
This is an Accepted Manuscript, which has been through the  
Royal Society of Chemistry peer review process and has been 
accepted for publication.

Accepted Manuscripts are published online shortly after 
acceptance, before technical editing, formatting and proof reading. 
Using this free service, authors can make their results available 
to the community, in citable form, before we publish the edited 
article. We will replace this Accepted Manuscript with the edited 
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the 
Information for Authors.

Please note that technical editing may introduce minor changes 
to the text and/or graphics, which may alter content. The journal’s 
standard Terms & Conditions and the Ethical guidelines still 
apply. In no event shall the Royal Society of Chemistry be held 
responsible for any errors or omissions in this Accepted Manuscript 
or any consequences arising from the use of any information it 
contains. 

Accepted Manuscript

Faraday
 Discussions

www.rsc.org/faraday_d

Faraday
 Discussions
Royal Society of 
Chemistry

This manuscript will be presented and discussed at a forthcoming Faraday Discussion meeting. 
All delegates can contribute to the discussion which will be included in the final volume.

Register now to attend! Full details of all upcoming meetings: http://rsc.li/fd-upcoming-meetings

This is an Accepted Manuscript, which has been through the  
Royal Society of Chemistry peer review process and has been 
accepted for publication.

Accepted Manuscripts are published online shortly after 
acceptance, before technical editing, formatting and proof reading. 
Using this free service, authors can make their results available 
to the community, in citable form, before we publish the edited 
article. We will replace this Accepted Manuscript with the edited 
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the 
Information for Authors.

Please note that technical editing may introduce minor changes 
to the text and/or graphics, which may alter content. The journal’s 
standard Terms & Conditions and the Ethical guidelines still 
apply. In no event shall the Royal Society of Chemistry be held 
responsible for any errors or omissions in this Accepted Manuscript 
or any consequences arising from the use of any information it 
contains. 

Accepted Manuscript

View Article Online
View Journal

This article can be cited before page numbers have been issued, to do this please use:  M. Mercy, N. H. de Leeuw and R. G.
Bell, Faraday Discuss., 2016, DOI: 10.1039/C6FD00081A.

CORE Metadata, citation and similar papers at core.ac.uk

Provided by UCL Discovery

https://core.ac.uk/display/79519051?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/
http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/
http://dx.doi.org/10.1039/c6fd00081a
http://pubs.rsc.org/en/journals/journal/FD


Faraday Discussions  

PAPER 

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 1  

Please do not adjust margins 

Please do not adjust margins 

Received 00th x  20xx, 

Accepted 00th  x 20xx 

DOI: 10.1039/x0xx00000x 

www.rsc.org/ 

Mechanisms of CO2 Capture in Ionic Liquids:  A 

Computational Perspective 

Maxime Mercy,
a
 Nora H. de Leeuw*

a,b
 and Robert G. Bell*

a
 

We present computational studies of CO2 sorption in two different classes of ionic liquid. The addition of carbon dioxide to 

four superbase ionic liquids, [P3333][Benzim], [P3333][124Triz], [P3333][123Triz] and [P3333][Bentriz] was studied using 

DFT approach and considering anions alone and individual ion pairs. Addition of CO2 to the anion alone clearly resulted in 

the formation of a covalently-bound carbamate function with the strength of binding correlated to experimental capacity. 

In the ion pair however the cation significantly alters the nature of the bonding such that the overall cohesive energy is 

reduced. Formation of a strong carbamate function occurs at the expense of weakening the interaction between anion 

and cation.  In [N111][L-ALA], a representative amino acid ionic liquid, evidence was found for a low-enegy monomolecular 

mechanism for  carbamate formation, explaining the 1:1 molar uptake ratio observed in some amino acid ionic liquids. The 

mechanism involves proton transfer to to the carboxylate group of the aminate anion.   

Introduction 

Ionic liquids have been widely investigated as potential carbon capture media since the first report of the 
solubility of CO2 in [bmim][PF6] by Blanchard et al.1 In addition to high capacities for CO2 sorption, other 
favourable attributes of ionic liquids (IL) are their very low vapour pressures, high thermal stability and 
wide chemical tunability of both the cation and anion component. Many ionic liquids have subsequently 
been found to have promising CO2 uptake and release capacities. The possibility of designing an IL 
specifically for CO2 capture was first reported by Bates et al.2, who used an amine functionalised anion to 
perform removal of CO2 from natural gas. The maximum observed molar capacity of 0.5 CO2/IL, together 
with other data indicating the formation of carbamate functions, suggested a bimolecular uptake 
mechanism, similar to that seen in neutral amines such as monoethanolamine where CO2 chemisorption 
leads to the formation of an ion pair comprising a carbamate anion and an ammonium cation. In recent 
years there has been accelerating interest in functionalised ILs which can effect chemisorption of CO2. 
This is associated with much higher capacities than physisorption, though it should be noted that strong 
binding of CO2 is not necessarily advantageous if the adsorbing IL is subsequently required to be 
regenerated. In 2010, Wang and co-workers3 reported 1:1 molar adsorption of CO2 using an IL containing a 
so-called “superbase” (SB) or aprotic heterocyclic anion (AHA). A variety of SBILs were subsequently 
studied4, with a link found between CO2 uptake capacity and pKa of the superbase anion. A range of 
functionalised ILs with superbase anions were discussed by Wu et al.5, who investigated the relationship 
between adsorption enthalpy, calculated by first-principles methods, and observed CO2 capacity with the 
aim of designing Ils optimised for the CO2 capture process. They also drew attention to the problem of 
viscosity, which tends to increase with CO2 content in many amine-functionalised ILs, but far less so with 
may aprotic anions.   In 2015, Taylor and co-workers6 measured the CO2 adsorption capacities for a range 
of SBILs under wet and dry conditions. Among four SBILs, based on N-heterocyclic aprotic anions, molar 
adsorption capacities ranged from 30% to 120%. 13C-NMR spectroscopy confirmed the formation of 
carbamate bonds during the capture process.    
Ionic Liquids based on amino acids (AAILs), where the anion is an aminate, has also been proposed as 
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potential CO2 capture media, due to their possession of an amino group on the anion. A number of 
authors7-10 have studied CO2 adsorption in AAILs. The molar uptake ratio can be 1:1 or 1:2 molar 
depending on the anion and the cation. For example [N2224][ALA] shows an absorption capacity of 1 mole 
of CO2 for 2 moles of ionic liquids (1:2), typical of amino-functionalised ILs, whereas [P666,14][PRO]  
exhibits equimolar absorption (1:1) 9.  The question arises then as to whether two different mechanisms are 
in operation. A maximum 1:2 ratio implies the classic bimolecular amine mechanism; 1:1 suggests a 
monomolecular mechanism involving one anion, possibly terminating at the formation of carbamic acid 
group on the anion.  It is commonly known that amino acids in solution form a stable zwitterion by transfer 
of the acidic proton to the amine resulting in a combination of a carboxylate and an ammonium. The anion 
derived from an amino acid is the basic form composed of a carboxylate and a primary amine. However 
upon chemisorption of CO2, a shift of proton to the original carboxylate function could also be imagined. 
Equally it is possible that a monomolecular mechanism is more broadly dominant with dimerization 
occurring subsequently.  Recently8, a combination of NMR and IR-spectroscopy suggests an 
intramolecular carbamate mechanism to explain the 1:1 mechanism with post-dimerization being proposed 
to explain observation of the 1:2 capacity. 
In this paper we examine computationally two aspects of CO2 capture in ionic liquids. In the first part we review a 
study of ionic liquids based on the so-called “superbase” or aprotic heterocyclic anion. Four different anions are 
studied, and it is shown that the enthalpy of sorption of CO2on the anion is strongly related to the experimental CO2 

capacity. Inclusion of a cation in the calculations illustrates that CO2 binding acts to weaken the interionic forces 
within the IL.  In the second part we introduce a DFT study of CO2 addition to a model amino acid IL. Again, 
anion-only and ion pair models are used. We show that a monomolecular mechanism is energetically feasible, 
leading to 1:1 molar uptake of CO2. 

Methodology. 

Density functional theory calculations were carried out using the Minnesota density functional M0611. This 
hybrid meta-exchange correlation functional is versatile and included in its construction is a non-local 
interaction term that make it well-suited to the treatment of ionic and hydrogen bonding12. Its predecessor 
M05 has been tested successfully for ionic liquids13. A Pople basis set 6-311+G(d,p) was used for all 
atoms.  All cations, anions and ionic pairs were optimised using the software Gaussian 0914 without 
symmetry constraints and, for each geometry, the nature of minima were checked with a frequency 
calculation. Energies were corrected for the zero-point energy and relative enthalpies were calculated at 
298.15 K.  Natural bond analysis (NBO) was carried out with NBO 3.115 as implemented in Gaussian 09. 
Atoms in Molecules (AIM) analysis16 was done with  multiwfn17. For each ion pair, there are multiple 
possibilities to arrange the cation and the anion to form each ionic pair. For the SBILS, two methods of 
building ionic pairs were followed in order to obtain local minima near to the global minimum on the 
potential energy surface. In the first, a molecular dynamics trajectory of five ns was generated at high 
temperature in the NVT ensemble using the AMBER software with the GAFF force field18. A large cell 
with one ionic pair was used. From the resulting trajectory, ten to twenty steps were extracted. These 
structures were optimized at DFT level with a small basis set, and the five most stable structure were then 
optimized at the M06/6-311+G(d,p) level. In parallel, the tetraalkylphosphonium cation and the anion were 
positioned in different configurations by human chemical intuition and optimized. For each SBIL ion pair, 
multiple minima were found which were very close in energy to the most favourable structure. This can be 
attributed to the configurational flexibility of the cation’s alkyl chains. In the following analyses, only the 
most favourable structures are described. The geometries were created and monitored with Molden19 and 
VMD20.  
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2 Results and Discussion 

A Superbase ionic liquids 

The ion pair 
Minimum energy ion pair configurations are shown in figure 1 and the pairing energies are given in table 
1, along with data on the amount of charge transfer between cation and anion, and the shortest interionic 
N-P distance. From figure 1 it can be discerned that in general the cation and anion are positioned relative 
to one another so as to maximise the interactions between heterocyclic nitrogen and the HC1 hydrogens, i.e. 
those bonded directly to the α-carbons of the phosphonium ion. N-HC1 distances are shown where they are 
less than 2.75 Å. The ascending order of pairing strength is [Benzim] < [Bentriz] < [124Triz] < [123Triz]. 
In fact there is a rough correlation between the pairing energy and the number of N-HC1 distances less than 
2.75 Å, namely 3, 5, 7 and 8 respectively, though considering only the shortest such distance, there is no 
correlation with the pairing energy. For [124triz], the configuration of the three nitrogen atoms means that 
one of the aromatic nitrogens, N4, must point away from the phosphonium cation. For [Bentriz] the three 
adjacent nitrogens intract strongly with the cation such that the benzene ring is effectively a spectator. By 
contrast, [Benzim] shows a π-HC1 interaction with its benzene ring, which affords additional stability to the 
ionic pair. In all the cases, of course, additional van der Waals interactions are likely to exist with longer 
chain cations, and within the bulk liquid. In a previous work 21, we carried out a detailed analysis of the 
bonding using NBO15. Key findings were that that the interionic bonding may be characterised in terms of 
a manifold of weak bonds, involving nitrogen as a lone pair donor, interacting with an empty σ bond 
orbital, either σ* (C-H) or σ* (P-C). An analysis using Bader’s Atoms in Molecules (AIM) approach16 
suggested that none of these hydrogen bonds had a strength greater than 16 kJ mol-1. Charge distribution 
analysis was carried also out using AIM, and the overall charge transfer from anion to cation is 
summarised in table 1. The values of charge transfer lie between 0.06 and 0.12. Again this quantity is 
correlated to the pairing energy, with stronger pairing being characterised by a larger charge transfer. 
 

  
 
 
 

Scheme 1. Representation of the adduct, X-
Ny*, and carbamate product, X-

Ny, from CO2 addition on a nitrogen 
Ny of an N-heteroaromatic anion (AHA), X- 
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Interaction with CO2.  
The addition of CO2 was investigated assuming the mode of binding shown in Scheme 1, i.e. with bonding 
principally only to nitrogen atoms of the anion. There are two distinct cases encountered: chemisorption of 
CO2 resulting in N-C carbamate bond formation and loss of CO2 linearity, and an intermediate “adduct” 
state in which CO2 is closely physisorbed but no covalent bond formation occurs. In our current SBIL 
systems21, we observe both these types of CO2 binding, which occur as minima on the potential energy 
surface.  
 

 

 

 

 

Figure 1. Ionic pairs comprising a tetrapropylphosphonium cation, [P3333]
+, with the four anions: (a) 

[P3333][Benzim], (b) [P3333][124Triz], (c) [P3333][123Triz] and (d) [P3333][Bentriz]. Dashed lines indicate 
intermolecular N-H distances less than or close to the sum of the vdW radii (2.75 Å) Colour code: blue – 
nitrogen; yellow – phosphorus; grey – carbon; white – hydrogen. 
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Addition of CO2 to Superbase Anion  

Addition of CO2 to the anion only was attempted at all non-equivalent nitrogen positions of the four 
anions. Related data are given in table 2. There are a number of key points to observe. In all cases, 
chemisorption of CO2 is exothermic, but despite the similarity between the four anions, which all 
coordinate to CO2 through aromatic N atoms, the energies of addition vary considerably between -13 kJ 
mol-1 and -56 kJ mol-1. Even the lowest energy configurations for each anion vary between -30 and -56 kJ 
mol-1. Importantly we also see here a clear correlation between the experimentally observed CO2 uptake 
and the value of the carbamate formation enthalpy, namely the sequence [Bentriz]- < [123Triz]- < 
[124Triz]- < [Benzim]-. The correlation between the two quantities can be clearly seen in figure 2 where 
we also show analogous energies calculated by other authors. 4, 22  From table 2(b) we also note the 
energies of the physisorbed adduct, where located, are generally lower than for the carbamate. However 
for [Bentriz]- and [123Triz]- energies are within a few kJ mol-1, and for [Bentriz]-

N2 the adduct is even 
energetically preferred. 
 
Table 2. Selected properties for (a) carbamate formation for the anion alone x

-
Ny and (b) the respective adduct 

formation x
-
Ny*: ∆Hr and ∆Ha are respectively heats of carbamate and adduct formation; d(Nx-C) the shortest 

N(cation) – C(anion) distance; α(OCO) O-C-O angle in the carbamate/adduct; δ'AHA and δ'CO2 respectively the total 
NAO charges on the superbase and CO2 moieties.   nl=not located on the PES 

(a) ∆Hr 

/kJ mol-1 
d(Nx-C) 

/Å 
α(OCO) 

/º 
δ'AHA δ'CO2 

 
(b) 

 
∆Ha 

/kJ mol-1 
d(Nx-C) 

/Å 
α(OCO) 

/º 
[Benzim]-

N1 -55.99 1.55 136.1 -0.46 -0.54  [Benzim]-
N1* -30.81 2.39 165.4 

[124Triz]
-
N1 -55.24 1.59 137.9 -0.46 -0.54  [124Triz]

-
N1* nl      

[124Triz]-
N4 -54.29 1.57 137.1    [124Triz]-

N4* nl     
[123Triz]

-
N1 -47.60 1.61 138.6 -0.51 -0.49  [123Triz]

-
N1* nl     

[123Triz]-
N2 -38.44 1.67 140.5    [123Triz]-

N2* -31.35 2.32 163.3 
[Bentriz]

-
N1 -30.80 1.62 138.8 -0.53 -0.47  [Bentriz]

-
N1* -26.03 2.47 168.1 

[Bentriz]-
N2 -13.54 1.82 146.3    [Bentriz]-

N2* -23.71 2.52 169.1 
 

 

Figure 2. Comparison of calculated CO2 addition enthalpies for the four anions from the anion-only model, 
plotted against experimental CO2 uptake from Taylor et al. Key to data points: red circles from Wang et al.4 for 
[124Triz]-

N4 and [Bentriz]-
N4, green from Seo et al.22 for x-

N1, blue from Seo et al.22 for [124Triz]-
N4 and [123Triz]-

N2, yellow and black from this work for x-
N1 and x-

N2 respectively. 
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Addition of CO2 to the Ion Pair 

The formation of carbamate and CO2 adducts on a single ion pair, comprising a superbase anion and 
[P3333]

+ cation was also simulated. As in the case of the anion, all non-equivalent N positions were 
considered. The calculated energies are given in table 3. The enthalpies of reaction and adduct formation, 
∆Hr and ∆Ha respectively, are calculated with reference to the separate CO2 and optimised ion pair, i.e. 
differences in pairing strength are not reflected in the ∆H values. For each of the ion pairs, the carbamate 
formation energy is clearly less favourable that that for the anion alone, and is even endothermic at some 
nitrogen positions ([123Triz]N2 and [Bentriz]N2) as a result of including the cation in the calculation. We 
also see that relationship with the experimental adsorption capacity is less clearly defined. With the lowest 
values of ∆H for each ion pair [Benzim] and [124Triz] are the most strongly bound and [123Triz] and 
[Bentriz] the least. In the latter two cases, the order is reversed from the  experimental trend. It is clear that, 
for these ion pairs, the adducts fall in the same energy range as the carbamate products, indicating possible  

Figure 3. Carbamate ionic pairs resulting from N1 CO2 addition on the four ionic pairs: (a) [P3333][Benzim], (b) 
[P3333][124Triz], (c) [P3333][123Triz] and (d) [P3333][Bentriz]. Dashed lines indicate intermolecular N…H or O…H 
distances less than or close to the sum of the vdW radii (2.75 Å) Colour code: blue – nitrogen; yellow – 
phosphorus; grey –  carbon; white – hydrogen, red - oxygen. 
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competition between physi- and chemisorption. In order to gain more insight into the energetics and 
bonding of CO2 within the ion par, an ion paring energy ∆EIPCO2 was determined for each of the ion pair-
carbamate products. This energy was defined with respect to the optimised anion-only carbamate and 
separate optimised [P3333]

+ cation. These data are given in table 4, together with characteristic distances and 
values extracted from NAO charge analyses of the optimised ion pair-carbamate clusters. For each ion 
pair, ∆EIPCO2 was more negative in the case where the carbamate binding was stronger. However in general, 
the difference in ion pairing energies before and after carbamate formation is broadly similar to the 
difference between the carbamate formation energy in the anion-only and ion pair models:  

∆Hr(xNy) - ∆Hr(x
-
Ny) =~ (∆EIPCO2-∆EIP) 

In other words, formation of a carbamate function by adsorption of CO2 always has a corresponding 
destabilising effect on the bonding between the cation and anion, which partly explains why there can be a 
fine balance between physi- and chemisorption, as observed for the [123Triz] and [Bentriz] ionic pairs. For 
these ion pairs, an equilibrium between coordinated and non-coordinated CO2 could plausibly exist, 
explaining the lower experimental CO2 uptake. By contrast, the strong preference for N1-carbamate 
formation for [Benzim] and [124Triz] is consistent with the observed high CO2:IL molar ratio, suggesting 
possible 1:1 uptake via (virtually complete) carbamate formation.  
In terms of the geometries of the optimised systems (fig. 3) the effect of CO2 addition can be seen in shifts 
in the relative positions of anion and cation. The superbase aromatic component moves away from its 
optimum position, allowing closer interaction between the COO- moiety and the cation. This can be 
quantified, for instance in the case of [P3333][Benzim], by the rSN distance increasing from 2.19 Å (without 
CO2) to 2.62 Å, whereas the shortest OCOO--HC1 distance is 2.25 Å. The important network of weak 
interionic hydrogen bonds involving aromatic nitrogen is significantly disrupted, due to the preferential 
binding to CO2. By contrast, in the adducts [PCCP] the position of the anion is less affected by the 
presence of CO2.  
As seen previously for the anion, the bonding strength of carbamate can be characterised by its geometric 
properties (table 3): the Nx-C carbamate bonds are generally shorter in the ion pair than for the anion-only 
model, and the O-C-O angles are also lower. Thus it seems that, although overall ∆Hr values are less 
favourable in the ionic pair, the bonding of the carbamate moiety itself is actually stronger. There are two 
things which should be noted here; firstly the presence of the cation increases the negative charge on the 
N1 nitrogen for [124Triz], [123Triz] and [Bentriz] thereby enhancing the Lewis basicity at that position. 
Secondly the overall charge distribution between the superbase (“original” anion) and CO2 moieties shows 
distinct changes: in the anion-only model about half the negative charge of the anion is transferred to the 
CO2 (δ'CO2 in table 2). In the ion pair-carbamate, the overall charge transfer (see table 4) between anion and 
cation is similar to the case without CO2 present, but virtually all the charge transfer is from the superbase 
(AHA), making the anion less negative overall, with the exception of the carbamate (NCOO) function. The 
combined effect is thus that the cation has a significant effect of strengthening the carbamate bond while at 
the same time weakening the anion-cation interaction. The extent to which this occurs also depends 
significantly on the anion. 

Table 3. Selected properties for (a) carbamate formation on the ionic pair [P3333][x] for each nitrogen Ny on the anion x 
(xNy) and (b) the respective adduct formation xNy*. ∆Hr and ∆Ha are respectively heats of carbamate and adduct formation; 
d(Nx-C) the shortest N(cation) – C(anion) distance; α(OCO) O-C-O angle in the carbamate/adduct; |θ|(CNCO) the C-N-C-
O torsion angle characterising ring/carbamate coplanarity. nl=adduct not located on the PES 

(a) 
 

∆Hr 

/kJ mol-1 
d(Nx-C) 

/Å 
α(OCO) 

/° 
|θ|(CNCO) 

/°  
(b) 

 
∆Ha 

/kJ mol-1 
d(Nx-C) 

/Å 
α(OCO) 

/° 
[Benzim]N1 -35.82 1.49 131.5 3.7  [Benzim]N1* -8.29 2.61 172.2 
[124Triz]N1 -32.62 1.51 133.6 8.4  [124Triz]N1* -21.92 2.79 175.3 
[124Triz]N4 -9.06 1.49 131.9 6.4  [124Triz]N4* -17.93 2.77 175.1 
[123Triz]N1 -13.50 1.57 137.0 3.5  [123Triz]N1* -12.46 2.70 174.2 
[123Triz]N2 +1.91 1.52 132.9 7.8  [123Triz]N2* nl   
[Bentriz]N1 -13.03 1.55 136.0 4.0  [Bentriz]N1* -10.63 2.74 174.5 
[Bentriz]N2 +14.47 1.62 138.0 17.2  [Bentriz]N2* -15.66 2.79 176.0 

Page 7 of 13 Faraday Discussions

Fa
ra

da
y

D
is

cu
ss

io
ns

A
cc

ep
te

d
M

an
us

cr
ip

t

Pu
bl

is
he

d 
on

 0
3 

M
ay

 2
01

6.
 D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 C

ol
le

ge
 L

on
do

n 
on

 1
2/

07
/2

01
6 

15
:5

8:
48

. 

View Article Online

DOI: 10.1039/C6FD00081A

http://dx.doi.org/10.1039/c6fd00081a


ARTICLE Journal Name 

8 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx 

Please do not adjust margins 

Please do not adjust margins 

B Amino Acid ionic liquids 

As a representative of ionic liquids based on aminate anions, we report results on the ion pair 
[N1111][ALA]. This has been used as an initial model system to explore possible mechanisms for CO2 
uptake in such AAILs. The alanate ion derived from the biologically-common L-alanine enantiomer was 
chosen, though for convenience we refer to the anion as [ALA]-. As discussed earlier, a 1:2 CO2:IL molar 
uptake ratio, as commonly observed in many cases, implies a bimolecular mechanism, analogous to that 
observed for organic amines, wherein CO2 forms a carbamate bond, with a proton transferring to a second 
amine molecule to form an ammonium-carbamate pair. An alternative 1:1 ratio suggests an intramolecular 
mechanism, with each anion accommodating one CO2. Evidence strongly suggests that this would be 
solely via carbamate (or carbamic acid) formation. In terms of chemisorption of CO2, alternative 
competing monomolecular and bimolecular mechanisms may therefore exist depending on the precise 
nature of the ion pair, and also potentially on other conditions. It should also be noted that a favourable 
monomolecular mechanism for initial CO2 uptake does not preclude subsequent dimerization, leading to 
the observation of a 1:2 uptake capacity. For this reason we have initially studied the energetics of 
intramolecular CO2 addition mechanisms. Local minina and transition states for the possible pathways 
have been calculated using both anion-only and ion pair models. 
 
Intramolecular pathway 
The addition of CO2 was investigated according to the possible intramolecular mechanisms shown in 
scheme 2. In pathway (i), CO2 addition to the amine function, forming a carbamate bond is accompanied 
by proton shift from the original amino group to the carboxylate function, resulting in the formal negative 
charge now residing on the carbamate. We refer to this as the carbamate or “carba” mechanism.  
Conversely in pathway (ii) the proton shifts onto the newly-bound CO2 moeiety, forming carbamic acid, 
with the anionc carboxylate retained. In the present work this is denoted as the “carbo” mechanism. 
Ultimately the anion may achieve the 7-membered ring structure shown as b3

-. However, it can be 
imagined that the two separate pathways via b1

-  or 
b2

- could have very different energetics, which may also 
depend on the nature of other ions in the immediate proximity.  
In table 5 the energies of species involved in the mechanisms are given. Both ∆E corrected for zero-point 
energy (∆EZPE) and ∆H at 298 K are given for comparison. The species are denoted as in scheme 2, and 
also include adducts, a---CO2, which are found by following the intrinsic reaction coordinate. Species from 
the ion pair model are illustrated in fig. 4.  

Table 4. Selected properties of the most stable ionic pair-carbamates Charges δ from NAO analysis of the 
carbamate with δ'AHA and δ'CO2 the NAO charges as split between the superbase and CO2 moieties. CT is the 
total charge transfer from cation to anion. rSN and rSO are respectively the shortest distances between N(anion) 
and H(cation) and between O(carbamate) and H(cation). 

 ∆EIPCO2 

/kJ mol-1 
δ'AHA δ'CO2 CT rSN 

/Å 
rSO 

/Å 
[Benzim]N1 -344.18 -0.35 -0.59 0.06 2.62 2.25 
[124Triz]N1 -351.68 -0.38 -0.55 0.08 2.29 2.18 
[124Triz]N4 -328.37 -0.37 -0.55 0.07   
[123Triz]N1 -363.09 -0.45 -0.50 0.05 2.43 2.15 
[123Triz]N2 -356.22 -0.38 -0.55 0.07   
[Bentriz]N1 -354.17 -0.43 -0.52 0.05 2.44 2.14 
[Bentriz]N2 -340.58 -0.50 -0.46 0.04   
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In the carba pathway, (i), the addition of CO2 to the anion nitrogen Na leads to a 5-membered ring 
transition state (Fig. 4). An N-H bond is broken whereas an O-H bond is formed; a proton is thus 
transferred from the amine group to the carboxylate to form b-

1, a bifunctional anion with carboxylic acid 
and carbamate groups. In the carbo pathway, (ii), the addition of CO2 on the anion nitrogen Na leads to a 4-
membered-ring transition state TS(ii) (x). In this case a hydrogen is transferred from the amine group to 
the carbamate to form b-

2, an anion with carbamic acid and carboxylate function. Thermodynamically, the 
two products are in competition as the energy difference between products b-

1 and b-
2 is less than 10 kJ 

mol-1 for both the anion-only and ion pair model, though the presence of the cation makes the b
-
2 very 

slightly exothermic with respect to the ion pair and CO2 separately. However a major difference between 
the pathways is the accessibility of the transition state: TS(i) is always much more favourable that TS(ii), 
by about ~80-90 kJ mol-1, implying that the carba mechanism would dominate under normal conditions. A 
simple explanation is that carbo mechanism will always require a 4-membered ring transition state, which 
is intrinsically more strained that a 5-membered ring.  
Finally, from both products, it is possible to locate a common post-product b

-
3. It is obtained by the 

rotation of the anion’s CO2 groups about their N-C bonds resulting in the proton being shared between the 
two carboxylate functions. b-

3 is close to, or lower in energy than b-
1 and b

-
2, and the energetic barriers to 

bond rotation are not especially large, making interconversion possible between the three products b-
1, b

-
2 

and b-
3. 

 

  

Table 5. Calculated energies of species from intramolecular pathways (i) and (ii) for addition of CO2 to 
], ion both the anion-only and ion pair models. All energies in kJ.mol-1. 

   (i) carba   (ii) carbo   
  a---CO2 TS(i) b-

1 a---CO2 TS(ii) b-
2

 b-
3 

[ALA]- ∆EZPE -17.95 -1.72 -20.80 -26.53 94.33 -28.44 -63.75 
 ∆H -21.00 -6.87 -25.35 -29.67 89.50 -31.67 -69.45 
         

IP ∆EZPE -17.27 30.80 -4.06 -20.13 126.19 5.37 -18.80 
 ∆H -20.23 24.20 -9.50 -22.47 120.48 0.66 -23.32 
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Conclusions 

In this work we have examined mechanisms of CO2 uptake in two different classes of ionic liquid, with the 
aim of elucidating aspects of the adsorption process which may lead to the design of more effective IL 
sorbents. It is clear from both experiment and computation that functionalised anions containing classic 
amino groups, or aprotic heterocyclic N-donors, will always tend to bond strongly via carbamate bond 
formation (chemisorption). In order to maximise the CO2 uptake in such ILs, the overall enthalpy of 
sorption needs to be optimised. This can include a significant counteracting contribution arising from the 
weakening of the interionic bonding. In the superbase ILs studied, the enthalpy was most strongly 
influenced by the basicity of the N-donor, depending on the number of neighbouring N atoms in the 5-
membered aromatic ring.   On the other hand, it may not always be desirable to have the strongest binding: 
requirements of sorbent regeneration may dictate the use of ILs with intermediate capacity for CO2.  In this 
regard, in would be beneficial to consider ILs in which carbamate formation occurs, but is less exothermic, 

(i) carba (ii) carbo 

a
-
--CO2 

TS 

b
-
1 

b
-
2 

b
-
3 

Figure 4. Molecular species from the two intramolecular pathways for CO2 addition to ] in the ion 
pair model. All species labelled as in Scheme 2. 
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and an equilibrium can be established between physi- and chemisorbed species. In the case of the SBILs 
studied, this occurs when the ionic hydrogen bond network is disrupted by CO2 sorption. 
The study of the amino acid IL [N1111][ALA] revealed the existence of a thermodynamically feasible 
monomolecular mechanism for carbamate formation, which accounts for the 1:1 molar CO2 uptake 
capacity observed for some AAILs. A mechanism involving proton transfer to the (non N-bonded) 
carboxylate group is strongly favoured since the alternative proton transfer to the carbamate involves a 
more strained 4-membered ring transition state. However the “carbamate” and “carboxylate” are closer in 
energy that the transition states. From experimental studies it is clear that a wide range of uptake capacities 
is possible in AAILs, depending on the identity of the anion as well as the cation, which again suggest that 
the AAIL could be “tuned” to target an optimal CO2 capacity. Further studies will be required in order to 
compare the monomolecular with bimolecular mechanisms, and to consider the effect of different aminate 
anions on the CO2 addition process. 
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