamine group is illustrated in
Table 1. The product systems considered for the bicarbonate and carbamate pathway are
shown in Table 2 and Table 3.

Table 1: Primary, secondary, and tertiary amines studied in alkylamine group (R=CHs)

R=CH; |Primary | Secondary Tertiary
-R HyG—NH, HgC’H‘CHJ '-hc“(:l“,‘l;:H3
((CHy)R | M NH, | e R__ch, :323" oM
H Hsc\—\ /CHs
-(CHy )R e Hye >Ny /_’N
HyC
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Table 2: Reactions considered in this work along the bicarbonate pathway. In Reaction 1, the
energies of the protonated amine and bicarbonate ion are computed in separate calculations.

In Reaction 2, the energy of the protonated amine and bicarbonate is calculated for the
interacting pair in a single calculation.

Possible Products along the Bicarbonate Pathway

Protonated Amine + Bicarbonate (Reaction 1)

. J

o3 + 4+ 4“3 ®e-

d *J ") [ &) 4 ] .
Amine-Bicarbonate Complex (Reaction 2)

e,

)
) @
)
va + e, P,
) " J L o
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Table 3: Reaction along the carbamate pathway considered in this study. In Reaction 5, the
Carbamate ion and protonated amine energies are computed in separate calculations. In
Reaction 6, the energy is calculated for the carbamate/protonated amine pair in a single
calculation.

Possible Products along the Carbamate Pathway

Zwitterion (Reaction 3)

.‘\JJ.

9 P 2
.J+.l’ —> P Q
J J 9

Carbamic Acid (Reaction 4)

e ,
. . . 90
.+ ¢ —9 @
J L S 9

Carbamate + Protonated Amine (Reaction 5)

r 4 [ 4] + ; :_
(s )
€ + 9o+ ¢ —»}J e

Carbamate + Protonated Amine (Reaction 6)

s J PY ® r
‘O + @+ ¢ —ing.a.; 3

Previous work studying the reaction energy of forming an amine-CO; product concentrated
on the reaction energy associated with forming a carbamate species or a protonated
amine.2132051 This approach views the product state as two non-interacting ions and does not
consider the possibility of ion-pair formation through the interaction of these charged products
with another charged species present in the system. Recently, transition state studies and ab
initio molecular dynamics of amine-CO; systems showed in the case of the carbamate pathway,

the stable product is a protonated amine-carbamate ion-pair, not the non-interacting two ion

16



state. 112252 |n this work, we performed reaction calculations for both a non-interacting ions
and interacting ion-complex product systems for the bicarbonate and bicarbonate pathways
(Shown in Table 2-Table 3, Bicarbonate non-interacting ions: Reaction 1, Bicarbonate ion-
complex: Reaction 2, Carbamate non-interacting ion: Reaction 5, Carbamate ion-complex:
Reaction 6). For all amines, the reaction energy calculations showed that the ion-complex
formation along both the bicarbonate and carbamate pathway was more favorable compared
to the non-interacting ion product system. The reaction pathway diagrams shown in Figure 3
illustrate this point for NHs and MEA.

The amine-bicarbonate ion complex (Reaction 2) is characterized by an N-H-O interaction
between the amine and bicarbonate, with the proton shared between them and a
characteristic N-O distance of 2.66+0.19 A. In the cases of the secondary and tertiary
trifluoromethyl substituted amines (NH(CFs)2 and N(CF3)3) the characteristic ion-complex
product was not found. In these cases, the N-O distance is 3.12 A and 4.5 A respectively, with
the H closely bound on carbonic acid, indicating that these amines are not very basic. The
interacting system for both of these amines was lower in energy than the corresponding non-
interacting state, indicating that possibly a long range weak electrostatic interaction existed
between the amine and carbonic acid leading to a more stable product-like state, though not

the amine-bicarbonate complex.
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L
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Figure 3: Reaction pathway diagrams showing the relative enthalpy (compared to enthalpy of
reactants) of product states considered for the bicarbonate (a) and carbamate (b) pathway.

Results for NH3 are shown in black (=== ) and results for MEA are shown in red (—).

The carbamate pathway analysis was only performed for primary and secondary amines.
Stable zwitterion species were found for all alkylamines and alkanolamines, and for primary and
secondary trifluoropropylamines ((CH2)2CF3z NH; and 2-((CH2).CF3 )NH). With the other
trifluoroalkylamines, the presence of the CF3 group close to the reacting site of the amine has a
destabilizing effect that prevents the close interaction with CO; necessary for zwitterion

formation. Across all of the amines, the zwitterion system was higher in energy than the
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carbamic acid product. This is consistent with the view that the zwitterion, if present, would be
a short lived intermediate in the amine-CO;-water system, given the energetic favorability of
the proton transfer from amine nitrogen to either another base or to one of the oxygen atoms
of the reacted C0O,.11>3

Figure 4 and Figure 5 show the reaction enthalpy of the bicarbonate ion-complex (Reaction 2)
and carbamate ion-complex (Reaction 6) formation for the three groups of amines showing that
the degree of substitution and type of substituent groups impact the stability of both product
systems. Functionalizing NHs with an alkyl chain to form a primary alkylamine stabilized the
formation of both product complexes as compared to the product complexes formed with NHs
(Figure 4-a). Further functionalizing the amine with additional alkyl chains to form secondary
and tertiary alkylamines increased the stability of the amine-bicarbonate complex, while
decreasing the stability of the amine-carbamate complex. Both of these effects were
independent of the length of the substituent chain, indicating that the minor increase in the
inductive electron donating ability of the alkyl chain due to an increase in the chain length on
the reactivity of the amine is outweighed by the effect of replacing a hydrogen atom with a
carbon chain. Similar enhancement due to the presence of an alkyl functional group is seen
with ionic liquids and gas phase amines.?%?’

Functionalizing NH3 with a trifluoroalkyl groups, destabilized the formation of both the
amine-bicarbonate and amine-carbamate complex (Figure 4-b). The destabilization was
strongest when CF3, a strong inductive electron withdrawing group, was closest to the reacting
site of the amine. As the carbon chain length separating the CFs group from the amine

increased, the destabilizing effect was lowered. This is consistent with observations made by
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Xie et al showing that destabilization effects of substituents on MEA were reduced as the
substituent moved from the alpha to the beta carbon.?? Because the effect persists in cases
where the functional group is beyond the alpha carbon of the amine, something beyond
interactions between the molecular orbitals of the alpha carbon and the reacting amine site

alters the local electronic environment and causes destabilization of the product species.

T T T T 80
O CH, (a) O CF; (b)
1 ¢ CH,CH, * { CH,CF,
(CH,), CH, 60 (CH,),CF,
FesE=====:
O

Figure 4. Reaction energy of amine-bicarbonate complex, Reaction 2, (shaded in gray) and
amine-carbamate complex, Reaction 6, formation for primary (1°), secondary (2°), and tertiary
(3°) alkylamines (a) and trifluoroalkylamines (b). The reaction energy associated with

respective product formation from NHs is denoted by a dashed line.
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O CH,OH (a) ,OH
1 ¢ CH,CH,0H 7 ¢{ CH,CH,OH
© (CH,),CH,OH O (CH,),CH,0H

Figure 5: Reaction energy of amine-bicarbonate, Reaction 2, (shaded in gray) and amine-
carbamate, Reaction 6, complex formation for primary (1°), secondary (2°), and tertiary (3°)
akanolamines without effects of intermolecular hydrogen bonding(a) and alkanolamines
including intermolecular hydrogen bonding (b). The reaction energy associated with respective

product formation from NHszis denoted by a dashed line.

Alkanolamines showed behavior in between the other two groups of amines, which was
expected given the moderate inductive electron-withdrawing nature of the OH group and its
ability to participate in product stabilizing hydrogen bonding (Figure 5-a).>* First considering the
product species without hydrogen bonding, with the primary methanolamine, the moderate
electron-withdrawing effect OH has a slight destabilizing effect, but is enhanced as the amine is
further functionalized with methanol groups. As the functional chain length increases, the

destabilizing effect of the OH group is reduced as observed with the trifluoroalkylamines.
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Figure 5-b shows the reaction energy analysis including the additional stabilization due to
hydrogen bonding was observed with both product complexes. Hydrogen bonding was
observed in alcohol amine systems large enough to form five to six member rings through
intramolecular hydrogen bonds. The trends in reactivity attributed to amine functionalization
are clearer within the non-hydrogen bonding data set, thus the non-hydrogen bonded systems
will be used in the further analysis.

The molecular and electronic structure analysis of bicarbonate formation

We now discuss the identification of chemical descriptors that may describe trends in
reactivity. Sanderson’s concept of two body interactions is applicable to the interaction
between carbonic acid and amines to form the amine-bicarbonate complex. The
electronegativity difference of the amine and carbonic acid drives the charge transfer between
the bodies necessary to equalize their electronegativity, resulting in an acquired partial charge
and electrostatic interaction in the product species. Based on this principle, one expects that
the electronegativity difference of two reactants may be a descriptor of reactivity for the
bicarbonate formation reaction. The reaction energy for amine-bicarbonate complex
formation is plotted against the electronegativity difference between the two reactants, amine
and carbonic acid in Figure 6. As the electronegativity difference between the two reactants,
the amine and carbonic acid, gets larger, the reaction energy to form the amine-bicarbonate
complex is larger leading to a more stable amine-bicarbonate complex. Figure 7 shows that
this relationship between amine-bicarbonate reaction energy and electronegativity is not
sensitive to molecular conformation. When performing the same analysis on reactant

conformations within 0.1 eV of the lowest energy conformation, the relationship persists.
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Figure 6: The Amine-bicarbonate complex reaction energy as a function of the difference in the

electronegativity of the amine reactant and carbonic acid.
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Figure 7: The Amine-bicarbonate complex reaction energy as a function of the difference in the
electronegativity of the amine reactant and carbonic acid for the lowest energy amine reactant
conformation (gray) and conformations with 0.1 eV of the lowest energy conformation for
triproplyamine (blue), tripropanolamine (red), and di-trifluoroethylamines (green).

There is a broad range of reactivity for the formation of an amine-bicarbonate complex,
spanning approximately 0 to -80 kl/mol, suggesting a broad range of tunability based on the
molecular structure of the amine. Utilizing this correlation to guide the development of new
amines, since the electronegativity of carbonic acid is a constant, any tuning of the reaction
energy along the bicarbonate pathway can solely be achieved by changes in the amine
electronegativity through modifications to the molecular structure. Figure 8 shows the
relationship between amine electronegativity and substituent groups on the amine. Electron
withdrawing functional groups like CF3 and OH increase the electronegativity of the amine.

This effect is the strongest when the electronegative group is directly substituted on the amine
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and is dampened when the carbon length of the substituent chain increases. With a longer
chain substituent, the variations in electronegativity approach that seen with alkyl amines. The
electronegativity of the amine can be systematically varied through the addition of substituent
groups. However, there is a finite range over which the electronegativity of the amine can
rationally be varied, of which a large portion has been sampled in this study, given the range in
electron donating and electron withdrawing groups studied. This implies a limit to the range in

achievable reactivity with amine-based solvents.
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Figure 8: Electronegativity of primary, secondary, and tertiary amines for the (A) alkylamines,

(B) alkanolamines, and (C) trifluoroalkylamines groups calculated using equation 13.

The molecular and electronic structure analysis of carbamate formation
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The defining characteristic of the carbamate pathway reaction is the formation of the N-C
bond of the carbamic acid intermediate. We found that the carbamate reaction energy was
reasonably correlated with the carbamic acid formation reaction energy (Figure 9). Thus, for
the electronic structure analysis of carbamate formation, we will focus on the reaction energy

for the formation of the carbamic acid intermediate.
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Figure 9: Correlation between amine-carbamate reaction energy and carbamic acid reaction

energy.

The formation of carbamic acid is a Lewis acid base interaction between the amine and CO,
where the amine undergoes electrophilic attack by CO,. The local Hard Soft Acids and Bases
principle (HSAB) suggests that the energy associated with the covalent bond formation in
carbamic acid should be correlated with the relative softness of the amine site to that of CO,.
Figure 10 shows the relationship between the carbamic acid formation reaction energy and the
localized softness of the amine nitrogen (sn). The relationship is qualitatively consistent with

the concepts of the HSAB; the closer in value the localized amine softness of the nitrogen site is

26



to the localized softness of the reacting site on CO3, the more exothermic the formation of
carbamic acid. However, a single correlation for all of the amine families was not observed.
Two correlations can be seen with the carbamic acid reaction energy and nitrogen site softness:
one for trifluoroalkylamines and the other for alkanolamines and alkylamines. The response of
the trifluoroalkylamine carbamic acid reaction energy to changes in sy is strong, whereas the
carbamic acid reaction energy dependence on sy is much weaker for the alkyl and
alkanolamines. This suggests that nitrogen softness is a good descriptor of the carbamic acid
reaction energy for some amines, but not simultaneously for all of them. It may be possible that
inclusion of mechanical effects like steric hindrance need to be included to capture the

remaining variations in reactivity.>
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Figure 10: The reaction energy for carbamic acid formation as a function of the localized

softness of the amine nitrogen (sn). The softness of the reacting carbon (so) on CO; is 0.09 eV
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The localized nitrogen softness of the amine can be tuned with amine functionalization
as seen in Figure 11. Functionalizing the amine with strong electron withdrawing groups like
with the trifluoroalkylamiens gives a large range in sn. The presence of the electron-
withdrawing group decreases sy, with the effect being strongest when CFs is closest to the
nitrogen site and diminishing as the chain length increases. The sy can be further reduced with
the addition of more electron-withdrawing groups through amine functionalization (primary to
a tertiary amine). The range in sy observed with the alkanolamines is much smaller, though the
trend from the presences of the moderate electron-withdrawing —OH group has similar

qualitative effects as in the trifluoroalkylamines.
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Figure 11: Trends in the localized softness on the amine nitrogen primary, secondary, and

tertiary amines for (A) alkylamines, (B) alkanolamines, and (C) trifluoroalkylamines groups.

The multiple correlations can be rationalized through a subtle point within HSAB theory,
which states that the relationship between the relative reactivity and reaction site softness
holds only for Lewis acid base groups that are similar in nature, e.g. structurally or chemically
similar.** The three groups of amines in this study were selected to maximize structural
similarity between the groups. However, Figure 10 suggests that there are some underlying
differences between the trifluoroalkylamines and the alkanolamines and alkylamines. This

point is further substantiated when examining the geometric characteristics of the carbamic
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acid product of each group of amines. Figure 12 shows the N-C bond length between the amine
and CO; and the O-C-O bond angle each carbamic acid intermediate. The bond distance and O-
C-O bond angle between CO; and the trifluoroalkylamines is characteristically larger compared
to the other two groups of amines. These differences could suggest that a different type of
interaction occurs with the trifluoroalkylamine group, which may be possibly attributed to long-
range effects of the molecule’s electrostatic potential that does not allow a more intimate

interaction between CO; and these amines.

Figure 12: Molecular geometry descriptors of carbamic acid, O-C-O bond angle [°] (top) and N-C

bond length [A] (bottom) for (A) alkylamines, (B) alkanolamines, and (C) trifluoroalkylamines.

Conclusions
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This work evaluated the reactivity of three groups of functionalized amines: alkylamines,
alkanolamines, and trifluoroalkylamines, along the two main CO; capture pathways using
density functional theory. Reaction energies including solvation effects were computed for
several possible product species along each pathway. For both the bicarbonate and carbamate
pathway it was determined that the respective product ion-pair complex, amine-bicarbonate
(Reaction 2) and amine-carbamate (Reaction 6), was more stable than the disassociated
counterpart product. Additionally, with respect to the carbamate pathway, it was determined
that the carbamic acid is a likely intermediate state.

Trends in reaction energies were correlated to electronic structure properties through
conceptual understanding of molecular interactions. In this work we selected two electronic
property descriptors, electronegativity and local softness, for their connection to qualitative
principles of reactivity. Leading from Sanderson’s electronegativity equalization principle, the
electronegativity difference between the amine and carbonic acid was identified as a good
descriptor of the reaction energy to form the amine-bicarbonate complex. Additionally, it was
found that through amine functionalization the electronegativity of the amine could be tuned.
Following from the Hard Soft Acids and Bases principle, the local softness of the amine site was
identified as a partial descriptor of the reaction energy along the carbamate pathway. The
correlation between local amine softness and carbamate reaction energy was found to be weak
for alkylamine and alkanolamine groups, and moderate for the trifluoromethyl functionalized
amines. This indicates that a single descriptor may not be adequate in describing the reaction
energy along the carbamate pathway.

Disclaimer
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This project was funded by the Department of Energy, National Energy Technology
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Supporting Information Available:

A description of the stochastic approach to molecular conformation search used to determine
the lowest energy conformation of each molecular systems considered in this work is presented
in the supplemental material. Additionally, cartesian coordinates and energies of the amine
and amine product systems are available, along with computed electronegativity, hardness, and
condensed fukui function for each amine. This material is available free of charge via the

Internet at http://pubs.acs.org.
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