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Abstract

Metal porphyrins act as the reactive center of the ubiquitous monooxygenase, cytochrome
P-450. As such, both their native and functionalized forms have been successfully utilized in
studying biodegradation of a plethora of molecular substrates. Ionic liquids, although quite
promising and possessing benign physicochemical properties, are poorly understood in terms
of their biodegradability from a theoretical standpoint. In this article, a quantum mechanical
treatment of ionic liquids 1-n-alkyl-3-methylimidazolium (n = 2, 4, 6, 8, and 10) ([C,,mim]™)
is carried out in the presence of a variety of metal porphyrins to understand their binding,
which is the first step in the well-known catalytic cycle of cytochromes. Our treatment con-
cerns the interaction strength between the cations and porphyrin molecules and we quantify it
in terms of binding energy calculations of concerted electronic and geometrical effects. The
conformations having the alkyl chain of these IL cations facing the porphyrin molecules are
destabilized to the greatest extent as the chain length is enhanced along the homologous se-
ries. Structures of cation-porphyrin complexes are further analyzed by employing vibrational
analysis on the active site molecules to deduce key structural features of the complexes. The
reductive abilities of the metal porphyrins considered are also inferred by invoking conceptual
DFT in our work through electrophilicity and Fukui reactivity indices. We uncover that the
delocalized nature of the electrophilicity extends to the pyrrolic nitrogen atoms upon addition
of an electron in the subsequent step to the binding. It is also surmised that geometrically,
the core size is significantly affected upon inclusion of the cationic ligand with NiP showing
the highest out of plane displacement. The motions governing the symmetry of the porphyrin
macrocycle are perturbed from the native Dy, to Dyj, in case of FeP, CoP, NiP and CuP exhibit-
ing saddling and ruffling character and even By, and By, for MnP and ZnP showing doming

character upon binding with [C,mim]*.
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1 Introduction

Ionic liquids (ILs) are molten salts that consist of an asymmetric cation having an organic na-
ture and a complementary anion that may be organic/inorganic. The combination of these ionic
elements gives rise to structures and chemical entities, many of which exist in a liquid phase at
ambient conditions. Due to their inherent characteristics such as extremely low vapor pressure and
high design tunability, research on these chemicals has been very popular in the last two decades.
They have been applied to a plethora of industrial applications employing their unique physico-
chemical properties. '~!> Mixing one or more of these liquids have also been shown to emerge as a
rational approach towards obtaining desirable properties. 422

These ionic liquids have been projected to be environmentally friendly solvents due to their low
volatility that contributes to lowering air pollution, if used at an industrial scale.?*> Despite the
low potential for evaporation, their solubility in water?® combined with limited biodegradability

raises a concern that processes using ionic liquids could have a detrimental effect on aqueous

and soil-related resources through significant carbon footprint.?’-* Under the principles of green

This article is licensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

chemistry, the above fact demands a thorough assessment of their environmental effects**~? before

they can be considered as benign chemicals.
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Along this line, several investigations have been carried out to assess the structure-activity rela-

(cc)

tionship of ionic liquids. Imidazolium-based ionic liquids bearing 1-n-alkyl-3-methylimidazolium

33,34

cations having side chain length six or higher (n > 6) have been shown to be partially de-

graded by microbial consortia>—’

in an activated sludge environment. Several other works have
also®®*! highlighted the relationship between the alkyl chain length and the biodegradability of
imidazolium-based ionic liquids. The reader is directed to excellent reviews composed over the
last two decades for a comprehensive critique of the biodegradability of a variety of ionic lig-
Uids, 344146
Efforts have also been dedicated to understanding the mechanistic pathways by which ionic lig-

uids undergo biodegradation based on analyses of intermediate metabolites. A number of authors
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have suggested that the oxidation of cationic side chains mediates their degradation.’->! Multiple
works have pointed out that the eventual degradation proceeds through suitable oxidation of the

38.52-54 s leading to simpler metabolites. This oxida-

side chain for imidazolium>! and pyridinium
tion has been hypothesized to be linked to an appropriate alkyl monooxygenase such as cytochrome
P-450 as enzymes such as the P-450 BM3 contains a metal-centered porphyrin macrocycle as its
active site that is capable of oxidizing a wide range of substrates.> >’

The catalytic site in P-450 is the iron heme which contains iron at the center of a porphine
ring,>®>® which performs the oxidation reaction on the substrate within the binding pocket. All
chemical reactions associated with the active site are implicitly related to the central metal ion.®
Due to this reason, the modification of the porphyrin molecule has been of much interest in the cre-
ation of novel cytochromes®! and artificial hemoproteins %% to tune their reactivity. Out of these
modifications, the metals belonging to the row containing iron, such as Mn (Manganese), Copper
(Cu), Nickel (Ni), Cobalt (Co) and Zinc (Zn) have been shown to be successfully synthesized®
among many others. Our previous work %’ suggests that binding of 1-n-alkyl-3-methylimidazolium
([C,mim]™) cations to iron porphyrin (FeP) is conformationally dependent and the electronic prop-
erties reflect the conclusions drawn from the active model. The present work aims to understand the
effect of substituting these metals into the active site of cytochrome P-450 on binding of [C,,mim]*
cations as part of the crucial first binding step (Figure 1). The bound geometries have been ana-
lyzed in terms of the efficacy of the metal atom towards binding, geometrical changes induced by
the cation on the active site and associated reactivity indices. To gain further insight into the com-

plexation, a vibrational analysis consisting of some of the important modes of the metal porphyrins

have also been exhibited.
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2 Methodology

For this study, a range of metal substitutions were considered with the porphyrin macrocycle being
kept intact. The six different metals studied in the work were namely, manganese (Mn), iron (Fe),
cobalt (Co), copper (Cu), nickel (Ni), and zinc (Zn). All of the metal porphyrins were studied
in bare form (metal porphyrins, MP) and in complexation with the imidazolium-based IL cations
bearing 1-n-alkyl chain lengths (n = 2, 4, 6, 8, and 10) [C,mim]".

To unravel binding modes of the ionic liquid cations as well as gauge the effect of the presence
of different metals, geometry optimization was performed in the gas phase in complexation with
metal porphyrins using the quantum mechanical Gaussian 09 software package.®® All the atomic
centers except the metal were treated with the well-known 6-31g(d,p) Pople basis set.®® In our for-
mer publication,” we surmise the performance of adding a diffuse function (6-31+g(d,p)) to the
existing 6-31g(d,p) basis set for non-metallic atoms in detail and conclude no significant changes
compared to the original treatment. The LanL.2DZ basis set,’' shown to be highly efficient in han-

72-74

dling transition metal-containing systems, was employed to represent metal in MP and ionic

This article is licensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

liquid-MP complexes. Gas-phase ionic liquid cations, MP, and ionic liquid-MP complexes were
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subjected to geometry optimization using an advanced hybrid meta exchange-correlation func-

tional M06,7>7® capable of describing long-range dispersion corrections. Several publications’’8!

(cc)

point towards the efficiency of the M06 functional in describing binding of small molecules, spin
state energetics and absorption spectra over other variants M06-2X, MO6L and MO6HF.
Out of the possible multiplicities for these metal atoms, the one yielding the most stable por-

phyrin was considered for the analysis and in complexation with the ionic liquid cation.

2.1 Conformational Dependent Geometry Optimization

In order to assess the dependence of initial structures on the optimized geometries of ionic liquid-
MP complexes, two different ionic liquid orientations relative to FeP were probed: tail-up (TU)

and tail-down (TD) (Figure 2(a-b)). In our previous work,%” we demonstrated that the TU and TD
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conformations of ionic liquids are more informative for understanding the binding propensity of
imidazolium-based ionic liquids with FeP. Furthermore, due to the vastly different nature of these
two conformations, it is expected that they are likely to bracket additional local energy minima,
if they exist. For [C,mim]* cations, the TU conformations were generated by placing one of
the hydrogen atoms attached to the carbon atom in the 3’-position at 3 A from the metal atom
underneath. On the other hand, TD conformations were constructed by positioning the cation in
such a way that one of the H atoms attached to the terminal carbon in the side chain (1’- position)
was 3 A from the metal center. A similar strategy was followed to produce TD conformations for

all the ionic liquid cations.

2.2 Binding Energy of Cation-Porphyrin Complexes

The binding energies between the imidazolium cation and the porphyrin molecules serve as an
indicator of the stability of the overall complexation process. The binding energies of the ionic

liquid-metal porphyrin complexes were calculated using eq. 1

AEbinding = Ecomplex,cp — Ex. — Ewp. (1)

In this equation, AEj;,din refers to the binding energy of the complex; Ecompiex,cp denotes the coun-
terpoise corrected energy associated with the gas-phase optimized geometries of the complex and
Ey, Eyvp are the gas phase energies of ionic liquid cation and the metal porphyrin, respectively.

In order to compare the stability of the two conformers for a given cation, the relative binding

energies were calculated with respect to the minimum binding energy conformation (eq. 2)

AAE = AEpinding — AEbinding min )

where AEpindingmin 18 the energy of the most stable complex, i.e., the one exhibiting the highest

absolute binding energy.
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2.3 Electrophilicity Index

To understand the role of the imidazolium cation in changing the electronic environment of the
porphyrin receptor, it is essential to understand the factors that are associated with the reactivity
of the latter. In order to assess the propensity for the change in the oxidation state of the metal
once the substrate, the imidazolium cation in this case, binds, electrophilicity was calculated as an
indicator of porphyrin reactivity based on the frontier orbital energies. According to Parr et al.,?
the electrophilicity w can be obtained from the knowledge of the electron chemical potential x« and

the chemical hardness n (Eq. 5).

y = Enomo ; Evumo 3)
n = Erumo — Enomo 4)
w = /2y %)

This article is licensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

where Eyomo and Epymo refer to the energies of the highest occupied molecular orbital (HOMO)

and the lowest unoccupied molecular orbital (LUMO) for metal porphyrin in the complex. The

Open Access Article. Published on 14 August 2025. Downloaded on 8/14/2025 8:27:13 PM.

HOMO and LUMO energies were calculated by performing a full population analysis on the con-

(cc)

verged geometry and then identifying the frontier energy levels for the porphyrin molecules in

complex amongst the populated energy states using the software package GaussSum3?

2.4 Fukui Indices

Fukui functions are significant in the understanding of local reactivity of a given atom in the scheme
of the overall transfer of charge and electronic density in a chemical process. It presents a method
from conceptual DFT to gauge the effect of an electron addition or removal process on a certain
atom within the whole molecular framework. It is defined as the difference in the associated

electronic density for the considered atom which can also be expressed locally as the difference in
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the charges to condense the effects to a certain point. For an atom specific treatment of the reactive

8485 was evaluated for the metal at the center of the active

attack, the nucleophilic Fukui descriptor
site molecule. This index is a measure of the propensity of a nucleophilic attack through a finite
difference approximation involving atomic charges of the electron gaining metal center. The above

described relationship is given as :

fAjI_Jery = qunpy(N + 1) — qunpy(N) (6)

where the terms f, +Npy» AM+Npy (N 4 1) and g+ npy(N) represent the Fukui function for metal
and the four pyrrole nitrogens in complex, the same charge computed after gaining an electron
and the charge in the neutral state. This approach was formulated taking into consideration that
electron transfer occurring on the metal ion undergoes significant redistribution to the four bound
nitrogens in porphyrin. All the charges associated with the calculation were evaluated using the
Hirshfeld scheme®%7 on the geometry of the neutral species of the optimized cation-porphyrin

complex to reflect the character of transfer of the electron density.

2.5 NBO Analysis

A donor-acceptor interaction analysis was performed by subjecting the optimized geometries to a
natural population calculation using the natural bond orbital (NBO) method laid out by Weinhold
and co-workers.® In this framework, second order perturbation analysis provides a description
of the possible donor-acceptor orbital interactions within the entire molecule. The second order

correction to the natural Lewis energy description is given by

1

AED = —qi Fyl? /(e — &) ()

where g; is the occupancy of the donor orbital, F; is the sum of all effective one-electron hamilto-

nian operators and (e](.NL) — ei(L)) represents the difference in the corresponding acceptor (NL) and

donor orbital energy levels (L).
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The stabilizing donor-acceptor energies resulting from the metal porphyrin to the cation were
recorded in order to understand the strength of these interactions for different metals in order to
provide insight into Lewis-type interactions. Furthermore, to probe the effect of the presence of
either monomer on these energies, i.e. cation and metal, the net intermolecular stabilization was
parsed into two components: (a) stabilization with metal orbitals as the donor orbitals and cation

as the acceptor; (b) with cation acting as the donor and the metal as the receiver of electron density.

2.6 Vibrational Analysis and Core Size

Porphyrins have been identified to show distortions promoting non-planarity related to size change
in the 4-N cavity in the overall macrocycle.”! These changes have often been tied to their reactive
properties such as electron transfer, axial ligation and redox potentials.®>*> Among the possible
deformations, ruffling and doming have been widely used as models to describe associated spec-
tral properties. % The normal structure decomposition (NSD) analysis as described in Jentzen et
al.””® was utilized to account for the out-of-plane normal deformations in the porphyrin-cation

complexes. Figure 3 describes these out-of-plane symmetric deformations, namely, saddling (B5,),

This article is licensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

ruffling (B,,), doming (A,,), waving ((E,(x)) and (E,(y))) and finally, propellering (A;,). The ap-

Open Access Article. Published on 14 August 2025. Downloaded on 8/14/2025 8:27:13 PM.

plication of NSD analysis for quantitatively accounting for porphyrin distortion profiles have been

(cc)

reviewed in detail in Kingsbury and Senge.®” The above described deformations were evaluated by
extracting the coordinates of the energy minimized porphyrin macrocycle from the overall complex
and recording the deformations belonging to each of the above mentioned symmetries for all of the
associated structures. These distortion characteristics drive the structure of the porphyrin towards
a specific symmetry and have the potential to act as a template for site specific design of chiral
porphyrins. In the present work, the symmetric deformations in IL cation bound porphyrins have
been quantified. The change in the porphyrin core size was determined by recording the change in

the average metal-pyrrole nitrogen distance for the bare and cation-bound porphyrins.
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3 Results and Discussion

The results section has been arranged in order to include, firstly the binding energy profile for all
of the six metal porphyrins, followed by a discussion of electronic properties and analysis of key
vibrational modes to provide physical insight into the complexation of IL cations with the six metal

porphyrins.

3.1 Binding Energies

The possible spin states and relative energetics of the bare porphyrins are given in Table 1. As
we move towards the 3d°> — 3d'° configuration metals (Mn to Zn), MnP exhibits a high-spinstable
spin state as a sextet with five unpaired electrons, while FeP occupies the intermediate triplet state
as discussed in Banerjee and Shah.®”-’° On the other hand, the remaining four metal porphyrins
reside in their lowest spin state: CoP and CuP are doublets while NiP and ZnP are singlet species.
The relative energies from optimized geometries of these porphyrins at possible spin states show
significant favorability for the ground state over the others (Tables S1- S5). Our observations for
these spin states align with the work reported by Feng et al.!” in which they considered 11 differ-

ent divalent porphyrins with and without complexation with an axial pyridine ion.

Binding energies of each of the metal porphyrins to the imidazolium cation is given in Figure 4
and their combined profile is displayed in Figure S6, while relative energies are reported in Ta-
ble 2. Our previous work suggested that binding, in case of FeP, is conformationally dependent
as the alkyl chain length of the cation is enhanced and the major contribution to the total binding
energy comes from interaction energies. The reader is referred to our previous work ©’ for a de-
tailed discussion on the binding energetics, profiles and reductive ability of FeP in the presence of
[C,mim]™ cations (n = 2,4, 6,8, 10). All other metal porphyrins, except for FeP, will be discussed

here.

10
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For MnP bearing the 3d° configuration, the range of binding energies are observed to be between
-16.4 to -7.7 kcal/mol as the alkyl chain increases. Similar to our observations for [C,mim]-*FeP
complexes, the binding strength reduces progressively for both the TU and TD conformations with
TU complexes more preferred over TD conformations for [C,mim]* with n = 6,8, 10. The rela-
tive energies between the two conformations presented to the porphyrin are evaluated to be 1.4, 2.8
and 2.9 kcal/mol for the imidazolium cation bearing the hexyl, octyl, and decyl chain, respectively

(Table 2).

The cation binding energy profiles obtained with 3d” CoP are very similar to those calculated with
MnP. Upon binding, there is an energy gain of anywhere between -16.9 kcal/mol to -8.0 kcal/mol
with lower binding energies for longer alkyl chains. TU and TD complexes are nearly indistin-
guishable for [C,mim]*, [C4ymim]*, and [Cgmim]™ while the TD conformations are destabilized

by 3.4 kcal/mol and 2.7 kcal/mol for [Cgmim]* and [Ciomim]™.

For NiP, while the TU conformations yield binding energies between -17.4 and -11.6 kcal/mol,

This article is licensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

the TD binding energies range from -18.1 to -9.0 kcal/mol. Binding energies are within 1 kcal/mol

Open Access Article. Published on 14 August 2025. Downloaded on 8/14/2025 8:27:13 PM.

for [C,mim] " and [C4;mim]™ cations for both TU and TD conformations, implying conformation-

ally independent stability when the alkyl chain length is short. The conformational preference

(cc)

begins to dominate for longer alkyl chains with TU conformations are favored over the TD con-
formations for the rest of the homologous series. Differences in binding energies between TD and

TU conformations for [Cgmim]™, [Csmim]", and [C;omim]* are 1.7, 1,8, and 2.6 kcal/mol.

CuP binds to IL cations with energies in the range of -16.1 to -7.0 kcal/mol. The strength of
binding of both TU and TD geometries individually reduce with the increase in the chain length of
the cation. For [Comim]* and [C4mim]™ cations, binding energies are similar for both TU and TD

conformations, while TU conformations are more stable for the remaining three cations.

11
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Finally for ZnP complexes, the range of binding energies are -14.7 to -9.0 kcal/mol for TU com-
plexes, and -13.4 to -6.7 in case of TD complexes. On a relative scale, the TD geometries are
shown to be less favorable irrespective of the size of the chain length on the cation. The relative
energies for chain lengths having 6, 8 and 10 carbon atoms are less favorable towards TD confor-

mation by 3.6, 2.2 and 2.3 kcal/mol respectively.

Upon comparing the absolute binding energies for all the metal porphyrins, we conclude that NiP
binds the strongest to a given IL cation for both sets of conformations. Geometrically, similar to
our observation for FeP, TU conformations adopt a stacked conformation in which the plane of the
imidazolium cation is parallel to that of the porphyrin enabling favorable 7 — & interaction. TD
geometries show a gradual displacement of the imidazolium ring away from the metal center of
the porphyrin with the ring adopting a tilted conformation with respect to the porphyrin plane for
n > 6. Selected geometries to illustrate this fact have been given in Figure 2(c-e) and complete
set except Fe containing complexes are provided in the SI (Figures S1- S5). The presence of ionic
liquid cations also induces distortions to a nearly perfect planar geometry of bare metal porphyrins.
This will be discussed further in the section dedicated to core size and vibrational analysis. The
magnitude of the binding energies obtained in this work is an order of magnitude lower than those
101 ;

calculated for anionic ligands, " implying a much less stable ligand-metal porphyrin complexation

when the ligand is electron deficient.

3.2 Electrophilicity Index

Results from electrophilicity calculations are depicted in Fig. 5 for TU and TD conformations
presented to all the ionic liquid-MP complexes. The electrophilicity index computed for all the
porphyrins shows a trend similar to our previous work concerning the complexation of 1-n-alkyl-
3-methylimidazolium cations with iron porphyrins in tail up and tail down geometrical modes.
Specifically, the electron uptake ability of each of the metal porphyrins is enhanced in the presence

of the positively charged cation. Figure 5 shows the individual electrophilicity index profiles for

12
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each of the porphyrins considered in the work and it can be clearly seen the imidazolium cations
almost make the uptake ability of the cation triple of its gas phase datum, enhancing the over-
all chemical potential of the complex. This is in line with our former works on FeP containing
complexes bearing [C,mim]" cations®” and family of aromatic cations.”® Across all of the por-
phyrins, the conformational effect of placing the alkyl chain is evident as the chain length on the
imidazolium cation in increased to hexyl or greater. Upon considering the evaluated indexes cu-
mulatively, the effect of the number of unpaired electrons becomes evident.

Among the metals considered in this work, the HOMO energy of MnP is markedly higher due to
the presence of five unpaired electrons. The electrophilicity of the manganese porphyrin is con-
sistently higher than all of the other porphyrin counterparts irrespective of the conformation of the
cation presented to it. It must be recognized that an overall treatment of the complex does not re-
flect the behavior of the central metal ion and its reducibility. For this reason, we chose to explore
the local Fukui indexes on the metal ions, the results of which are presented in the subsequent

section.

This article is licensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.
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To probe into the effect of complexation of the imidazolium cation on the porphyrins, the Fukui
index was computed taking into consideration the central metal atom (M) and attached pyrrole
nitrogens (Npy) for each of them to accommodate the addition of an electron. This was done
by altering the electronic state of the [C,mim]"MP complexes and computing the charges on the
metal at both the neutral and electron rich oxidation states. The Fukui index profiles for all of the
porphyrin moieties (M+Npy) have been given in Figure 6 as a function of the alkyl chain length in
two different conformations. Upon including the pyrrole nitrogens in addition to the central metal
ion, the Fukui descriptor for the TU conformations shows that, except for the [C;mim]* FeP com-
plex, the Fukui descriptor is negative, indicating the propensity of the metal and pyrrole nitrogen

to acquire a fraction of the negative charge added to the complex.
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It is noteworthy that all of the other conformations in this homologous series of Fe containing
complexes are significantly nucleophilic which posits that both an orbital and conceptual DFT de-
scription is required to establish the electron transfer phenomenon. We also note that the Fukui
index for electron addition for Fe in case of the [Csmim]™ bound complex in the TU conforma-
tion is considerably higher than the other complexes. This could be tied to the unique geometrical
makeup of this complex as compared to the other TU complexes in the same series.® In case of this
complex, the alkyl chain places itself in a slithered manner to the underlying porphyrin as opposed
to pointing away. The local enhancement in the electron density for the porphyrin core seems
favorable for all of the 3d metals considered in the work for most of the complexes. A trend for
these indices with respect to the alkyl chain length could not be established. However, it is shown
that electron addition to the porphyrin is significantly feasible and it is rather necessary impera-
tive to consider the attached pyrrole nitrogens to the central metal ion to evaluate reductive ability
of metal porphyrins. The conformations of the cation in complexation play an important role in
dictating the local softness of the metal site underneath, which is intuitive as the intermolecular
interactions are conformationally dependent. From our earlier analysis concerning electrophilicity
of porphyrin, it can also be deduced that local electrophilicity of the metal is quite different as
compared to the whole porphyrin. Overall, both the electrophilicity index of the overall porphyrin
and the Fukui index of the porphyrin core must be considered for understanding the cumulative

effect of the bound cation on the reducibility of the porphyrin.

3.4 NBO Stabilization

For understanding the donor acceptor interaction strength between the cation and the porphyrin,
NBO analysis was conducted. The stabilization energies arising from the various orbital interac-
tions between the metal porphyrin as the donor and cation as the acceptor were evaluated. The total
stabilization energies computed for both TU and TD conformations for the entire cation space is

presented in Figure 7(a) and (b). From the plot concerning TU complexes, it is evident that the
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donor-acceptor interactions contribute significantly to the complexes formed between ionic liquid
cation and NiP or ZnP. The stabilization energy arising from these interactions does not seem to
correlate with the length of the alkyl chain for any of the metals. A similar conclusion can be
drawn for the TD conformations except those involving cation-NiP complexes for which the total
stabilization energy increases with the alkyl chain length. This trend, however, appears to be nearly
absent for other metal porphyrin complexes. To understand the role of the individual monomers
in the back-donation process, NBO stabilization energies were resolved further into two donor-

acceptor contributions: metal to cation and cation to metal.

Figure 7 (c) and (d) portray the trends in which the metal from the porphyrin macrocycle is con-
sidered as the donor while the cation serves as the acceptor. For TU complexes (Figure 7 (c)),
energies resulting from these interactions are much more favorable for NiP complexes in compar-
ison other metal complexes, showing that it is one of the key factors leading to the stabilization
of the NiP cation complexes. On the other hand, this role of the central porphyrin metal is not

pronounced in the case of the other porphyrins. For the TD counterparts, a similar observation

This article is licensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

can be made in which the Ni component of the metal-cation stabilization energy rises as the alkyl

chain is enhanced and the imidazolium ring is displaced from the purview of the porphyrin. Inter-
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estingly, the rise in energetic contribution is almost 8 kcal/mol when moving from the [C4;mim]™ to

(cc)

[Cemim]™ cation while the role of the other metals level off with the increase in size of the cation
in the same plot. Thus, it is conceivable that higher donor-acceptor interactions result in increased
propensity for ionic liquid cation to bind NiP. Finally, in case where the IL cation in complexation
is considered as the donor, the stabilizations are shown in Figures 7 (e) and (f). In Figure 7 (e),
the cation shows the greatest energetic stabilizations in case of ZnP, followed by NiP and others
in the TU conformation. No such trend can be discerned in case of the TD complexes, in which
multiple metal complexes are clustered together. Upon computing the natural charges presented in
Tables S6- S11, it is also established that significant charge transfer occurs from the cation to the

underlying porphyrin upon binding in case of most of the conformations, comparable to the cases
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showing methanol'”? bound to Zn(II) and Mg(II) porphyrins and alkyl ligands bound to Ru(II)

porphyrins. '3

3.5 Core Size

Core size of metal porphyrins is affected by several factors including the presence of axial ligands
on either side of the porphyrin plane. In the present work, the cations in complexation with the
porphyrins affect the structure and electronic properties of the underlying porphyrins as exhibited
by binding energies, DFT indices and stabilization energies. We chose to compare these core sizes
for the porphyrins with and without ligand binding. Our calculations for the bare porphyrins agree

with the earlier core sizes reported by Kozlowski et al.!%*

for these metal porphyrins (Figure 8). In
their theoretical treatment of porphyrin core sizes bearing d* — d'° transition metals, the size of the
central cavity was attributed to the occupancy of the electrons in 3d orbital of the central ion (M).
Out of these, the configurations of d° (all unpaired electrons) and d'° (a completely filled shell)
for Mn and Zn respectively show the highest core sizes at 2.070 and 2.052 A respectively. In case
of NiP, an empty d,>_» orbital in the ground state leads to the smallest core (1.961 A) , while the
doublet CoP (1.975 10\) falls between NiP and triplet FeP (1.991 10%). The 3A2g structure of FeP is

shown to have a core size quite similar to the doublet CuP.

To gauge the effect on the cavity of porphyrins, their core size was examined by calculating the
average bond length between the metal and pyrrole nitrogen and taking the difference between the
values for the complexes with ionic liquids and bare metal porphyrin. The resulting changes are
depicted in Figure 8(a-b). It is clear that the presence of ionic liquids lead to contraction of the
underlying porphyrins for most of the TU and TD conformations. The NiP complexes exhibit the
largest degree of contraction across both TU and TD conformations. This core contraction could
be tied to the stabilization induced metal-cation donor-acceptor interactions, Figure 7(c)). In all of

the Zn and Mn bearing porphyrins, a very minimal expansion in the presence of [C,mim]" cations
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is observed indicating the two extremes of the 3d electronic occupations. It has been established

105-107 which is vital for the next step in the cy-

that a greater core size leads to ease in oxidation
tochrome P-450 cycle where a superoxo ligand sits atop the metal center. Therefore, it is expected
that the binding of oxygen may be slightly disfavored for FeP, CoP, NiP, and CuP in comparison to
that for the corresponding metal porphyrins. Generally, a relatively larger core aids in an extended
m-system promoting electron delocalization amongst the central metal ion and associated pyrrole
units. As these core rearrangements cause characteristic changes to the starting symmetry (Dyy,) of
the native unligated planar porphyrins, we decided to examine the vibrational modes and associ-

ated distortions of symmetric nature and characterize them according to the motions described in

Figure 3.

3.6 Vibrational Analysis

Recently, the effect of symmetry on the tuning of porphyrin properties for tailored reactivity has

108,109 As

been studied. the four-fold symmetry of prophyrin is broken due to the presence of ionic

liquid cations as ligands, we expect that the redox potential of the underlying porphyrin is affected

This article is licensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

as already demonstrated through the electrophilicity index calculation. In order to quantify the

Open Access Article. Published on 14 August 2025. Downloaded on 8/14/2025 8:27:13 PM.

structural alteration in porphyrins, normal modes of the vibrations for the optimized geometries

(cc)

were analyzed for each set of conformations for every porphyrin included in the work. For probing
the substrate binding effects, only the out-of-plane (OOP) modes were recorded. The five different
motions affecting the size of the central porphyrin cavity and OOP displacements are saddling,
ruffling, doming, waving, and propellering. These motions are pictured in Figure 3 for NiP. In
the review on structural significance of porphyrins by Kingsbury and Senge,* for the out of plane
normal modes, B, and By, correspond to saddling and ruffling, A,, to doming, E,(,) and E(,) to
waving, and finally A, to propellering. While both ruffling and saddling act as driving force for
generating D,, symmetric structures, doming corresponds to Cy4, while the orthogonally comple-
mentary waving motions present a Cy, symmetry. In case of saddling, the six atoms within each

pyrrole ring are subdivided such that they undergo motions in the upward and downward direc-
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tions equally. Ruffling, on the other hand, is caused by the complementary motion of adjacent
pyrroles moving in opposite directions. Both saddling and ruffling cause the electron rich cavity
of porphyrin to contract whereas doming causes it to expand. For doming, the pyrroles all move in
a concerted manner to increase the strain on the outer porphyrin skeleton, thereby increasing the

cavity size.

The modes for all of these representative motions are presented for both the TU and TD con-
formations of cations bound to the underlying porphyrin and the out-of-plane distortions induced
by each of these modes are collected in the Supporting Information (Tables S12 - S23) Figure 8(c)
gives an average treatment of the out-of-plane displacements (Doop) arising in the porphyrin skele-
tons in complex with the cation in both TU and TD conformations. This was computed taking into
consideration the Dy, symmetry of the porphyrin macrocycle and that the associated distortions
would be distributed among the normal modes arising due to presence of cation. Dopp values in-
dicate that the effect of cations on the distortions is minimal for MnP and ZnP, irrespective of the
type of conformations presented to porphyrins, while the highest distortions > 1A are observed
for NiP. The other three metalloporphyrins (FeP, CoP, CuP) exhibit intermediate values of Dgop -
in the range of 0.4-0.6 A. Some of the common observations in case of all of the vibrational modes
is the predominance of saddling (B,,) and ruffling (B;,) motions for most of the porphyrins. For
Zn and Mn containing complexes, significant doming effect (A2u) is also observed for some of the
TD conformations. Also, the propellering effect of the A;, is mostly negligible as compared to the
rest of the out of plane symmetry modes in case of most of the [C,mim]™ MP complexes.

From the initial analyses, it can be ascertained that while the magnitude of doming and waving
effects are distributed, saddling and ruffling constitute majority of the overall |Doop| displacement
reported for each set of [C,mim]* MP complexes. The D,; symmetry type is preferred over the
initial Dy, one in the case of most of the metal complexes. Irrespective of the conformation pre-
sented, these two modes show the highest contributions to the out of plane normal deformations

that is also representative of the contraction of the porphyrin cavity (Figure 8). Both Mn and Zn
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containing complexes, however, show a greater doming character as compared to the other metal
porphyrins, rather exhibiting expansion of the same cavity. Interestingly, these two porphyrins are
also the ones that contain the highest and the lowest number of unpaired electrons (five for MnP

and none for ZnP).
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4 Conclusion

The present work is an extension of our former work concerning the complexation of the iron por-
phyrins with 1-n-alkyl-3-methylimidazolium cations to understanding their binding through elec-
tronic and geometrical peorperties. We considered six different porphyrins containing different
metal centers, namely, Iron (Fe), Nickel (Ni), Zinc (Zn), Cobalt (Co), Copper (Cu) and Manganese
(Mn). The binding of these porphyrins to two different conformations, tail up (TU) and tail down
(TD) of the imidazolium-based cations have been studied. Results show a conformational depen-
dence on the binding affinity as the alkyl chain on the cation is enhanced similar to the observation
made by us in case of iron porphyrin. Upon evaluating the electrophilicity indexes, it was shown
that similar to FeP complexes formerly, elevated reactivity is shown in case of all of the cation
bound metal porphyrins. In order to further understand the role of the cations the reducibility
of the porphyrin, Fukui indices were evaluated on these optimized complexes. The Fukui anal-
ysis provided insight into the role of the porphyrin core in the overall reducibility of the metal
porphyrins. Both electrophilicity and local charge differences are required to analyze the electron
addition to ligated porphyrins. The NBO analysis exhibited that the Lewis interactions between the
possible donor acceptor combinations is most favorable for the singlet Nickel and Zinc complexes
while for the others, the second order stabilizations cannot be distinguished. Our core size analysis
of the porphyrins also sheds light on the contraction of the porphyrin cavity for NiP complexes.
The motions of saddling, ruffling and doming are observed to govern the shape of the porphyrin
cavity. Porphyrins having a native Dy, symmetry, when bound to [C,mim]" cations revert to the
D,;, symmetric form but in the case of Mn and Zn, there is significant doming character in addition
to the B,, and B, modes showing highest displacement, owing to a larger cavity as compared to
others. These cavity effects are important in the scheme of the overall catalytic cycle, expected to

influence proton addition in subsequent steps.
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Table 1: Relative Spin State Energetics for the metal porphyrins considered in the present

work. The most stable spin state is recorded in bold.

MP | Index Spin State Relative Energy (kcal/mol)
Mn | MP; | MP,(*MP,)(MP,) (63.1)(11.4)(0.0)
Fe | MP, | 'MP, CMP,)CMP,) (39.4)(0.0)(6.4)
Co | MP; | *MP;3 (*MP3)(®MP3) (0.0)(12.4)(45.2)
Ni | MP, | 'MP,CMPy)(CMPy,) (0.0)(16.2)(58.2)
Cu | MPs | *MPs(*MPs)(°MPs) (0.0)(41.2)(84.3)
Zn | MPs | "MPsCMPs)(CMPy) (0.0)(43.1)(82.9)

Table 2: Relative binding energies of [C,mim]"-MP complexes (kcal/mol) for tail up (TU)
and tail down (TD) conformations of bound [C,mim]* cations

Cation Mn Fe Co Ni Cu 7n
TU TD|TU TD|TU TD |TU TD |TU TD |TU TD
[Comim]t | 00 00[07 00|04 00|07 00]00 0700 1.3
[Cymim]* | 00 02|11 00(01 00|11 00|09 00|00 05
[Cemim]t | 00 1400 10|00 01|00 1700 1500 3.6
[Cgmim]t | 00 28 |00 2800 34,00 18[00 1.8]00 22
[Ciomim]" | 0.0 29|00 31/00 27|00 26|00 24|00 23
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Table 3: Global relative binding energies of [C,mim]"-MP complexes (kcal/mol) for tail up
(TU) and tail down (TD) conformations of bound [C,mim]™ cations

Cation U D
Mn Fe Co Ni Cu Zn|Mn Fe Co Ni Cu Zn
[Comim]t | 1.0 12 09 00 13 27|17 13 12 0.0 27 4.7
[Cymim]" | 1.1 0.6 08 00 20 30(23 20 19 00 22 46
[Comim]t | 1.0 0.1 22 00 20 23|12 00 1.1 05 23 4.7
[Csmim]t | 1.0 06 1.0 00 22 2620 15 25 00 22 29
[Ciomim]" | 1.0 0.7 0.8 00 22 26| 13 12 09 00 20 23
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6 Figures

MP
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Figure 1: Schematic showing the system considered for performing DFT calculations (Metal
Porphyrin (MP) and 1-n-alkyl-3-methylimidazolium cation ([C,mim]")

(cc)
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Initial conformations for optimization of (a) Tail Up (TU) and (b) Tail Down (TD)

structures shown for a [C,mim|"FeP system : H,, - methyl hydrogen facing the metal ion, H, -
terminal alkyl chain hydrogen facing the metal ion, optimized geometries of (c) [Cymim|"MnP
TU and TD (d) [Cgmim]|"CoP TU and TD (e) [Ciomim]*NiP TU and TD complexes
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== T

(a)B2u (saddling) (b)B1u (ruffling)
(c)A2u (doming) (d)Eg(x) (waving)
(e)Eqg(y) (waving) (f)A1u (propellering)

Figure 3: Schematic showing deformation characteristics of the out-of-plane normal modes for
nickel porphyrin (in stick models); color coding - white : Hydrogen, gray : Carbon, blue : Nitrogen,
green : Nickel
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