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A B S T R A C T

Interaction of ionic liquids with iron porphyrin (FeP) arises in a number of application of ionic liquids such as
dye-sensitized solar cells, batteries, and conversion of CO2 to value-added products, etc. Furthermore, ionic liq-
uid-FeP interactions are thought to be responsible for ionic liquid biodegradation and catalytic breakdown of
ionic liquids. Despite the importance of ionic liquid-FeP interactions, there is a lack of information on what con-
formations ionic liquids adopt when presented to FeP and how thermo- dynamics of subsequent electron transfer
reaction is affected. To begin to answer these questions, electronic structure calculations are performed to assess
how the bind- ing propensity of the homologous series of 1-n-alkyl-3-methylimidazolium [Cnmim]Cl (n = 2, 4,
6, 8, 10) to FeP is affected as the alkyl chain length and the initial conformation of the cation presented to FeP are
varied. The conceptual density functional theory framework is then invoked to compute the electrophilicity in-
dex of the ionic liquid-FeP complex to glean insight into the ability of the complex to acquire an electron. Calcu-
lations suggest two equally likely conformations of ionic liquids with similar Gibbs free energy change; however,
the enthalpic and entropic contributions differ based on the conformation adopted by ionic liquids which in turn
affects the subsequent electron transfer process. The importance of results is discussed in terms of experimentally
observed alkyl chain length-dependent biodegradability of ionic liquids.

1. Introduction

Ionic liquids are substances composed entirely of cations and anions
and can remain liq- uid under a wide range of temperatures. Their
unique properties such as negligible vapor pressure, (Dong et al., 2017)
low melting points, (Lei et al., 2017) high thermal and chemical stabil-
ity, (Lei et al., 2017) and tuning for specific applications by selecting
cations and anions from a vast chemical space, make this class of chemi-
cal promising for various chemical processes. For examples, ionic liq-
uidss are at the forefront of industrial applications such as gas separa-
tion techniques, (Baltus et al., 2005) dye-sensitized solar cells, (Bousrez
et al., 2021) battery electrolytes, (Zhou et al., 2021) electroplating and
chromatography. (Chotkowski et al., 2020; Brown et al., 2018) More re-
cently, several groups have suggested the use of binary and reciprocal
ionic liquids in search for optimum physico-chemical and gas separa-
tion properties. (Dhakal et al., 2022; Fatima et al., 2020)

Though ionic liquids are classified as green solvents as a vast major-
ity of them possess low vapor pressures, biodegradability of many ionic
liquids remains a critical challenge. (Coleman and Gathergood, 2010;
Jordan and Gathergood, 2015) Several excellent reviews provide a

comprehensive analysis of various ionic liquid attributes such as cation
head group, length of the alkyl chain length, the role of alkyl chain
functional- ization, type of the anion and experimental conditions in-
volving mixed microbial culture or specific strains of bacteria. Here,
representative studies are included to highligh trends that have
emerged over the last two decades. (Coleman and Gathergood, 2010;
Jordan and Gathergood, 2015; Pham et al., 2010; de Jesus and Maciel
Filho, 2022) Experiments have demonstrated that the length of the
alkyl chain in imidazolium-based and pyridinium-based cations is a key
determinant of the extent of biodegradation such that chains shorter
than butyl are recalcitrant while partial to complete biodegradation can
be observed for longer alkyl chain lengths. (Docherty et al., 2007) The
extent of biodegradation was also found to depend on the type of the
cationic core (Neumann et al., 2014; Abrusci et al., 2011) and the type
of functional group substitutions. (Neumann et al., 2014; Gathergood et
al., 2004) Varying effect of the anion has been found on biodegrada-
tion. For example, the work by Mena et al. shows that there is no effect
of the anion on the biodegradation of 1-butyl-3-methylimidazolium,
(Mena et al., 2020) while anion-dependent biodegradation was ob-
served by Abursci et al. (Abrusci et al., 2011) The effectiveness of en-
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riching microbial culture to trigger biodegradation of generally consid-
ered non-biodegradable ionic liquid has been reported in several stud-
ies as well. (Koutinas et al., 2019; Alisawi et al., 2017; Docherty et al.,
2015; Deng et al., 2015)

Given that industrial applications of ionic liquids are on the rise, it is
imperative to un- derstand molecular-level processes that contribute or
hinder ionic liquid biodegradation in an effort to design ionic liquids
that are inherently biodegradable yet deliver performance needed for
the intended use. An analysis of metabolites produced as ionic liquids
undergo biotransformation can yield important insights into biodegra-
dation pathways and how they may be accelerated. Several experimen-
tal investigations have found that one of the primary metabolites con-
tains an -OH moiety in the alkyl chain length, (Alisawi et al., 2017;
Stolte et al., 2008; Pham et al., 2009; Zhang et al., 2011; Chua and
Zhou, 2019; Liwarska-Bizukojc et al., 2015) which led several au- thors
to suggest that the oxidation was catalyzed by mono-oxygenases such
as cytochrome P450.23,27

Although experimental evidence suggests that cytochrome P450, a
superfamily of en- zymes containing iron porphyrin (FeP) acting as a
catalytic site, may be implicated in the initial biotransformation of
ionic liquids, currently there is no information on how ionic liquids
bind in the enzymatic pocket. In addition, the overall hydroxylation re-
action is com- prised of several intermediate steps. (Schlichting et al.,
2000) However, there is complete lack of knowledge related to thermo-
dynamics and kinetics of these steps, which hampers the understanding
of rate- limiting or thermodynamically infeasible steps when shorter
alkyl chains are accommodated in the binding pocket. In this manu-
script, this knowledge gap is addressed for the first two steps in the hy-
droxylation cycle: the binding of the ionic liquid and subsequent trans-
fer of electron to ionic liquid-FeP complex. In previous publications by
Banerjee and Shah, the dependence of thermodynamics of these two
steps on the alkyl chain length in the imida- zolium family (Banerjee
and Shah, 2019) and for various ionic liquid cation classes (Banerjee
and Shah, 2020) was investigated. These articles concluded that ther-
modynamic driving force existed for the first two steps. However, these
studies did not consider the possibility that an anion may be present in
the binding pocket. In this work, the effect of including an inorganic an-
ion such as Cl− on the thermodynam- ics of ionic liquid binding and the
propensity for electron transfer to the complex is evaluated.

In the next section, methodological aspects are outlined with details
on the influence of the initial conformations of the ionic liquid [Cnmim]
Cl (n = 2, 4, 6, 8, 10) presented to FeP on the final optimized geome-
tries using density functional theory (DFT) calculations. Thermo- dy-
namics of each of the conformations is evaluated in terms of Gibbs free
energy change to determine the most stable geometry. The analysis is
followed by decomposition of the Gibbs free energy change into en-
thalpic and entropic contributions to reveal molecular-level driving
forces for the binding event. Using natural bond orbital theory, second-
order perturbation energies are calculated for various donor-acceptor
moieties in the complex to further dissect the origins of enthalpic differ-
ences for different conformations. A frontier orbital analysis is then car-
ried out to obtain the propensity of the ionic liquid-FeP complex in ac-
quiring an electron based on the conceptual density functional theory.

2. Methods

2.1. Computational details

In this study, 1-n-alkyl-3-methylimidazolium [Cnmim]+ was consid-
ered as the cation with variable alkyl chain lengths (n = 2, 4, 6, 8, and
10) and chloride Cl− as the anion. The gas phase geometries of cation,
anion and FeP were optimized using Gaussian 09 software package.
(Frisch et al., 2009) All the atoms except Fe were treated with Pople's
medium 6-31G(d,p) basis set. (Hehre et al., 1972) LanL2DZ basis set
was used for Fe as the basis set has been proven computationally effi-

cient for transition metal containing systems. (Hay and Wadt, 1985)
M06, an advanced hybrid meta-exchange- correlation function, was
employed as the density functional theory for these calculations to ac-
count for non-local interactions that are likely to occur due to the pres-
ence of alkyl chains. (Zhao and Truhlar, 2008) As Fe can exist in multi-
ple spin states, the geometry optimization was carried out at various
spin states: singlet, triplet, and quintet; the lowest energy spin state was
considered for subsequent analysis. A local minimum for the ionic liq-
uid-FeP complex was confirmed by ensuring that the optimized struc-
ture did not contain any imaginary frequency.

2.2. Conformational-Dependent geometry optimization

In this work, geometry optimization was performed for two differ-
ent orientations of ionic liquid cations with respect to porphyrin, viz.
tail up and tail down, as these were identified to be the two widely dif-
ferent conformation from the previous work, (Banerjee and Shah, 2019)
and various Cl− positions relative to the ionic liquid cation. To account
for relative orientation and placement of three species (FeP, cation, and
anion), the initial positions of the molecules were identified using a
spherical coordinate system with Fe at the origin. The XY plane of the
coordinate system was aligned with that of FeP such that two adjacent
nitrogen atoms were placed along the X and Y axes, respectively, while
the Z-axis was oriented perpendicular to the Fe plane. The orientation
of the cation was determined by placing either the carbon atom in the
methyl position above Fe (tail up) or the terminal carbon atom in the
alkyl chain facing Fe (tail- down) such that the Fe-C vector was oriented
along the positive Z axis of the coordinate system. In both orientations,
the distance between Fe and carbon atom was set to 4 ˚A. An example of
the two conformations for [C2mim]+ is depicted in Fig. 1a and b. For
the placement of the anion, spherical coordinate system R (distance
from Fe), θ (the azimuthal angle), ϕ (the polar angle) was adopted (Fig.
1c). Several initial positions of Cl− were probed by setting R = 7 ˚A
while the values of θ were varied from 0○ to 360○ in 30○ interval and ϕ
assumed the values of 30○, 60○, and 90○ yielding a total of 36 initial
conformations for a given imidazolium orientation.

2.3. Gibbs free energy change

In order to determine the relative stability of tail-down and tail-up
conformations, the Gibbs free energy change was computed for the
binding process for each of the cation-anion pairs:

(1)

for which the Gibbs free energy change (∆G) was evaluated using
eq. 2

(2)

where ϵ0 is the electronic energy for a given species and Gcorr refers
to the thermal correction to the Gibbs free energy. The overall Gibbs
free energy change was evaluated at 298.15 K. Enthalpic contributions
(∆H) to the Gibbs free energy change was determined in a similar man-
ner (Eq. (3)).

(3)

where Hcorr represents the thermal correction to the enthalpy. The
entropic contributions to the Gibbs free energy were evaluated from Eq.
(4)
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Fig. 1. (a)Typical initial orientation of tail down conformer for ionic liquid-FeP system for geometry optimization (b) Typical initial orientation of tail up con-
former for ionic liquid-FeP system for geometry optimization (c) Typical spherical coordinate system and conversion of spherical coordinate to the Cartesian coor-
dinate system.

(4)

where T is the temperature.

2.4. Global reactivity and site selectivity

The next step in the biodegradation cycle of ionic liquids, in the
presence of FeP, is the addition of an electron to the system, which
leads to the reduction of Fe3+ to Fe2+. To understand the propensity of
the ionic liquid-FeP complex to undergo the reduction process, global
reactivity index, in terms of global electrophilicity index, and site selec-
tivity for the electron addition were determined. The electrophilicity in-
dex for the whole system was computed by identifying the frontier mol-
ecular orbital energies using population analysis. Eqs. (5), 6, and 7 pro-

posed by Parr et al. (1999) were used to compute the electrophilicity in-
dex for the whole complex.

(5)
(6)
(7)

EHOMO and ELUMO indicate the energy of the highest occupied molec-
ular orbital and the lowest unoccupied molecular orbital, respectively.
µ, η, and ω refer to electron chemical potential, chemical hardness, and
global electrophilicity index, respectively. In order to understand the
reduction mechanism, the site selectivity of individual molecules
within the complex was computed to identify the likelihood of a given
atomic site to accept an electron. Local electrophilicity was computed

3
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with the help of the Fukui function (f +) from conceptual density func-
tional theory using Eq. (6): (Chamorro et al., 2003; P´erez et al., 2002)

(8)

In Eq. (8), ω, ωk, and f + are the global electrophilicity index, local
electrophilicity, and con- densed Fukui function for nucleophilic attack,
respectively. Condensed Fukui function for nucleophilic attack can be
defined as eqs.: (Yang and Mortier, 1986)

(9)

Here, qk(N + 1), and qk(N) are the Hirshfeld charge analysis for the
−1 and 0 charges of the ionic liquid-FeP complex, respectively. (Wang
et al., 2019) In this work, Hirshfeld charge analysis was performed us-
ing the Multiwfn program. (Lu and Chen, 2012)

2.5. Natural bond orbital analysis

A detailed natural bond orbital (NBO) analysis, developed by Wein-
hold and co-workers, Glendening et al. (2012) was performed to under-
stand the intramolecular and intermolecular interactions between the
molecules within the complex. (Zhang et al., 2010) To identify domi-
nant intramolecular and intermolecular charge delocalizations, calcula-
tions were carried out by considering possible interactions be- tween
donor and acceptor from the second-order perturbation theory. For
each type of NBO donor (i) and NBO acceptor (j), the second-order sta-
bilization energy E(2) associated with i → j delocalization is estimated
as

(10)

In the above eq., qi is the donor orbital occupancy, Fij is the off-
diagonal Fock matrix element, and ϵj, ϵi are the diagonal elements for
orbital energies. For this work, second order delocalization energies
were computed for four fragment: free base porphyrin (FBP), Fe, cation,
and anion.

3. Results and discussion

3.1. Optimized geometries

The most stable configurations for each of the ionic liquid-FeP com-
plexes starting from the two initial conformations are depicted in Fig. 2.
It is evident from the figure that the starting tail down structures yield
optimized structures in which the alkyl chain is parallel to the FeP
plane, with the end of the alkyl chain exposed to Fe; the imidazolium
ring, however, is progressively located away from Fe with an increase
in the alkyl chain length. In contrast, when the alkyl chain is oriented

away from Fe in the starting conformation, the optimized geometries
are those in which the imidazolium ring is found to be parallel to the
FeP plane with the alkyl chain continuing to point away from FeP.

To provide more quantitative picture of the orientations, several
geometric metrics were computed, which are plotted in Fig. 3. The ori-
entation of the imidazolium ring plane with respect to FeP was quanti-
fied in terms of the angle between the normal to FeP and that to the imi-
dazolium ring as depicted in Fig. 3a. It can be observed that the values
of the angle between the normals are nearly constant, irrespective of
the alkyl chain length, for the tail-up starting configuration. Moreover,
the values close to zero (between 3.8○ and 4.7○) confirm that the two
planes are nearly parallel to each other as seen in Fig. 2 for these con-
forma- tions. On the other hand, the angle between the normals pro-
gressively increases as the alkyl chain becomes longer for the tail-down
conformations reaching 90○ for [C10mim], indicating that the imida-
zolium ring is nearly vertical with respect to the FeP plane. The posi-
tioning of the imidazolium ring, with respect to FeP, can be further un-
derstood by calculating the distance between Fe and the center-of-mass
(COM) of the imidazolium ring as displayed in Fig. 3b. It is found that
the distance between Fe and COM of the imidazolium ring is almost in-
variant as a function of the alkyl chain length for the tail-up conforma-
tions. As op- posed to this observation, there is a dramatic increase in
the distance between Fe and COM of the imdiazolium ring in going
from [C2mim]Cl to [C10mim]Cl. Taken together, it can be concluded
that the tail-up conformations lead to optimized geometries in which
imidazolium ring is located in proximity to FeP with its plane parallel to
that of FeP and independent of the alkyl chain length, while the tail-
down conformations result in optimized geometries in which the imida-
zolium ring adopts progressively tilted orientation with respect to FeP
simultaneously and moving further from Fe as the alkyl chain length in-
creases.

The position of the anion was quantified with respect to its distance
from the acidic hy- drogen atom in the imidazolium ring (the hydrogen
atom connected to the carbon atom bonded to two nitrogen atoms). Fig.
3c shows that this distance is nearly independent of the alkyl chain
length. The close proximity of the anion (distance between 2 and 2.15
˚A) suggests the presence of hydrogen bonding and that the presence of
FeP is not destabilizing for the cation-anion interactions. The distance
between Fe and Cl− remains constant for the tail up conformations,
while it increases as the alkyl chain becomes longer, which can be ex-
plained on the basis that the imidazolium ring moves away from Fe,
dragging Cl− with it due to the hydrogen bonding interactions (Fig. 3d).

3.2. Thermodynamics of ionic liquid binding to FeP

The Gibbs free energy change for each cation-anion pair in the two
different starting config- uration is tabulated in Table 1 and shown in
Fig. 4(a). The negative Gibbs free energy change for all the conforma-

Fig. 2. Optimized geometries of the various ionic liquid-FeP complexes. The top pane depicts geometries observed for tail down starting conformations, while the
bottom pane pro- vides final structures for tail up conformations. [C2mim]+ (a, f); [C4mim]+ (b, g); [C6mim]+ (c, h); [C8mim]+ (d,i); [C10mim]+ (e, j).
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Fig. 3. (a) Angle between the normal to the FeP plane and the normal to the imidazolium ring plane; (b) distance between Fe and the center-of-mass of the imida-
zolium ring; (c) distance between the most acidic hydrogen atom in the imidazolium cation and Cl; (d) distance between Fe and Cl−.

Table 1
Thermodynamics of ionic liquid binding to FeP.
Tail-up conformations

Name of the Ionic liquid ∆G (kcal/mol) ∆H (kcal/mol) ∆S (cal/mol K)

[C2mim]+ −12.1 −24.5 −41.5
[C4mim]+ −12.0 −23.7 −39.3
[C6mim]+ −10.6 −22.3 −39.4
[C8mim]+ −9.4 −21.3 −39.9
[C10mim]+ −13.7 −26.4 −42.7
Tail-down conformations
Name of the Ionic liquid ∆G (kcal/mol) ∆H (kcal/mol) ∆S (cal/mol K)
[C2mim]+ −14.3 −26.6 −41.0
[C4mim]+ −11.3 −24.8 −45.2
[C6mim]+ −11.1 −25.7 −48.9
[C8mim]+ −9.3 −25.5 −54.5
[C10mim]+ −14.0 −29.0 −50.3

tions indicate that the binding process is thermodynamically fea- sible,
indicating that there is no thermodynamic barrier for the first step in
the catalytic cycle for ionic liquid biodegradation. Furthermore, the
binding free energy changes are within 1 kcal/mol, which can be re-
garded as chemical accuracy, for cations with alkyl chain n ≥ 4, sug-
gesting that there is no conformational preference when cations bind to
FeP except possibly when [C2mim]Cl interacts with FeP. In this case,
the equilibrium geometry start- ing from tail-down conformation is
slightly favored. Based on the experimental observation that the hy-
droxyl group is inserted in the alkyl chain of the imidazolium-based
cations and the existence of thermodynamic force for binding, it is

likely that the conformations (c)-(e) in Fig. 2 are observed in the bind-
ing pocket of cytochrome P450, while conformations (f)-(j) support the
incorporation of -OH in the imidazolium core. In order to delve deeper
into the origin of the Gibbs free energy change, enthalpic and entropic
contributions are collected in Table 1 and provided in Fig. 4(a) and (b),
respectively. It can be observed that the enthalpic contributions favor
the binding process while negative values for the en- tropy change sug-
gest that there is a loss in entropy as ionic liquids bind to FeP opposing
the binding process. As the entropic contributions are identical for tail-
up and tail-down conformations for [C2mim]Cl, the preference for the
tail-down conformation originates from a greater enthalpic contribu-
tion. The entropic change is more or less constant for tail-up conforma-
tions (Fig. 2(f)-(j)), which can be rationalized based on almost identical
orienta- tions adopted by the ionic liquid cation with respect to FeP. On
the other hand, the entropy change becomes increasingly negative as
the alkyl chain length increases for conformations shown in Fig. 2(a)-
(e). The additional loss in the entropy is possibly due to the loss in con-
formational flexibility of the alkyl chain as it interacts with FeP. As re-
marked earlier, the free energy change is nearly identical for a given
cation with n ≥ 4, which implies that the increase in loss in the entropy
disfavoring the binding process is compensated by the stronger en-
thalpic driving force for conformations displayed in Fig. 2(a)-(e). Thus,
the present analysis provides a molecular-level understanding of how a
subtle balance in the en- thalpic and entropic contributions leads to dra-
matic differences in the binding conformations of ionic liquids thereby
influencing the site of reactivity.

5
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Fig. 4. (a) Gibbs free energy (solid line) and enthalpy change (dotted line) for ionic liquid binding to FeP (Eqs. (2) and (3) for tail-up (circles) and tail-down (squares)
conformations; (c) entropy change (Eq. (4) for ionic liquid binding to FeP. Circles refer to the tail-up conformations while square identify tail-down conformations.
Lines are provided as a guide to the eye.

3.3. Second-Order perturbation energy analysis

In order to explain the trends in enthalpic contributions reported
above, second-order per- turbation analysis was performed decompos-
ing a given ionic liquid-FeP system into four donor/acceptor fragments:
free-base porphyrin (FBP), Fe, cation, and anion. All possible combina-
tions of the donor-acceptor energy are tabulated in Tables 2 and 3 for
tail-up and tail-down conformations, respectively. The non-zero donor-
acceptor energies are plotted in Fig. 5. Enthalpic contributions arise due
to interactions between the ionic liquid and FeP, e.g. FBP-cation, FBP-
anion, Fe-cation, and Fe-anion. It can be observed that donation of the
electronic density from the anion to FBP is considerably higher for tail-
down confor- mations (Fig. 2(f)-(j)) for n ≥ 4 than that for the corre-

Table 2
Fragments-based energy analysis for tail-up conformers (Fig. 2(f)-(j)). Ener-
gies are in kcal/mol unit.
Fragments [C2mim]+ [C4mim]+ [C6mim]+ [C8mim]+ [C10mim]+

FBP-Fe 331.39 333.01 332.58 331.20 332.31
FBP-cation 4.33 3.77 4.85 3.52 3.5
FBP-anion 0.0 0.09 0.0 0.0 0.0
Fe-FBP 82.98 91.32 91.06 83.04 90.79
Fe-cation 1.53 1.69 1.63 1.44 1.58
Fe-anion 0.0 0.0 0.0 0.0 0.0
cation-FBP 2.25 2.14 2.04 2.05 2.12
cation-Fe 0.81 0.86 0.95 0.84 0.92
cation-anion 0.17 0.12 0.12 0.12 0.12
anion-FBP 5.5 5.26 5.24 5.25 5.27
anion-Fe 0.0 0.0 0.0 0.0 0.0
anion-cation 31.85 29.49 29.33 29.34 29.31

Table 3
Fragments-based energy analysis for tail-down conformers (Fig. 2(a)-(e)).
Ener- gies are in kcal/mol unit.
Fragments [C2mim]+ [C4mim]+ [C6mim]+ [C8mim]+ [C10mim]+

FBP-Fe 314.31 327.75 317.57 318.86 308.71
FBP-cation 5.83 7.68 8.21 8.94 4.81
FBP-anion 0.08 0.0 0.0 0.0 0.0
Fe-FBP 69.05 93.55 70.17 68.98 73.00
Fe-cation 0.66 2.56 0.88 0.81 1.08
Fe-anion 0.09 0.0 0.0 0.0 0.0
cation-FBP 1.72 2.50 2.98 1.94 1.55
cation-Fe 2.94 0.87 1.16 1.28 2.02
cation-anion 0.18 0.16 0.16 0.18 0.18
anion-FBP 3.43 9.21 9.04 11.19 9.14
anion-Fe 0.0 0.0 0.0 0.0 0.0
anion-cation 35.39 32.35 33.63 36.09 32.18

sponding tail-up conformations (Fig. 2(a)-(e)) which is correlated to the
more negative enthalpy change for the former. Additional contribution
arises due to the transfer of electronic density from FBP to cation, which
is again higher in the case of tail-down conformations. Two-way inter-
actions between Fe and cation are nearly identical for the two confor-
mations. The data also shows there is no electronic interactions be-
tween Fe and anion. Thus, the higher enthalpy change for tail-down
conformations originates due to the delocalization of electrons from an-
ion to FBP and, to a certain extent, from FBP to the cation.

3.4. Electrophilicity index

The next step in the ionic liquid biodegradation cycle is the reduc-
tion of the ionic liquid-FeP complex, the propensity for which can be es-
timated from the electrophilicity index (Eqs. 5, 6, and 7). Additionally,
the local electrophilicity index was also determined to identify the most
likely region for electrophilic attack making use of the condensed Fukui
index and the Hirschfeld charge with Multiwfn. (Lu and Chen, 2012)
Table 4 collects the electrophilicity index, condensed Fukui index, and
the local electrophilicity index for the various cations and the two con-
form- ers. The global electrophilicity index are also displayed in Fig. 6.

For tail-up conformers, the electrophilicity index is the smallest for
[C2mim]Cl and it in- creases by about 2 kcal/mol for [C4mim]Cl. The
propensity to acquire an electron stays constant with increasing alkyl
chain length - the behavior stems from the fact that the HOMO and
LUMO energies become invariant with the alkyl chain length for the
tail-up conformers (Fig. S6a). The condensed Fukui index reveals that
FeP is the most likely site for the addition of an electron as almost
95–96 % of the extra charge would be added to FeP, which can be ratio-
nalized based on the fact that the LUMO energy is located on FeP for all
the conformers (Figs. S1b–S5b). In contrast to that for the tail-up con-
formers, the electron uptake ability for the ionic liquid-FeP complex di-
minishes with increase in the alkyl chain length. The decrease in the
electron-uptake ability is gradual from [C2mim]Cl to [C8mim]Cl with a
precipitous drop for [C10mim]Cl. The behavior can be linked to a sharp
decrease in the LUMO energy level from [C8mim]Cl to [C10mim]Cl (Fig.
S6a). Furthermore, the movement of HOMO from Cl− to FeP in
[C10mim]Cl (compare Fig. S1a to Fig. S5a) is another reason that the
addition of electron is energetically less favorable. It is interesting to
note that the local electrophilicity index for FeP in [C10mim]Cl-FeP
complex is lower than that for bare FeP although the value of overall
electrophilicity index still indicates that the electron addition to this
system is possible. The electrophilicity index obtained in this study for
the various conformers are significantly lower (almost 80–90 kcal/mol)
than those reported by Banerjee and Shah for cation-FeP complexes.
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Fig. 5. Second order perturbation energy calculated from the NBO analysis. (a) anion- FBP; (b) FBP-cation; (c) cation-FBP; (d) cation-Fe; (e) Fe-cation. The first
species is the donor fragment while the second refers to the acceptor fragment.

Table 4
Global and local electrophilicity index of two different types of conformers
with iron porphyrin.
Name of the
Ionic liquid

Global
electrophilicity
(ω), kcal/mol

Condensed Fukui
index(f +) k

Local Electrophicity
index (ωk),kcal/mol

FeP Cation Anion FeP Cation Anion

Tail-up conformations
[C2mim]+ 64.07 0.95 0.03 0.022 60.87 1.92 1.41
[C4mim]+ 65.96 0.96 0.022 0.02 63.32 1.45 1.32
[C6mim]+ 65.96 0.96 0.022 0.02 63.32 1.45 1.32
[C8mim]+ 65.96 0.96 0.022 0.02 63.32 1.45 1.32
[C10mim]+ 65.96 0.96 0.022 0.02 63.32 1.45 1.32
Tail-down conformations
[C2mim]+ 65.75 0.94 0.04 0.025 61.81 2.63 1.64
[C4mim]+ 64.31 0.95 0.027 0.02 61.09 1.74 1.29
[C6mim]+ 61.42 0.93 0.056 0.018 57.12 3.44 1.11
[C8mim]+ 59.91 0.92 0.06 0.017 55.12 3.59 1.02
[C10mim]+ 48.87 0.93 0.065 0.004 45.45 3.18 0.20

(Banerjee and Shah, 2019) Although the electrophilicity index was cal-
culated in a slightly different manner in the previous work, the primary
reason for considerably lower propensity for acquiring electron is due
to the presence of an anion which transfers electron density to FBP as
revealed from the second-order perturbation en- ergy analysis.

In terms of ionic liquid biodegradability, local electrophilicity of the
cation is of significant importance as it indicates which parts of the
cations are most likely to undergo a reaction. Comparing this quantity
along the homologous series and across the conformations indicates
that the propensity for the cation to acquire the electron density from
the electron transfer process is consistently higher for the tail-down
conformations (Fig. 2) than that for the tail-up conformations. Further-
more, the local electrophilicity index for the cation increases with in-
crease in the alkyl chain length for the tail-down conformations, which
points to the fact that the cation is more likely to be activated the longer
the alkyl chain length, which may partly explain biodegradation of
ionic liquids bearing longer alkyl chain length.

4. Conclusion

Electronic structure calculations were carried out to understand the
binding behavior of the ionic liquid [Cnmim]Cl (n = 2, 4, 6, 8, 10) with
FeP as this event is thought to be important for the first step in
biodegradation of ionic liquids by cytochrome P450 enzyme. The Gibbs
free energy change for the binding event is negative and more or less
identical for the five systems irrespective of the starting configurations,
suggesting that a given ionic liquid can exist in multiple conformations
with implications on the final product formation. Decomposition of the
Gibbs free energy change into its components revealed that the binding
event is driven by enthalpy changes while entropy loss opposes the
binding event. The second step of acquiring an electron in the hydroxy-
lation cycle was also found to be thermodynamically feasible. In con-
trast to the binding step, the propensity for the electron transfer step de-
pended signifi- cantly on the binding conformations adopted by the
ionic liquid cation. The present study has thus demonstrated that one or
more subsequent steps following the electron transfer re- action may be
involved in exerting a control on the feasibility of the hydroxylation re-
action and hence ultimately the biodegradability of imidazolium-based
ionic liquids. Future work will focus on these aspects and how the im-
plicit and explicit treatment of protein environ- ment and solvation will
affect the subsequent steps for hydroxylation.

Although the interaction of ionic liquids with FeP was studied in the
context of ionic liquid biodegradation, the understanding derived from
this work can also be translated to advanced oxidation processes in
which Fe-based catalysts are used to effectively break down ionic liq-
uids containing aromatic cores, (Mena et al., 2022; Mena et al., 2019)
which can aid in overcoming the lack of biodegradability of imida-
zolium-based ionic liquids. Several applications such as dye-sensitized
solar cells, (Giri et al., 2014) oxidation of guanidoximes to cyanamides,
(Kumari et al., 2015) conversion of CO2 to value-added products, (Chen
et al., 2017) polymerization, (Singhal and Ahmad, 2017) desulfuriza-
tion of model fuels, (Zhao et al., 2017) and porphyrinic ionic liquid
dyes, (Li et al., 2018) to name a few can benefit from a detailed under-
standing of molecular-level interactions of ionic liquid-porphyrin sys-
tems as described in this work.

The supporting information contains the HOMO and LUMO energy
data used for the cal- culation of electrophilicity index.

7



CO
RR

EC
TE

D
PR

OO
F

S.K. Das and J.K. Shah Journal of Ionic Liquids xxx (xxxx) 100078

Fig. 6. Global electrophilicity index for tail-up and tail-down conformations.
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