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ABSTRACT: Direct air capture (DAC) technologies that extract carbon dioxide directly from the
atmosphere using chemical processes have the potential to achieve zero or negative emissions and
restore the atmospheric composition to an optimal level with respect to the CO2 concentration.
However, before such technologies can be developed and applied energy-efficiently, we need to
gain fundamental understanding of DAC chemistry. Here we report a structure-properties
relationship study of DAC by crystallization of bis-iminoguanidine (BIG) carbonate salts. The
study focuses on a series of basic BIG structures including the glyoxal-bis(iminoguanidine)
prototype (GBIG) and its simple analogs methylglyoxal-bis(iminoguanidine) (MGBIG) and
diacetyl-bis(iminoguanidine) (DABIG). The crystal structures of the BIGs and their carbonate salts
have been analyzed by single-crystal X-ray and neutron diffraction to accurately measure key
structural parameters including molecular conformations, hydrogen bonding, and p-stacking.
Experimental measurements of key BIG properties, such as aqueous solubilities, and regeneration
energies and temperatures, are complemented by first-principles calculations of lattice and
hydration free energies, as well as free energies of reactions with CO2, and BIG regenerations. We
find that minor structural modifications in the molecular structure of GBIG, such as substituting
one or two hydrogen atoms with methyl groups, result in major changes in the crystal structures,
induced by the increased conformational flexibility and steric hindrance. As a result, the
corresponding aqueous solubilities within the series increase significantly, leading in turn to
enhanced DAC performances.
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INTRODUCTION
Direct air capture (DAC) refers to technologies that extract CO2 directly from the atmosphere using
chemical processes.1,2 Together with other negative emission technologies,3,4 DAC has the
potential to remove past emissions and restore the atmospheric composition to an optimal level
with respect to the CO2 concentration, provided they can be made energy efficient and cost
effective. DAC can also compensate for the CO2 emissions from the economy sectors that are
difficult to decarbonize, such as aviation, long-distance transportation and shipping, steel and
cement industries, and on-demand reliable electricity, which together account for about 27% of
the global CO2 emissions.5
The most significant technical challenge with DAC is the very low atmospheric concentration
of CO2 (currently 415 ppm), thereby requiring sorbents that bind CO2 strongly and selectively
against other components in the air (i.e., nitrogen, water, etc.). Indeed, simple thermodynamic
considerations dictate that, for a moderately efficient separation of carbon dioxide from ambient
air, a generic solid sorbent has to be able to bind CO2 with a logK of at least 3.7, corresponding to
a DG of binding of at least –21 kJ/mol (Supporting Information). Furthermore, considering the
entropy of binding is typically negative (gas has more entropy), the enthalpy of CO2 binding needs
to be significantly exothermic (DH < –50-60 kJ/mol). Regarding selectivity, the strongest
competition comes from atmospheric water, which is 10–100 times more abundant than CO2 and
tends to bind relatively strongly to most sorbents. As a result, there are currently few viable CO2
sorbents for DAC,6 mostly based on aqueous alkaline bases (e.g., NaOH, KOH),7,8 solid-supported
amines,9-13 or moisture-swing anion-exchange resins.14,15 Recently, crystal engineering approaches
have been proven effective in the design of metal-organic frameworks with improved DAC
performance and selectivity for CO2 against water.16-18
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We have recently discovered a new approach to DAC (Figure 1) involving crystallization of
carbonate salts of bis-iminoguanidines (BIGs).19-22 The CO2 absorption from air is driven by the
extremely low aqueous solubilities of the BIG carbonate salts (on a par with CaCO3), which can
be attributed to a large extent to the strong hydrogen bonds involving the carbonate and
guanidinium ions, as well as the water molecules included in the crystals.23 BIGs are a class of
anion-coordinating ligands readily accesible by imine condensation of dialdehydes with
aminoguanidinium salts.24,25 However, to date, only one crystalline BIG system, 2,6-pyridinebis(iminoguanidine), or PyBIG, has been found effective for DAC.19,20 The structurally analogous
meta-benzene-bis(iminoguanidine) (m-BBIG), although able to capture CO2 from air, forms a
poorly crystalline carbonate solid whose crystal structure has so far remained elusive.21

Figure 1. DAC of CO2 with BIGs, including previous19-21,26 and current work.
In order to understand the structural factors determining the DAC chemistry of BIGs,
systematic structure-properties relationship studies of this class of sorbents are needed. Such
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studies are facilitated by the simple, modular synthesis of BIGs, which provides easy access to a
variety of structures that can be tested for DAC. Along this line of inquiry, we are now turning our
attention to the very basic series of BIG structures resulting from glyoxal (GBIG) and its simple
analogs methylglyoxal (MGBIG) and diacetyl (DABIG). While the GBIG prototype was found to
effectively absorb CO2 from flue gas simulants and convert it into a crystalline bicarbonate salt,26,27
it proved completely ineffective for DAC; when left open to air, an aqueous solution of GBIG
simply led to crystallization of the hydrated free ligand (GBIG×2H2O). In the current study, we
demonstrate that minor structural modifications in the molecular structure of GBIG, such as
substituting one or two hydrogen atoms with methyl groups, result in major changes in the crystal
structures, and unexpected aqueous solubilities for the corresponding MGBIG and DABIG, which
in turn lead to radically different DAC chemistry compared to GBIG.

RESULTS AND DISCUSSION
Structure-Solubility Relationships in BIGs. DAC with crystalline BIGs involves dissolution of
the BIG solids and recrystallization into carbonate salts upon absorption of CO2 from ambient air.
Thus, to a large extent, this reaction is driven by the solubility difference between the neutral BIG
ligand and the corresponding BIG carbonate salt. In the case of PyBIG and m-BBIG,20,21 the only
two compounds in this class that were found effective for DAC to date, the carbonate salts are 8
and 10 times less soluble, respectively, than the corresponding neutral ligands. In direct contrast,
the solubility ratio between GBIG and its bicarbonate salt is only 1.6,26 too small to drive DAC.
In principle, the equilibrium DAC reactions involving BIGs (Equation 1) could be shifted towards
the carbonate solids by engineering BIG crystals with higher solubility and BIG carbonate crystals
with lower solubilities. In practice, however, it is not obvious how to control the solubility of BIGs,
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as our current understanding of structure-solubility relationships in crystalline organic solids is
rather limited. As a first step in addressing this problem we initiated a structure-solubility
relationship study of the GBIG family of compounds, where we sequentially substituted the H
atoms in glyoxal with Me groups, leading to the MGBIG and DABIG analogs, and investigated
the corresponding effects on the crystal structures and aqueous solubilities.
m BIG(s) + CO2(air) + H2O(l) ® m BIG(H2CO3)n(H2O)p(s) (Eq. 1)
MGBIG and DABIG were synthesized as chloride salts by the imine condensation of
aminoguanidinium chloride with methylglyoxal and diacetyl, respectively. As in the case of
GBIG,26,27 the chloride salts could be easily converted to the free bases by neutralization with
sodium hydroxide, but the high aqueous solubilities of MGBIG and DABIG made it difficult to
isolate them in high yield via this route. Instead, the carbonate salts were precipitated by reaction
with Na2CO3, followed by quantitative CO2 release from the carbonate solids and conversion into
the free bases (Scheme 1).

Scheme 1. Syntheses of MGBIG and DABIG.
The aqueous solubilities of MGBIG and DABIG at 25 °C, measured by UV-Vis spectroscopy, are
1.10 ± 0.02 and 0.16 ± 0.02 M, respectively. For comparison, GBIG (aqueous solubility 0.0115
M) is less soluble than MGBIG and DABIG by factors of 96 and 14, respectively. This observation
5

came as a surprise, as the hydrophilicity in the series is expected to decrease with the increase in
the number of methyl groups. Indeed, for the corresponding molecules, the free energies of
hydration (DGh, kJ/mol) calculated by density functional theory (DFT) decrease in the expected
order: GBIG (–84.64) > MGBIG (–80.01) > DABIG (–76.05). Consequently, the aqueous
solubilities in this series must be controlled by specific interactions and packing effects in the
corresponding crystals.
To understand the structural factors behind the unexpected trend in solubilities in this
homologous BIG series we performed a structural analysis by single-crystal X-ray diffraction.
Single crystals of MGBIG and DABIG were grown by slow evaporation of the corresponding
saturated aqueous solutions under an inert atmosphere. Under these conditions, DABIG
crystallized as an anhydrous form, and MGBIG crystallized as a hydrate with 1.5 H2O. GBIG, on
the other hand, had been previously found to crystallize as a dihydrate structure from water.26 The
X-ray diffraction analysis of the GBIG×2H2O crystals revealed a quasi-planar conformation for the
GBIG molecules, which facilitates their p-stacking. The GBIG stacks are reinforced by O–H×××N
and N–H×××O hydrogen bonds with the water molecules in the crystal, which form extended O–
H×××O hydrogen-bonded chains alongside the GBIG stacks (Figure 2). Conformational planarity,
p-stacking, and inclusion of hydrogen-bonded water clusters had been generally correlated with
low aqueous solubilities of BIG crystals;23-26 GBIG clearly conforms to this general rule.

Figure 2. X-ray crystal structure of GBIG×2H2O showing the stacking of planar GBIG molecules
reinforced by water hydrogen bonding.
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The crystal structure of MGBIG×1.5H2O (Figure 3) reveals dramatically different features
compared to the structure of GBIG×2H2O. MGBIG adopts a bent and twisted conformation in the
crystal (Figure 3b), which is less conducive to p-stacking. Instead, MGBIG appears to flex its
conformation in order to maximize hydrogen bonding. Each MGBIG molecule is engaged in 13
hydrogen bonds with 7 adjacent MGBIG and 3 water molecules in the first ‘coordination’ sphere
(Figure 3c). The guanidine groups participate in 10 N–H×××N hydrogen bonds, while the water
molecules participate in two O–H×××N and one N–H×××O hydrogen bonds. The water molecules form
linear hydrogen-bonded trimers (Figure 3d) ‘coordinated’ by 6 MGBIG molecules through 4 O–
H×××N and 2 N–H×××O hydrogen bonds.

Figure 3. X-ray crystal structure of MGBIG×1.5H2O. (a) ORTEP representation. (b) Side view
showing the nonplanarity of MGBIG. (c) First ‘coordination’ sphere of MGBIG involving 13
hydrogen bonds from 7 neighboring MGBIG and 3 water molecules. (d) Hydrogen bonding of
water trimers.
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In agreement with the observed difference in solubility, the DFT-calculated lattice free energy of
GBIG×2H2O (–146.73 kJ/mol) is significantly larger than the corresponding value of
MGBIG×1.5H2O (–124.96 kJ/mol). While difficult to quantify, the flexible nature of MGBIG and
the absence of p-stacking are likely important structural factors in the unusually high aqueous
solubility of this BIG compound.
The crystal structure of DABIG is depicted in Figure 4. Although DABIG adopts a more
planar conformation in the crystalline state compared to MGBIG (Figure 4b) it does not engage in
p-stacking, presumably due to the steric hindrance from the methyl groups. Instead, the crystal
packing of DABIG is dominated by NH×××N hydrogen bonds involving the guanidine groups
(Figure 4c), and dispersion interactions involving the methyl groups (Figure 4d).

Figure 4. X-ray crystal structure of DABIG. (a) ORTEP representation. (b) Side view showing
the quasi-planar conformation of DABIG. (c) First ‘coordination’ sphere of DABIG involving 8
hydrogen bonds from 6 neighboring DABIG molecules. (d) Crystal packing via Me×××Me
interactions.
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The lattice free energy of DABIG, calculated by DFT, is –104.41 kJ/mol, significantly lower than
the corresponding lattice free energies of MGBIG×1.5H2O and GBIG×2H2O (vide supra). We
attribute the difference to the absence of water in the crystals of DABIG. Indeed, inclusion of water
in BIG crystals can provide considerable stabilization through hydrogen bonding. For instance, in
the case of GBIG, the calculated lattice free energy of the anhydrous crystal (–117.64 kJ/mol) is
significantly lower than the corresponding value of the dihydrate crystal (–146.73 kJ/mol).
The aqueous solubilities of the carbonate salts of MGBIG and DABIG (Scheme 1), measured
at 25 °C, are 0.0152 ± 0.0001 and 0.0042 ± 0.0001 M, respectively. These solubilities are lower
than the corresponding values for the neutral ligands (vide supra) by factors of 72 and 38,
respectively, leading to the expectation that, unlike GBIG, MGBIG and DABIG should be capable
of DAC.
Direct Air Capture of CO2 by Crystallization of DABIG and MGBIG Carbonate Salts. An
aqueous solution of DABIG left open to air for a few days produced mm-sized single crystals
suitable for X-ray and neutron diffraction analyses. The initial X-ray crystal structure and the
elemental analysis confirmed the formation of the carbonate salt of DABIG with the composition
(DABIGH+)(DABIGH22+)0.5(CO32–)(H2O)3. Subsequently, single-crystal neutron diffraction data
were collected in order to more accurately determine the positions of the H atoms and the hydrogen
bonding parameters (Figure 5). The carbonate anions and the water molecules form extended
[CO3(H2O)32–]n clusters in the crystals, linked by carbonate-water and water-water hydrogen bonds
with OH×××O contact distances ranging between 1.635 and 1.846 Å (Figure 5b). In addition to the
4 hydrogen bonds from water, each carbonate anion accepts 5 guanidinium hydrogen bonds with
NH×××O contact distances ranging between 1.735 and 1.853 Å (Figure 5c). The quasi-planar
DABIGH+ and DABIGH22+ cations alternate in the crystal and form stacks (Figure 5d), with the
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distance between the mean planes measuring 3.248 Å. The overall crystal packing consists of
cationic stacks flanking the anionic carbonate-water clusters (Figure 5e) and binding them via
guanidinium-carbonate, guanidinium-water, and guanidine-water hydrogen bonds.

Figure 5. Single-crystal neutron diffraction structure of (DABIGH+)(DABIGH22+)0.5(CO32–
)(H2O)3. (a) ORTEP representation. (b) Hydrogen-bonded [CO3(H2O)32–]n clusters with OH×××H
contact distances in Å. (c) Carbonate binding site consisting of 5 hydrogen bonds from
guanidinium groups and 4 hydrogen bonds from water molecules, with contact distances in Å. (d)
Stacking of the DABIGH+ and DABIGH22+ cations. (e) Crystal packing consisting of cationic
stacks that flank anionic [CO3(H2O)32–]n clusters.
Like DABIG, MGBIG can also capture CO2 from air, though its DAC chemistry is more complex.
Aqueous solutions of MGBIG left open to air led to crystallization of three different carbonate
salts depending on the initial MGBIG concentration. At concentrations of 1 M and higher, MGBIG
crystallizes primarily as (MGBIGH+)2(CO32–)(H2O)2 (hereafter called Phase 1) based on singlecrystal X-ray structural analysis and elemental analysis. In addition to the primary Phase 1, some
of the high-concentration (> 0.75 M) crystallization batches contained a secondary phase with the
composition (MGBIGH+)2(MGBIGH22+)(CO32–)2(H2O)6 (Phase 2). Single-crystal X-ray structural
analysis revealed Phase 2 is isostructural with the analogous DABIG carbonate structure
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(Supporting Information). As the initial concentration of the MGBIG solutions is lowered below
0.3 M, a third phase starts to form, with the composition (MGBIGH22+)(CO32–)(H2O)2 (Phase 3),
as established by single-crystal X-ray structural analysis and elemental analysis. Phase 3 becomes
the only phase crystallizing from solution at concentrations lower than 0.1 M. Phase 3 is also the
only crystalline phase observed from the reaction of MGBIG with aqueous KHCO3, or with higher
concentrations of CO2 (as found in flue gas, for example). The primary difference between the
three phases is the degree of MGBIG protonation: monoprotonated in Phase 1, mixture of
monoprotonated and diprotonated in Phase 2, and diprotonated in Phase 3. Thus, as the MGBIG
concentration and the solution pH decrease, the degree of MGBIG protonation increases
accordingly, leading to a gradual shift in crystallization from Phase 1 to Phase 3. Conversely,
higher concentrations of CO2 in the gas stream lead to more CO2 absorbed into solution, and
correspondingly lower pH values, favoring crystallization of Phase 3.
The single-crystal neutron diffraction structure of MGBIG carbonate Phase 1 is depicted in
Figure 6. One iminoguanidine group is protonated and coplanar with the methylglyoxal linker,
while the other is in neutral form and twisted out of plane by 39 degrees. The carbonate anions
accept four hydrogen bonds from two iminoguanidinium groups, with NH×××O contact distances
measuring 1.625 and 1.636 Å, and four hydrogen bonds from two neutral iminoguanidines, with
longer NH×××O contact distances of 1.860 and 1.958 Å (Figure 6b). The MGBIGH+ cations form
stacked pairs, with measured intermolecular contacts between the iminoguanidinium groups as
short as 3.206 Å. Adjacent cationic pairs in the crystal are twisted relatively to each other by 54.5
degrees, and linked by the water molecules via four OH×××N hydrogen bonds with contact distances
measuring 1.897 and 2.031 Å (Figure 6c,d). The cationic MGBIGH+ stacks are interlinked within
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the crystal by guanidinium-carbonate, guanidinium-water, and guanidine-guanidine hydrogen
bonds.

Figure 6. Single-crystal neutron diffraction structure of (MGBIGH+)2(CO32–)(H2O)2 (Phase 1). (a)
ORTEP representation. (b) Carbonate binding site consisting of 8 hydrogen bonds from
guanidinium and guanidine groups, with contact distances in Å. (c) Side view of the cationic
MGBIGH+ stacks hydrogen-bonded by water molecules, with contact distances in Å. (d) Top view
of the MGBIGH+ stacks.
The single-crystal neutron diffraction structure of MGBIG carbonate Phase 3 is depicted in Figure
7. The MGBIGH22+ adopts a mostly planar conformation, except one of the iminoguanidinium
groups is twisted out of plane by 11.9 degrees. The carbonate anions and the water molecules form
extended [CO3(H2O)22–]n clusters in the crystal, linked by carbonate-water and water-water
hydrogen bonds with OH×××O contact distances ranging between 1.737 and 1.912 Å (Figure 7b).
The carbonate binding site (Figure 7c) reveals the anion accepts 6 guanidinium hydrogen bonds
(NH×××O contact distances of 1.654–1.886 Å), and 3 water hydrogen bonds (OH×××O contact
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distances of 1.737–1.912 Å). The MGBIGH22+ cations form stacks with a mean interplanar
distance of 3.001 Å (Figure 7d). Guanidinium-carbonate and guanidinium-water hydrogen bonds
interlink the cationic stacks and the anionic clusters (Figure 7e).

Figure 7. Single-crystal neutron diffraction structure of (MGBIGH22+)(CO32–)(H2O)2 (Phase 3).
(a) ORTEP representation. (b) Hydrogen-bonded [CO3(H2O)22–]n clusters with OH×××H contact
distances in Å. (c) Carbonate binding site consisting of 6 hydrogen bonds from guanidinium groups
and 3 hydrogen bonds from water molecules, with contact distances in Å. (d) Stacking of the
MGBIGH22+ cations. (e) Crystal packing consisting of cationic stacks and anionic clusters.
Computational Analysis of DAC with BIGs. Theoretical calculations were employed to estimate
the thermodynamics of DAC with various BIGs, according to Equation 1. The free energies for
reactions of PyBIG, GBIG, DABIG and MGBIG with CO2, calculated using DFT, are listed in
Table 1. All BIGs’ reactions with CO2 are favorable at standard conditions (25 °C, pCO2 = 1 atm).
With air, on the other hand, while all free energies remain negative, they are significantly reduced
as a result of the higher entropic cost of binding CO2 from a more dilute environment. The
calculated value of – 31.7 kJ/mol for PyBIG is close to the experimental value of – 28.5 kJ/mol,20
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thus validating our computational approach. Furthermore, with the exception of GBIG, all other
BIGs have calculated free energies of reaction greater than the threshold value of –21 kJ/mol
required for DAC (vide supra), in agreement with the experimental observations for the series that
found all BIGs except GBIG are capable of DAC. With a calculated value of –46.3 kJ/mol CO2,
DABIG has the most favorable DAC thermodynamics. However, when normalized to 1 mole of
BIG, the free energy of reaction for DABIG is comparable to those of PyBIG and MGBIG Phase
3. Within the MGBIG series, when normalized to 1 mole of ligand, the calculated stabilities of the
three carbonate phases follow the order: Phase 3 > Phase 2 > Phase 1.

Table 1. Free energies of reactions (kJ/mol) for DAC with BIGs (Eq. 1), calculated with DFT.
BIG

m

n

p DGo (kJ/mol)a DGair (kJ/mol)b

PyBIG

1

1

4 –51.0

–31.7 (–31.7)c

GBIG

1/2 2

2 –26.7

–7.4 (–14.7)c

DABIG

3/2 2/3 2 –65.6

–46.3 (–30.9)c

1/2 1 –54.9

–35.6 (–17.8)c

MGBIG (Phase 2) 3/2 2/3 2 –56.6

–37.2 (–24.8)c

MGBIG (Phase 3) 1

–30.6 (–30.6)c

MGBIG (Phase 1) 2

1

2 –49.9

Calculated values for standard conditions of 25 °C and pCO2 = 1 atm. b Calculated values for
ambient air: 25 °C; pCO2 = 4.14 ´ 10–4 atm. c Values normalized to 1 mole of BIG.
a

PyBIG,19,20 DABIG, and MGBIG, the three BIGs that were found to crystallize as carbonate salts
under DAC conditions, have a number of similar features. First, all three neutral BIG ligands reveal
relatively flexible, nonplanar conformations in their crystal structures, which preclude them from
p-stacking. The corresponding carbonate salts, on the other hand, reveal more rigid protonated
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BIGs that are tightly stacked in the crystals. Second, these carbonate structures also contain at least
two water molecules per CO32–, and extended carbonate-water clusters. Conformational planarity,
p-stacking, and anion-water clusters are structural features that have been found to impart low
aqueous solubilities to this class of crystals.23-26 As a result, the carbonate salts of PyBIG, DABIG,
and MGBIG are less soluble than the corresponding neutral ligands by factors of 8, 38, and 72,
respectively, enough to drive the DAC reactions according to Equation 1. In direct contrast, GBIG
is the only BIG that forms a bicarbonate rather than a carbonate salt upon reaction with CO2. The
lower charge of the bicarbonate anions, and their self-assembly into ‘anti-electrostatic’ hydrogenbonded dimers,26 are expected to provide lower Coulombic stabilization to the crystals compared
to the BIG carbonate salts. Furthermore, there is only one stabilizing water molecule per
bicarbonate anion. Finally, GBIG adopts conformational planarity and p-stacking in the crystals
of both the neutral ligand and its bicarbonate salt. As a result, the GBIG bicarbonate salt is only
slightly less soluble in water than the neutral ligand, by a factor of 1.6, which is not sufficient to
drive DAC.

CO2 and Water Release from DABIG and MGBIG Carbonate Salts. Closing the DAC cycles
requires the release of CO2 and H2O from the carbonate crystals and regeneration of DABIG and
MGBIG solids (Eq. 1 in reverse, with H2O(g)). Thermogravimetric analysis (TGA) was employed
to quantify the CO2 and H2O loss. The temperature-ramped TGA of DABIG carbonate revealed
quantitative release of CO2 and H2O (28.1% weight loss expected; 28.0% observed) between 80
and 140 °C. The neutral DABIG ligand then remained stable up to its thermal decomposition
temperature of 242 °C. Isothermal TGA runs at 80, 90, 100, and 110 °C revealed quantitative
release of CO2 and H2O from DABIG carbonate after 5 h, 2.5 h, 45 min, and 20 min, respectively.
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TGA measurements were also used to quantify the CO2 and H2O release from the crystalline
carbonate Phases 1 and 3 of MGBIG, which could be isolated in pure forms. The temperatureramped TGA of Phase 1 showed nearly quantitative release of CO2 and H2O (21.0% weight loss
expected; 20.1% observed) between 80 and 130 °C. The neutral MGBIG ligand then remained
stable up to its thermal decomposition temperature of 226 °C. Isothermal TGA runs at 90, 100,
110, and 120 °C revealed quantitative release of CO2 and H2O from DABIG carbonate after 5 h,
1.5 h, 17 min, and 10 min, respectively. However, at 80 °C, only 80% of the CO2 and H2O were
released after 10 h. For Phase 3, the CO2 and H2O were quantitatively released (34.7% weight loss
expected; 34.8% observed) between 80 and 130 °C. Under isothermal conditions, Phase 3
quantitatively released the CO2 and H2O at 80, 90, 100, 110, and 120 °C after 8 h, 2 h, 50 min, 35
min, and 15 min, respectively.
The enthalpies of CO2 and H2O release for the carbonate crystals of DABIG and MGBIG
Phase 1 and Phase 3, measured by differential scanning calorimetry (DSC), are 360 ± 8, 288 ± 4,
and 284 ± 6 kJ/mol, respectively. In addition to the reaction enthalpy, the regeneration energy must
also include the sensible heat, or the heat required to increase the temperature of the crystals from
ambient to the temperature of CO2 release (DT » 100 °C). Table 2 summarizes all these
thermodynamic values and includes for comparison the corresponding values for GBIG and
PyBIG.
Table 2. Regeneration energies (kJ/mol CO2) for DABIG and MGBIG (Phase 1 and Phase 3), as
well as for the GBIG and PyBIG reference compounds.
DABIG
Reaction enthalpy
Sensible heat
Regeneration energy

360
62
422

MGBIG
Phase 1
288
70
358

MGBIG
Phase 3
284
39
323

GBIG

PyBIG

122
30
152

223
65
288
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While the regeneration energy of MGBIG Phase 3 is lower than the corresponding values for Phase
1 or DABIG, it is more than twice the regeneration energy of GBIG. This large difference reflects
the significantly lower free energy of DAC with GBIG compared to the other BIGs in the series
(Table 1). The difference is further amplified by the fact that the water molecules are being released
in the gas phase, which requires additional heat for water vaporization. GBIG regeneration
involves the release of two moles of water for each mole of CO2, compared to 3 and 4 moles of
H2O per mole of CO2 released in the regenerations of MGBIG and DABIG, respectively.
Nevertheless, the temperatures of regeneration are very similar for GBIG, MGBIG, and DABIG,
in the range of 120 to 160 °C (based on the DSC measurements). For comparison, the temperature
of regeneration of CaCO3, a benchmark DAC compound, is much higher (800-900 °C), even
though its regeneration energy of 278 kJ/mol21 is in the same range as those found in the BIG
series. This indicates the entropy plays an important role in BIG sorbent regeneration.
DFT calculations confirmed the intimate interplay of enthalpy and entropy in BIG
regeneration, best illustrated by the comparison between the two extremes in the series, GBIG and
DABIG (Table 3, Figure 8). While the calculated enthalpy of regeneration is significantly larger
for DABIG compared to GBIG, as found experimentally, the difference is largely offset by the
more favorable regeneration entropy for the former. As expected, the favorable contribution of
entropy to the free energy of regeneration increases significantly with temperature (Figure 8),
eventually overcoming the unfavorable enthalpy and making the two regeneration reactions
favorable around 400 K (127 °C).
Table 3. Thermodynamic values for GBIG and DABIG regeneration reactions, calculated by DFT
at standard conditions (T = 298.15 K, P = 1 atm).
BIG
∆H o
T∆S o
∆G o
(kJ/mol CO2) (kJ/mol CO2) (kJ/mol CO2)
GBIG
201.30
147.53
53.77
DABIG
348.80
232.92
115.88
17

Figure 8. Calculated enthalpies (∆H, kJ/mol CO2), entropies (T∆S, kJ/mol CO2), and free energies
(∆G, kJ/mol CO2) as a function of temperature for the regeneration reactions of GBIG (blue) and
DABIG (red). The reactions become favorable (∆G = 0, from linear fitting) at T = 396 K (123 ○C)
and T = 432 K (159 ○C) for GBIG and DABIG, respectively.
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CONCLUSIONS
This study demonstrates that DAC of CO2 with BIGs can be effectively dialed in via crystal
engineering. Relatively minor modifications in the molecular structure of GBIG, i.e., substituting
one or two hydrogen atoms with methyl groups, led to dramatic differences in the crystal structures
of the resulting MGBIG and DABIG, and correspondingly large increases in their aqueous
solubilities, by factors of 96 and 14 relative to GBIG, respectively. The most significant structural
difference between the crystal structures of GBIG, on one hand, and of MGBIG and DABIG, on
the other hand, is the presence of p-stacking in the former, and the absence of it in the latter,
apparently due to increased conformational flexibility and steric hindrance from the methyl groups.
In direct contrast to the neutral ligands, the crystal structures of the corresponding carbonate salts
of MGBIG and DABIG revealed relatively planar BIG cations that are tightly stacked in the
crystals. Another common structural feature observed in these carbonate crystals is the inclusion
of at least two water molecules per carbonate anion, and the formation of extended carbonatewater clusters. As a result, the carbonate salts of DABIG and MGBIG are less soluble than the
corresponding neutral ligands by factors of 38 and 72, respectively, which provides enough
thermodynamic driving force for the corresponding DAC reactions. DFT calculations confirmed
the reactions of MGBIG and DABIG with atmospheric CO2 are favorable, with calculated free
energies of –30.6 to –37.2 (Phases 1-3), and –46.3 kJ/mol CO2, respectively. In direct contrast with
MGBIG and DABIG, GBIG contains only one stabilizing water molecule per bicarbonate anion
in the crystal structure of its bicarbonate salt. Moreover, GBIG adopts conformational planarity
and p-stacking in the crystals of both the neutral ligand and its bicarbonate salt. As a result, the
aqueous solubility of the GBIG bicarbonate salt is lower than the corresponding solubility of the
neutral ligand by only a factor of 1.6, which is not sufficient to drive DAC as confirmed by the
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DFT calculations. As a consequence of the higher stabilities of the MGBIG and DABIG carbonate
salts, the regeneration energies for these compounds are more than twice as large compared to the
corresponding value for GBIG. Nevertheless, the temperatures of regeneration are very similar for
GBIG, MGBIG, and DABIG, in the range of 120 to 160 °C, as a result of enthalpy-entropy
compensations.
This study identified some key design principles for crystalline BIG solids with favorable
DAC chemistry. First, one needs to maximize the aqueous solubility of the neutral BIG solids
while minimizing the solubility of the corresponding BIG carbonate solids. This can be done by
tuning the conformational planarity of the BIG ligands to control the extent of p-stacking. Second,
the inclusion of water in the BIG carbonate crystals appears to be critical. Water provides stability
to the strongly hydrophilic carbonate anions by forming hydrogen-bonded clusters with the anions.
The release of water during the regeneration step is also associated with favorable entropy, which
lowers the temperature of regeneration. However, water desorption from the carbonate crystals
also comes with a high enthalpic cost, which can significantly increase the regeneration energy of
the DAC process. Ideally, for an energy-efficient DAC technology, one needs to minimize both
the energy and the temperature of regeneration, which requires fine-tuning of the hydration level
in the BIG carbonate crystals. While in the near future the chemistry of DAC will continue to be
optimized through structure-properties relationship studies, advances in computational
methodologies may eventually allow for ab initio prediction of crystal structures and
thermodynamics for optimal DAC performance.
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EXPERIMENTAL PROCEDURES
Materials and Characterization
Common reagents, including methylglyoxal (pyruvaldehyde), 2,3-butanedione (diacetyl), and
aminoguanidine hydrochloride were purchased from commercial suppliers and used without
further purification. All water used was deionized (Milli-Q). NMR spectra were collected using a
Bruker Avance III 400 MHz NMR Spectrometer. Thermogravimetric analyses (TGA) were
conducted under Ar with a TA Q5000 IR Instrument, at a 5 °C/min heating rate. Differential
Scanning Calorimetry (DSC) measurements were conducted on a TA Q100 instrument with a
temperature ramp of 10 °C/min, under a nitrogen flow of 50 mL/min. Specific heat capacities were
measured by ThermTest Inc. using the DSC technique with a Mettler Toledo DSC 2 instrument.
Solubility measurements were done by UV-Vis spectroscopy, as previously described for similar
BIG compounds.24-26 Saturated solutions were prepared by suspending excess of the crystalline
solids in 10 mL of H2O inside 15 mL polypropylene centrifuge tubes, and mixing the suspensions
on a rotating wheel for 72 hours at 60 rpm inside an incubator set at 25 ºC. All measurements were
run in triplicate and the average values and uncertainties from the corresponding standard
deviations are reported.

SYNTHESIS
Methylglyoxal-bis(iminoguanidine) (MGBIG). Aminoguanidine hydrochloride (150.21 g, 1.36
mol) and absolute ethanol (600 mL) were added to a 2 L 2-necked round bottom flask. The flask
was placed in an oil bath and the suspension was mechanically stirred at 350 rpm using a PTFE
stirring blade fitted to a stirring shaft. An aqueous solution (40%) of methylglyoxal
(pyruvaldehyde) (120 mL, 0.666 mol) was added to the suspension through the second opening of
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the flask, which was then sealed with a rubber septum. The reaction mixture was heated at 65 °C
for 4 hrs. Subsequently, the mixture was vacuum filtered to recover the product formed as a white
solid suspension. The collected solid was washed with ethanol followed by diethyl ether. The yield
of MGBIG×2HCl was 143.08 g (84%).
MGBIG×2HCl (250 g, 0.98 mol) was dissolved in 2 L water. The solution was mechanically stirred
at 250 rpm in a 4 L plastic beaker, and 1000 mL of a 1:1 mixture of NaHCO3 and Na2CO3 2 M
solutions was added, resulting in the formation of a white precipitate. The mixture was
mechanically stirred for 2 hours, then the white solid was collected via vacuum filtration and dried
in air. Elemental analysis and powder X-ray diffraction (PXRD) analysis confirmed the product
was pure Phase 3 MGBIG carbonate. Analysis (calcd., found % for (MGBIGH22+)(CO32–)(H2O)2,
C6H18N8O5): C (25.53, 25.43), H (6.43, 6.46), N (39.70, 39.70).
The MGBIG carbonate solid was placed in a large crystallizing dish, breaking up any large chunks
prior to heating it in an oven at 120 °C for 4 hours. As the CO2 and water were released, the color
of the solid changed from white to pale yellow. The yield of MGBIG was 164 g (91%). 1H-NMR
(DMSO-d6, 400 MHz): d 2.00 (s, 3H), 5.52 (s, 2H), 5.61 (s, 2H), 5.76 (s, 4H), 7.64 (s, 1H) ppm.
13

C NMR (DMSO-d6, 400 MHz): d 12.70, 148.30, 150.58, 159.77, 160.45 ppm.

Diacetyl-bis(iminoguanidine) (DABIG). Aminoguanidine hydrochloride (100 g, 0.904 mol) and
absolute ethanol (250 mL) were added to a 2 L 2-necked round bottom flask. The flask was placed
in an oil bath and the suspension was mechanically stirred at 350 rpm using a PTFE stirring blade
fitted to a stirring shaft. 2,3-butanedione (37.8 mL, 0.43 mol) was added to the suspension through
the second opening of the flask, which was then sealed with a rubber septum. The reaction mixture
was heated at 65 °C for 4 hrs. Subsequently, the mixture was vacuum filtered to recover the product
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formed as a white solid suspension. The collected solid was washed with ethanol followed by
diethyl ether. The yield of DABIG×2HCl was 107.7 g (92%).
DABIG×2HCl (100 g, 0.37 mol) was dissolved in 1 L water. The solution was mechanically stirred
at 250 rpm in a 2 L glass beaker, and 500 mL of a 1:1 mixture of NaHCO3 and Na2CO3 2 M
solutions was added, resulting in the formation of a white precipitate. The mixture was
mechanically stirred for 2 hours, then the white solid was collected via vacuum filtration and dried
in air. Elemental analysis and powder X-ray diffraction (PXRD) analysis confirmed the product
was pure DABIG carbonate. Analysis (calcd., found % for (DABIGH+)(DABIGH22+)0.5(CO32–
)(H2O)3, C10H29N12O6: C (29.05, 29.11), H (7.07, 7.19), N (40.66, 40.65).
The DABIG carbonate solid was placed in a large crystallizing dish, breaking up any large chunks
prior to heating it in an oven at 120 °C for 6 hours. As the CO2 and water were released, the color
of the solid changed from white to pale yellow. The yield of DABIG was 74.5 g (100%). 1H-NMR
(DMSO-d6, 400 MHz): d 2.03 (s, 6H), 5.44 (s, 4H), 5.69 (s, 4H) ppm. 13C NMR (DMSO-d6, 400
MHz): d 12.70, 151.91, 159.54 ppm. Analysis (calcd., found % for DABIG, C6H14N8: C (36.35,
36.33), H (7.12, 7.06), N (56.53, 56.37).
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NMR SPECTROSCOPY

Figure S1. 1H NMR (DMSO-d6, 400 MHz) spectrum of MGBIG.

Figure S2. 13C NMR (DMSO-d6, 400 MHz) spectrum of MGBIG.
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Figure S3. 1H NMR (DMSO-d6, 400 MHz) spectrum of DABIG

Figure S4. 13C NMR (DMSO-d6, 400 MHz) spectrum of DABIG.
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THERMODYNAMIC ANALYSIS
Estimation of thermodynamic constants required for efficient CO2 separation from air
Considering the reaction of a generic solid sorbent (S) with atmospheric CO2 (pCO2 = 4 ´ 10–4 atm):
S(s) + CO2(air) ® S-CO2(s)
For a highly efficient separation we assume 90% removal of CO2 from air, corresponding to 90%
saturation of the binding sites in the sorbent. Thus, at equilibrium, the CO2 pressure above the
sorbent is pCO2 = 4 ´ 10–5 atm. As such, the equilibrium binding constant for CO2 is:
K = 1/pCO2 = 1/4´10–5 = 25,000 atm–1, or logK = 4.4
The same calculation can be done for a moderately efficient separation, corresponding to 50%
removal of CO2 from air, or 50% saturation of the binding sites in the sorbent. This corresponds
to an equilibrium CO2 pressure pCO2 = 2 ´ 10–4 atm, and K = 5000 atm–1 (logK = 3.7).
The corresponding standard free energies of reactions for the two scenarios are – 25 kJ/mol and
– 21 kJ/mol for 90% and 50% CO2 removal from air, respectively.
Thermogravimetric analysis (TGA)

Figure S5. Temperature-ramped TGA of (DABIGH+)(DABIGH22+)0.5(CO32–)(H2O)3.
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Figure S6. Temperature-ramped TGA of (MGBIGH+)2(CO32–)(H2O)2 (Phase 1).

Figure S7. Temperature-ramped TGA of (MGBIGH22+)(CO32–)(H2O)2 (Phase 3).
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Figure S8. Isothermal TGAs of (DABIGH+)(DABIGH22+)0.5(CO32–)(H2O)3.

Figure S9. Isothermal TGAs of (MGBIGH+)2(CO32–)(H2O)2 (Phase 1).

Figure S10. Isothermal TGAs of (MGBIGH22+)(CO32–)(H2O)2 (Phase 3).
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Differential scanning calorimetry (DSC)

Figure S11. Representative DSC curve of (DABIGH+)(DABIGH22+)0.5(CO32–)(H2O)3. An
enthalpy of 360 ± 8 kJ/mol was determined as the average of three different measurements.

Figure S12. Representative DSC curve of (MGBIGH+)2(CO32–)(H2O)2 (Phase 1). An enthalpy of
288 ± 4 kJ/mol was determined as the average of three different measurements.
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Figure S13. Representative DSC curve of (MGBIGH22+)(CO32–)(H2O)2 (Phase 3). An enthalpy of
284 ± 6 kJ/mol was determined as the average of three different measurements.
Specific heat capacities and sensible heats

Figure S14. Specific heat capacity of (DABIGH+)(DABIGH22+)0.5(CO32–)(H2O)3 as a function of
temperature, measured by DSC. The sensible heat was calculated by extrapolating the polynomial
curve to 393 K and integrating the area below the curve between 293 and 393 K.
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Figure S15. Specific heat capacity of (MGBIGH+)2(CO32–)(H2O)2 (Phase 1) as a function of
temperature, measured by DSC. The sensible heat was calculated by extrapolating the linear curve
to 393 K and integrating the area below the curve between 293 and 393 K.

Figure S16. Specific heat capacity of (MGBIGH22+)(CO32–)(H2O)2 (Phase 3) as a function of
temperature, measured by DSC. The sensible heat was calculated by extrapolating the polynomial
curve to 393 K and integrating the area below the curve between 293 and 393 K.
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STRUCTURAL ANALYSIS BY X-RAY AND NEUTRON DIFFRACTION
Single Crystal X-ray Diffraction
Single crystals of MGBIG×1.5H2O were grown by slow evaporation of a saturated aqueous solution
of MGBIG under inert atmosphere. The X-ray data were measured at 173 K with a Bruker APEX
X-ray diffractometer with a Mo source (l = 0.71073 Å). The structure was solved by direct
methods in the space group Pbcn and refined on F2 using the SHELXTL-97 software package.
Absorption corrections were applied using SADABS, part of the SHELXTL package.

Single crystals of DABIG were grown by slow evaporation of a saturated aqueous solution of
DABIG under inert atmosphere. The X-ray data were measured at 100 K with a Bruker Quest
D8 diffractometer with a Mo source (l = 0.71073 Å). The frames were integrated with the Bruker
SAINT software package using a narrow-frame algorithm. Data were corrected for absorption
effects using the Multi-Scan method (SADABS). The structure was solved in the space group P21/c
and refined using the Bruker SHELXTL-2017 Software Package.

Single crystals of (DABIGH+)(DABIGH22+)0.5(CO32–)(H2O)3 were grown by leaving aqueous
solutions of DABIG open to air in 20 mL vials for a few days. The X-ray data were measured at
100 K with a Bruker Quest D8 diffractometer with a Mo source (l = 0.71073 Å). The frames were
integrated with the Bruker SAINT software package using a narrow-frame algorithm. Data were
corrected for absorption effects using the Multi-Scan method (SADABS). The structure was solved
in the space group P–1 and refined using the Bruker SHELXTL-2017 Software Package.
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Single crystals of (MGBIGH+)2(CO32–)(H2O)2 (Phase 1) were grown by leaving 1 M aqueous
solutions of MGBIG open to air in 20 mL vials for a few days. The X-ray data were measured at
100 K with a Bruker Quest D8 diffractometer with a Mo source (l = 0.71073 Å). The frames were
integrated with the Bruker SAINT software package using a narrow-frame algorithm. Data were
corrected for absorption effects using the Multi-Scan method (SADABS). The structure was solved
in the space group P2/n and refined using the Bruker SHELXTL-2017 Software Package.

Single crystals of (MGBIGH+)2(MGBIGH22+)(CO32–)2(H2O)6 (Phase 2) were grown by leaving
aqueous solutions (0.75-1 M) of MGBIG open to air in 20 mL vials for a few days. The structure
was solved by direct methods in the space group P–1 and refined on F2 using the SHELXTL-97
software package. Absorption corrections were applied using SADABS, part of the SHELXTL
package.

Single crystals of (MGBIGH22+)(CO32–)(H2O)2 (Phase 3) were grown by leaving aqueous solutions
(< 0.3 M) of MGBIG open to air in 20 mL vials for a few days. The X-ray data were measured at
100 K with a Bruker Quest D8 diffractometer with a Mo source (l = 0.71073 Å). The frames were
integrated with the Bruker SAINT software package using a narrow-frame algorithm. Data were
corrected for absorption effects using the Multi-Scan method (SADABS). The structure was solved
in the space group P21/c and refined using the Bruker SHELXTL-2017 Software Package.
CCDC 1996078-1996083 contains the supplementary crystallographic X-ray data. The data can
be obtained free of charge from the Cambridge Crystallography Data Center via
www.ccdc.cam.ac.uk/data_request/cif.
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Figure S17. Single-crystal X-ray diffraction structure of (MGBIGH+)2(MGBIGH22+)(CO32–
)2(H2O)6 (Phase 2). (a) ORTEP representation. (b) Hydrogen-bonded [CO3(H2O)32–]n clusters
with OH×××H contact distances in Å. (c) Carbonate binding site consisting of 5 hydrogen bonds
from guanidinium groups and 4 hydrogen bonds from water molecules. (d) Stacking of the
MGBIGH+ and MGBIGH22+ cations. (e) Crystal packing consisting of cationic stacks that flank
anionic [CO3(H2O)32–]n clusters.
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Powder X-ray Diffraction (PXRD)
All PXRD measurements were done at room temperature with a Panalytical Empyrean
diffractometer using Cu Ka radiation (l = 1.5418 Å).

Figure S18. PXRD analysis of (DABIGH+)(DABIGH22+)0.5(CO32–)(H2O)3 obtained from the
reaction of DABIG with aqueous NaHCO3. Blue: experimental pattern; Red: simulated pattern
from the single-crystal X-ray structure.
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Figure S19. PXRD analysis of (MGBIGH+)2(CO32–)(H2O)2 (Phase 1) obtained by exposing a 1
M aqueous solution of MGBIG to air for a few days. Blue: experimental pattern; Red: simulated
pattern from the single-crystal X-ray structure.

Figure S20. PXRD analysis of (MGBIGH22+)(CO32–)(H2O)2 (Phase 3) obtained from the
reaction of MGBIG with aqueous NaHCO3. Blue: experimental pattern; Red: simulated pattern
from the single-crystal X-ray structure.
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Single Crystal Neutron Diffraction
Single crystal neutron diffraction data for MGBIG-CO3 Phase 1 (P1), MGBIG-CO3 Phase 3 (P3),
and DABIG-CO3 (DA-CO3), were measured on the TOPAZ single-crystal time-of-flight (TOF)
Laue diffractometer at the Spallation Neutron Source, Oak Ridge National Laboratory.S1 The
diffractometer had 20 detectors installed, each with an active area of 15 x 15 cm, arranged on a
near-spherical detector array tank. The initial moderator-to-sample flight path is 18 m and the
sample-to-detector distances vary in the range 39–46 cm. The total path length of 18.4 m and the
SNS pulse rate of 60 Hz provides a wavelength bandwidth of 3.6 Å. Each of the crystals of P1, P3
and DA-CO3 was mounted on the tip of a MiTeGen loop using Super Glue and cooled to 100 K
for data collection. Crystal orientations for each sample were optimized with CrystalPlanS2
software to ensure better than 95% coverage of symmetry-equivalent reflections. The integrated
raw Bragg intensities for each sample were obtained using the 3-D ellipsoidal Q-space integration
in accordance with previously reported methods.S3 Data reduction, including neutron TOF
spectrum, Lorentz and detector efficiency corrections, was carried out with the ANVRED3
program.S4 The reduced data were saved in the SHELX HKLF2 format, where the wavelength is
recorded separately for each individual reflection. Non-hydrogen atom positions from the X-ray
structure were used as the starting model for the refinement of the neutron structure. Refinement
was performed using the SHELXL-2018/3 programS5 interfaced with ShelXleS6 and WinGX.S7
Hydrogen atoms were located from difference Fourier map, and refined anisotropically to
convergence. Crystal data and refinement parameters are listed in Table S1. Hydrogen bonds from
the refinement of the neutron structures are listed in Table S2-S4.
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CCDC 1958475 - 1958477 contains the supplementary crystallographic data for P1, P3 and DACO3. The data can be obtained free of charge from the Cambridge Crystallography Data Center
via www.ccdc.cam.ac.uk/data_request/cif.
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Table S1. Crystallographic data and refinement parameters for the neutron structures.
P1
P3
DA-CO3
Crystal data
Chemical formula

2(C5H13N8)·CO3·2(H2O)

C5H14N8·CO3·2(H2O)

C6H15N8·0.5(C6H16N8)·CO3·3(H2O)

Mr

466.51

282.28

413.45

Crystal system,
space group

Monoclinic, P2/n

Monoclinic, P21/c

Triclinic, P

Temperature (K)

100

100

100

a (Å)
b (Å)
c (Å)

10.0481 (7)
10.0624 (6)
10.9923 (7)

7.0015 (4)
8.6748 (5)
21.5753 (12)

7.0870 (5)
10.8008 (8)
12.6758 (9)

a (°)
b (°)
g (°)

90
97.248 (6)
90

90
96.311 (5)
90

89.286 (7)
84.524 (7)
81.816 (7)

V (Å3)

1102.53 (12)

1302.47 (13)

956.01 (12)

Z

2

4

2

Neutrons, λ = 0.4 – 3.5 Å

Neutrons, λ = 0.4 – 3.5 Å

Neutrons, λ = 0.4 – 3.5 Å

µ (mm )

0.16043 + 0.10767l

0.15931 + 0.10913l

0.16833 + 0.11754l

Crystal size (mm)

1.75 × 1.40 × 0.85

1.84 × 1.04 × 0.65

1.50 × 1.20 × 0.40

Diffractometer

TOPAZ

TOPAZ

TOPAZ

Absorption
correction

For a sphere

Gaussian

Gaussian

Tmin, Tmax

0.495, 0.768

0.477, 0.863

0.518, 0.931

No. of measured,
17360
independent and
4226
observed [I > 2σ(I)] 3757
reflections

22281
4939
4170

23399
6833
5373

Rint

0.071

0.104

0.095

1.634

1.637

1.632

R [F2 > 2σ(F2)]
wR(F2)
Goodness of fit

0.041
0.074
1.30

0.039
0.072
1.17

0.049
0.099
1.12

No. of reflections

4226

4939

6833

No. of parameters

282

331

491

H-atom treatment

All H-atom parameters
refined

All H-atom parameters
refined except those on
methyl groups with only
displacement parameters
refined

All H-atom parameters refined
except those on methyl groups with
only displacement parameters
refined

Δρmax, Δρmin

0.80, −0.78 (fm Å−3)

1.55, −1.79 (fm Å−3)

1.32, −1.34 (fm Å−3)

Radiation type
−1

Data collection

−1

(sin θ/λ)max (Å )
Refinement
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Table S2. Hydrogen-bond geometry (Å, °) for P1.
D—H···A
D—H
H···A

D···A

D—H···A

N2—H1···O2i

1.0017 (18)

2.224 (2)

3.1116 (11)

146.90 (16)

N1—H2···N3ii

1.0171 (19)

2.156 (2)

3.1571 (8)

167.5 (2)

iii

1.080 (2)

2.555 (2)

3.5896 (11)

160.1 (2)

O2—H5···N3iv

0.974 (2)

2.031 (2)

2.9981 (12)

172.2 (2)

iv

0.974 (2)

2.682 (2)

3.5161 (11)

143.98 (19)

v

1.0214 (18)

1.860 (2)

2.8812 (11)

178.2 (2)

N8—H8···O2vi

1.0063 (19)

2.319 (2)

3.1748 (11)

142.19 (18)

i

N1—H12···O1

1.0212 (19)

1.957 (2)

2.9761 (11)

175.02 (19)

N8—H11···O3

1.048 (2)

1.625 (2)

2.6710 (10)

175.50 (18)

O2—H10···N4

0.977 (2)

1.898 (2)

2.8710 (12)

173.92 (19)

N7—H9···O2vi

1.012 (2)

1.959 (2)

2.9169 (12)

157.0 (2)

N6—H14···O1

1.0723 (18)

1.636 (2)

2.7065 (11)

175.94 (16)

N6—H14···O3

1.0723 (18)

2.6166 (18)

3.3611 (6)

126.03 (12)

C5—H3···N8

O2—H5···N4
N2—H7···O1

vii

Symmetry codes: (i) −x+1, −y+2, −z+1; (ii) −x+1, −y+2, −z; (iii) x+1/2, −y+1, z−1/2; (iv) −x+1/2, y, −z+1/2; (v)
x+1/2, −y+2, z−1/2; (vi) x, y−1, z; (vii) −x+1/2, y, −z+3/2.
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Table S3 Hydrogen-bond geometry (Å, °) for P3.
D—H···A
D—H
H···A

D···A

D—H···A

C5—H7···O3

1.08

2.56

3.5546 (13)

152.5

N1—H1···O2i

1.029 (2)

2.533 (2)

3.2718 (11)

128.23 (15)

i

N1—H1···O3

1.029 (2)

1.725 (2)

2.7491 (12)

172.46 (18)

N1—H2···O2ii

1.0306 (18)

1.718 (2)

2.7220 (11)

163.49 (19)

ii

N2—H4···O1

1.0259 (19)

1.870 (2)

2.8906 (11)

172.52 (19)

i

1.0316 (19)

1.886 (2)

2.8843 (11)

161.94 (16)

N3—H5···O2

C3—H6···O1iii

1.090 (2)

2.495 (2)

3.3419 (12)

133.66 (15)

iii

N6—H10···O1

1.0504 (19)

1.732 (2)

2.7758 (11)

171.88 (17)

N6—H10···O3iii

1.0504 (19)

2.567 (2)

3.3317 (11)

129.19 (13)

N8—H11···O5

1.010 (2)

2.040 (2)

2.9035 (12)

141.99 (18)

N8—H12···O5iv

1.0171 (19)

1.955 (2)

2.9656 (12)

171.89 (18)

v

N7—H13···O4

1.0154 (18)

1.831 (2)

2.8171 (11)

162.87 (18)

N7—H14···O3iii

1.0395 (19)

1.654 (2)

2.6909 (11)

174.68 (19)

O4—H15···O3

0.9771 (19)

1.737 (2)

2.7089 (13)

172.6 (2)

O4—H16···O2

0.980 (2)

1.742 (2)

2.7184 (13)

174.5 (2)

O5—H17···O4vi

0.966 (2)

1.840 (2)

2.7421 (15)

154.2 (2)

O5—H18···O1

0.965 (2)

1.912 (2)

2.8428 (14)

161.3 (2)

i

Symmetry codes: (i) −x+1, y+1/2, −z+1/2; (ii) x−1, y+1, z; (iii) −x+1, −y+1, −z+1; (iv) −x+1, −y, −z+1; (v) x,
−y+1/2, z+1/2; (vi) −x+1, y−1/2, −z+1/2.
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Table S4 Hydrogen-bond geometry (Å, °) for DA-CO3.
D—H···A
D—H
H···A

D···A

D—H···A

C5—H52···O3i

1.08

2.56

3.5705 (15)

155.3

N2—H1···O5ii

1.011 (2)

1.978 (3)

2.9596 (15)

163.0 (2)

iii

N2—H2···O5

1.005 (2)

1.905 (3)

2.8597 (14)

157.6 (2)

N1—H3···O6iii

1.004 (2)

1.859 (3)

2.8549 (15)

170.8 (2)

iv

1.015 (2)

1.945 (2)

2.9146 (13)

158.8 (2)

iv

N8—H6···O4

0.997 (3)

2.316 (3)

3.1743 (14)

143.65 (19)

N8—H7···O1v

1.022 (2)

1.789 (2)

2.7768 (13)

161.4 (2)

v

1.021 (2)

1.849 (3)

2.8557 (14)

168.2 (2)

N10—H10···O2

1.019 (2)

1.846 (2)

2.8590 (13)

172.14 (18)

i

N10—H11···O1

1.025 (2)

1.799 (2)

2.8172 (13)

172.22 (19)

N10—H11···O3i

1.025 (2)

2.626 (2)

3.3881 (13)

131.03 (15)

N9—H12···O3

1.031 (2)

1.735 (2)

2.7611 (13)

173.22 (19)

N11—H14···O3i

1.026 (2)

1.853 (2)

2.8634 (12)

167.54 (19)

O6—H15···N3vi

0.990 (2)

1.805 (2)

2.7912 (13)

173.4 (2)

O6—H16···O2

0.966 (3)

1.801 (3)

2.7623 (18)

173.1 (2)

O5—H17···O6vii

0.963 (3)

1.846 (2)

2.7446 (16)

154.2 (3)

O5—H18···O3

0.963 (3)

1.788 (3)

2.7442 (18)

171.1 (3)

O4—H19···O2

1.003 (2)

1.635 (2)

2.6335 (14)

173.1 (2)

O4—H20···O1v

0.993 (3)

1.714 (2)

2.6797 (16)

163.0 (2)

N6—H5···O4

N7—H8···O4

Symmetry codes: (i) x−1, y, z; (ii) −x+1, −y, −z; (iii) x−1, y−1, z; (iv) −x, −y+1, −z+1; (v) −x+1, −y+1, −z+1; (vi) x,
y+1, z; (vii) −x+1, −y+1, −z.
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COMPUTATIONAL METHODOLOGY
First-principles calculations based on density functional theory (DFT) were employed to estimate
the Gibbs free energies for the CO2 capture/release by BIGs using the Vienna Ab-initio Simulation
Package (VASP).S8-S11 The valence electronic states were expanded in a basis of plane waves,
while the core-valence interactions were described using the Projector Augmented Wave (PAW)
approach.S12,13 Generalized gradient approximation (GGA) of Perdew-Burke-Ernzerhof (PBE)S14
has been adopted for exchange-correlation potential. The DFT-D3 approach of Grimme with zerodampingS15 was used to account for the van der Waals’ interactions. Cell optimizations of bulk
ligand and carbonate salt crystals were carried out starting from their respective X-ray diffraction
structures with the plane wave kinetic energy cutoff set to 600 eV. The SCF convergence threshold
was set to 10-5 eV and a Pulay schemeS16 was used for charge density mixing during the SCF
solution. The Brillouin zone was sampled using a well converged Gamma centered k-point mesh:
(1´3´1) PyBIG·2.5H2O, (1´2´2) GBIG, (1´3´2) GBIG×2H2O, (2´2´2) DABIG, (1´3´2)
MGBIG×2H2O, (4´4´2) (PyBIGH22+)(CO32–)(H2O)4, (6´3´3) (GBIGH22+)(HCO3–)2(H2O)2,
(4´4´2)

(DABIGH+)(DABIGH22+)0.5(CO32–)(H2O)3,

(3´3´3)

(MGBIGH+)2(CO32–)(H2O)2,

(4´4´2) (MGBIGH+)2(MGBIGH22+)(CO32–)2(H2O)6, (3´3´1) (MGBIGH22+)(CO32–)(H2O)2. Full
comparison of the DFT optimized lattice parameters and experimental data is provided in Table
S5.
To compute the zero-point energy (ZPE) and thermal contributions to the 0 K energy, vibrational
frequencies were calculated by computing the numerical hessian for the large supercells (>10 Å in
length for the three coordinate directions) using an atomic displacement of 0.01 Å. Given the
relatively large size of the resulting supercells, the phonons were calculated at the Gamma point
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only. Thermal contributions to the Gibbs free energies (∆Go) corresponding to pressure of 1 atm
were computed using standard formulae based on statistical thermodynamics,S17 except that
vibrational frequencies lower than 60 cm-1 were raised to 60 cm-1. This procedure is based on the
so‐called quasiharmonic approximation, which was first introduced by Truhlar et al.S18 and serves
as a way to correct for the well‐known breakdown of the harmonic oscillator model for the free
energies of low‐frequency vibrational modes.
According to the reaction (1) in the main text, DGair values for ambient air corresponding to pCO2
= 4.14´10–4 atm were calculated from equation: DGair = ∆G0+RTln(1/pnco2), where R is the ideal
gas constant, T is temperature, and n is the number of CO2 molecules participating in the reaction.
The hydration free energies for GBIG, MGBIG, DABIG, and H2O molecules were calculated
using an implicit solvation model, Vaspsol,S19,20 implemented in VASP. In addition, for the
calculation of ∆Go values listed in Table 1 of the main text, standard state corrections were applied
for the conversion of H2O(g) to H2O(l): ∆GH2O(l)* = ∆Gsolv* + ∆G0→* + RTln([H2O]), where ∆Gsolv*
= –7.27 kcal/mol is the hydration free energy for H2O molecule calculated using Vaspsol, ∆G0→*
= –T∆S0→* = RTln(V0/V*) = RTln(24.46) = 1.89 kcal/mol is the conversion of an ideal gas from 1
atm (24.46 L/mol) to 1 M (1 mol/L), and RTln([H2O]) = 2.38 kcal/mol is a free energy change
associated with moving a solvent from a standard-state solution phase concentration of 1 M to a
standard state of the pure liquid, 55.34 M.
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Table S5. Lattice parameters of the crystal structures obtained by X-ray diffraction and DFT
calculations.
PyBIG·2.5H2O

GBIG

Method

a (Å)

b (Å)

c (Å)

a (Å)

b (Å)

c (Å)

Experiment (X-ray
diffraction)

27.257

7.014

18.347

15.874

6.972

7.813

PBE-DFT-D3

26.950

6.919

18.069

15.554

6.933

7.710

GBIG×2H2O

DABIG

Method

a (Å)

b (Å)

c (Å)

a (Å)

b (Å)

c (Å)

Experiment (X-ray
diffraction)

19.327

5.255

10.246

8.338

7.490

8.122

PBE-DFT-D3

18.979

5.136

10.206

8.129

7.407

8.225

(PyBIGH22+)(CO32–)(H2O)4

MGBIG×2H2O
Method

a (Å)

b (Å)

c (Å)

a (Å)

b (Å)

c (Å)

Experiment (X-ray
diffraction)

19.092

7.532

14.460

8.241

8.604

13.892

PBE-DFT-D3

18.922

7.441

14.275

8.224

8.450

13.739

(GBIGH22+)(HCO3–)2(H2O)2

(DABIGH+)(DABIGH22+)0.5(CO32–)(H2O)3

Method

a (Å)

b (Å)

c (Å)

a (Å)

b (Å)

c (Å)

Experiment (X-ray
diffraction)

3.573

9.461

10.353

7.111

10.860

12.745

PBE-DFT-D3

3.569

9.381

10.318

7.080

10.734

12.635

(MGBIGH+)2(CO32–)(H2O)2

(MGBIGH+)2(MGBIGH22+)(CO32–)2(H2O)6

Method

a (Å)

b (Å)

c (Å)

a (Å)

b (Å)

c (Å)

Experiment (X-ray
diffraction)

10.108

10.073

11.003

11.772

12.681

14.502

PBE-DFT-D3

9.947

9.968

10.937

11.766

12.550

14.351
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(MGBIGH22+)(CO32–)(H2O)2
Method

a (Å)

b (Å)

c (Å)

Experiment (X-ray
diffraction)

7.064

8.700

21.620

PBE-DFT-D3

7.030

8.638

21.512
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