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ABSTRACT: A molecular modeling study was carried out on linear polyethylenei-
mine (LPEI) to determine the CO, capturing process taking into account structural

changes of the material at various amounts of H,O. Until now, CO, capture by LPEI
was described as a combination of carbamic and carbonic acid formation. It was found
that humidification below the melting point of LPEI leads to the formation of an
LPEI/0.5H,0 type of phase. Such a type of phase leads to CO, capture exclusively via
carbonic acid formation, stabilized by secondary amines via ammonium bicarbonate
and H-bridged amine carbonic acid complexes. Both the strong physisorption CO,
complex and the low activation barrier for carbonic acid formation contribute to the
overall process. Only in the absence of H,O, carbamic acid formation is possible.
Thus, under CO, capturing process conditions, carbonic acid formation seems to be
the only option as H,O will be present in flue gas.

e ‘o

B INTRODUCTION It was already shown in a previous molecular modeling study'>
that direct air capture of CO, on Lewatit R VP OC 1065
proceeds exclusively via the formation of carbamic acid and
that the actual operating catalytic species are causally related to
the 3D structure of the Lewatit R VP OC 1065 resin both in
the absence and presence of H,O. Until now, no such study
was published on linear polyethylenelmine (LPEI). This
molecular modeling study tries to identify the CO, capturing
process of LPEI starting from known experimental data on its

At present, the world is facing the effects of climate change due
to anthropogenic CO, emissions.” These CO, emissions can
be divided into large and small point emission sources with an
approximately equal contribution.” CO, capture and final
geological sequestration is required to lower the atmospheric
CO, level and mitigate the adverse effects of climate change
actively. Many materials have been proposed for CO, capture,
including polyamine resins like polyethyleneimine (PEI) and i
Lewatit R VP OC 1065.°~° They have shown excellent structure as a function of the amount of water.
behavior with respect to the CO, process cycle capacity, and

solutions have been put forward to avoid several deactivation B MOLECULAR MODELING

processes like oxidative degradation, formation of urea, and All molecular simulations were performed using Wave-
P 9-12 . .
deactivation by SO,. The CO, capturing process is usually function’s Spartan’l8 suite.'® Molecular mechanics (MMFF)
described as a combination of the formation of carbamic acid was used to study basic structural features of LPEL with and
. . . . )
and carbonic ac.1d fr01.n th‘? amines and CO, m close analogy to without H,O or CO, physisorption. The results of that study
CO, capture W{thlgmlnes in an aqueous environment. In 2912’ were used to select candidates for chemisorption by reactions
Lee and Kitchin ™ developed molecular descriptors derived between the amine, H,O, and CO,, using quantum chemical
. R ) ) )
from. a range O,f functional groups to describe the above- calculations. All structures were fully optimized using density
mentioned reactions between amines and CO,. Very recently, functional theory with (DFT) B3LYP/6-31*G. Transition
2 joint experimental and computational study has tried to states were identified and characterized using their unique

d.eveloB a unified approach to CO%famine reaction meChf" imaginary vibrational frequency. In addition, the conductor-
nisms. ~ It was found that an additional amine or H,O is

required (by acting as a catalyst) to enable the reaction to form
a carbamic acid or carbonic acid and that carbonic acid
formation is usually not the result of hydrolysis of carbamic
acid. However, as such general approaches are useful, they do
not consider the decisive role of the three-dimensional (3D)
structure of the CO, absorbing material for CO, physisorption
and the required catalysis to yield a carbamic or carbonic acid.
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like polarizable continuum model (C-PCM)** was used in
combination with B3LYP/6-31G* to account for LPEI as a
medium. Physisorption, reaction, and activation enthalpies
were calculated based upon total energies and enthalpy
corrections. In some physisorption cases, experimentally
known entropy corrections were used to allow an estimate of
AG values. All molecular (ensemble) structures are available in
the Supporting Information.

B RESULTS AND DISCUSSION

PEI is a very versatile polymer with a long history and many
applications. Among the a7pplications are typical industrial ones
like corrosion inhibitor,'” " electrical energy storage device,
personal care as a cosmetic ingredient, and several biological
applications.””~>* PEI is being used in many forms and
different average molecular weights. PEI can be divided into 3
forms: linear, branched, and dendrimeric PEI This study will
focus on linear PEI (LPEI). One of the advantages of a
polymer with such a long history is that the structure of LPEI is
known since 1981. In a series of articles,”* > Chatani et al.
describe the various crystal structures of LPEI as a function of
the amount of H,O incorporated in the crystalline phase:

1. Anhydrous LPEI has a double-stranded helix structure
below its melting point at 60 °C; above the melting
point, the double-stranded helix structure transforms
into all-trans linear chains.

2. LPEI/0.5 H,O built up from all-trans linear chains of
LPEI held together by H-bridging H,O molecules in a
ratio of O/N = 0.5 & H,O content: 17 wt %.

3. LPEI/1.5 H,O built up from all-trans linear chains of
LPEI held together by H-bridging H,O molecules in a
ratio of O/N = 1.5 & H,O content: 38 wt %.

4. LPEI/2.0 H,O built up from all-trans linear chains of
LPEI held together by H-bridging H,O molecules in a
ratio of O/N = 2.0 © H,0 content: 45 wt %.

Details of the elucidation of these structures can be found in
the original articles cited and in various other later
publications®’ ™’ wherein the phase transitions of these crystal
structures as a function of [H,0] and temperature were
studied in detail. In 2015 and 2017, two important studies’>”"
were published wherein the CO, uptake of LPEIs with average
molecular weights varying from 2500 to 25000 was
experimentally determined quantitatively under dry and
humid conditions. As these studies contain valuable
quantitative data on adsorption and desorption of CO, over
a wide range of CO, levels and temperatures, they were used to
calibrate the molecular modeling results.

The molecular modeling study starts from the double-
stranded helix structure of anhydrous LPEI, then pays
attention to the melting process into linear chains, and finally,
assesses the structure of LPEI/0.5H,0, with respect to their
role in the CO, capturing process. Unfortunately, these crystal
structures are not available in the Cambridge Structural
Database (CSD).”” Fortunately, Herlem et al. published a
quantum chemical DFT study of the electronic and structural
properties of the crystalline anhydrous LPEI’® in 2004 and
they kindly provided the double-stranded helix structure of
LPEIL Figures 1 and 2 are typical examples.

The front view shows the double-stranded helices tightly
packed in a hexagonal array. The primary amines seem to be
the only accessible groups for H,O or CO,. Figure 2 shows a
side view of a single double-stranded helix displayed in space

Figure 1. Front view of the double-stranded helix structure of LPEL>
display model: space filling with C: gray, N: blue, and H: white.

filling and ball & spoke mode. The space filling view shows that
all secondary amine groups even in a single double-stranded
helix are completely shielded by the —CH,CH, groups and are
not accessible to either H,O or CO,. The ball & spoke view
shows that H-bridges between the amine groups of the two
strains are not between the parallel amine groups but between
an amine of one strand and the next secondary amine of the
second strand with an NH—N distance of 2.347 A, significantly
longer than the NH—N distance in CH;NH,—NH,CH; of
2.192 A. Furthermore, not all amine groups are involved in H-
bridges between the two strands: every third amine group does
not form an H-bridge with an amine group of the second
strand but has interactions with two f-amine groups of the
same strand with an NH—N distance of 2.583 A. The N—N
distances between the primary amines are 3.464 and 3.471 A.

Figure 3 shows two LPEI hexamers as a model of the
melting process of one double-stranded helix into a pair of
LPEI chains at 60 °C and probably too from the amorphous
regions in the crystalline polymer. From the study of Hashida
et al,”® for an LPEI with a melting point of 60 °C, it is clear
that single chains of LPEI are observed only at temperatures
above 66 °C. An MMFF conformer distribution calculation
yielded the linear all-trans conformer as the best by 9.81 kJ/
mol compared to the second conformer. At first glance in space
filling display, the LPEI hexamers look like trimers because
only four amine groups are visible but the remaining three
amine groups are on the backside in the trans position as can
be seen from the ball & spoke display. The NH—N distances in
the LPEI pair vary from 2.367 A for the two primary amine H-
bridges to 2.871 A for the secondary amines. The latter are no
longer recognized as H-bridges by the program and
significantly larger than in the double-stranded helix. The
N-—N distance between the primary amines is between 3.298
and 3.346 A and the N—N distances between the secondary
amines range from 3.739 to 3.836 A.

The differences in N—N distances are caused by variations
in the trans NH(CH,),NH positions, which are recognized by
the program but usually do not have a practical meaning as N-
inversion is fast. Unlike in the double-stranded helix structure,

https://doi.org/10.1021/acs.iecr.1c00846
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Figure 2. Side view of (LPEI-9), as one double-stranded helix;** display model: space filling and ball & spoke with C: gray, N: blue, and H: white.

H-bridges: red dotted lines.

Figure 3. Side view of a pair of all-trans LPEI hexamers; BALYP/6-31G*; display model: space filling and ball & spoke with C: gray, N: blue, and

H: white. H-bridges: red dotted lines.

Figure 4. Side and front views of the cluster (LPEI-6),(H,0),s as a model for the crystal structure of LPEI/0.5 H,0; B3LYP/6-31G*; display
model: space filling and ball & spoke with C: gray, N: blue, and H: white. H-bridges: red dotted lines.

in the all-trans LPEI pair secondary amines are no longer
shielded and are accessible for H,O or CO,. Hexamers were
chosen as it turned out that on B3LYP/6-31G* geometry
optimization the double-stranded helix structure remains intact
only from chain length n = 6. The B3LYP/6-31G¥ interaction
enthalpies of the two hexamers in the double-stranded helix
and in the all-trans conformation are —60.5 and —57.5 kJ/mol,
respectively, resulting in an energy difference of 3 kJ/mol only
in favor of the double-stranded helix structure. Furthermore,
the interaction enthalpy between two pairs of linear all-trans
hexamers is —27.5 kJ/mol. With some care, it can be
concluded that melting of the double-stranded helix structure
of LPEI at 60 °C will yield pairs of all-trans LPEI chains, which

in turn at higher temperatures will be converted to single
chains.

LPEI/0.5H,0. The addition of H,O to anhydrous LPEI at
temperatures below its melting range almost exclusively leads
to LPEI/0.5 H,O and depending on process conditions
(temperature, amount of water) thereafter to LPEI/1.5 H,O
and LPEI/2.0 H,0.” Figure 4 shows a cluster model (LPEI-
6),(H,0),5 of the crystal structure of LPEI/0.SH,0. The
cluster was built from four all-trans PEI hexamers wherein each
amine group is coordinated to two H,O molecules. Four H,O
molecules inside the four chains are coordinated to four amine
groups and 14 H,0 molecules on the outsides to two amine
groups. The coordination around the oxygen of the four H,O
molecules between the four chains is close to square planar.

https://doi.org/10.1021/acs.iecr.1c00846
Ind. Eng. Chem. Res. 2021, 60, 1130911316
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Figure 5. LPEI dimer pair: (a) (LPEI-2),(CO,), (b) transition state (LPEI-2),(CO,), (c) (LPEI-2),(NHCO,H-anti), and (d) (LPEI-
2),(NHCO,H); B3LYP/6-31G*; display model: ball & spoke with C: gray, N: blue, and H: white. H-bridges: red dotted lines.

The angle N-HOH-N = 100.8° and the angle NH-O—HN
= 90.0°. The distances OH—N and NH—O are 1.932 and
2.205 A respectively, which are close to the corresponding
values obtained with a CH3;NH,-H,O system. As the
secondary amine groups are trans-oriented, the coordinating
H,0 molecules appear in an alternating mode above and
below, and in front and to the back of each pair of oligomeric
chains. The amines and the coordinated H,O molecules build
alternating planes perpendicular to the oligomeric chains. All
computational values are in line with the crystal structure
described by Hashida et al.;>* however, they reported relatively
large standard deviations in distances and angles. The three
H,0 molecules on top of the cluster have partly adopted a
more tetrahedral coordination in the absence of additional
coordinating amine groups, which seems realistic at the edge of
a crystal-like cluster.

The overall B3LYP/6-31G* interaction enthalpy of (LPEI-
6),(H,0);5 calculated from (LPEI-6), and 18 H,O yielded
—1222.0 kJ/mol corresponding to —67.9 kJ/mol added H,0O
molecule. The average interaction enthalpy of —67.9 kJ/mol is
large enough to compensate the entropy contribution’® of 36.3
kJ/mol at 60 °C, yielding a AG of —31.6 kJ/mol. The uptake
of H,O is clearly an exothermic process. To get an impression
of the B3LYP/6-31G* interaction enthalpy between the four
chains and the 4 H,0 molecules showing almost square planar
coordination, the B3LYP/6-31G* interaction enthalpy be-
tween the corresponding (LPEI-6),(H,0), cluster with (LPEI-
6), and 4 H,0 yielded —342.0 or —85.5 kJ/mol added H,0
molecule, significantly lower than the average value of —67.9
kJ/mol. It is quite logical that the H,O molecules above,
below, in front, and to the back side of the cluster are more
loosely bound than the four H,O molecules inside and this
offers an opportunity to coordinate additional H,O or CO,
molecules. LPEI/1.5 H,O and LPEI/2.0 H,O are built up from
all-trans linear LPEI chains like LPEI/0.5 H,O. The additional
water molecules form H-bridged networks of five- and six-
membered rings with each other between the linear chains and
with the secondary amines in the chains. It is very unlikely that
they will be formed under CO, capturing process conditions.
Zhang et al.’' reported a maximum H,O uptake of a 12 mmol
H,0/g sorbent at 25 °C, which is very close to a H,O/amine
ratio in LPEI/0.5 H,O.

CO, Capturing Reactions. Dry Conditions. Zhang et a
reported a CO, uptake of FS-LPEI (LPEL: M,, = 5000 g/mol)
under dry conditions ranging from ~1 mmol/g of the sorbent
at 25 °C to ~3.5 mmol/g of the sorbent at 70 °C. At higher

130

temperatures, competing CO, desorption already lowers the
CO, uptake. Below the melting point of LPEI(5000) $4—59
°C, CO, adsorption is similar for all CO, concentrations,
ranging from S to 95%. LPEI(5000) contains >98% of
secondary amines, and under dry conditions, carbamic acid
or carbamate are the only species that can be formed. From the
discussion above, it is clear that the crystalline part of LPE],
consisting of double-stranded helix regions, is not involved in
the CO, capturing reactions because the secondary amines are
completely shielded. Thus, the amorphous part, at least partly
consisting of pairs of LPEI chains wherein the secondary
amines are not shielded, remains. As a model system, a pair of
all-trans LPEI dimers was chosen because this system still
contains the essential structural features discussed above. The
absolute error in DFT calculations is dependent on the size;
thus, the smallest possible system will minimize that error
albeit that the final accuracy is also largely determined by
cancelation of errors in the calculation of energy differences
between similar systems. However, the medium effect of the
LPEI polymer itself could be missed. An attempt to account for
the medium effect is to apply the C-PCM solvation model on
these small systems. Figure S shows the formation of carbamic
acid from a pair of secondary amines and CO,.

The CO,-physisorption complex (a) has a AH of —15.7 kJ/
mol. The forward and backward activation barriers are 80.6
and 76.8 kJ/mol respectively, indicative of a fast equilibrium
process. The animation of the imaginary vibration of the
transition state (b) shows the simultaneous formation of the
N-C (CO,) bond, proton transfer from the first secondary
amine to the second, and proton transfer from the second
secondary amine to the oxygen of CO,. The initial product, the
carbamic acid in its anticonfiguration (c), and the final
product, the carbamic acid (d), show H-bridges to the opposite
secondary amine.

Several studies’® ™" have presented experimental and
computational evidence (IR, NMR) for the formation of
ammonium carbamate and bicarbonate species under various
circumstances and materials. The computational work largely
depends on the applied methods and actual structures.
Applying B3LYP and MO6-2X functionals on the LPEI dimers
with basis sets ranging from 6-31G* until 6-311+G** yielded
amine carbamic acid complexes only, even on starting from the
corresponding ammonijum carbamate structures. However,
applying the C-PCM solvation model yielded both an amine
carbamic acid and an ammonium carbamate complex as
(meta)stable species already on applying a nonpolar solvent (&

https://doi.org/10.1021/acs.iecr.1c00846
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Figure 6. (LPEI-2),(NHCO, -H,NR,") complexes after B3LYP/6-31G* optimization applying the C-PCM model; display model: ball & wire.

Surface: electrostatic potential mapped on 0.08 e/au’.
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Figure 7. Single-chain LPEI dimer cluster: (a) (LPEI-2)(CO,), (b) transition state (LPEI-2)(CO,), (c) (LPEI-2)(NHCO,H-anti), and (d)
(LPEI-2)(NHCO,H); B3LYP/6-31G*; display model: ball & spoke with C: gray, N: blue, and H: white. H-bridges: red dotted lines.

= 7.43). Increasing € from 7.43 via 37.2 (to mimic a polar
solvent) to 78.3 (to mimic aqueous solvation) lowered the
energy difference between the amine carbamic acid and the
ammonium carbamate complex from 42.9 to 20.5 kJ/mol still
largely in favor of the amine carbamic acid complex. Figure 6
shows the three ammonium carbamate structures obtained
with the C-PCM model representing various solvents. The
CO—H and H-NHR, distances are 1.466 and 1.123, 1.545
and 1.087, and 1.545 and 1.087 A for & = 7.43, 37.2, and 78.3,
respectively. In the nonpolar solvent situation, the proton
transfer from the carbamic acid to the secondary amine is not
complete, as can be seen from the isosurface plot: there is
remaining electron density between the oxygen and the
hydrogen. The other two situations yield essentially identical
geometries, indicating that the proton transfer from the
carbamic acid to the secondary amine is complete from & =
37.2. The dielectric constant for PEI is reported to be between
3 and 4,*' and thus, the nonpolar solvent situation seems to be
the most applicable one. Summarizing, it can be said that
neither the use of a different functional nor the application of
the C-PCM solvation model points toward a significant
presence of the ammonium carbamate.

Formation of the carbamic acid leads locally to a
considerable widening of the distance between the pair of
LPEI chains. As a result, the overall reaction enthalpy of —54.2
kJ/mol is rather low compared with a AH-value of —71.7 kJ/
mol for a carbamic acid H-bridged to a secondary amine not
being a part of an LPEI chain. The difference between these
values is caused by the loss of interaction of the two LPEI
chains as a result of carbamic acid formation and hindered H-

bridging with a secondary amine. The AH of —54.2 kJ/mol
agrees well with the reported®® value for AH of —53 kJ/mol of
LPEI(5000) and LPEI(10 000) at 55 °C. The temperature of
55 °C is important because in that area the polymer starts to
melt, leading to the formation of pairs of LPEI chains required
for this reaction mechanism. At even higher temperatures, the
melting process will eventually lead to the formation of single
chains.”” Therefore, a CO, capturing process starting from
single LPEI chains was investigated in addition to cover this
temperature area.

An MMFF conformer distribution on a single LPEI dimer
yielded seven lowest strain energy conformers within 3.3 kJ/
mol of each other and accounting for 80% in the cumulative
Boltzmann weights. Four of these conformers show f-amine—
amine interactions. The best conformer, representing 23.9% in
the Boltzmann weights, shows even two f-amine—amine
interactions with NH—NH—N distances of 2.526 and 2.514 A.
Such a geometry is suited to capture CO, with a f-amine as
the internal catalyst. Figure 7 shows the CO, capturing process
with a single chain of LPEL. The CO,-physisorption complex
(a) has a AH of —13.3 kJ/mol. The animation of the imaginary
vibration of the transition state (b) is very similar to the one
described in Figure 5. The forward and backward activation
barriers are 98.2 and 87.0 kJ/mol, respectively, considerably
higher as in the case of a pair of LPEI chains. This is due to
sterical strain. The carbamic acid in its anti-configuration (c)
still resembles the geometry of the transition state (b) and
shows a H-bridge of the (CO)OH to the amine, while in the
final product, the carbamic acid (d) H-bridges between the
remaining amines and between an amine and the O=C(OH)
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are present. In the absence of a second LPEI chain, the overall
reaction enthalpy is —12.9 kJ/mol only. However, there is no
reason to assume that H-bridging with a secondary amine of
another chain would not be possible with a similar reaction
enthalpy as found for the pair of LPEI chains, but with a
substantial lower proximity, resulting in an average value lower
than —54.2 kJ/mol. Very similar values were obtained for the
other conformers with f-amine—amine interactions, so the
higher activation barriers are partly compensated by a higher
availability.

Geometry optimizations applying the C-PCM model with an
€ 7.43, the nonpolar solvent situation, yielded three
structures with an energy difference of only 0.5 kJ/mol: the
amine carbamic acid in its anti-conformation, the amine
carbamic acid, and the ammonium carbamate. However, as
already stated above, H-bridging of the carbamic acid with a
secondary amine of another chain would lead to a far more
stable amine carbamic acid complex, very similar to the
outcome of the calculations discussed for the pair of LPEI
chains.

The computational results on CO, capture under dry
conditions clearly indicate the following:

1. The crystalline part of LPEI, the double-stranded helix
structure, does not contribute to the CO, capturing
process due to the complete shielding of the secondary
amines.

. Pairs of LPEI chains, present in amorphous regions of
LPEI below its melting point until ~5 °C above, have
multiple sites consisting of two secondary amines on
each chain, allowing fast and reversible carbamic acid
formation with an adsorption enthalpy in line with
experimental observations.

3. At temperatures >5 °C above the melting point of LPEI,
fast reversible carbamic acid formation by single chains
of LPEI is possible, catalyzed by a secondary amine in
the f-position.

4. A more in-depth analysis of the nature of amine
carbamic acid complexes applying either B3LYP or
MO6-2X functionals with various basis sets and B3LYP
calculations using the C-PCM solvation model yielded
that the predominant form should be the amine
carbamic acid complex with only a very minor amount
of the ammonium carbamate complex.

Humid Conditions. Under humid conditions, the CO,
uptake of LPEI impregnated on hydrophilic and hydrophobic
silicas was enhanced at temperatures from 25 to 55 °C.”" The
highest enhancement was observed at 25 °C at specific
humidities of 11.5 and 15.3 mg H,0/g sorbent and 44.5%
loading of LPEI on fumed silica. These humidity values
correspond to a H,O uptake of 6.4 and 10.5 mmol H,0/g at
25 °C, respectively. The CO, uptake at 25 °C under these
conditions was 4.1 mmol/g adsorbent. As discussed earlier, the
addition of H,O to crystalline LPEI leads to the formation of
an LPEL/0.5 H,O phase. A H,0 uptake of 10.5 mmol/g is
close to LPEI/0.5 H,O.

An LPEI—-dimer pair 3 H,O complex was chosen as a model
to investigate the formation of carbamic and carbonic acid by
secondary amines. Table 1 lists AH-CO, and activation
barriers of the two options.

The AH-CO, of the complex leading to carbamic acid is
lower than the AH-CO, of the complex leading to carbonic
acid and both of them are significantly lower than AH-CO, of
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Table 1. AH’ Values of CO, Complexes and Activation
Enthalpies (E,) of the LPEI Dimer Pair 3 H,0 CO,
Complexes as Models for CO, Capture

AH CO, E,
complex product (kJ/mol) (kJ/mol)
LPEI dimer pair 3 H,0—-CO, carbamic —28.0 66.4
complex acid
carbonic —24.7 42.7
acid

the LPEI dimer pair leading to carbamic acid under dry
conditions. However the activation enthalpy for carbonic acid
formation is much lower than the activation enthalpy for
carbamic acid formation, thus largely favoring carbonic acid
formation. Figure 8 shows the CO,-physisorption complex (a),
the transition state (b), and the H,CO; anti-complex (c).

From Figure 4 in space filling display, it can be seen that the
all-trans structure of the LPEI/0.5 H,O chains leads to void
spaces between alternating amine groups. These spaces are
large enough for CO, and H,O to diffuse inside by normal
internal thermal movement of the structure. The LPEI, 3 H,O
CO, complex (a) has a H,0—CO, distance of 2.591 A. The
transition state LPEI, 3 H,0 CO, (b) has a H,0—CO,
distance of 1.598 A. The animation of the imaginary vibration
of the transition state shows simultaneous formation of the O—
CO, bond, proton transfer from H,O to the secondary amine
in the front, and proton transfer from the secondary amine in
the front to O(CO,). The secondary amine in the back
maintains its H-bridge to H,O as in the initial CO, complex.
The H,CO; anti-complex (c) has H-bridges to both secondary
amines, and its structure still resembles the transition state. It is
generally known that H,COj itself has very limited stability.
However, in this case, H,COj; in its anti-form is stabilized by
two H-bridges of the two LPEI chains. H,COj in its best form
can also be stabilized by two H-bridges of the two LPEI chains,
however at the cost of a slightly increased distance between the
two LPEI chains. That stabilization is 22.6 kJ/mol less than the
stabilization of H,COj in its anti-form. The corresponding
ammonium bicarbonates are not stable species according to
B3LYP/6-31G*. Applying the C-PCM model for a nonpolar
solvent (¢ = 7.43), the corresponding ammonium bicarbonates
are stable. Again the ammonium bicarbonate anti-species is by
far the most stable one of the two and 1.4 kJ/mol more stable
than the secondary amine—carbonic acid complex. Thus, it
seems very likely that CO, is captured as an R,NH,* HCO;~
and a H,CO; anti-complex in a ratio of approximately 2/1.

The computational results on CO, capture under humid
conditions clearly indicate that:

1. Crystalline LPEI under humid conditions is transformed
into an LPEI/0.5 H,O type of phase.
The LPEI/0.5 H,O type of phase, apart from being
more open to additional H,O and CO, molecules, has a
very suitable geometry for capturing CO, yielding
exclusively R,NH," HCO;~ and R2NH H,CO,
complexes in a ratio of 2/1. Both the strong CO,
physisorption complex and its low-lying transition state
contribute to that process.

. The formation of carbamic acid from an LPEI/0.5 H,O
type of phase can be excluded as its activation barrier is
significantly higher than the activation barrier for H,COj4
formation.

2.
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Figure 8. LPEL, 3 H,0 complex as a model for CO, uptake: (a) (LPEI, 3 H,0 CO,), (b) transition state (LPEL, 3 H,O CO,), and (c) (LPEL, 2
H,0)(NHCO,H-anti). B3LYP/6-31G*; display model: ball & spoke with C: gray, N: blue, and H: white. H-bridges: red dotted lines.

All transition states discussed are of the type described by
Said et al,"* characterized by a six-membered ring with
simultaneous formation of the N—C(CO,) or O—C(CO,)
bond, proton transfer from the first amine to the second amine,
and proton transfer from the second amine to O(CO,). They
also do follow the general trends and influences, as described
by Lee and Kitchin."” Despite the agreement with these
general trends, it is still crucial to start analyzing the
experimental structural data, and from there developing
geometrical models to obtain reliable data on physisorption,
activation, and reaction enthalpies. Only in this way, the sharp
discrimination between the CO, capturing reactions under dry
and humid process conditions was found: dry conditions lead
to carbamic acid formation and humid conditions lead to
ammonium bicarbonate/ amine carbonic acid formation.

Strictly taken, the conclusions of this study are valid for
LPEI only. From the obvious similarities between LPEI and
branched (B)PEI in the experimental studies®>’" it is tempting
to suggest analogous reaction mechanisms but this has to be
studied separately as also differences are observed.

Finally, LPEI seems suited to capture CO, from large point
emission sources like power or steel making plants, as only in
such an environment CO, capture can be carried out with a
rather constant H,O level during CO, sorption and desorption
to maintain the enhanced CO, uptake capacity of an LPEI/0.5
H,O type of phase while at the same time avoiding huge
energy consumption due to the condensation and evaporation
of large amounts of H,O. With respect to the latter, the
material seems not to be suited for direct air capture of CO,
where the amount of water varies largely as a function of
fluctuating weather conditions due to day/night rhythm and
seasons and the CO,/H,O0 ratio is several magnitudes lower.
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