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ABSTRACT: Acid gases including CO2, OCS, CS2, and SO2 are
emitted by industrial processes such as natural gas production or
power plants, leading to the formation of acid rain and
contributing to global warming as greenhouse gases. An important
technological challenge is to capture acid gases and transform them
into useful products. The capture of CO2, CS2, SO2, and OCS by
ring expansion of saturated and unsaturated substituted nitrogen-
strained ring heterocycles was computationally investigated at the
G3(MP2) level. The effects of fluorine, methyl, and phenyl
substituents on N and/or C were explored. The reactions for the
capture CO2, CS2, SO2, and OCS by 3- and 4-membered N-
heterocycles are exothermic, whereas ring expansion reactions with
5-membered rings are thermodynamically unfavorable. Incorpo-
ration of an OCS into the ring leads to the amide product being thermodynamically favored over the thioamide. CS2 and OCS
capture reactions are more exothermic and exergonic than the corresponding CO2 and SO2 capture reactions due to bond
dissociation enthalpy differences. Selected reaction energy barriers were calculated and correlated with the reaction thermodynamics
for a given acid gas. The barriers are highest for CO2 and OCS and lowest for CS2 and SO2. The ability of a ring to participate in acid
gas capture via ring expansion is correlated to ring strain energy but is not wholly dependent upon it. The expanded N-heterocycles
produced by acid gas capture should be polymerizable, allowing for upcycling of these materials.

■ INTRODUCTION
Anthropogenic greenhouse gases from processes such as
combustion are causing climate change due to global
warming.1−3 One possible approach to ameliorating climate
impacts is to capture and convert CO2 into products that no
longer impact the atmosphere.4−8 This would enable
continued use of carbon-based fuels until energy sources that
have minimal environmental impact are put into widespread
production.9−13 Amine-scrubbing by aqueous amines, primar-
ily monoethanolamine (MEA), is a current technology for CO2
capture, especially for CO2 capture from the combustion of
coal.14,15 Solid-state amines for CO2 capture from air are being
developed as they are less corrosive in nature than aqueous
amines and have a moderate regeneration energy.16 CO2
capture by aqueous amine solutions leads to the formation
of carbonic acid, bicarbonate, carbamic acid, or carbamate,
mostly as the respective conjugate bases due to their acidity in
aqueous solution.17−19 For example, a 13C NMR study by
Mani and co-workers17 showed that H2CO3 formation will
dominate in aqueous NH3 solution when the amounts of NH3
and CO2 are comparable; however, H2NCOOH was found to
dominate when an excess of NH3 was present. The
mechanisms for the capture and conversion of CO2 with a
range of substituted amines in the gas phase and in aqueous
systems has been studied using correlated molecular orbital

theory with the results compared to experiment and to other
computational studies.20

Incorporation of nitrogen into 3- and 4-membered rings,
forming nitrogen heterocycles, changes the method of gas
capture compared to standard amines. The ability of such N-
heterocycles to trap acid gases, primarily CO2, has been
demonstrated. Experimentally, many of these reactions
involved catalysts such as water and hierarchical porous
silica,21 metal organic frameworks,22 N-heterocyclic car-
benes,23 or halide salts24,25 or utilized supercritical CO2

26 or
ball milling.27 Not only do such reactions trap acid gases in
covalently bound molecules, but they also produce derivatives
of 2-oxazolidone and 1,3-oxazinan-2-one that are synthetically
valuable for both medicinal28−30 and polymer chemistry.31−33

A range of synthetic approaches for substituted aziridines and
azetidines are available.34−37 Aziridines are extensively used
commercially in textiles, adhesives, fuels, agriculture chemicals,
ion exchange resins, surfactants,38 polymer monomers, and as
alkylating agents for cancer therapy.39,40 The use of aziridines
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and azetidines for novel polymerization processes has been
demonstrated.41,42 Notable aziridine containing natural prod-
ucts that have shown anticancer properties as DNA-alkylating

and DNA cross-linking agents are the mitomycins.43

Specifically, mitomycin C is used clinically to treat breast,
esophageal, and stomach cancers.39,44 Azetidines are com-

Table 1. Nitrogen Heterocycle Ring Expansion CO2 Capture ΔH and ΔG in kcal/mol at 298 K and Exothermic to
Endothermic, TH, and Exergonic to Endergonic, TG, Crossover Temperature between 1 and 10,000 K at the G3(MP2) and
Isodesmic G3(MP2) Levelsa

aIsodesmic calculations with M06/DZVP2 used in place of G3(MP2) for molecules too expensive to calculate at G3(MP2).
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monly used in medicinal chemistry,45−49 natural products,50−53

organic synthesis,54,55 and organocatalysis.56,57 Oxazolidinone
based antibiotics, namely, linezolid and tedizolid, are relatively
recent developments that are effective against methicillin-
resistant Staphylococcus aureus (MRSA).58 The oxazolidinone
class of antibiotics have no cross-resistance with other
antibacterial drugs due to a unique protein synthesis inhibition
mechanism.59−61

The possibility of converting acid gas pollutants to one of
the primary functional groups of currently useful antibiotics
and the possibility of tractable heteroatom substitution in the
oxazolidinone moiety are promising for upcycling of waste
chemicals. As another example, the incorporation of
oxazolidone in polymer networks has been shown to improve
the mechanical toughness of self-mendable isocyanurate
polymers.32 Incorporation of phenyl substituted oxazolidone
moieties into methacrylate polymers increased the glass
transition temperature of the material and increase heat
resistance.31 These modified methacrylate monomers could be
utilized in 3D printing applications and for dental im-
plants.62−65 In addition to reactions directly on isolated N-
heterocycles, CO2 insertion via ring expansion of aziridino-
fullerenes has been demonstrated to proceed with a
tricyclohexylphosphine catalyst.66

The current work extends our prior study20 on the capture
of and conversion of CO2 by substituted amines to substituted
amines with the nitrogen incorporated into a strained ring
system. As strained 3- and 4-membered N-heterocycle rings are
already used commercially, a goal of the current work is to
show that such systems may be viable for acid gas capture; this
could lead to work to further lower material costs by economy
of scale. This work explores the temperature dependence as
well as the solvent dependence at 298 K (THF for organic
synthesis applications and water for environmental ones)
thermodynamics of CO2, OCS, CS2, and SO2 capture by ring
expansion of N-heterocycles and investigating the relationship
between ring strain energy (RSE) and reaction energetics.

■ COMPUTATIONAL METHODS
All calculations were performed with Gaussian16.67 Molecular
geometries were initially optimized at the DFT//B3LYP68,69/
DZVP270 level. Vibrational frequencies were calculated to
determine if the optimized geometry was a minimum or a
transition state. The B3LYP/DZVP2 optimized geometries
were used as the initial geometries for composite correlated
G3(MP2) molecular orbital theory calculations.71 The larger
molecules were unable to be calculated at the G3(MP2) level
due to the computational expense of the QCISD(T) step.
Isodesmic calculations were used to minimize errors.
Isodesmic calculations were benchmarked against G3(MP2)
values at the DFT level using the B3LYP, ωB97XD,72 M06,73

PW91/PW91,74−76 and BP8677,78 functionals with the DZVP2
basis set using the reactions in Table S1. Benchmarking results
are provided in Table S2. M06/DZVP2 values were used for
isodesmic calculations, as they provided a good compromise
between accuracy and computational expense. The molecules
where isodesmic reactions were used and the reactions used for
calculations are shown in Table S3.
Gas phase temperature dependent reaction enthalpy and free

energy were calculated by determining the temperature
correction to the enthalpy and entropy every 1 K from 1 to
10,000 K using Shermo.79 Any vibrations below 100 cm−1 were
raised to 100 cm−1 for the temperature dependent

calculations.80 The exothermic to endothermic transition
temperature, TH, and the exergonic to endergonic transition
temperature, TG, were calculated by determining the temper-
ature where the reaction enthalpy and free energy, respectively,
crossed 0 kcal/mol. The values “exo” or “endo” in Tables 1−4
indicate that no transition temperature was found, either
because the reaction was always exothermic/exergonic or
endothermic/endergonic.
Ring strain energies were calculated based upon the methods

in ref 81 at the G3(MP2) level.
Single point B3LYP/DZVP2 implicit solvation calculations

in tetrahydrofuran (THF) and water were performed using the
self-consistent reaction field (SCRF) method82 with SMD
parameters83 based upon B3LYP/DZVP2 geometries. These
calculations yield a free energy at 298 K. An additional set of
solvent calculations was performed at the SCRF level with
COSMO parameters84,85 The energies in solution were
calculated as

G G

G

(298 K) (298 K)

(298 K)

solution gas,G3(MP2)

SCRF

=

+

■ RESULTS AND DISCUSSION
CO2 Capture. Table 1 presents thermodynamics for the

capture of CO2 by N-heterocycle reactions. Aziridine-based
reactions are shown in reactions 1 to 8. At 298 K, these
reactions have negative values for ΔH and except for reaction
7, 1-fluoro-aziridine, they have negative values for ΔG. Implicit
solvation in THF and water at the SMD level consistently
decreased the free energy change of the reaction by 4−5 kcal/
mol and 6−7 kcal/mol, respectively (Supporting Information
(SI) Table S4. The COSMO solvation values are within 2
kcal/mol of the SMD values on average. All aziridine-based
CO2 capture reactions are exothermic until high temperatures,
but the reactions do become endergonic at the upper
temperature range for flue gas (200 °C/473 K). This is due
to the fact that ring expansion gas capture reactions have
negative ΔS. As expected, on the basis of the thermodynamics
at 298 K, the capture of CO2 by 1-fluoro-aziridine is only
exergonic at low temperatures. Addition of methyl or phenyl
substituents bonded to carbon, reactions 2−3 and 4−6,
respectively, did not have a dramatic change on the
thermodynamics as compared to an unsubstituted aziridine.
The ΔH and ΔG for aziridine and phenyl-substituted
aziridines are essentially the same within the error of the
method, ±1 kcal/mol, although CO2 insertion into 2-methyl-
aziridine at the γ-carbon, reaction 3, is more exothermic by 1.4
kcal/mol. Insertion of CO2 with the phenyl group at the β-
carbon is slightly more favorable than insertion at the γ-carbon
whereas insertion of CO2 into the C−N bond with the methyl
group at the γ-carbon is more favorable than at the β-carbon.
The most favorable aziridine-based CO2 capture reaction
occurs with 1-methyl-aziridine.
For CO2 capture reagents, one also needs to be able to

release the captured CO2 for use in another reaction either for
sequestration, for example, in the subsurface, or for use to
generate useful materials. One does not want to have too high
a temperature for this process to be too energy intensive but
also the temperature has to be high enough for the process to
occur in the capture region, for example, from flue gas.
1H-azirine based materials, reactions 9−11, are all favorable

for CO2 capture at 298 K. 1-fluoro-azirine, reaction 10, is
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dramatically less exothermic and exergonic than either azirine
or 1-methyl-azirine and becomes less exergonic with implicit
solvation. Although the 1H-azirine based materials have
favorable CO2 capture thermodynamics, they are generally
unstable and, unless the 5-membered product ring is desired
for further chemistry, are unlikely to be a feasible reagent.
CO2 capture by azetidines, reactions 12−24, is generally

favorable in both the gas phase and in THF and water (Table
S4). The most favorable CO2 capture reaction occurs with 2-
methyl-azetidine, reaction 14. This reaction is favorable in the
gas phase until nearly flue gas temperatures. The addition of a
single methyl or phenyl substituent, reactions 13−15 and 16−
18, respectively, does not have a dramatic impact on the
thermodynamics. CO2 capture by 2-phenylazetidine slightly
prefers the β-carbon phenyl product to the Δ-carbon phenyl
product, reactions 16 and 17, but the energetics are the same
within the error of the method. 2-methyl-azetidine CO2
capture prefers substitution at the Δ-carbon to the β-carbon
by ∼1 kcal/mol in both enthalpy and free energy. CO2 capture
by 3-phenyl-azetidine is more favorable than 2-phenyl-
azetidine by 0.7 kcal/mol in the gas phase but is nearly
equivalent in THF, reaction 18. CO2 based ring expansion of
2-methyl-azetidine, reaction 14, is slightly more favorable than
that of 3-methyl-azetidine, reaction 15, although the results are
within the error of the method. CO2 capture by diphenyl
substituted azetidine is still spontaneous but is less exergonic
than by the monophenyl substituted analogs. CO2 capture by
2,3-diphenylazetidine prefers the γ- and Δ-substituted product
to the β- and γ-substituted product, reactions 19 and 20. CO2
capture by 2,3-diphenylazetidine is more exergonic than the
capture of CO2 by 2,3-diphenylazetidine by ∼1 kcal/mol,
reactions 19 and 21 respectively. CO2 capture by 2,3,4-
triphenylazetidine is only exergonic by 0.9 kcal/mol in the gas
phase and becomes endergonic at 301 K, reaction 22. CO2
capture by 1-fluoroazetidine, reaction 23, is both endothermic
and endergonic at 298 K in the gas phase, remains endergonic
in THF and water, and does not become spontaneous. Methyl
substitution at the nitrogen, reaction 24, slightly decreases the
exergonicity of the CO2 capture but is still feasible even at
temperatures near 400 K.
CO2 capture by 2H-azetes, reactions 25−30, follows similar

trends to azetidines where both unsubstituted and 1-methyl

substituted systems are spontaneous and 1-fluoro substituted
molecules are nonspontaneous. Unsaturation adjacent to the
nitrogen, reactions 25−27, was preferential to unsaturation
adjacent to the ring O, reactions 28−30, by ∼1 kcal/mol for
CO2 capture by unsubstituted and 1-methyl substituted 2H-
azete whereas the opposite was preferred for 1-fluoro-2H-azete.
CO2 capture by 2H-azete and 1-methyl-2H-azete is predicted
to be spontaneous past flue gas temperatures, 600 and 610 K
respectively. CO2 capture by 1-fluoro-2H-azete, unlike its
saturated analogue, is predicted to spontaneous below ambient
temperatures.
CO2 capture reactions by pyrrolidines, reactions 106−123,

by 2-pyrrolines, reactions 124−129, and by 3-pyrrolines,
reactions 130−132 in Table S5, are all unsuitable. These
reactions are both endothermic and endergonic and are
nonspontaneous at any of the temperatures studied. The
dramatic shift in reactivity between the 4-membered and 5-
membered N-heterocycles is due to the low ring strain
enthalpy (RSE) in the 5-member rings.
The effect of electron donating and withdrawing groups,

independent of ring size, was tested using substituted
dimethylamines, as shown in Table 2. We use these as models
for fully unstrained systems. Insertion of CO2 into dimethyl-
amine is nearly thermoneutral and is endergonic by ∼11 kcal/
mol, reaction 31, at 298 K. The dramatic shift in enthalpy and
free energy of reaction caused by substitution of a strongly
electron withdrawing group, fluorine, seen in the ring
expansion reactions is mirrored in the insertion of CO2 into
N-fluoro-dimethylamine, reaction 32. The addition of an
electron donating methyl group as represented by trimethyl-
amine, minimally changed the thermodynamics as compared to
dimethylamine driving the reaction more endothermic by 1.5
kcal/mol and endergonic by 0.8 kcal/mol, reaction 33. As
expected, the addition of electron withdrawing, N-fluoro, and
electron donating, N-methyl, substituents increased and
decreased the reactant amine pyramidal angle by a small
amount, respectively. Much larger changes in the amine
pyramidal angle were found in the amide product, where N-
methyl substitution allowed for a planar nitrogen (0°), a
standard H substituent was slightly pyramidal (9.1°), and an
N-fluoro substituent imparted a substantial pyramidal geom-
etry (29.1°). Similar trends were found using the sum of the

Table 2. Substituted Dimethylamine CO2 Insertion Reaction ΔH and ΔG Calculated at the G3(MP2) Level in kcal/mol and
Angles at Nitrogen

aNitrogen pyramidal angle, ∠N Pyr in degrees for the reactant and product molecules, React and Prod, respectively. bSum of the three nitrogen
centered bond angles, Σ∠X−N−X in degrees for the reactant and product molecules, React and Prod, respectively.
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bond angles centered upon nitrogen, where a summation of
bond angles equal to 360° indicates a planar system and
smaller angle summations indicate less planar, more pyramidal,
systems. The planar N-methyl substituted product had an
angle summation of 360°, as expected, whereas the slightly
pyramidal unsubstituted molecule has an angle of 358.1°, and
the most pyramidal product, the N-fluoro substituted
molecule, has the smallest angle summation at 337.0°. The
fluorine substituent on N prevents formation of a near planar >
N−C(�O)- amide moiety breaking up the conjugation in the
amide.
OCS Capture. OCS capture by unsubstituted, 1-fluoro-,

and 1-methyl-substituted nitrogen heterocyclic ring expansion
thermodynamics is presented in Table 3. OCS capture can

proceed to two products: an amide or a thioamide, see
reactions 34 and 133, in Table S6, respectively for examples.
All thioamide product reactions are presented in Table S6. The
amide geometry is preferred for all cases studied and is ∼15
kcal/mol lower in free energy than the thioamide analog
regardless of ring size. This is consistent with the difference in
the O�C(S) and S�C(O) bond dissociation energies
(BDEs) of 159.7 ± 0.3 and 72.9 ± 0.2 kcal/mol, respectively.86

The C−O and C−S single bonds that form are comparable in
the range of 70 to 80 kcal/mol, so retention of the C�O bond
is preferred. OCS capture is generally more exothermic and
exergonic than the analogous CO2 reactions due to the
differences in the C�O and C�S BDEs where the O�CO
BDE is 127.2 ± 0.1 kcal/mol.86

Table 3. Nitrogen Heterocycle Ring Expansion OCS Capture ΔH and ΔG in kcal/mol at 298 K and Exothermic to
Endothermic, TH, and Exergonic to Endergonic, TG, Crossover Temperature between 1 and 10,000 K at the G3(MP2) and
Isodesmic G3(MP2) Levels
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All aziridine based capture reactions studied, reactions 34 to
38, are spontaneous for formation of the amide and remain
spontaneous past the standard maximum flue gas temperature.
As with the CO2 capture reactions, 1-fluoro-aziridine is the
least spontaneous of the studied molecules and 1-methyl-
aziridine is the most spontaneous. In contrast to the findings
for 2-methyl-aziridine CO2 capture, β-substitution is prefer-
ential to γ-substitution, reactions 35 and 36, respectively. 1H-
azirine based OCS capture, reactions 39−41, are also all
spontaneous and extremely exothermic at 298 K and remain
spontaneous above experimentally relevant temperatures. The
inherent limitations of 1H-azirines still remain and they are
therefore unlikely to be used for OCS capture, but the resulting
product rings may be interesting for polymer synthesis

All azetidines studied for the capture of OCS, reactions 42−
47, are spontaneous and exothermic at 298 K and in THF or
water for amide formation (Table S4). Unlike the CO2 capture
reactions, the unsubstituted and 1-methyl substituted mole-
cules are spontaneous above standard flue gas temperatures.
Unsubstituted azetidine is slightly more spontaneous than 1-
methyl-aziridine, reactions 42 and 47, respectively, but at
standard conditions, and even at elevated temperature, this
difference is small. 1-fluoro-azetidine, reaction 46, is only
slightly exergonic at 298 K, −0.6 kcal/mol, and becomes
nonspontaneous just above room temperature at 315 K. In
contrast to the analogous CO2 capture reactions for 2- and 3-
methyl-azetidine, γ-substitution is preferred to both β- and Δ-
substitution, reactions 45, 43, and 44, respectively.

Table 4. Nitrogen Heterocycle Ring Expansion CS2 Capture ΔH and ΔG in kcal/mol at 298 K and Exothermic to
Endothermic, TH, and Exergonic to Endergonic, TG, Crossover Temperature between 1 and 10,000 K at the G3(MP2) and
Isodesmic G3(MP2) Levels
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Formation of amide products from 2H-azete OCS capture,
reactions 48−53, is spontaneous until the highest accessible
temperatures. In contrast to 2H-azete based CO2 capture, the
OCS capture product favors unsaturation adjacent to the
nitrogen for all compounds in this study. Unsaturation
adjacent to the nitrogen is favored by ∼3 kcal/mol for
unsubstituted and 1-methyl-2H-azete, whereas the difference
between the unsaturation location for 1-fluoro-2H-azete is 0.5
kcal/mol, which is within the error of the method. The free
energy change between the unsaturation locations in 2H-azete
and 1-methyl-2H-azete is greater for the OCS capture than for
the CO2 capture.
Unsubstituted, 1-methyl- and 1-fluoro-pyrrolidine, −2H-

pyrroline, and −3H-pyrroline, reactions 54−59 and 153−170
in Table S6, are all nonspontaneous for OCS capture of the
pyrrole at 298 K. Select molecules, including pyrrolidine, 1-
methyl-pyrrolidine, 2H-pyrroline, 1-methyl-2H-pyrroline, and
1-methyl-3H-pyrroline, reactions 54−59, are spontaneous for
OCS capture of the pyrrole in the gas phase at low
temperatures. This low temperature spontaneity is unlikely to
be experimentally relevant, as it occurs well below the dry ice-
acetone bath temperature of 195 K.
CS2 Capture. The calculated N-heterocycle ring expansion

CS2 capture reaction thermodynamics are shown in Table 4.
Aziridine based CS2 capture, reactions 60 to 64, follows trends
similar to those of OCS capture. The CS2 capture reactions are
substantially more exothermic and exergonic than the
analogous CO2 and OCS reactions, and all are spontaneous
until at least ∼300 °C. Similar to the OCS capture reactions,
the β-substituted 2-methyl-aziridine product is favored over
the γ-substituted product, reactions 61 and 62, respectively.
The studied 1H-azirines, reactions 65−67, are all extremely
exothermic and exergonic for CS2 capture. 1-fluoro-1H-azirine,
reaction 66, follows the same trend for CS2 capture as for CO2
and OCS where implicit solvation decreased the exergonicity
of the reaction (Table S4). This is likely caused by implicit
solvation stabilizing 1-fluoro-1H-azirine more than it stabilizes
the product 5-membered ring.
CS2 capture by the azetidines is exergonic for at 298 K,

reactions 68−73, although CS2 capture by 1-fluoro-azetidine,
reaction 72, becomes nonspontaneous below standard flue gas
temperatures. As with the aziridine based reactions, CS2
capture by azetidines is both more exothermic and exergonic
than the CO2 and OCS capture reactions. Substitution
preference for CS2 capture by 2- and 3-methyl-aziridines
follows the same trends as those for the OCS, and the 3-
methyl-aziridine is the more spontaneous reactant, reaction 45.
CS2 capture by 2H-azetes, reactions 74−79, is spontaneous
through the relevant flue gas temperature range. Similar to
OCS capture and in contrast to CO2 capture, unsaturation
adjacent to the nitrogen is preferred for all species studied for
CS2 capture
CS2 capture by ring expansion of pyrrolidines, 2H-

pyrrolines, and 3H-pyrrolines, reactions 80−85 and 171−176
in Table S7, is endergonic in the gas phase at room
temperature. As with OCS capture, select 5-membered rings
such as pyrrolidine, 1-methyl-pyrrolidine, 2H-pyrroline, 1-
methyl-2H-pyrroline, and 1-methyl-3H-pyrroline, reactions
80−85, are spontaneous or nearly spontaneous for ring
expansion capture reactions at either low temperatures or in
THF or water solution (Table S4).
SO2 Capture. The thermodynamics for SO2 capture by

nitrogen heterocycles is presented in Table 5. SO2 capture

Table 5. Nitrogen Heterocycle Ring Expansion SO2 Capture
ΔH and ΔG in kcal/mol at 298 K and Exothermic to
Endothermic, TH, and Exergonic to Endergonic, TG,
Crossover Temperature between 1 and 10,000 K at the
G3(MP2) and Isodesmic G3(MP2) Levels
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reactions are more similar to CO2 capture reactions than to
those of the OCS or CS2 capture. This is consistent with the
O�SO BDE of 131.7 kcal/mol86 which is very similar to the
O�C(O) BDE. Implicit solvation generally has a negligible
effect on SO2 capture and in many cases increases the free
energy of the reaction (Table S4). This is likely due to the
small free energy change upon implicit solvation of SO2 in
THF which corresponds to the relatively small Henry’s Law
coefficient of SO2 in THF.87 Implicit solvation in water does
increase the exergonicity for azetidine based SO2 capture. SO2
capture by aziridines, reactions 86−90, is thermodynamically
similar to gaseous CO2 capture. SO2 capture by both aziridine
and 1-methyl-aziridine is spontaneous near flue gas temper-
atures whereas SO2 capture by 1-fluoro-aziridine is non-
spontaneous at 298 K. The free energy for SO2 capture by 1-
fluoro-aziridine increases in implicit THF solvation (Table S4)
and the free energies for SO2 capture by aziridine and 1-
methyl-aziridine remain approximately constant within the
error of the method. Following the trend of 2-methyl-aziridine
based CO2 capture, the γ-substituted product is favored,
reaction 88. SO2 capture by 1H-azirines, reactions 91−93, is
spontaneous at 298 K with free energy changes similar in
magnitude to analogous CO2 capture reactions SO2 capture by
1H-azirine and 1-methyl-1H-azirine is less exergonic and 1-
fluoro-1H-azirine is more exergonic than the corresponding
CO2 reactions. All SO2 capture by 1H-azirines become less
exergonic in THF solution indicating that THF is not an
optimal solvent for SO2 capture by ring expansion of N-
heterocycles.
SO2 capture by azetidines, reactions 94−99, is less favorable

than similar CO2 capture reactions. Azetidine, 1-methyl, 2-
methyl, and 3-methyl-azetitdine have more positive free energy
changes for SO2 than for CO2, but 1-fluoro-azetidine becomes
less endergonic compared to the analogous CO2 reaction. The
use of the studied azetidines for SO2 capture at elevated
temperatures is unlikely, but further modification to the
azetidine framework may result in favorable SO2 capture at flue
gas temperatures. Analogous to CO2 capture, 2-methyl-
azetidine is slightly preferred to 3-methyl-azetidine, and the
Δ-substituted product is very slightly preferred, reaction 96.
SO2 capture by 2H-azetes, reactions 100−105, is feasible at
298 K for all three compounds and at flue gas temperatures for
unsubstituted 2H-azete and 1-methyl-2H-azete. Similar to CO2
and unlike the cases of the OCS and CS2 capture reactions,
unsaturation adjacent to the nitrogen is preferred for 2H-azete
and 1-methyl-2H-azete, reactions 100 and 102, but unsatura-
tion adjacent to the oxygen is preferred for 1-fluoro-2H-azete,
reaction 104, for SO2 capture. None of the 5-membered N-
heterocycles studied are feasible for SO2 capture at any
temperature or in implicit solvation, reactions 177−188 in
Tables S4 and S8.
Acid Gas Association Thermodynamics and Ring

Expansion Barriers. The thermodynamics for acid gas
association (GA) reactions are given in the Supporting
Information, Table S9. Formation of an association complex
between the acid gas and the amine is weakly exothermic for
CO2, CS2, and OCS but endergonic due to complex formation
from two particles to one (see Supporting Information).
Complex formation for the addition of SO2 to an amine is
substantially more exothermic, and the free energies of
complex formation are all near 0 kcal/mol or are slightly
negative.

The ring expansion reaction energy barriers for select 3- and
4-membered saturated rings are presented in Table 6 with a

representative reaction free energy pathway presented in
Figure 1. The reaction thermodynamics are consistent with
previously reported values for CO2 capture by 1,2-dimethyl-
azirdine, ΔG (initial complex) = 3.4 kcal/mol and ΔG‡ (ring
expansion energy barrier from complex) = 51.7 kcal/mol (see
Table 6 and Supporting Information).22 Ring expansion
reaction energy barriers are substantial and indicate that

Table 6. Acid Gas Capture Ring Expansion Pathway Barrier
ΔH‡ and ΔG‡ in kcal/mol at the G3(MP2) Level

ring Rxn # ΔH‡ ΔG‡

CO2

aziridine 1 55.4 66.3
2-methyl-aziridine 2 54.2 65.3
2-methyl-aziridine 3 51.4 62.2
1-fluoro-aziridine 7 62.4 73.5
1-methyl-aziridine 8 51.4 62.1
azetidine 12 58.3 69.2
2-methyl-azetidine 13 57.9 69.0
2-methyl-azetidine 14 55.3 66.1
3-methyl-azetidine 15 58.3 69.2
1-fluoro-azetidine 23 63.1 74.2
1-methyl-azetidine 24 56.1 67.1

OCS
aziridine 34 49.2 60.4
2-methyl-aziridine 35 48.4 59.9
2-methyl-aziridine 36 45.8 56.9
1-fluoro-aziridine 37 55.3 66.8
1-methyl-aziridine 38 45.9 57.1
azetidine 42 53.2 64.4
2-methyl-azetidine 43 52.7 64.1
2-methyl-azetidine 44 50.3 60.9
3-methyl-azetidine 45 53.1 64.3
1-fluoro-azetidine 46 57.2 68.4
1-methyl-azetidine 47 50.7 62.0

CS2
aziridine 60 43.3 54.2
2-methyl-aziridine 61 42.4 53.5
2-methyl-aziridine 62 39.8 50.5
1-fluoro-aziridine 63 52.9 64.0
1-methyl-aziridine 64 41.6 52.7
azetidine 68 47.6 58.2
2-methyl-azetidine 69 46.9 57.9
2-methyl-azetidine 70 47.4 57.9
3-methyl-azetidine 71 49.7 60.4
1-fluoro-azetidine 72 53.2 64.0
1-methyl-azetidine 73 45.1 56.1

SO2

aziridine 86 43.3 55.5
2-methyl-aziridine 87 39.1 51.8
2-methyl-aziridine 88 35.0 47.6
1-fluoro-aziridine 89 45.5 57.9
1-methyl-aziridine 90 41.2 53.4
azetidine 94 43.1 55.7
2-methyl-azetidine 95 44.1 56.8
2-methyl-azetidine 96 41.5 53.5
3-methyl-azetidine 97 45.0 57.6
1-fluoro-azetidine 98 49.2 61.6
1-methyl-azetidine 99 42.1 54.7

The Journal of Physical Chemistry A pubs.acs.org/JPCA Article

https://doi.org/10.1021/acs.jpca.3c06094
J. Phys. Chem. A 2023, 127, 10171−10183

10178

https://pubs.acs.org/doi/suppl/10.1021/acs.jpca.3c06094/suppl_file/jp3c06094_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpca.3c06094/suppl_file/jp3c06094_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpca.3c06094/suppl_file/jp3c06094_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpca.3c06094/suppl_file/jp3c06094_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpca.3c06094/suppl_file/jp3c06094_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpca.3c06094/suppl_file/jp3c06094_si_001.pdf
pubs.acs.org/JPCA?ref=pdf
https://doi.org/10.1021/acs.jpca.3c06094?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


higher temperatures, such as those in flue gases or the use of
catalysts, are likely necessary for this system to be
experimentally useful for acid gas capture. The barriers fall in
the following ranges: CO2, 50−65 kcal/mol; OCS, 45−50
kcal/mol; CS2, 40−55 kcal/mol; and SO2, 35−50 kcal/mol, so
SO2 capture will have the lowest energy barriers in general.
The lower barriers for SO2 addition are in part due to the fact
that SO2 is bent, whereas the other three acid gases are linear
and will have to undergo more angular distortion for the
insertion reaction to occur. The barriers follow the general
trends for overall reaction thermodynamics where the 1-fluoro
substituted molecules are less favorable. Methyl substitution
next to the ring expansion heteroatom (i.e., the γ-substituted 2-
methyl-aziridine product and the Δ-substituted 2-methyl-
azetidine product) consistently has a lower free energy barrier
no matter if it is the thermodynamically preferred product. 3-
membered ring expansion barriers are slightly lower than the
corresponding 4-membered systems, generally by 3−5 kcal/
mol. The small increase in ring expansion barriers upon
switching from 3- to 4-membered rings is likely driven by the
concomitant decrease in RSE so that less ring strain energy is
released upon ring opening to accept the acid gas. This barrier
difference is experimentally meaningful but still remains large
even for the 3-membered rings.
In order to model a chain rather than a ring, insertion of

CO2 into dimethylamine, reaction 31 in Table 2, was studied
with enthalpy and free energy barriers of 75.6 and 85.5 kcal/
mol, respectively, at the G3(MP2) level. These barriers are
approximately 20 kcal/mol higher than the ring structure
indicating that the strained ring geometry reduces the barrier
height.
A competing reaction for CO2 capture in rings with NH

moieties is the formation of carbamic acid derivatives.20 Taking
aziridine as a representative reaction, the thermodynamics for
carbamic acid formation are unfavorable compared to ring
expansion with positive enthalpy and free energy values: ΔH =
7.1 kcal/mol and ΔG = 16.9 kcal/mol, respectively. The
reaction energy barriers, ΔH‡ = 36.0 kcal/mol and ΔG‡ = 46.8
kcal/mol, are smaller than that of ring expansion at the
G3(MP2) level. Formation of the aziridine carbamic acid
derivative is slightly less endothermic and endergonic than
formation of carbamic acid from NH3 and CO2 with ΔH = 9.7
kcal/mol and ΔG = 18.9 kcal/mol, and has lower energy
barriers as compared to ΔH‡ = 45.1 kcal/mol and ΔG‡ = 54.6
kcal/mol.20 Carbamic acid formation can be catalyzed by H2O,
decreasing the enthalpy barrier by 30 kcal/mol and the free
energy barrier by 12 kcal/mol.20 The catalytic effect of H2O on
cyclic carbamic acid derivatives will be explored in future work.

Ring Strain Enthalpy. The general thermodynamics of gas
capture by ring expansion of N-heterocycles is governed in part
by the ring strain enthalpies (RSEs) of the reactants and
products. The RSE is a measure of the increase in energy of the
cyclic structure compared to reference unstrained structures; a
larger RSE indicates that the ring conformation increases the
energy by a greater amount. The RSE’s are substantially larger
for the 3- and 4-member rings than for the rings with at least 5
members. Generally, as the ring size approaches 6, the RSEs
become approximately the same and near zero as they more
closely resemble the angles in the unstrained analogs.
We have previously reported the RSEs for many of these

species and described how to calculate them.81 New RSEs for
the reactant N-heterocycles are presented in Table 7 and the

complete list is given in the SI, Table S10. Inclusion of phenyl
substituents decreased the RSE with additional phenyl groups
further decreasing the RSE with respect to the unsubstituted
N-heterocycle. The substitution location of the phenyl
moieties did not dramatically change the RSE with the largest
variation being ∼1.5 kcal/mol for 3,4-diphenylpyrrolidine
compared to 2,5-diphenylpyrrolidine and 2,3-diphenylpyrroli-
dine or 2,3,4-triphenylpyrrolidine compared to 2,3,5-triphe-
nylpyrrolidine. The RSE variance between substitution at the 2
and 3 positions on azetidine are similar for methyl and phenyl
substituents (0.9 and 1.1 kcal/mol, respectively) even though
these groups have dramatically different steric effects. Addi-
tionally, the RSE values for analogous methyl and phenyl
substituted systems were similar to differences <0.5 kcal/mol.
For 3- and 5-membered saturated rings, the inclusion of an N-
fluoro substitution increases the RSE, whereas for 4 membered
rings it decreases the RSE. Inclusion of an N-methyl

Figure 1. Reaction free energy pathway for CO2 capture by 2-methyl-
aziridine calculated at G3(MP2).

Table 7. Ring Strain Enthalpy (RSE) of Nitrogen
Heteroatom Species in kcal/mol

Molecule RSE

2-methylaziridine 27.3
2-phenylaziridine 27.5
2,3-diphenylaziridine 28.9
1-methylaziridine 29.2
1-methyl-1H-azirene 77.8
2-methylazetidine 25.0
3-methylazetidine 25.9
2-phenylazetidine 25.2
3-phenylazetidine 26.3
2,3-diphenylazetidine 26.4
2,4-diphenylazetidine 24.1
2,3,4-triphenylazetidine 26.7
1-methylazetidine 25.4
1-methyl-1,2-dihydroazete 29.5
2-phenylpyrrolidine 6.4
3-phenylpyrrolidine 6.8
2,3-diphenylpyrrolidine 7.5
2,4-diphenylpyrrolidine 5.9
2,5-diphenylpyrrolidine 6.1
3,4-diphenylpyrrolidine 8.8
2,3,4-triphenylpyrrolidine 8.0
2,3,5-triphenylpyrrolidine 6.8
2,3,4,5-tetraphenylpyrrolidine 11.7
1-methylpyrrolidine 6.0
1-methyl-2,3-dihydropyrrole 1.9
1-methyl-2,5-dihydropyrrole 6.8
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substituent decreases the RSE in all cases except for 1H-azirine
where it increases the RSE by 0.9 kcal/mol which is a minor
percentage of the extremely large RSE for 1H-azirines.
The relationship between RSE and gas phase acid gas

capture free energy changes is shown in Figure S1 and Table
S11 for the 3- and 4-member rings. Only the amide product
thermodynamics are considered for OCS capture as they are
always more favorable. In the case in which a given ring can
form two different products, only the most favorable reaction is
used. Acid gas capture exergonicity trends with RSE depend on
the ring size and saturation. The previously described trend
where, for a given ring, the order of spontaneity is CS2 > OCS
> SO2 > CO2 is apparent in Figure S1. Overall, reasonable
linear fits were found for each gas if (1) 3- and 4-membered
rings were considered together, (2) if all 3-membered rings or
if only the 3-membered saturated or unsaturated rings were
considered, and (3) if the 3- and 4-membered unsaturated
rings were grouped. Many of these reasonable linear fits are
caused by the heavy dependence of ΔG on ring size due to
large RSE differences between 3- and 4-membered and 5- and
6-membered rings and the large variation in RSE between
unsaturated 3-membered rings. Note that the products are
relatively unstrained relative to the reactants so that it is the
ring strain of the reactants which is important for the 3- and 4-
membered rings. Linear fits for the variance of ΔG with RSE of
specific subsets comprised of saturated and unsaturated 3-
membered rings and saturated and unsaturated 4-membered
rings were not good. The combined 3- and 4-membered ring
R2 values are much higher than the 4-member only version
because the variation in both ΔG and RSE are so heavily
coupled to the size of the reactant ring. The poor fits within
each ring subset are likely caused by electron donating and
withdrawing substituents having different effects, or magni-
tudes of effect, on the RSE and ΔG. For example, the electron
withdrawing properties of N-fluoro substitution consistently
make acid gas capture reactions less spontaneous, whereas its
effect on RSE varies depending on ring size and saturation.
This is not appropriately captured by the linear fit. The 3-
membered saturated rings capturing CO2 do not follow a linear
fit similar to the other acid gases. This is likely due to the
increased number of rings calculated for CO2 (the phenyl
substituents) that have similar RSE but differing reaction
thermodynamics. Additionally, the relatively good fits of just
three-membered unsaturated rings for all gases and three-
membered saturated rings for all gases except CO2 are likely
due to the low number of values in each fit (3 and 4,
respectively). Linear fit equations and R2 values for the
reaction enthalpy are provided in Table S12 and generally
agree with the free energy fitting results. The shortcomings of a
linear fit of RSE and either ΔG or ΔH point to the need for a
more complex and nuanced model. Generally, reactant rings
with high strain, primarily 3- and 4-membered rings, are
suitable for acid gas capture as the transition to a 5- or 6-
membered product ring, respectively, releases energy as the
products are not highly strained.

■ CONCLUSIONS
Acid gas capture reactions by N-heterocycle ring expansion
temperature dependent thermodynamics, acid gas adsorption
thermodynamics, ring expansion barrier energetics, and RSEs
for phenyl- and methyl substituted N-heterocycles were
studied at the G3(MP2) level. Generally, 3- and 4-membered
N-heterocycles were thermodynamically favorable for acid gas

capture at experimentally relevant, flue gas, temperatures due
to a dramatic reduction in RSE caused by ring expansion.
Inclusion of electron withdrawing nitrogen bound substituents,
specifically N-fluoro, dramatically decreased the thermody-
namic favorability of acid gas capture. 5-membered N-
heterocycles are generally not thermodynamically suitable for
acid gas capture. Capture of CS2 and OCS was more favorable
than capture of SO2 or CO2 due to BDE differences between
C�S and C�O/S�O bonds. Acid gas adsorption at 298 K is
exothermic for all N-heterocycles and gases but is exergonic
only for SO2 adsorption. Ring expansion reaction barriers are
generally high, with average values of 57, 51, 46, and 42 kcal/
mol for CO2, OCS, CS2, and SO2, respectively. The ring
expansion reaction energy barriers for 3-membered rings are
slightly lower than those for the corresponding 4-membered
rings. The addition of non-nitrogen bound phenyl or nitrogen
bound methyl substituents generally decreased the RSE
compared to the bare N-heterocycle. An increasing number
of phenyl substituents further decreased the RSE, but phenyl
substituent location played a minor role in the RSE. Overall,
RSE and acid gas capture ΔG by ring expansion is loosely
negatively correlated due to the large dependence of both
values on ring size, but linear fits of RSE versus ΔG do not
describe trends within a ring size well.
Acid gas capture by ring expansion of substituted N-

heterocycles is a potential route to sequester greenhouse gases
while, at the same time, leading to the formation of useful
intermediates that can be used in the synthesis of value-added
products. The inherent reactivity of the strained ring H-
heterocycles increases the thermodynamic feasibility of acid
gas capture and in the case of CO2 capture leads to the
formation of an amide bond. As these strained ring systems are
already in use commercially as described in the Introduction,
they thus may be suitable targets as acid gas capture agents.
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