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Abstract

The addition of carbon dioxide to four superbase ionic liquids, [Ps;3;3][Benzim], [Pi333][124Triz],
[P3333][123Triz] and [Ps333][Bentriz] was studied using a molecular DFT approach involving anions
alone and individual ion pairs. Intermolecular bonding within the individual ion pairs is characterised
by a number of weak hydrogen bonds, with the superbase anion geometrically arranged so as to
maximize interactions between the heterocyclic N atoms and the cation. The pairing energies show no
correlation to the observed CO, adsorption capacity. Addition of CO, 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 the more
weakly absorbing ion pairs which contain [123Triz]" and [Bentriz]", the carbamate-functionalised
systems are very close in energy to adducts in which CO, is more weakly bound, suggesting an
equilibrium between the chemi- and physisorbed CO..

A. Introduction

The limitation of anthropogenic CO, emissions is an issue of global importance. In particular
there have been significant advances in the utilization of CO, as a chemical reagent to
synthesize products with high added value. To be attractive, these processes depend on the
economic sustainability of CO, capture. Thus an important field of research focuses on the
capture of CO, from different sources of gas originating, for instance, from a power plant, an
incinerator or a digester. Possibilities exist for CO, capture: e.g. amine based sorbents' ™ and
microporous oxide and metal-organic frameworks™*. However, these methods have drawbacks
in terms of sustainability and selectivity. Since the observation of CO, solubility in 1-butyl-3-
methylimidazolium hexafluorophosphate [CymIm][PF] by Brennecke and co-workers’, many
ionic liquids (ILs) have been shown to have promising CO, absorption and release capacities
via physisorption. Subsequently in 2002 Davis and co-workers first proposed ILs with amino
functional groups as selective adsorbents of CO, via chemisorption’. They were able to reach a
1:2 molar absorption capacity (1 mole of CO, for 2 moles of IL) at ambient conditions. Since

then, there has been growing interest in functionalized ionic liquids, which offer
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chemisorption of CO,. However, although ILs that absorb CO, chemically have much higher
capacities compared to those that physically absorb CO,, recovery of the CO, and regeneration
of the IL will require more energy. Thus, ILs with which CO, forms a weak chemical bond
should ideally be targeted for capture applications. In a situation where CO, is activated and
converted in situ (perhaps in the presence of an additional catalyst), chemisorption would be
desirable and the cost of recovering CO, not relevant.

1:1 molar absorption of CO, at atmospheric pressure by an IL containing an aprotic
heterocyclic anion (AHA) was first reported in 2010 by Wang et al.’. The following year,
Wang et al. explored some AHAs based on N-heterocyclic organic compounds, with one or
more nitrogen atoms in a five-membered ring, to produce what have been termed superbase
ionic liquids (SBILs) due to their high pK, values. A wide range of absorption capacities was
reported, up to a molar capacity of 1:1°, with a link found between the pK, of the
corresponding superbase and the absorption capacity. Calculated estimates of the absorption
enthalpies were made using Density Functional Theory (DFT), showing a link between the
absorption capacity and the value of the enthalpy. In a perspective paper in 2012, the effect of
different substitutions (-CHs, -F, -CF;,0CH;, efc.) on four AHAs on their CO, capture capacity
was calculated’. A wide range of absorption enthalpies between CO, and these AHAs from -
10 kJ mol™ up to -100 kJ mol™ was demonstrated. In this work the enthalpy was calculated
according to Scheme 1. The cation was neglected as it is often assumed that the cation does
not make a major contribution to the CO, absorption'”'". In 2014, this tuning of SBILs was the
subject of further experimental studies in which their high industrial potential was
confirmed.'” Indeed the absorption of CO, by AHAs is fast and exothermic at atmospheric
pressure and room temperature. The wide range of CO, absorption capacities possible in these
systems make them tuneable. It was also shown that viscosity is low and is not significantly
affected by absorption, in contrast to other task-specific ionic liquids such as the amino-acid
based ionic liquids®".

In the same year, Taylor ef al. determined the absorption capacities for four superbase ionic
liquids (SBILs) (Table 1)". Absorption capacity was determined under both dry and wet
conditions. Molar absorption capacities from 30 % to 120 % were observed using a
gravimetric saturation technique for four SBILs in which the «cation trihexyl-
tetradecylphosphonium ([Pgee.14]7) Was paired with the anions benzotriazolide ([Bentriz]),
benzimidazolide ([Benzim]), 1,2,3-triazolide ([123Triz]"), and 1,2,4-triazolide ([124Triz])
(Scheme 2). C-NMR spectroscopy confirmed that the addition of CO, to the SBILs resulted
in the formation of carbamates. The current paper serves to augment this previous work by
adding a theoretical dimension. The interaction between CO, and the AHAs is described from
an electronic point of view within the approximation of DFT. In previous studies®”'* DFT was

used to evaluate the absorption enthalpy but no description of the bonding situation was given.
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Some of the AHAs have inequivalent nitrogen atoms but this was not always taken into
account. For example, for the anion [124Triz]", CO, addition is presented on nitrogen N4 in
one paper® and on nitrogen N, in another'”. In addition, in these previous studies, the effect of
the cation was neglected when evaluating the CO, addition enthalpy. However, recent work
has demonstrated the influence of the cation on the electronic properties of the ionic pair'>'®
highlighting the importance of H-bonding in the pairing'’ and the direct effect of the cation on
CO, absorption properties'®.

The first section of this paper describes the methods and tools employed in this work along
with results and discussion of the charge and electron density analyses for the four SBILs. In
the second part, addition of CO, to the four anions will be presented both with and without
inclusion of an explicit cation; enthalpies of addition, geometrical and electronic properties of
the anion-CO, bonding will be compared for both models and among the four anions. The

different results are compared with observed absorption capacities.

B. Simulation Details - Methodology

Density functional theory calculations were carried out using the Minnesota density functional
MO06'. This hybrid meta-exchange correlation functional is versatile and included in its
construction is a non-local interaction term that makes it well-suited to the treatment of ionic
and hydrogen bonding®. Its predecessor M05 has been tested successfully for ILs*'. 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 09> 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.
Various tools were used to analyse the electronic density. Natural bond analysis (NBO) was
carried out with NBO 3.1** as implemented in Gaussian 09. Atoms in Molecules” (AIM)
analysis was done with multiwfn®®.

There are multiple possibilities to arrange the cation and the anion to form each ionic pair.
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 field®’. 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 ion pair,

multiple minima were found which were very close in energy to the most favourable structure.
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This can be attributed to the configurational flexibility of the cation’s alkyl chains. In the
following analysis of the ionic pairing, only the most favourable structures are described. The
geometries were created and monitored with Molden®® and VMD?’ and the pictures were

prepared with CYLview’’ and VMD.

C. Results and discussion

C.1. The Ionic Pair

In order to avoid unnecessarily resource-intensive calculations and to decrease any error
attributed to the alkyl chain configuration, we chose to use the tetrapropylphosphonium cation
[P3333] as a model for the experimental cation trihexyl-tetradecylphosphonium [Pess14] . We
note here that the balance of forces would be expected to differ slightly between the two
cations, with the cohesive energy of the ionic liquid being influenced more strongly by van der
Waals interactions in the case of [Pg14] . In contrast, electrostatic forces would be more
dominant for [P3333]+. The four most stable ionic pairs are shown in Figure 1. For all the ionic
pairs, distances between anion nitrogen and hydrogen atoms of the cation are shown where
they are less than, or close to, 2.75 A, taken as the sum of the respective van der Waals radii’'.
These invariably include the shortest cation-anion distance, given as rsy in Table 2. For the
ionic pairs [Ps333][Benzim] (Figure 1a), [Ps333][123Triz] (Figure 1¢) and [Ps;33][Bentriz]
(Figure 1d), the anion is positioned in order to minimize the distance for both nitrogen atoms.
All the nitrogen atoms exhibit short N-H¢; distances, with H¢; defined as a hydrogen bonded
to a carbon adjacent to the phosphorus in the cation. For [P3333][124Triz] (Figure 1b), the
anion position allows nitrogen atoms N; and N, to be close to the cation whereas the nitrogen
N, faces away from the phosphorus. The cations of a and d share an indenyl-type structure
with a phenyl ring fused with a 5-membered ring. Despite this similarity only a seems to show
a phenyl-H¢, interaction, with a distance of 2.24 A between H¢, and the centre of the Cg ring.

The binding energy of the ionic pair AEp is defined as the difference between the ionic pair
energy and the sum of energies of the separate ions (optimised individually), AE;p = Ejp-
(EaniontEcation). These are given in Table 2. All the pairing energies are weaker than 400
kJ mol™"; our four cation/anion ion-pair binding energies are thus low compared to typical
ionic liquids. The ascending order of pairing strength is [Ps;33][Benzim] (a) < [Ps333][Bentriz]
(d) < [P3333][124Triz] (b) < [P3333][123Triz] (c). This order does not correlate with the CO,
absorption capacity (Table 1). To obtain an electronic description of the interaction properties,
an NBO analysis was carried on the different ionic pairs as well as on the anions treated alone.
Natural atomic charge analysis indicates a small charge transfer (CT) from the cation to the

anion of between 0.06 and 0.12 units (Table 2) when comparing the atomic charges in the
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ionic pairs with those in the separate moieties (the full NAO charges are shown in Table S1 in
supporting information). These are typical values for CT in ionic pairs as calculated accurately
using a QM/MM approach for a variety of ILs in the liquid phase’”.

The influence of the cation may be seen in the adjustment of the anion natural charges in the
ionic pair, compared to the monomer. Although on average the hydrogen charges become
slightly more positive, there is a noticeable rearrangement of the atomic charges for each
anion. For b, ¢, d, at least one nitrogen becomes more negative as a result of interaction with
the cation (JA3|>0.08). These correspond to those interacting most closely with the cation and
can be identified as one of the equivalent nitrogen atoms for b and ¢, and the central nitrogen
of d. This behaviour is not observed for a. The sum of the donor-acceptor interaction from
second order perturbation analysis never exceeds 100 kJ mol™ and this interaction is shared
among multiple contributions. NBO analysis draws the interaction as a sum of numerous weak
interactions, of which the most important can be identified as a nitrogen lone pair LP(N) of the
anion pointing towards an empty o bond orbital ogp* (C-H) or ogp™ (P-C). The corresponding
interaction energy Epp_.+ never exceeds 41 kJ mol™ (SI Table S2). Indeed, the short distance
between the nitrogen and the cationic hydrogen as well as the various LP(N)—opp™ (C-H)
interactions, notably with hydrogen H¢;, are a good indication of multiple H-bonding
interaction between the ions. The H-bond can be described as a bifurcated/chelated H-bond.
According to the 2015 review of Hunt et al.'” on H-bonds in ionic liquids, the E;p .« NBO
parameters indicate that H-bonding between AHAs and the tetraalkylphosphonium cation is
very weak.

To gain more insight into these interactions, the electronic density was analysed within
Bader’s theory of atoms in molecules (AIM). Properties of the intermolecular bond critical
points (BCP) between the anion and the cation and ring critical points on the anion (RCP) are
compiled in Table 3 and illustrated in Figure 2. It is important to keep in mind that the critical
point is dependent on the geometry and thus the results are specific to the interaction at this
geometry. For all anions, multiple bond critical points are found between nitrogen of the anion
and hydrogen atoms of the cation. Most of these BCPs are sited towards the hydrogen H¢;. At
the BCPs, the density p(r) is low and the Laplacian Vp(r) is positive as expected for non-
covalent interactions in closed-shell systems. According to Hunt e al.'’, where density p(r)
<0.02 a.u. at the BCP, intermolecular interactions between cation and anion can be described
as weak H-bonds. In the ion pairs discussed here we can therefore characterise the interionic
bonding in terms of an array of such weak hydrogen bonds. From the topology analysis of the
density, the H-bond energy Ey can be estimated as half of the potential energy density V(r)*:
Eup=V(r)/2. Thus since Eyp is less than 16 kJ mol”! for all anion-cation H-bonds, we can

confirm the weak strength of the H-bonding.
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C.2. Interaction with CO,

The addition of CO, was explored according to Scheme 1. Addition to the individual anion
monomers was first characterised, taking into account all non-equivalent nitrogen atoms.
Subsequently CO, was added to ion pairs of each of the anions with tetrapropylphosphonium
[P3333]". For each anion, the carbamate formation enthalpy AH, was calculated as well as the
corresponding adduct formation enthalpy AH,. We define an adduct as the combination of the
anion and CO; in such a way that no bond is created but CO; loses its linearity and the distance
between anion nitrogen and CO, carbon is less than 3 A. These occur as separate minima on
the potential energy surface. AH, and AH, are defined as the enthalpy difference between the
carbamate or adduct respectively and the separate CO, and superbase (either as monomer or

taking the whole ionic pair, depending on the model).

C.3. Anion + CO,

Addition of CO, was simulated at all non-equivalent nitrogen atoms for the four anions. The
enthalpy of carbamate formation is exothermic for both nitrogen and all anions (Table 4). It
varies from AH, = -13.54 kJ.mol™' for the weakest to -55.99 kJ.mol™ for the strongest. Adducts
were also obtained for all anions except for [124Triz] (b). The enthalpy values obtained from
this work for the anion alone are close to those previously published®'? and show a correlation
between measured absorption capacity'® and enthalpy of carbamate variation (Figure 3). The
more negative the reaction enthalpy, the better the absorption capacity is. For the anion
[124Triz], as in the work of Seo et al.'>, we found a small difference between addition on N,
and N, (|AAH,/< 4 kJ mol™") making the two configurations effectively isoenergetic. Also in
agreement with the same authors, CO, was found to be more favourably coordinated at N, of
[123Triz]".

The bonding strength can be correlated to the carbamate bond length between the relevant
nitrogen N, of the SB and the carbon C* of the coordinated CO, moiety, d(N,-C*), and the
angle of the CO, a(OCO) as illustrated in Figure 4. From the natural atomic charge analysis,
coordination of the CO, leads to the transfer of half the negative charge from the AHA
moieties to the COO functions (Table 5). The stronger the carbamate bond, the more negative
charge is transferred. The adduct formation enthalpies are less favourable than for carbamate
formation, although for [Bentriz] the difference is less than 5 kJ mol" suggesting a possible
equilibrium between the two products. For the four anions, a scan of the d(N,-C*) distance
was conducted to identify the presence of any energetic barrier to CO, coordination (see
Figure S1 in supporting information). A barrier was found only for [Bentriz], in that case
having a height of 4.5 kJ mol™. In these systems, we therefore consider CO, coordination to be

an effectively barrierless process at ambient temperatures.
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C.4. Ionic Pair + CO,

The carbamate product and CO, adducts were also optimized including a [Ps333]  cation
explicitly (Figures 5-7). Calculated enthalpies and geometric parameters for the carbamates
and CO, adducts are reported in Table 6. The enthalpies AH are expressed taking the
optimised ionic pair as reference (i.e. not including the pairing energy). For the four IPs, the
carbamate formation enthalpy is weaker in all cases compared to the anion alone, and is even
endothermic for ¢n; and dn,. The ionic pair model also loses the trend between capacity and
enthalpy of addition. For [P;;33][Benzim], a, carbamate and adduct formation are 20 kJ mol!
less favourable. For [Ps;333][124Triz] b, the equivalence between N; and N, is lost as the
carbamate formed on nitrogen N1, by, is 24 kJ mol ! more stable than bns. Moreover byy is
also less stable than the two adducts byy+ and byg«: the adduct by« is only 10 kJ.mol™! above
bni- For [P3;333][123Triz], ¢, the carbamate pair cn; and the CO, adduct cn;+ are isoenergetic
with a formation enthalpy around AH=-13 kJ.mol™" and carbamate formation on N2 is slightly
exothermic. Finally, for [Ps;;3][Bentriz] d, the most favourable product is the adduct on
nitrogen N, dnz+ with AH,(dnz+)=-15.66 kJ.mol™'. However, the formation enthalpies of the
carbamate on N1 dy; and of the CO, adduct dy« are still exothermic and within 5 kJ mol™ of
the dnz+ adduct. The inclusion of the cation makes the formation of N,-carbamate dy, clearly
endothermic AH,(dn,)=+14.47 kJ mol™.

To get an energetic explanation of this important modification caused by the cation, the ionic
pairing energy, AEpco2, was calculated for the ionic pair-carbamate products (Table 7). This
energy is defined with respect to the corresponding optimised anion—only carbamate product
and optimised cation. For each separate anion, the most favourable carbamate is the one with
the strongest resulting ionic pair. Elsewhere the difference between the carbamate formation
enthalpy on the four anions in the ionic pair model (Xny) and in the anion-only model (X'ny) is
substantially similar to the energy difference between the ionic pairing energy after and before
carbamate formation:

AH,(Xny) - AH(X'ny) =~ (AEpco2-AEp)

It can thus be seen that the formation of carbamate has a destabilizing effect on the ion pair,
resulting in a close relationship between the carbamate formation enthalpy and the ionic pair
strength. In the ionic pair model, the carbamate formation enthalpy does not correlate as well
with the CO, capacity as in the anion model. However, it is still consistent with the
experimentally observed molar absorption capacities'®. Indeed for [Pis3;][Benzim] and
[P3333][124Triz], N -carbamate formation is strongly preferred suggesting a total conversion of
CO; to the carbamate. For [Pi333][Bentriz] and [Ps333][123Triz], carbamate formation is as
favourable as the CO, adduct formation and they are both relatively weakly bound. This is
consistent with an equilibrium between coordinated and non-coordinated CO,. The explicit

inclusion of the cation in the calculation results in a change in the geometry of the carbamate
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part. The superbase moiety shifts away somewhat from its optimal position in the ion pair,
while the carbamate functions interact with the cation centre (Figures 5 and 6). For example,
on [P3333][Benzim], addition of CO, on N1 increases the distance rgy from 2.19 A to 2.62 A
whereas the shortest interionic oxygen-H(C1) distance, rso, is 2.25 A (Table 7). As a general
feature, the N-H distances become longer and multiple O-H interactions are formed. In the
adducts, the anion is less affected by the presence of CO, (Figure 7). The CO, tends to be
oriented with one oxygen pointing toward the cation and the carbon C* close to a nitrogen
(d(N-C*)<2.79 A).

As already mentioned, the bonding strength of the carbamate can be characterised by its
geometric properties. In the ionic pair model, the length of the carbamate N,-C* bond is
shorter than for the anion alone (e.g. for b, §d=-0.08A) and the bond angle of the CO, moiety
is lower (e.g. for b, 60=-5°) (Table 6). This means that, despite considerably more positive
enthalpies AH, in the ionic pair, the CO, forms a stronger carbamate bond. However, as
pointed out previously, explicit inclusion of the cation increases the negative charge of one
nitrogen atom in the ionic pair for b, ¢ and d. This nitrogen corresponds to the most favourable
CO, coordination position. NBO analysis was carried for the carbamate ionic pair and selected
electronic properties are summarized in Table 7 (detailed NAO charges are given in SI Table
S1). Overall charge transfer between anion and cation is similar or slightly lower for the
carbamate ionic pairs compared to the ion pairs by themselves. However, the partition of the
charge on anions between the original AHA moiety and CO, reveals that half a negative
charge is carried by the CO, function, similar to the anion-only clusters, whereas the charge
transfer to cation derives exclusively from the AHA moieties. A comparison of the NAO
charges for the carbamate in the ionic pair and the anionic monomer shows a very similar
distribution of charges, where the negative charge is concentrated around the nitrogen and the
carbamate function. This demonstrates that the charge transfer is mainly borne by the nitrogen.
The presence of the cation thus increases the nucleophilicity of the nitrogen resulting in a
stronger carbamate, though at the expense of weaker ion paring strength. Finally, AIM
analysis was carried out on the carbamate ionic pairs. Similar to the topology of the ionic pair
before addition of CO,, we can identify a certain number of weak intermolecular H-bonds
between the cation and the anion defined by BCPs with low values of p(r) and Vp(r) (see
Tables S3-5 and Figures S2-4 in supporting information). However, the addition of CO,
results in the decrease of the number of N-H BCPs and creation of new O"H BCPs, especially
with H¢y. At the carbamate function, the strong p(r) density and the negative value of its
Laplacian V?p(r) at the BCP between the nitrogen and the carbamate carbon (bcp N-C¥*)
suggest the presence of a strong covalent bond (Table 8). Moreover, the NC* bond is the
strongest for [Ps;33][Benzim] followed by [Pi333][124Triz]. Values for [Ps333][123Triz] and
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[Ps333][Bentriz] are the lowest and equivalent. This order corresponds to the CO, absorption

. . . . 14
capacity and confirms the previous experimental observations .

Conclusions

CO, addition to four superbase tetraalkylphosphonium ionic liquids was studied using a
molecular DFT approach. This has enabled us to explore in detail the nature of bonding in
these complexes, and in particular to describe the carbamate function which results from the
chemical bonding of CO, to these aprotic heterocyclic anions. The influence of the cation was
found to be significant in determining the overall strength of binding.

The electronic properties of the ionic pairs were described both before and after the
addition of CO,. No direct relation between the pairing energy and the observed absorption
capacity was evident and, in terms of the chemisorption energy, the models of CO, addition on
the ion pairs do not reproduce the experimental trend as well as when the anion alone is
considered. However, from the geometric and AIM topology analyses, it is possible to
estimate the relative strength of the carbamate function. Thus it is evident that a more strongly
bound carbamate, characterised by shorter N-C* bond and more acute O-C-O angle correlates
with a higher CO, capture capacity. However, the global enthalpy of reaction is less
favourable, which is due to a weakening of the ion pairing energy as a result of CO, addition.
From this result [P;;3;][Benzim] is predicted to be the best absorbent followed by
[P3333][124Triz]. For both these IPs a strong enthalpy of reaction is in agreement with the 1:1
experimental molar capacity. [P3333][123Triz] and [P;33;][Bentriz] possess the same weak
enthalpy of reaction in agreement with a sub-maximal absorption capacity. For
[Ps333][Bentriz], the adduct formation is even slightly more favourable as the CO,
chemisorption competes strongly with ion pair binding. Overall it is clear that the
experimental order of increasing CO, capacity [Pgssi4][Bentriz] < [Pgee14][123Triz] <
[Poss.14][124Triz] < [Pgss.14][Benzim] may be directly related to the enthalpy of formation of
the most favoured carbamate product in each case. This is in turn correlated to the strength of
the carbamate bond itself, characterised by the degree to which the nitrogen is able to donate
charge into the CO, unit. The anions with three neighbouring aromatic nitrogen atoms are seen
to show less basicity towards CO, than the other anions.

Finally, the influence of the cation was highlighted. The most notable effect is the reaction site
on the anion [124Triz]". In the ionic pair, the cation causes an increase in negative charge on
one nitrogen, thus enhancing the reactivity on N; whereas for the anion-only model the
enthalpy of reaction is virtually identical on both nitrogen atoms. Also, as noted above,
including the cation in our calculation results in an overall destabilization of the carbamate
(though the carbamate function itself is not necessarily more weakly bound) due to a reduction

of the ionic pairing energy. Further investigation is needed to establish if the cation effect is
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moderated by including more ionic pairs in the calculation and/or simulating the equilibrium
dynamics of the system. Considering alternative cations, such as those based on ammonium,

will enable the influence of the cation to be probed more deeply.
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Scheme 1.

Representation of the adduct, X'vy+, and carbamate product, X vy, from CO, addition on a
nitrogen Ny of an N-heteroaromatic anion (AHA), X
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Scheme 2. The four anions considered in this work with their respective atomic numeration.
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(a) (b)

(c) (d)

Figure 1. Ionic pairs comprising a tetrapropylphosphonium cation, [P333]", 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 A) Colour
code: blue — nitrogen; yellow — phosphorus; grey — carbon; white — hydrogen.
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(d)

Figure 2. AIM analysis of the ionic pairs x. Atoms are coloured N=blue, C=cyan, P=Brown, H=white.
Small dots are critical point with bep (-3,+1) = green, rcp (+3,+1) = pink. Green lines are the paths
connecting atoms to bep. Numbers are the cp labels.
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Figure 3. Comparison of CO, addition enthalpies (kJ mol™) for the four anions from the anion-only
model, plotted against experimental CO, uptake from reference [14]. Key to data points: red circles
from reference [8] for by, and d'vg, green from reference [12] for X'y , blue from reference [12] for b’
n4 and ¢y, yellow and black from this work for x'y; and X'y, respectively.
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Figure 4. Carbamate bond length (red/left axis) and angle of the coordinated CO, (blue/right axis)
plotted as functions of the anion-only carbamate formation enthalpy
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(an1) ' (bn1)

(cnt)

Figure 5. Carbamate ionic pairs resulting from N; CO, addition on the four ionic pairs: (a)
[Ps3s3][Benzim], (b) [Pi333][124Triz], (¢) [Ps333][123Triz] and (d) [Pss3;][Bentriz]. Dashed lines
indicate intermolecular N'"H or OH distances less than or close to the sum of the vdW radii (2.75
A) Colour code: blue — nitrogen; yellow — phosphorus; grey — carbon; white — hydrogen, red -
oxygen.
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(bra)

Figure 6. Carbamate ionic pairs for the alternative N-CO, addition comprising tetrapropyl-
phosphonium and three anions: (b) [P3333][124Triz], (¢) [P3333][123Triz] and (d) [Ps333][Bentriz].
Dashed lines indicate intermolecular N-"H or O H distances less than or close to the sum of the vdW
radii (2.75 A) Colour code: blue — nitrogen; yellow — phosphorus; grey — carbon; white — hydrogen,
red - oxygen.



Physical Chemistry Chemical Physics

Page 20 of 25

(a*N1 ) (b*N1 )

9

Figure 7. CO, - ionic pair adducts comprising tetrapropylphosphonium and the four anions: (a)
[Psss3][Benzim], (b) [Pi333][124Triz], (c) [Ps333][123Triz] and (d) [Pssss][Bentriz]. Dashed lines
indicate intermolecular N""H or O H distances less than or close to the sum of the vdW radii (2.75
A) Colour code: blue — nitrogen; yellow — phosphorus; grey — carbon; white — hydrogen, red -
oxygen.
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Tables

Table 1. Experimental CO, uptake (mole ratio nCO,:nIL) for the four ionic liquids at 22 °C and
atmospheric pressure from reference [14].

Tonic Pair [P666 14] [Benzim] [P666 14] [ 1 24TI'1Z] [P666 14] [ 1 23TI'IZ] [P666 14] [Bentriz]
CO, capacity 1.20 1.01 0.69 0.39

Table 2. Selected properties of the ionic pair. AEjp pairing energy of the ionic pair as the energy
difference between the monomer express in kJ mol ™. 844 is the sum of the NAO charges of the AHA
anion moiety. CT = 1-|0 | corresponds to the charge transfer from the anion to the cation. rgy is the
shortest distance between the closest nitrogen and the phosphorus.

Ionic Pair AEIP SAHA CT T'sN
/kJ mol” /A

[Pr][Benzim]  -363.25 -094 006 2.19
[Pyn][124Triz] -374.50 -0.92 0.08 2.16
[P3333][123Triz] -396.59 -0.88 0.12 2.26
[P3s33][Bentriz]  -371.74 -0.93 0.07 2.25

00 o
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Table 3. Intermolecular critical points properties from atoms in molecules (AIM) analysis: Electron

density p(r), Laplacian of the electron density V2p(r) ellipticity € and Eyp at ring and bond critical
points. The critical points are numbered (Nb) as in Figure 2

Critical Point ~ Nb p(r) / a.u. V2p(r)/a.u. € V(r)/ au Epg /kJ mol”’
rcp — Sm 59 0.06110 0.39703 -1.32167 -0.09437
rcp — 6m 69 0.02203 0.15674 -1.20857 -0.02508
bep N...HCl1 79 0.01855 0.05806 0.03552 -0.01019 -13.38
bep N...HCl1 74 0.01791 0.05757 0.13547 -0.00993 -13.03
bep N...HC3 76 0.00686 0.01830 0.25957 -0.00352 -4.62
bep N...HC3 61 0.00633 0.01713 0.25461 -0.00330 -4.33
bep C...HC2 71 0.00488 0.01472 0.81609 -0.00243 -3.19
rcp 61 0.06485 0.46430 -1.30564 -0.10595
bep N-HC1 55 0.01948 0.06892 0.08606 -0.01214 -15.94
bep N-HC2 66 0.00999 0.02811 0.16357 -0.00538 -7.07
bep N-HC1 78 0.01633 0.05679 2.16664 -0.01033 -13.56
bep N-HC1 80 0.01535 0.05373 1.54821 -0.00987 -12.96
bep N-HC2 63 0.01003 0.03073 0.86129 -0.00588 -1.72
bep N-P 76 0.02063 0.04807 0.16130 -0.01246
bep C1-HC1 93 0.00441 0.01404 3.40938 -0.00226 -2.97
rcp 54 0.06052 0.47120 -1.27012 -0.10086
bep N-HC2 58 0.01156 0.03759 1.19595 -0.00705 -9.26
bep N-P 71 0.02996 0.06078 0.14459 -0.01874
bep N-HC1 66 0.01410 0.05188 0.53841 -0.00874 11.47
bep N-HC2 68 0.01086 0.03156 0.11228 -0.00583 -7.65
rcp — Sm 75 0.05877 0.45732 -1.28475 -0.09718
rcp — 6m 62 0.02219 0.15867 -1.21916 -0.02524
bep N...HCl1 87 0.01406 0.04792 1.57250 -0.00840 -11.02
bep N...HC1 105 0.01681 0.06099 0.25600 -0.01073 -14.09
bep N...HC2 98 0.00958 0.02897 0.69152 -0.00550 -7.21
bep N...P 94 0.01543 0.04098 0.36560 -0.00957 -12.56
bep N...C1 92 0.01406 0.05317 8.14350 -0.00956 -12.55
bep N...HC1 81 0.01634 0.05665 0.23375 -0.00969 -12.72
bep N...HC2 73 0.00968 0.02718 0.11019 -0.00526 -6.90

bep C4...HCI 64 0.00428 0.01186 1.72898 -0.00209 -2.74
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Table 4. Selected properties for (a) the carbamate formation for the anion alone xy, and (b) the
respective adduct formation Xy« with a=[Benzim]’, b=[124Triz]’, ¢=[123Triz] and d’=[Bentriz]".
Enthalpy AH in kJ.mol. Length of the carbamate bond d(Nx-C) in A. CO, bending a(OCO) and
torsion of the dihedral around the carbamate || in °. nl=not located on the PES

a)  AH, d(Nx-C) o(OCO)  [0] b)  AH, d(Nx-C) o(OCO)
an 5599 155 1361 1798  ane -3081 239 165.4
ba -55.24 159 1379 1799 by nl
bxs -5429 157 137.1  180.0  bxe  nl
o 4760 161 1386 1799 e+ nl
o 3844 167 140.5 1797 w3135 232 163.3
dw 3080 162 1388 1799  dne 2603 247 168.1
dy, -13.54 182 1463 1795  dnp 2371 2.52 169.1

Table 5. Selected properties of the carbamate anion. Charges 6 from NAO analysis of the carbamate
with 6'apga and 8'co, the NAO charges split between the superbase and the CO, moieties respectively.

Anion S'AHA 8'(:02
ang [Benzim] -0.46 -0.54
b\t [124Triz] -0.46 -0.54
c'Nt [123Triz] -0.51 -0.49
d'ng [Bentriz] -0.53 -0.47
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Table 6. Selected properties for (a) carbamate formation on the ionic pair for each nitrogen Ny of each
anion X (Xyy) and (b) the respective adduct formation xn,* with a=[P3333][Benzim], b=[P3333][124Triz],
¢=[P1333][123Triz] and d=[Ps333][Bentriz]. Enthalpies AH in kJ mol™. Length of the carbamate bond
d(Nx-C) in A. CO, bending a(OCO) and torsion of the dihedral around the carbamate [0] in °.
nl=adduct not located on the PES

a) AH, d(Nx-C) o(OCO) [0|(CNCO) b) AH, d(Nx-C) a(OCO)
/kJ mol! /A /° /0 /kJ mol! /A /°
[an;  -35.082 1.49 131.5 3.7 ANy -8.29 261 172.2
by -32.62 1.51 133.6 8.4 by 21.92 2.79 175.3
bne  -9.06 1.49 131.9 6.4 by -17.93 2.77 175.1
e -13.50 1.57 137.0 35 Cni -12.46 2.70 174.2
cN: +1.91 1.52 132.9 7.8 Crz nl
dy;  -13.03 1.55 136.0 4.0 dy -10.63 2.74 174.5
dyy,  +14.47 1.62 138.0 17.2 dnp+ -15.66 2.79 176.0

Table 7. Selected properties of the most stable ionic pair-carbamates Charges 6 from NAO analysis of
the carbamate with 6's14 and 6'co, the NAO charges split between the superbase and the CO, moieties
respectively. rsy and rso are respectively the shortest distances between N(anion) and H(cation) and
between O(carbamate) and H(cation).

AEpcor O'anA d'con CT I'sn Tso
/kJ mol’! /A /A
an; -344.18 -0.35 -0.59 0.06 2.62 2.25
bni -351.68 -0.38 -0.55 0.08 2.29 2.18
bng -328.37 -0.37 -0.55 0.07
CNy -363.09 -0.45 -0.50 0.05 2.43 2.15
cN2 -356.22 -0.38 -0.55 0.07
dy; -354.17 -0.43 -0.52 0.05 2.44 2.14
dno -340.58 -0.50 -0.46 0.04
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Table 8. Critical points of the carbamate function from atoms in molecules (AIM) analysis for each

ionic pair and each nitrogen: electron density p(r), Laplacian of the electron density V’p(r) and
ellipticity .

Critical Point  Nb p(r) /a.u. V>p(1) /a.u. €
ay;y  bep N-C* 66 0.24250 -0.54516 0.05187
bep C*-0, 62 0.39645 -0.42425 0.09079
bep C*-0, 67 0.38965 -0.44054 0.08572
by;  bep N-C* 84 0.22812 -0.46434 0.04150
bep C*-0, 80 0.39336 -0.40364 0.07997
bep C*-0, 69 0.40336 -0.38277 0.09625
bna bep N-C* 60 0.24230 -0.55045 0.03796
bep C*-0, 61 0.38819 -0.45014 0.08248
bep C*-0, 64 0.39980 -0.40875 0.09485
CN1 bep N-C* 114 0.20019 -0.30684 0.02202
bep C*-0, 115 0.39381 -0.39553 0.07888
bep C*-0, 120 0.41542 -0.29504 0.09992
cN2 bep N-C* 74 0.22660 -0.45844 0.05555
bep C*-0, 72 0.39161 -041122 0.07624
bep C*-0, 82 0.40494 -0.35987 0.08956
dng bep N-C* 122 0.20835 -0.34983 0.03255
bep C*-0, 121 0.39181 -0.40796 0.07879
bep C*-0, 127 0.41317 -0.31567 0.10354
dy,  bep N-C* 126 0.18127 -0.21042 0.04014
bep C*-0, 120 0.40630 -0.33081 0.08463

bep C*-0, 130 0.41243 -0.30150 0.08766



