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Abstract

With the growing concern over increased carbon dioxide concentrations in our planet’s
atmosphere, much research is being devoted to improving the methods of carbon capture
and storage. Amine-based carbon capture techniques are advantageous due to amine’s
ability to react directly and reversibly with carbon dioxide to form solid products. To better
understand the composition of the solid products obtained by reactions of carbon dioxide
with amines under different conditions, such as reactions with gaseous and solid CO,
(dry ice), spontaneous areal absorbance of CO;, and others, several such reactions were
conducted. Single-crystal X-ray diffraction analysis of the seven previously and newly
observed carbamate derivatives was carried out. The synthetic and structural results of
solid products have been compared with published data on the same materials obtained by
different methods. Peculiarities of hydrogen bonding were described for these materials
based on the topological approach.

Keywords: CO; capture; chemisorption; carbamates; amines; crystal structure

1. Introduction

Carbon dioxide (CO,) is a known greenhouse gas present in the atmosphere. Ac-
cording to the National Oceanic and Atmospheric Administration’s (NOAA’s) Annual
Greenhouse Gas Index, CO, dominates the planet’s total radiative forcing, meaning that
it is currently the greatest contributor to warming [1]. Paleoclimatic CO, concentrations
within the atmosphere have been indirectly measured through the use of ice core gas
extraction [2].

Alterations in atmospheric composition have been linked to rises in global temperature,
seasonal weather variations, changes in the intensity or frequency of natural storm events,
and the loss of polar ice caps [3]. The observed rise in global temperature is an important
effect of increasing CO, concentrations. As the largest source of U.S. greenhouse gas
emissions, CO, from fossil fuel combustion has accounted for approximately 77% of the
total global warming potential emissions since 1990 [4]. As a direct response to the massive
amount of CO; released by combustive processes, recent attempts to engineer potential
solutions to anthropogenic CO; release have been made.

Carbon capture and storage (CCS) is a greenhouse gas abatement method designed
to remove CO, from the atmosphere or divert CO; from emission sources. CCS, through
physical or chemical sorption methods, has three main technological configurations: pre-
combustion, post-combustion, or oxyfuel combustion. Other CO, separation and purifica-
tion techniques, such as those of ionic liquids, metal-organic frameworks, etc., are also in
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development [5-7]. However, those technologies have not yet been as widely applied as
chemical absorption.

Post-combustion capture (PCC) is the leading form of CCS technology. In PCC, chem-
ical solvents are used to extract CO, from flue gas following the combustion process.
Primary and secondary amines have been recognized as chemical solvents for PCC. Due
to the generation of an ionic species, amine—CO, reactions typically result in a zwitteri-
onic carbamate, ammonium carbamate salt, their mixture, or even cyclization products
(Figure 1) [8]. Additionally, many amine—CO; reactions occur reversibly, meaning that the
absorbed gas can be easily extracted for eventual storage. The most effective and favorable
thermodynamic and kinetic properties for an amine compound used for PCC have been
reviewed [9-13]. The best amine is one that demonstrates a high degree of CO; capture,
minimum energy input or amine-related emissions, low volatility, and a resistance to oxida-
tive or thermal degradation [14,15]. Given these parameters, commonly researched amines
for PCC applications include monoethanolamine, methyldiethanolamine, diethanolamine,
and piperazine [16]. The latest literature focuses on multi-amine blends to improve CO,
absorption performance [17]. Many carbamate products reported in the literature were
obtained intentionally upon aerial carbonation from the environment as a means of in-
vestigating the corresponding amines’ potential for CCS [7,18-20]. Others were reported
as unintentional by-products upon the contact of a reaction solution mixture with the
atmospheric air, thus demonstrating the easiness of such a reaction [14,15].
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Figure 1. Example mechanism of an amine—carbon dioxide reaction. The nitrogen lone pair bonds to
the carbon of the CO,. A zwitterion is generated. Another amine molecule reacts with the species
to provide chemical stability, and, following a proton rearrangement, two-component compounds
are formed.

A unified mechanism of the CO,—amine reaction, applicable to absorption in aqueous
or nonaqueous solutions, was developed with details based on theoretical calculations and
experimental evidence [21,22]. However, while many alkylammonium alkylcarbamates
of cyclic and substituted amines and diamines have been isolated and characterized by
IR and NMR spectroscopy, the list of crystallographic studies of organic carbamates is
not very long (CSD version 5.43, November 2022 updates). Interesting examples include
monoclinic and orthorhombic polymorphs of N-(2-ammonioethyl)carbamate and its mono-
hydrate [8,18-20]; and a tetracarbamate derivative of cyclam, obtained by the bubbling
of carbon dioxide into an aqueous solution of tetraazamacrocycle. The reaction was re-
versible, and in an aqueous solution, a decarboxylation process occurred with release of
CO; [23]. Despite the wide interest in the products of piperazine (Pz), the simplest cyclic
diamine interacting with CO, [14], no crystalline products corresponding to any stages
of the kinetic equilibria of CO, in the aqueous solutions of Pz have been reported until
our research, which identified the zwitterionic piperazinium-4-carboxamide trihydrate
(PzHCO,)-3H,0 and two salts, piperazinium piperazine-4-carboxamide (PzH)(PzCO,) and
bis-(piperazinium) piperazine-1,4-bis(carboxamide) trihydrate (PzH),(Pz(CO;),)-3H,0, as
crystalline solids [24]. Recently, this list was complemented by the crystalline piperazine-
1,4-diium-piperazinedicarboxylate, (PzH,)(Pz(CO;),) [25].

In continuation of our previous research [24], experiments were conducted using a
variety of amine reagents to determine their ability to react with CO, under different condi-
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tions. Crystalline products obtained can give additional information for the description
of a combination of reaction products in crystal and types of intermolecular interactions.
Reagents used in this study are described in the Experimental Section. A schematic pre-
sentation of the molecular structures of products obtained from these reactions is given
in Figure 2. These products have been characterized by single-crystal X-ray diffraction
analysis. The goals of the diffraction study of crystalline products were to show the exact
composition of the solid phase, ratio of obtained products and solvents, if any, conformation
of the resulting molecules, and pattern of H bonds in crystal. We also hope to provide a
structural basis for further kinetic and thermodynamic studies on the evaluation of amine
candidates for CSS applications.
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Figure 2. Products obtained in this study.

2. Experimental

Preparation. All reagents used in this study were obtained from commercial sources and
used as received. Thiomorpholine, 4-hydroxypiperidine, piperidine, diethylenetriamine,
ethane-1,2-diamine, and 1-(2-aminoethyl)piperazine were purchased from Enamine Store,
all with 95% purity. Piperidine was purchased from VWR®.

To obtain the crystalline products outlined in Figure 2, most solutions were prepared
by dissolution of each amine in a solvent using a hotplate and VWR® Standard Vortex Mixer.
Others were reacted in their pure form. Three primary methods of CO, addition were
employed: atmospheric, gaseous, and solid. Gaseous addition involved applying a stream
of CO; gas into the solution, whereas solid CO, addition was the direct addition of dry
ice to the solution. Ethylenediamine in a 1:1 water:methanol solvent reacted with gaseous
CO; to form compound 1. A small amount of pure diethylenetriamine was allowed to
spontaneously react with atmospheric CO; to form compound 2. Compound 3 was formed
by reaction of an aqueous 1-(2-aminoethyl)piperazine solution with gaseous CO; this
product could also be formed through atmospheric methods. Pure liquid thiomorpholine
reacted with atmospheric CO, produce compound 4. Reaction of thiomorpholine with the
other CO, application methods yielded powder products that were not characterized in this
study. Compound 5 was formed through reaction of an aqueous solution of morpholine
and thiomorpholine with dry ice. Compound 6 was formed by the bubbling of CO, gas
in an aqueous piperidine solution. Dry ice was added to 4-hydroxypiperidine in a 1:1
water: ethanol mixture to produce compound 7. Single crystals suitable for the X-ray
diffraction study were grown after approximately three weeks of slow evaporation at room
temperature under a fume hood.



Chemistry 2025, 7, 176

40f 10

Many of the crystallized materials were extremely sensitive to air, and, as a result,
structural characterization was performed at low temperatures with constant nitrogen
gas flow. When possible, melting point determinations were conducted using an SRS
OptiMelt apparatus.

X-ray Structure Determination. Data were collected using a Bruker APEX-II CCD diffrac-
tometer (A(MoK) radiation) equipped with a cryostat system (graphite monochromator,
w and ¢ scan mode). Data were corrected for absorption using the SADABS software [26].
The crystal structures were determined by direct methods and refined by a full-matrix least
squares technique on F? with anisotropic displacement parameters for non-hydrogen atoms.
Hydrogen atoms in compounds 1-6 were defined using the difference Fourier methods; in
compound 7, all hydrogen atoms were placed in calculated positions and refined within
the riding model with fixed isotropic displacement parameters (Ujs,(H) = 1.5Ueq(O) for
the OH-groups and 1.2Ueq(C,N) for the other groups). Calculations were carried out using
the SHELXTL program [27], and structural solution and refinement were conducted using
the OLEX2 software [28]. Details of structural solution and refinement are provided in
Table S1. Hydrogen bonding geometry in 1-7 is summarized in Table S2.

3. Results and Discussion

A unified mechanism of the CO,—amine reaction, applicable to absorption in aqueous
or nonaqueous solutions, was developed with details based on theoretical calculations and
experimental evidence (Figure 1) [21,22]. The nitrogen lone pair bonds to the carbon of
CO;. A zwitterion is generated, another amine molecule reacts with the species to provide
chemical stability, and, following a proton rearrangement, two-component compounds are
formed. Many of the resulting products of this study, as shown in Figure 2, follow this
mechanism. The ORTEP drawings, with numbering schemes for 1-7, are shown in Figure 3.
The crystalline products 1-3, whose starting reagents contained amino-groups separated
by an aliphatic chain, represent zwitterionic carbamates as anhydrous forms 1 and 2 and
hydrated form 3. In the case of cyclic amines, the final compounds represent anhydrous
4 and 7 and hydrated 5 and 6 carbamate salts. Although some of the crystal structures
have been already reported [7,15-17,26-34], they were included because of the different
synthetic protocols (Table 1) and for discussion of some details in the hydrogen bonding
systems and packing patterns.

All carbamate anions have the typical flattened geometry of the carbamate residues
usual for the sp?-hybridized nitrogen atom, with equalized C-O distances and reduced
C-N distance. In our study compound 1 was obtained as a result of gaseous CO; reaction
with ethylene—-diamine solution in HyO:MeOH as a monoclinic polymorph. Previously
two crystalline polymorphs, monoclinic and orthorhombic, have been reported [18-20].
The orthorhombic form was found as the result of a gaseous reaction under pressure in the
presence of 2-pyrrolidone [8] and in a mixture with the monoclinic form from methanol
solution (see Table 1). Conformations of molecule 1 in both polymorphs are significantly
different: the torsion angle around the C2-C3 bond in the monoclinic form is equal to 66.6
and in the orthorhombic form to 175.8 degrees. The overlapping diagrams for compounds
composed of multiple independent formula units are shown in Figure S1. Additionally,
the orthorhombic polymorph of 1 present in the extended conformation of the zwitterion
crystallizes as the 3D H-bonded network, while the monoclinic polymorph adjusts the
twisted conformation and crystallizes as the H-bonded layer.

Compound 2 was obtained by an atmospheric CO; reaction with diethylenetriamine in
our study and, in previous work, by exposure to air in the presence of phosphonium-based
ionic liquids [29], but our work suggests that this media is not required to generate this
crystalline product.
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Figure 3. The ORTEP drawings for the asymmetric units with numbering schemes for 1-7: (a) 1; (b) 2;
(c) 3; (d) 4; (e) 5; (f) 6; and (g) 7.

Table 1. Methods of syntheses of 1-7 and their literature reference analogs.

Compound CCDCID Sp.gr. Method Reference
. Gaseous CO, reaction with Present
2262778 Monoclinic P2, /¢ ethylenediamine in HyO:MeOH work
o,

CAXMOD Orthorhombic Pna2; ﬁ:hrf?rﬁ}frifl rgrfb/f Eft(r)g d [18]

CAXMODO1 Monoclinic P2;/a 5O THOT OTTHOTHOTIDIC TOTME

from MeOH

1 . Isolated as a minor admixture

N-(2-ammonioethyl) upon attempt to synthesize
carbamate CAXMODO02 Monoclinic P21 /¢ L [19]

ethylenediamine complex of

lanthanum nitrate
CAXMODO3  Orthorhombic Png2, ™ the presence of 2-pyrrolidone, [8]
gaseous under pressure
OCESEW . .
(monohydrate) Monoclinic P21 /¢ Exposure to air in xylenol [20]
. Atmospheric CO, reaction with Present
2 2262781 Monoclinic P2,/¢ diethylenetriamine work
Diethylenetriammonia Exposure to air in the presence

carbamate KEFRIY Monoclinic P2;/c of phosphonium-based ionic [29]

liquids
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Table 1. Cont.
Compound CCDCID Sp.gr. Method Reference
3 Gaseous or atmospheric CO,
Aminoethylpiperazinium 2262784 Triclinic P-1 reaction Wlth L Present
1-(2-aminoethyl)piperazine in work
carbamate
H,0O
4
Thlgmorphohr}mm 2962779 Triclinic P-1 Atmosphgrlc CO, ree.lctlon with Present
thiomorpholine thiomorpholine work
carbamate
5
Thiomorpholinium Solid CO; (dry ice) reaction with Present
thiomorpholine 2262783 Monoclinic C2/c¢ morpholine and thiomorpholine work
carbamate in H,O
monohydrate
2962780 Triclinic P-1 Gaseo.us COz rgactlon with Present
piperidine in H,O work
6 .
Piperidinium HABJIE Triclinic P-1 Exposure to air (MP [30]
R undetectable)
piperidine-N- S
carboxylate HABJIEO1 Triclinic P-1 As a by-product of piperidine [31]
monohydrate solution interaction with air
e Exposure to air (MP
HABJIE02 Triclinic P-1 undetectable) [32]
HABJIE03 Triclinic P-1 Aerial carbonation [33]
7 Solid CO, (dry ice) reaction with
NS 2262782 Triclinic P-1 4-hydroxypiperidine in Present
4-Hydroxypiperidinium y YI? p work
4-hydroxypiperidine- H,O:EtOH
N-carboxylate NUNPU]J Triclinic P-1 Exposure to air [34]

Compounds 3, 4, and 5 are novel crystallographic materials not reported prior to
this work. Compound 3 comprises two independent zwitterions taking practically the
same conformations.

Compounds 4 and 5 in crystal represent anhydrous and hydrated carbamate salts, re-
spectively. The crystal structure of compound 6 was described in four publications [30-33].

Unlike the several reported synthetic protocols for compound 6, where the product was
obtained via atmospheric CO; interaction [30-33], we were able to replicate the structure
only through the introduction of CO; gas to an aqueous piperidine solution.

Similarly, compound 7 could only be obtained through the reaction of dry ice with 4-
hydroxypiperidine in water: ethanol mixture as opposed to spontaneous aerial carbonation
as reported by Doring et al. [34]. Compound 7 comprises three independent formula units,
with the hydroxyl group situated in an axial position on one of the cations and two of
the anions. It should be mentioned that in some literature sources, reaction conditions
are presented without details. Different methods of synthesis or exposure to atmospheric
air can give identical results in terms of final products, as demonstrated in Table 1. This
observation allows us to suggest that for the amines mentioned in our study, various
technological approaches can be considered for their applications.

Analysis of geometry parameters of molecules in crystals 1-7 (see tables of bond
lengths and bond angles in CIF’s) revealed no hints of hindrances in these molecules, which
is considered an indicator of their higher CO, loading capacity and lower thermal stability,
both of which are favorable properties for CO; capture [35].
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Hydrogen bonding patterns in crystals 1-7 are shown in Figure 4. The NH- - - O and
OH- - - O (for hydrates) hydrogen bonds are the main driving forces for supramolecular
assemblies in these compounds. The primary H-bonded association pattern in all reported
compounds is an H-bonded ring in a chair conformation with R4*(12) graph notation that
includes two -NH, fragments (from the terminal -NHj or cyclic NH,-groups) and two
-CO; residues from two carbamate moieties. This H-bonded pattern is centrosymmetric in
all compounds but 7, where one cation and one anion form the centrosymmetric tetramer,
while the other two cations and two other anions form the pseudocentrosymmetric tetramer.
The further extension of supramolecular motifs depends on the presence/absence of ad-
ditional H donors and H acceptors in the systems, and in all but 4, this R4*(12) synthon
alternates with other H-bonded patterns, resulting in the H-bonded layers in 1 and 2,
H-bonded chains (via bridging water molecules) in 5 and 6, and 3D H-bonded networks
in 3 and 7. The crystal structure of 4, with its H donor—H acceptor equality, is built of
the discrete H-bonded tetramers. In all but 4, an excess of H donors resulted in the in-

volvement of oxygen atoms of carbamate residues in H bonding systems as multiple H
acceptors (Table S2).

Figure 4. Fragments of crystal structures in 1-7. (a) Catenation motif via alternating H-bonded rings
R4%(12)R,2(14) in 1; (b) catenation motif via alternating H-bonded rings R44(12)Rp2(8)R,1(10) in 2;
(c) catenation motif via alternating H-bonded rings R4*(12)R52(20) in 23; (d) H-bonded tetramer
in 4; (e) H-bonded chain in 5; (f) H-bonded chain in 6; (g) association of centrosymmetric and
noncentrosymmetric tetramers in 7.

Compounds with similar molecular structures yielded similar crystal packings. Zwit-
terionic compounds 1 and 2 crystallize in the same monoclinic P2;/c space group and are
associated in the H-bonded layers with all meaningful H bonds realized within the layers
and a lack of strong interactions between the layers. In both structures, the layers stack
along the a axes (Figure 5). Compounds 4, 5, and 6 form very similar arrangements of
tetramers. Compounds 3 and 7 contain much more complex arrangements, with their
packing showing three-dimensional hydrogen bonded networks.
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Figure 5. Packing motifs in 1-7. (a) Packing of the H-bonded layers in 1; (b) packing of H-bonded
layers in 2; (¢) 3D H-bonded network in 3; (d) packing of H-bonded tetramers in 4; (e) packing of
H-bonded chains in 5; (f) packing of H-bonded chains in 6; (g) 3D H-bonded network in 7.

4. Conclusions

The amines investigated herein were able to react with and capture CO;. The single
crystal X-ray structural study provides evidence for a variety of solid amine-CO; products.
Different amine solutions, as well as two-component mixtures of amines, should be studied
further to determine which can form crystalline materials and which exhibit the most
advantageous physical and chemical properties for CCS applications. It was suggested [35]
that higher CO; loading capacity and lower thermal stability, both of which are favorable
properties for CO, capture, are connected with hindrances in these molecules. Analysis
of geometry parameters of molecules in crystals 1-7 (see tables of bond lengths and bond
angles in CIF’s) revealed no significant deviation of these parameters from standard values,
so no hints of hindrances in these were detected.

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390/chemistry7060176/s1, Figure S1: The ORTEP drawings
and overlapping diagrams for compounds comprised of multiple independent formula units.
(a) 3; (b) overlapping diagram for two zwitterions in 3; (c) 7; (d) overlapping diagram of cations
in 7; (e) overlapping diagram of anions in 7. Hydrogens are omitted for clarity; Table S1: Detailed
crystal data and structure refinement parameters for 1-7; Table S2: Hydrogen bonds in 1-7. CCDC
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2262778-2262784 contain the supplementary crystallographic data for 1-7. These data can be obtained
free of charge via https://www.ccdc.cam.ac.uk/structures/ (accessed on 13 May 2023), or from
the Cambridge Crystallographic Data Centre, 12 Union Road, Cambridge CB2 1EZ, UK; fax: (+44)
1223-336-033; or e-mail: deposit@ccdc.cam.ac.uk.
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agreed to the published version of the manuscript.
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