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Aqueous solutions of a series of short carbon chain tetra(n-alkyllammonium hydroxides, [N,,n,[OH] with
n = 2: n-ethyl, 3: n-propyl, 4: n-butyl, have been serendipitously found to be potential candidates for
direct air carbon capture (DAC) when being used as reagents in more complicated reactions. Aqueous
solutions of [Nz333][OHI, [N22221[OHI, or [Nz333][OH] with UO,SO4-3H,O and 1,4-diamidoximylbenzene,
and [N4444][OH] with cytosine (HCyt) directly absorb CO, from the atmosphere upon mild heating in the
open atmosphere crystallizing in  complexes reaching up to 2:1 CO»/INyynnlOH  ratio.
[N2222][HCO3]-3H,0 (1), [N2222lo[H(HCO3)3]-5H,0 (2), [N3333][HCO2]-0.5H,0 (3), [N3333l[HHCO=),] (4),
[N3333]2[(tpa)(H,CO3),l (5; tpa = terephthalate), [N4444][H(Cyt)(HCO3)]-H,O (6) and
[N4444][H5(Cyt),(HCO3)]-H,O (7) have been isolated in crystalline form and structurally characterized by
single crystal X-ray diffraction. The compounds are characterized by complex polyanionic formations
from bicarbonate dimers ([(HCOz),-(H>0)l,*") or chains ([H(HCO3),],"~ or [Ha(tpa)(HCO3),],2"") to water-
bicarbonate associates ([(HCOs3)»-6H,01>~ and [(H,COs-(HCOs),)»-6H,0-2H,0127) and three-component
anionic layers ([H(Cyt)(HCOs)-H,01,"~ and [H(Cyt)2(HCO3)-H,Ol,"7) frequently showing proton sharing.
While some hydroxides themselves can maintain a high CO,/[N,,,,][OH] ratio, particularly 2 and 4, the
presence of secondary hydrogen bond donors/acceptors may increase the sorption efficiency through
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1. Introduction

Carbon dioxide emissions to the atmosphere significantly con-
tribute to negative environmental impacts causing the green-
house effect and, consequently, leading to accelerating global
warming" and related regional and global climate changes.” In
this light, efficient CO, uptake from the flue gasses and
removal from the atmosphere is a critical challenge to be
solved in the near future.® Direct air capture (DAC) methods®
are currently based on absorption by liquids solvents, either
hydroxide-carbonate systems® or amine-functionalized sor-
bents.® However, high material cost and/or energy consump-
tion for their recovery are serious obstacles preventing these
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decreased solubility and enhanced crystallization.

technologies from implementation on an industrial scale
affecting equally capture, desorption, and further conversion
of CO,.” " Moreover, thermal degradation of the more promis-
ing amine-functionalized sorbents during recycling due to the
formation/breaking of covalent bonds still represents a techni-
cal problem and may further contribute to the method’s
cost,"”> and additional environmental problems.'® Therefore,
new highly efficient materials and methods need to be devel-
oped considering both technological and economic aspects.
During the last decades, ionic liquids (ILs)'*"” and deep
eutectic solvents (DESs)'® have been proposed as “greener”
alternatives. Despite many analogous properties and function-
alities, these two classes offer different advantages and have
different drawbacks. Although DESs as CO, sorbents have yet
not been intensively investigated and need further develop-
ments, they may offer low production costs and are generally
biodegradable.’® Despite a few drawbacks such as high price,
high viscosity and potentially toxicity, ILs have already
attracted significant attention as a reliable replacement to the
amine-functionalized sorbents.>® Their main advantages are
low melting points combined with negligible vapor pressure,**
possibilities of designed functionalization towards desired
chemical and physical properties,>>* possibility of separ-

This journal is © The Royal Society of Chemistry 2022
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ation,>* and variety of binding modes they can offer for CO,
sorption.>® Preferred physical absorption in ILs may also offer
economic advantages through reduced energy penalty and sig-
nificantly declined degradation rate during recycling.

Along with the classical imidazolium,?®*” pyridinium,*®
and pyrrolidinium®® ILs, a variety of different cation/anion
pairs®® have been tested recently for the CO, capture perform-
ance including blends with conventional sorbents.”® Among
them, quaternary ammonium and phosphonium salts have
not been intensively investigated but already have revealed
promising performance and possible industrial
applications.>>*** For example, 10% aqueous solutions of
tetrabutylammonium hydroxide N444,0H showed high CO,
solubility at elevated pressures.’® Bulky tetraalkylammonium
cations do not participate in strong intermolecular bonding,
but do provide a framework supporting such interactions
between other components of the reaction.?®

Here we suggest the power of crystal engineering allows the
design of improved materials for DAC, however, such
approaches need real structural data. While exploring the use
of tetraalkylammonium hydroxides to deprotonate complexing
ligands and thus facilitate f-element binding, we have detected
evidence of the ready capture of CO, in the form of crystalline
tetraalkylammonium salts. We directly observed that aqueous
solutions of small carbon chain tetraalkylammonium hydrox-
ides have hidden potential for direct carbon capture through
crystallization in addition to previously observed dissolution at
higher pressures. This potential may further be enhanced
through the introduction of additional hydrogen bond accep-
tors expanding bonding patterns and affecting the solubility of
the products.

2. Experimental section

2.1. Chemicals and materials

Uranyl sulfate trihydrate (UO,SO,-3H,0) was obtained from
International Bio-Analytical Industries, Inc. (Boca Raton, FL).
Hydroxylamine hydrochloride, tetraethylammonium hydroxide
([N2222][OH]; 25 wt% in water), tetrabutylammonium hydroxide
([N4444][OH]; 55 wt% in water), and tetrapropylammonium
hydroxide ([N3333][OH]; 40 wt% in water) were purchased from
Fisher Scientific (Hampton, NH). Cytosine (99%), 1,4-dicyano-
benzene, and potassium carbonate were obtained from Sigma
Aldrich (St Louis, MO). Ethanol with purity >95% (The British
Drug Houses, BDH chemicals, Middle East LLC, Dubai, UAE)
was obtained from VWR international (Radnor, PA). Deionized
(DI) water with a specific resistivity of 17.38 MQ cm at 25 °C
was obtained from an in-house system (Culligan Water
Systems, Rosemont, IL). All commercially available chemicals
were used as received without further purification.

2.2. Synthesis

Synthesis of 1,4-(diamidoximyl)benzene. The synthesis fol-
lowed the reported procedure.*”*® To an ethanolic solution
(40 mL) of 1,4-dicyanobenzene (1.009 g, 7.87 mmol) in 100 mL
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round bottom  flask, hydroxylamine  hydrochloride
(NH,OH-HCl) was added, and the mixture was stirred with
magnetic stirrer. Potassium carbonate (K,CO;) (1.441 g,
10.21 mmol) in 30 mL deionized water was added to the above
reaction mixture. The reaction mixture was then refluxed over-
night and at the end of the reaction white precipitate was
obtained. The precipitate was filtered and washed with ethanol
2-3 times and then dried in vacuum.

2.3. NMR

'H and *C NMR were measured using a Bruker Avance
300 MHz NMR spectrometer (Bruker Biospin Corporation,
Billerica, MA) in DMSO-d6 (Cambridge Isotope Laboratories,
Inc., Tewksbury, MA). The spectrum for both "H and *C NMR
were referenced to the DMSO solvent peak at 2.50 ppm and
confirmed the structure.”” "H NMR: §y (300 MHz; DMSO-d)
5.83 (2H, s), 7.66 (2H, s), 9.68 (1H, s); *C NMR: ¢ (300 MHz;
DMSO0-d6) 125.47, 134.07, 150.90.

2.4. Crystallization

Crystallization of [Ny,,,][HCO;]-3H,0 (1), [N2225].[H(HCO;);]:
5H0 (2), [N3333][H(HCO;);] (4), and [N3333][(tpa)(H2CO5),] (5)-
In 20 mL borosilicate glass culture tubes, UO,SO,:3H,0
(1 mmol; 0.4201 g) and 1,4-diamidoximylbenzene (1 mmol;
0.1941 g) were mixed with aqueous solutions of tetralkylam-
monium hydroxides, (1, 2) [Ny5,][OH] (25 wt% in water;
2 mmol, 1.1781 g), (4, 5) [Nasz33][OH] (40 wt% in water;
2 mmol, 1.0177 g). The mixtures were homogenized by hand
grinding with glass stirring rods and placed unsealed in a
heated sand bath at 80 °C overnight (12 h) in the open air.
Colorless irregular-shaped crystals appeared in the reaction
vessels which were then allowed to cool to room temperature.
Single crystals of the complexes were picked directly from the
reaction mixtures and in the case of 5, revealed the conversion
of 1,4-diamidoximylbenzene to terephthalic acid (H,tpa). This
conversion mechanism is known in the literature and is
expected to occur in highly basic solutions.***°

Crystallization of [N3333][HCO;]:0.5H,0 (3). [N3333][OH]
(40 wt% in water) (5.90 mmol, 1.2 g) was added to a 2-dram
vial via 5 mL syringe. The vial was capped with a rubber
septum and wrapped with parafilm to create an air-tight seal.
A 250 mL round bottom flask full of dry ice was sealed with a
rubber septum containing a vent needle. Both the 250 mL
round bottom flask and the 2-dram vial were tapped with a
rubber hose attached with needles on each end to allow trans-
fer of CO, gas from melting dry ice. Once the hose was setup,
the vent needle in the round bottom containing CO, was
removed to assist transfer of CO, gas to the reaction. The
2-dram vial was also equipped with a vent needle and the
needle from the transfer line was submerged in the solution of
[N3333][OH]. While the CO, was bubbling through the solution,
the 2-dram vial containing the reaction was placed in a sand
bath at 90 °C for 2.5 h. After the 2.5 h time frame, a white
slurry was produced in the reaction mixture. The reaction was
taken off heat and stored under an atmosphere of CO,. After 2
weeks, the reaction had formed a semisolid paste with crystal-
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line solid dispersed throughout, and a sample of the white
semisolid crystalline product was scraped out, stored in a
small vial under an atmosphere of CO,.

The above reaction was repeated but left heating in the
sand bath longer. After 8.5 h a white slurry was produced in
the reaction mixture. The reaction was taken off heat and
stored under an atmosphere of CO,. After 1 week, the reaction
had formed a semisolid paste with crystalline solid dispersed
throughout, and a sample of the white semisolid crystalline
product was scraped out, stored in a small vial under an atmo-
sphere of CO,.

Crystallization of [Nu44][H(Cyt)(HCO;3)]'H,O (6) and
[N4444][H2(Cyt),(HCO;)]-H,O (7). In a 20 mL borosilicate glass
culture tubes, cytosine (1 mmol; 0.111 g) and [Ny444][OH]
(55 wt% in water; 1 mmol, 0.476 g) were mixed. The mixture
was homogenized by hand grinding with glass stirring rods
and placed unsealed in a heated sand bath at 90 °C overnight
(12 h) in the open air. Colorless, irregular, block-shaped crys-
tals appeared in the reaction vessel which was then allowed to
cool to room temperature. The crystals of both salts were
obtained in the same reaction vessel.

2.5. Single crystal X-ray diffraction (SXCRD)

Crystals of 1-7 decompose readily when heated and are rela-
tively unstable, liquefying when left out at ambient tempera-
tures. This made SCXRD studies somewhat problematic.
Nonetheless, SCXRD data for single crystal structural determi-
nations of complexes 1-2, and 4-5 were collected on a Bruker
diffractometer equipped with a PLATFORM 3-circle goniometer
and an Apex II CCD area detector (Bruker AXS, Madison, WI)
using graphite monochromated Mo-Ka radiation (4 =
0.71073 A). Suitable irregular-shaped crystals were mounted on
a nylon loop with paratone-N (Hampton Research, Aliso Viejo,
USA) oil and cooled to —50 °C by a cold stream of Ny(g) using
an N-Helix cryostat (Oxford Cryosystems, Oxford, UK). Data
were collected in 0.5° frames using a strategy of scans about
the omega and phi axes. Data collection, unit cell determi-
nation, data reduction and integration, absorption correction,
and scaling were performed using the Apex-2 software suite
(Bruker, Madison, WI).

All full occupancy non-hydrogen atoms were refined aniso-
tropically. Hydrogen atoms bonded to oxygen atoms were
located from the difference map. Their coordinates were
allowed to refine while their thermal parameters were con-
strained to ride on the carrier atoms. Hydrogen atoms bonded
to carbon atoms were placed in calculated positions, and their
coordinates and thermal parameters were constrained to ride
on the carrier atoms. All the crystal structures were solved by
intrinsic phasing with SHELXT*' and refined by full-matrix
least squares methods on F> using SHELXL-2014** within the
APEX3 software suite (Bruker AXS WI, 2017).

The data for 3 were collected on an XtaLAB Synergy R, DW
system, HyPix diffractometer, at —100 °C. Data were measured
using o scans with Mo-K, radiation. The diffraction pattern
was indexed and the total number of runs and images was
based on the strategy calculation from the program

17726 | Dalton Trans., 2022, 51,17724-17732
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CrysAlisPro 1.171.41.118a (Rigaku OD, Yarnton, England
2021). The maximum resolution that was achieved was 6 =
33.390° (0.65 A). Data reduction, scaling and absorption cor-
rections were performed using CrysAlisPro 1.171.41.118a. A
Gaussian absorption performed using
CrysAlisPro 1.171.41.118a. The numerical absorption correc-
tion was based on Gaussian integration over a multifaceted
crystal model Empirical absorption correction using spherical
harmonics, implemented in the SCALE3 ABSPACK scaling
algorithm.

Data for 6 and 7 were collected on a Bruker D8 Advance
diffractometer with a Photon 100 CMOS area detector and an
IpS microfocus X-ray source using Mo-Ka radiation. Crystals
were coated with Paratone oil and cooled to —100 °C under a
cold stream of nitrogen using an Oxford cryostat (Oxford
Cryosystems, Oxford, UK). Hemispheres of data out to a resolu-
tion of at least 0.80 A were collected by a strategy of ¢ and w
scans. Unit cell determination, data collection, data reduction,
correction for absorption, structural solution, and refinement
were all conducted using the Apex3 software suite.

The structures of 3, 6, and 7 were solved by direct methods
and refined on F? by full-matrix least-squares procedures using
SHELXTL v.2017. Non-hydrogen atoms were readily located
and refined anisotropically. Hydrogen atoms bonded to
carbon were placed in calculated positions, and the coordi-
nates were constrained to ride on the carrier atoms. Methyl
group hydrogen atoms were refined using a riding-rotating
model. Hydrogen atoms bonded to nitrogen were located from
the difference Fourier maps in all cases, except for those in 3
and 7 where hydrogen atoms on protonated nitrogen atoms
were placed in calculated positions and constrained to ride on
the nitrogen atoms. Hydrogen atoms bonded to oxygen were
located from the difference Fourier maps in all cases, except
for those in 7 and those on lattice water molecules in 2 which
were omitted from the refinement but included in the
formula. All hydrogen atom thermal parameters were con-
strained to ride on the carrier atoms.

correction was

3. Results and discussion

3.1. Synthesis

As part of our investigation into the selective complexation of
uranyl ions by amidoxime ligands suitable for extraction of
uranium from seawater,’”*® we began using tetraalkylammo-
nium hydroxides to deprotonate the ligand and promote
uranyl binding. Instead of isolating the complexes we sought,
we observed the formation of colorless crystals of bicarbonate
salts. For example, when UO,S0,-3H,0 and 1,4-diamidoximyl-
benzene were mixed with aqueous solutions of tetraethyl- or
tetrapropylammonium hydroxides ([N3222][OH] and
[N3333][OH], respectively) and heated unsealed to 80 °C over-
night, single crystals were obtained of [N,,,,|[HCO;]-3H,0 (1),
[Nao22|o[H(HCO3)3]-5H,0  (2), [Nasz33][H(HCOs),] (4), and
[N3333]2[(tpa)(H2CO3),] (5). In the reaction leading to 5, 1,4-di-
amidoximylbenzene was converted to terephthalate ([tpa]*").

This journal is © The Royal Society of Chemistry 2022
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These results led us to try and prepare the bicarbonate salts
directly by bubbling CO, at ambient pressure through aqueous
solutions of tetralkylammonium hydroxides. The only related
experiment we could find was a report noted in the
Introduction where 10 wt% aqueous [N,444][OH] showed high
CO, solubility at elevated pressures,®® however, no solids were
reported.

In our experiment, CO, was bubbled at ambient pressure
through a 40 wt% aqueous solution of [N3333][OH] at 90 °C for
2.5 h after which time a white slurry was produced. Cooling to
RT and storage under CO, led to a semisolid paste with crystal-
line solid dispersed throughout. SCXRD identified the crystal-
line product as [N3333][HCO;]-0.5H,0 (3). Repeating this experi-
ment with 8.5 h did not lead to identification of additional
crystalline phases.

Finally, pulling from our recent work with complexes of
nucleobases,”® and CO, capture attempts using guainidine,*®
we hypothesized that the addition of a nucleobase to aqueous
tetraalkylammonium hydroxide could serve as a perfect reaction
medium through formation of an extensive hydrogen bonding
network and decrease of solubility. Directly mixing cytosine
(HCyt) and [Ny444][OH] (55 wt% in water) in a 1:1 ratio and
heating unsealed at 90 °C overnight led to colorless block-
shaped crystals of both [Nysu4][H(Cyt)(HCO3)]-H,O (6) and
[N4444][Ha(Cyt),(HCO3)]-H,O (7) in the same reaction vessel.

In the reactions leading to 1, 2, and 4-7, CO, gas was
trapped directly from the atmosphere and precipitated at elev-
ated (80-90 °C) temperatures. The preparation of 3 demon-
strated that CO, bubbled through the solution at ambient temp-
eratures could also lead to crystallization of bicarbonate salts,
effectively trapping CO,. The very low solubility of these salts in
water (most crystallized even at elevated temperatures) suggest
the potential for DAC technologies. While all of the investigated
compounds easily trap 1 CO, molecule per [Ny..,]" cation,
some representatives showed enhanced performance of up to
1.5 (2) or even 2 (4) CO, molecules per cation, which immedi-
ately leaves the solution through crystallization. To better under-
stand the mechanism of CO, capture we analyzed the obtained
products to provide some insights on the binding mechanism
and efficiency of different factors, e.g., cation size, water
content, or secondary proton donors/acceptors.

3.2. Structural characterization: anionic chains and layers

Having easily isolated seven tetraalkylammonium bicarbonate
salts (Table 1), we further investigated the structural details of
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these to ascertain any structural clues that would allow us to
improve the amount of CO, we could capture. Each structure
contains CO, trapped in the form of bicarbonate, or possibly
carbonic acid in anionic dimers, oligomers, infinite chains, or
layers with or without additional anions (i.e., [cyt]”, [tpa]*”).

We will first focus on the important hydrogen bonded
anionic motifs (Fig. 1). The high water proportion in 1 and 2,
serves as an independent structure-forming factor. The
anionic layers in both compounds contain (H,O)s hexagons.
While the layer in 1 is formed of checkered (H,O)s hexagons
and (HCO;™), dimers, the one in 2 contains carbonic-acid-
bicarbonate chains with the (H,O)s hexagons and additional
(H,0), dimers serving as connectors.

In contrast to solely bicarbonate anions present in 1, the
proportion of protons in 2 suggests the presence of carbonic
acid. Taking into account comparable distances between the
oxygen pairs of the neighboring carbonate groups and the
charge balance requirement, we found that some H positions
must be occupationally disordered. It is clear that partially
occupied H positions could not be refined precisely, and the
actual position can be slightly off; however, the selected model
supplies two H-bond donors for each C=O group and one for
each C-O(H).

A more accurate criterion would be the C-O distances
within the groups and here we observe a characteristic picture.
In the fully ordered 1 (Fig. 1), C=0 and C-O(H) distances of
the bicarbonate groups are fully separated (dc—o = 1.246-1.259
(2) A and dc_o = 1.347(2) A) and can serve as a standard. In 2
(Fig. 1), we observe a rather uniform distribution of the dis-
tances within each group - dc.o = 1.27-1.30(2); 1.35-1.38(2),
and 1.35-1.42(2) A. According to these distances one of the
groups must be CO;>~, while the other two - H,CO5; however,
equal distribution of the distances within a group and pos-
itional disorder suggests a proton exchange within and
between them which the crystallographic data cannot
distinguish.

Anionic water-bicarbonate dimers are a unique feature of
the crystal structure of 3 (Fig. 1). Two hydrogen bonded bicar-
bonate dimers anions are bridged by two water molecules via
hydrogen bonding, forming discreet, [(HCO;),(H,0)]*"
anions. Within the bicarbonate dimers, there is a clear differ-
entiation between the C=0 and C-O(H) distances similarly to
1 (dco = 1.239-1.270(1) A and d¢ o = 1.350-1.361(1) A) and all
OH groups participate in the bicarbonate dimer formation. It
should also be noted that dimeric bicarbonate motifs are

Table 1 Basic crystallographic details of the obtained bicarbonate complexes

Compound SG v, A z pygem™ viz, A® VINy, , A° Ncoa/Nn,,.
1 [N222,][HCO;]-3H,0 P2/c 1372.0(2) 4 1.188 343.0 343.0 1
2 [N2222),[H(HCO3);]-5H,0 P2,/c 3023(4) 4 1.175 755.8 378.0 1.5
3 [N3335][HCO;]-0.5H,0 P2,/c 3080.2(1) 4 1.106 770.1 385.0 1
4 [N33335][H(HCO3),] P2,/c 5285.4(6) 4 1.166 1321.4 440.5 2
5 [Na333]2[(tpa)(H2CO5),] Pccn 3994.9(5) 4 1.099 998.7 499.4 1
6 [Na4a4][H(Cyt)(HCO5)]-H,O Pbca 4868.6(9) 8 1.180 608.6 608.6 1
7 [Nay444][Ha(Cyt),(HCO5)]-H,O Pi 1511.5(3) 2 1.195 755.8 755.8 1

This journal is © The Royal Society of Chemistry 2022
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Fig. 1 Water-bicarbonate layers in the crystal structures of [N2,2,][HCO3]-:3H,0 (1) and [N2222l2[H(HCO3)3]1-5H,0 (2); isolated short chain in the
crystal structure of [Nz333][HCO3]-0.5H,O (3); polymeric (infinite) bicarbonate chains in the crystal structures of [Ns333][H(HCO3),] (4), and

[Nzz3:lal(tpa)(H,COs),]  (5);  water-cytosine-bicarbonate
[N4444][H2(Cyt)2(HCO3)I-H,0 (7).

among the most common associates observed in such systems
in the literature.**

In the anhydrate 4 with the highest ratio of CO, to cation
(2), there are two inequivalent polycarbonate chains (Fig. 1),
one of which is a uniform sinusoid-like strip, while the other
is flatter but significantly twisted (Fig. 2). In the sinusoidal
chain, there are two symmetry-independent carbonate species.
In one of them, we observe two distinct C-O distances (d¢_o =
1.250-1.282(5) A and dc_o = 1.338(5) A) corresponding to an
ordered bicarbonate ion in good agreement with the refined

17728 | Dalton Trans., 2022, 51,17724-17732

layers in

the crystal structures of [Ng444][H(Cyt)(HCO3)]-H,O (6) and

proton position. The other one with de_o = 1.348-1.370(5) A
must be a disordered carbonic acid with proton exchange
within one molecule.

In the twisted chain, there are four symmetry-independent
carbonate groups which involve significant proton disorder/
exchange. Two unique features have been observed in this
chain - all C-O distances are rather long starting a 1.293(5) A,
and a minor differentiation between them within the same
carbonate group, e.g., 1.352(5) vs. 1.320(5) A. Additionally,
some proton positions could be refined exactly between the

This journal is © The Royal Society of Chemistry 2022
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Fig. 2 Bicarbonate chains in the crystal structure of 4, sinusoidal (top) and twisted (bottom).

neighboring bicarbonate anions suggesting all CO;>~ oxygen
positions must be at least partially protonated.

Analogous bicarbonate chains are also observed for the
anhydrous 5, however with the caveat that the terephthalate
anions serve as linkers via the carboxylate groups. It is interest-
ing that the chain is practically planar. Another peculiar
feature is the protonation of the carbonate groups. Two
protons could be refined right next to the CO;>~ anions while
one - closer to the center between the carbonate and carboxy-
late groups. All C-O distances in the carbonate groups are in
the narrow range 1.366(6) A supporting full protonation. On
the other hand, the same distances within the carboxylate
group are significantly shorter - 1.256(5) A pointing towards
tpa®~.

The introduction of cytosine in 6 and 7 (Fig. 1) brings new
possibilities for hydrogen bonding. Depending on the cyto-
sine/CO, proportion, bicarbonate ions are either isolated or
form dimers both participating in the formation of polymeric
chains and again H,O binds them together. Similarly to 5, car-
bonate groups in 6 appear to be fully protonated with the C-O
distances ranging between 1.364-1.374(2) A though involving
proton disorder within the carbonic acid. Carbonic acid and
cytosine anions alternate along the a axis forming a chain con-
nected via 1 hydrogen bond per each pair (taking into account
the disordered proton position). A half of the pairs get
reinforced through additional water bridges, which also serve
as connectors between the chains to form layers.

In 7 only bicarbonate anions have been observed forming
dimers. Two distinct C-O contact groups could be outlined, two
with de_o = 1.241-1.267(2) A and one with dc_o = 1.348(2) A. The
bicarbonate dimers are completely isolated being surrounded by
the cytosine-water motifs. Cytosine anions form homoleptic oli-
gomeric chains with either double NH:--N or NH:---O connectiv-
ities. The chains themselves are connected via the water bridges
(along the b axis) or the bicarbonate dimers (along the c axis).

3.3. Comparison of connectives in anionic dimers, chains,
and layers

Despite different structural motifs and compositions, certain
tendencies could be found in the series 1-7. The most

This journal is © The Royal Society of Chemistry 2022

common is the tendency of the carbonate groups to form oli-
gomeric associates following the tendency already observed in
the previous works.** Isolated dimers have been observed in
the crystal structures of 1, 3, 5, and 7. Additionally, the poly-
meric bicarbonate chains in 2 and 4 also show visible segre-
gation of the short oligomeric constituents (from 2 to 4 car-
bonate units). The O---O distances within dimeric units in 1, 3,
and 7 are all relatively short - 2.663(2), 2.576-2.676(1), and
2.577(2) A, respectively, indicating strong associates. This
though is in contrast to 5 where the connection between the
carbonate and carboxylate groups are slightly shorter (doo =
2.601-2.631(3) A) than between the carbonates themselves
(do-o = 2.708(3) A). This may be due to the fact that in 5
neutral H,CO; molecules and tpa®~ anions are present.

Homoleptic chains in 2 and 4 show that such formations
cannot be perfectly uniform in the long range. In anhydrous 4
these chains even though compositionally identical, differen-
tiate between themselves due to different protonation and
therefore connectivity patterns. The twisted chains contain
clearly segregated dimers of the composition [H-(HCOj3),]™
lying practically in the same planes (the deviation from planar-
ity is around 10°) and with O---O separations 2.597-2.664(4) A.
These dimer planes form an angle of 30.0(1)° leading to the
total straight but helix-like appearance of the chain. The inter-
dimer separations are also slightly longer — 2.695-2.738(4) A.
The sinusoidal chains are a little more complex and contain
rather tetrameric building blocks due to the pairwise distri-
bution of the carbonic acid and bicarbonate groups. The short-
est contacts have naturally been observed between the bicar-
bonate dimers (do...o = 2.616(4) A). Slightly longer O---O con-
tacts exist between the bicarbonate anion and the neighboring
carbonic acid (do...0 = 2.627-2.689(4) A), while H,CO3---H,CO;
separations are the longest (do...o = 2.766(4) A). Nevertheless,
both bicarbonate and carbonic acid dimers are planar forming
only a ~10° angle between themselves which is responsible for
the sinusoidal appearance.

The presence of water in the crystal packing of 2 does not
have significant influence on the bicarbonate chains.
Particularly, the higher water ratio in 2 compared to 1 does not
prevent formation of the polybicarbonate chains, but helps to

Dalton Trans., 2022, 51,17724-17732 | 17729
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stabilize different connectivity patterns, i.e., trimeric associates
[H,CO3-(HCO;),]*". The intergroup separations range between
2.50-2.56(1) A, while those between the associates are signifi-
cantly longer - 2.72-2.80(1) A. Hexameric water associates in 2
are practically planar and show minor deviations from an ideal
hexagon (do...0 = 2.75-2.77(1), £0-0-O = 112-130(1)°). Such
water hexamers in 1 are in general very similar though exhibit
weaker connectivities (do...o = 2.798-2.846(2) A) in line with
stronger bicarbonate associates in this compound.

Finally, in the presence of cytosine (6-7) having multiple
possibilities to act as both H-bond donor and acceptor, inter-
carbonate interactions are no longer dominant in the struc-
ture. Both structures exhibit cytosine-bicarbonate chains
though with different sequences, either 1:1 or 4: 2. 7 with the
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S
LY

View Article Online

Dalton Transactions

higher cytosine ratio exhibits certain structural analogies with
1 having bicarbonate dimers isolated by homoleptic oligo-
meric (tetrameric) cytosine chains. Nevertheless, both 6 and 7
are three-component systems where each part plays an impor-
tant role in the packing efficiency. Particularly, water mole-
cules serve as bridges between the heteroleptic cytosine-bicar-
bonate chains in 6 or enforce their connectivity in 7.

3.4. Packing

A common feature for 1-7 is the clathrate nature of the
packing where the [N,,.,]" cations form either separate layers
or networks where van der Waals interactions dominate. The
cations provide space and serve as templates (Fig. 3) for the
anion substructures. Nonetheless, the structures of the cat-

Fig. 3 Packing of the cations and the anionic fragments in the crystal structures of [Nz2l[HCO3]-3H,O (1), [N2222]2[H(HCO3)3]-5H,O (2),
[N3333][HCO3]-0.5H,0 (3), [N3333][H(HCO3),] (4), [N3333]2[(tpa)(H2CO3),] (5), [N4444[H(Cyt)(HCO3)]-H,0 (6) and [N4444][H2(Cyt)2(HCO3)1-HL0 (7).

17730 | Dalton Trans., 2022, 51,17724-17732
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ionic formations are dependent on the ability of the anionic
parts to form hydrogen-bonded networks, and therefore corre-
late with the presence of water in the crystal structure.
Completely anhydrous 4 and 5 form polymeric chains and the
resulting cationic framework can be characterized as tunnel-
like. In these compounds we observe the highest packing
efficiency filling all possible voids/channels formed by alkyl
chains. 3 is unique in this series as it forms short dimers and
the packing is dominated by the cationic part encapsulating
the anionic associates, nonetheless, we can outline mixed cat-
ionic-anionic layers separated by pure cationic ones. The
remaining structures - 1, 2, 6, and 7 are layered with ideal
alternation of the anionic and the cationic components.

3.5. Discussion

The sorption of CO, by quaternary ammonium hydroxides has
already been suggested as a promising way for post-combus-
tion capture. For instance, 10 wt% aqueous [Nu44][OH]
showed high CO, solubility (mol (CO,) per mol (absorbent)) of
up to 3.5 at elevated pressures of up to 1 MPa but decreasing
with temperature.*® The mechanism of this enhanced sorption
was never investigated but was assumed to be physical. In this
work, we have shown that higher CO, capacity can be achieved
through the formation of extended hydrogen-bonded chains or
networks avoiding the formation of strong covalent bonds, but
certainly going behind weak van der Waals (vdW) interactions.
Both [Ny, ]JOH] and [N3333][OH] showed enhanced CO,
capacity (up to 2) at ambient pressure and slightly
elevated temperatures. The elevated temperature in this case is
an advantage as potential decrease of solubility stimulates
crystallization removing the trapped product from the
solution.

CO, captured by aqueous solutions tends to form hydrated
CO;*> /HCO; /H,CO; guest species with a variety of prede-
signed receptors. The higher negative charge of the CO;>~
anion and the variety of coordination modes it can exhibit*’
make it an easy target for multiple hydrogen bond donors,
from mono- to multipodal and cyclic.** We observed that the
total CO, capacity of the system depends on the number of sec-
ondary components in the compound (particularly water).
Easy substitution of H,O by HCO;™ between 1 and 2 suggests
additional potential for the CO, capacity.

Various amino-based ILs mixtures have been tested for the
direct air capture of CO, including aqueous [Ny, ][OH] with
amino acids.*® The main drawbacks of these solutions are the
high concentration of CO, required and the formation of
covalent bonds, which may bring higher energy penalties and
losses during recycle and release of the CO,.

A completely different approach has been reported recently
with guanidine aqueous solutions.***” They may slowly trap
CO, directly from ambient air avoiding the formation of
covalent C-N bonds. The main disadvantage of this system is
still low CO, capacity and potentially high production cost of
the N-heterocycles. Application of the quaternary ammonium
hydroxides or their aqueous solutions directly not only elimin-
ates the need for additional hydrogen bond donors/acceptors

This journal is © The Royal Society of Chemistry 2022
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but suggests potential for significant enhancement of the sorp-
tion efficiency through the chemical design.

4. Conclusions

In this work, several aqueous quaternary ammonium hydrox-
ide solutions have been observed to directly capture CO, from
air by crystallization of bicarbonate salts. Upon mild heating
(~80-90 °C), crystals of seven different compounds could be
observed overnight. Practically all compounds exhibit bicar-
bonate associates that with or without help of secondary
hydrogen bond donors/acceptors, particularly H,O, extend in
polymeric motifs. Although H,O was found to play a signifi-
cant role in the initialization of the reaction, we cannot directly
correlate its presence with the CO, sorption efficiency. For
instance anhydrous 4 shows the highest CO,/[N,;n]" ratio (2),
while 2 contains a significant proportion of water molecules
per formula unit, but still allows a relatively high CO,/[N,nn]"
ratio (1.5) in contrast to 3 (1). The presence of other bulky
hydrogen donors reduces the CO,/[N,..,]" ratio to 1. In
general, the highest proportion of CO, per N,,,,,, cation could
be achieved for pure binary systems.

It is important to note that although we did not quantify
CO, recovery, the crystals obtained in this study are not stable
and CO, can be easily released. The crystals redissolve when
heated and slowly liquefy at over a period of a few days. A
logical next step to this work would be to quantify CO, recovery
with mass balance, however, we would suggest optimizing the
crystalline forms first.

Hydrogen bonding was found to be the primary and
sufficient mechanism of the CO, capture leading to the for-
mation of strong carbonic acid-bicarbonate associates reducing
the solubility. Formation of the anhydrous 4 is extraordinary as
it not only allows the highest observed CO,/[N,,,|" ratio but
exhibits pure polymeric bicarbonate 1D chains. Though this
compound could be obtained only in a mixture with generally
lower CO, sorption efficiency, the [Nj;,,,][OH]/H,O (n = 2 and 3)
show good potential for the direct air capture and further
optimization of the sorption capacity. On the other hand, one
or all alkyl chains can easily be modified suggesting broad pos-
sibilities for further development of the area and potential for
further increase of the sorption efficiency.
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