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ition from covalent to non-
covalent functionalization of pyrene through C-, N-
, and O-based ionic and radical substrates using
quantum mechanical calculations†

Anwesh Pandey * and Nandan Kumar *

Pyrene is oneof thewidely investigated aromatic hydrocarbons given its unique optical and electronic properties.

Modulating inherent characteristics of pyrene via covalent or non-covalent functionalization has been attractive

for a wide variety of advanced biomedical and other device applications. In this study, we have reported the

functionalization of pyrene via C, N, and O based ionic and radical substrates, and emphasized the transition

of covalent to non-covalent functionalization through making the modulation in the substrate. As expected,

strong interactions were observed for cationic substrates, however, anionic substrates also exhibited

a competitive binding strength. For instance, methyl and phenyl substituted CH3 complexes exhibited IEs in

the range of −17 kcal mol−1 to −127 kcal mol−1 and −14 kcal mol−1 to −95 kcal mol−1 and for cationic and

anionic substrates, respectively. The analysis of topological parameters showed that un-substituted cationic,

anionic, and radical substrates interact with pyrene via covalent interactions, and further become non-

covalent upon methylation and phenylation of the substrates. In cationic complexes, the polarisation

component is observed to be dominating the interactions, whereas highly competitive contributions from

polarization and exchange components were observed in anionic and radical complexes. The contribution of

the dispersion component increases with an increase in the degree of methylation and phenylation of the

substrate, and starts dominating once the interactions become non-covalent in nature.
Introduction

Polyaromatic hydrocarbons (PAHs) are a ubiquitous family of
aromatic compounds obtained by fusing two or more benzene
rings. PAHs are of tremendous research interest due to their
higher stability, rigid and planar structure, and their charac-
teristic spectra.1–7 Pyrene is a peri-fused PAH consisting of four
benzene structures and possesses excellent emission proper-
ties, a long excited-state lifetime, and successful electron hole-
pair dissociation.8–11 The functionalization studies via revers-
ible and irreversible means (non-covalent and covalent respec-
tively) have been in tremendous surge over the past decade,
especially for carbon-based nanostructures.12–15

The functionalization of pyrene through various functional
groups via traditional synthesis approaches viz., formylation/
acetylation, bromination, alkylation, oxidation, and borylation
reactions have been studied well highlighting its optical prop-
erties for device applications such as organic light-emitter
diodes, as well as organic photovoltaics, solar cells, and
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the Royal Society of Chemistry
production of metal–organic frameworks.16–18 The structural
variability and aromatic characteristics of pyrene allow the
covalent and non-covalent functionalization with different
reactants to enhance the optical properties, electron transfer
efficiency, and others.19–23 The covalent functionalization
employs specic chemically active functional groups to convert
sp2-hybridized C]C bonds into sp3-hybridized C–C bonds,
which would induce defects in pyrene. However, the non-
covalent functionalization has little damage on the structure
of pyrene and can maintain most of the original properties.24

The p–p, XH–p, cation–p, anion–p and other non-covalent
interactions have been identied to play an important role in
the non-covalent functionalization of pyrene and other
PAHs.25–27 Sastry et al. has comprehensively studied a range of
PAHs interacting with different substrates via non-covalent
interactions and has emphasized the nature of
interactions,28–30 and their modulation based on the size and
nature of PAHs and substrates.31–35 Interaction of different
substrates with pyrene is also undertaken in several other
studies highlighting the functionalization of pyrene or other
pyrene-like model systems for a range of applications.25–27,36,37

Recently, the interaction of pyrene with biomolecules and
other systems have also been studied. Sengottiyan et al. has
reported the binding studies of plasma proteins pyrene
RSC Adv., 2023, 13, 14119–14130 | 14119
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derivatives addressing the antimicrobial resistance.36 Another
study reports the role of pyrene in probing different protein
conformations thereby highlighting its importance in molec-
ular organization of biological molecules37 and in elucidating
how mechanochromic luminescence behaviours can be modu-
lated by side-chain substituents.38 Several studies have reported
pyrene as a model system for studying the properties of gra-
phene for various applications, viz., eld effect transistors,
hydrogen chemisorption, reactions in interstellar medium,
etc.39–43 However, the nature of interactions as well as the tran-
sition between covalent and non-covalent interactions and vice
versa has not yet been thoroughly examined.

In the present work, we have comprehensively studied the
functionalization of pyrene via different cationic, anionic, and
radical substrates such as H, CH3, NH2, and OH, and their
methylated and phenylated analogs. The modulation of the
substrate and its effects on the pyrene structures followed by the
transition from covalent to non-covalent functionalization is
studied in detail. The energy decomposition analysis of these
complexes was carried out to quantify the nature of interactions
and to explain the role of energy components such as electro-
static, polarization, and dispersion in the stabilization of
pyrene-substrate complexes. This study will be helpful in
providing insights into the functionalization of pyrene-based
materials for organic and advanced biomedical applications.
Computational details

The geometries of pyrene-substrate complexes were optimized
at M06-2X/6-31G* level of theory, and the energetics, such as,
interaction energy (IE) and deformation energy (DE) was
calculated at M06-2X/6-311G** level of theory. The choice of
M06-2X functional for the study is based on its suitability for
main-group chemistry, molecular structure prediction, and
quantication of non-covalent interactions.44,45 However, we
also carried out benchmark calculations using 21 different
levels of theory (Table S1†) in order to verify the performance of
the M06-2X for pyrene-substrate complexes, and it was observed
to be performing in concordance, as shown in ESI (Tables S2
and S3†).

IE was obtained by calculating the difference between the
total energy of the pyrene–substrate complex (EPy_S) and the
sum of the individual energies of the pyrene (EPy) and substrate
(ES), as mentioned in eqn (1).46 DE was calculated as the
difference in the energy of pyrene before (E0

Py) and aer
complexation (EPy), as given in eqn (2).47

IE = EPy_S − (EPy + Es) (1)

DE ¼ EPy � E
0
Py (2)

Natural population analysis (NPA)48 was performed to
inspect the charge transfer among pyrene and substrate in
complexes at M06-2X/6-311G**//M06-2X/6-31G* level of theory.
All these calculations were carried out using Gaussian16
package.49 We further decomposed the interaction energies into
different energy components by carrying out energy
14120 | RSC Adv., 2023, 13, 14119–14130
decomposition analysis using the localized molecular orbital
energy decomposition analysis (LMO-EDA) scheme.50,51

IE = Eele + Eexc + Erep + Epol + Edis (3)

In LMO-EDA schema, the interaction energy is segregated
into ve components viz., electrostatic (Eele), exchange (Eexc),
repulsion (Erep), polarization (Epol), and dispersion (Edis) ener-
gies (eqn (3)). The energy decomposition analysis of all the
pyrene-substrate complexes was performed using GAMESS-US52

at M06-2X/6-311G** level of theory.
Further, to characterize the covalent and non-covalent

interactions,53 quantum theory of atoms in molecules
(QTAIM) was employed to analyse the topological parameters at
bond critical points for the pyrene-substrate complexes at M06-
2X/6-311G** level. The kinetic energy density (G(r)), and
potential energy density (V(r)) was examined to calculate the
Laplacian of electron density (V2r) and total energy density
(H(r)) using eqn (4) and (5), respectively, these analyses were
carried out using AIM2000 soware.54 Further, we analysed the
regions of non-covalent interactions using Multiwfn soware55

and represented them using NCI plot, and related gures were
generated using VMD.56

1

4
V2r ¼ 2GðrÞ þ VðrÞ (4)

H(r) = G(r) + V(r) (5)
Results and discussion

In the present work, the covalent and non-covalent functional-
ization of pyrene (C16H10) was studied by considering the C, N,
and O based cationic, anionic, and radical substrates. The
considered substrates are *H, *CH3, *NH2, and *OH, and their
methylated (–CH3) and phenylated (–C6H5) analogs, as shown in
Scheme 1. Asterisk (*) represents the atom of substrate inter-
acting with pyrene.

This section is divided into ve subsections. In the rst
subsection, we have discussed the geometrical parameters of
pyrene-substrate complexes. The second subsection gives an
account on the variation of interaction and deformation ener-
gies with respect to the substrate. Then, the charge transfer
between pyrene and substrate during complexation was eluci-
dated followed by the energy decomposition analysis. Finally,
the nature of substrate binding to pyrene was estimated based
on QTAIM parameters, i.e., r, V2r, H(r), and (−[G(r)/V(r)]), and
the transition from covalent to non-covalent complexes was
presented in detail. Additionally, NCI surfaces were analysed to
highlight the non-covalently bound regions via colour coded
representations.
Analysis of geometrical parameters

The geometrical parameters of pyrene-substrate complexes
were calculated at M06-2X/6-31G* level of theory, as shown in
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Schematic representation of (A) pyrene and (B) substrates considered in this study.
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Fig. 1, 2 and S1–S6.† We further calculated the geometrical
parameters at 21 different methods to examine the consensus
among the values calculated at the aforementioned methods,
which suggested that M06-2X/6-31G* seems to be performing
well, as shown in Fig. S7 and Table S2.†

The C–C bond distances of pyrene were analysed in order to
inspect the effect of substrate binding to the pyrene. The
carbons forming the C–C bond with the carbon atom of the
interacting site of pyrene are labelled as rst sphere carbons
(FSC) and the carbons forming the C–C bond with FSC carbons
are labelled as second sphere carbons (SSC), as shown in
Fig. 1A. A cursory view of the calculated C–C bond distance of
© 2023 The Author(s). Published by the Royal Society of Chemistry
pyrene showed an alternate lengthening and shortening of
bonds irrespective of the type of substrates (Table S3†).
However, no noticeable changes were observed for C–C bond
length of pyrene beyond SSC. In comparison to the pristine
structure, a lengthening of 0.01 Å to 0.12 Å was observed for
cationic and anionic complexes and 0.01 Å to 0.09 Å for radical
complexes. The highest C–C bond lengthening in cationic
complexes was observed for OH and NH2 and their –CH3 and –

C6H5 substituted analogs, whereas, a maximum increase was
observed for CH3 and its –CH3 substituted analogs in the case of
anionic complexes. Besides, it was observed that the length-
ening of C–C bonds of FSC decreases upon –CH3 and –C6H5
RSC Adv., 2023, 13, 14119–14130 | 14121
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Fig. 1 The representation of (A) pyrene (C16H10) structure with first sphere carbons (FSC) and second sphere carbons (SSC) of interacting site
carbon (pink circle), and variation in C–C bond distance of pyrene (B) FSC and (C) SSC while interacting with cationic, anionic, and radical
substrates. Calculations are done at M06-2X/6-31G* level of theory. Bond distance differences are calculated with respect to the pristine
structure. Positive and negative values show lengthening and shortening of the C–C bond of pyrene while interacting with substrates.
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substitution in cationic complexes. In contrast, it is noteworthy
that an increase in the lengthening of C–C bonds was observed
in anionic and radical complexes (Fig. 1B).

The C–C bond distance of SSC seemed to be inversely
proportional to the lengthening of the C–C bond of FSC
(Fig. 1C). Further, we analysed the bond distance between the
interacting atom of pyrene and substrate (R0). The shortest R0

was observed for cationic, anionic, and radical H substrate, i.e.,
∼1.20 Å, and the longest R0 was observed for tri-methylated
methyl ((C6H5)3C) cation, anion, and radical substrates, i.e.,
∼3.60 Å to ∼4.10 Å, as shown in Fig. 2 and S1–S6.† The bond
distance between pyrene and substrate (R0) of un-methylated
and un-phenylated substrate complexes followed the trend; H
< OH < NH3 < CH3.
14122 | RSC Adv., 2023, 13, 14119–14130
Upon methylation and phenylation of these substrates
exhibited a signicant increment in R0, i.e., ∼1.20 Å to ∼4.10 Å,
suggesting that the interaction between pyrene and substrates
may undergo a transition between covalent to non-covalent
interactions upon increasing the methylation and phenyl-
ation. The transition of covalent and non-covalent interactions
was inspected by examining the different energetics, and the
topological parameters of pyrene-substrate complexes.
Energetics analysis

The BSSE corrected interaction energy of pyrene-substrate
complexes calculated at M06-2X/6-311G**//M06-2X/6-31G*
level of theory is shown in Fig. 2 and Table 1. In order to verify
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 The variation of the bond length (R0; Å) with corresponding interaction energy (IE; kcal mol−1) for each pyrene–substrate complex.
Calculations are done at M06-2X/6-311G**//M06-2X/6-31G* level of theory.
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performance of M06-2X/6-311G**//M06-2X/6-31G*, we further
carried out the benchmark study for H, CH3 and (CH3)3C
complexes using 21 different levels of theory, and calculated
relative energy (RE) (absolute value) between the interaction
energies obtained at M06-2X/6-311G**//M06-2X/6-31G* and the
considered 21 methods, as shown in Table S4.† The calculated
RE was observed to be varying between 0.08 kcal mol−1 to
2.77 kcal mol−1 for pyrene-H complexes, 0.00 kcal mol−1 to
3.62 kcal mol−1 for pyrene-CH3 complexes, and 0.00 kcal mol−1

to 2.86 kcal mol−1 for pyrene-(CH3)3C complexes, except for the
geometries obtained at HF and MP2. These benchmark results
suggested that the values obtained at M06-2X/6-311G**//M06-
2X/6-31G* level of theory are in good accordance with the
majority of the considered 21 different levels of theory, and
hence we have considered it for the further discussion.

As expected, cationic complexes exhibited a higher value of
IE than anionic and radical complexes except for methylated
© 2023 The Author(s). Published by the Royal Society of Chemistry
CH3 substrates which exhibits a competitive binding strength.
The higher and lower values of IE of cationic, anionic, and
radical complexes are as follows: OH+ (−240.47 kcal mol−1) and
(C6H5)3C

+ (−14.96 kcal mol−1) for cationic, (CH3)CH2
−

(−87.67 kcal mol−1) and (C6H5)O
− (−3.80 kcal mol−1) for

anionic, and CH3c (−37.69 kcal mol−1) and (C6H5)3Cc
(−8.45 kcal mol−1) for radical complexes respectively. Since R0

showed a signicant increment (∼1.20 Å to ∼4.10 Å) upon
methylation and phenylation of CH3, NH3, and OH substrates,
we examined the variation of IE of complexes upon methylation
and phenylation of the substrate. The IE of cationic complexes
decreased from −126.43 kcal mol−1 to −14.96 kcal mol−1 (for
CH3-based substrates), −160.26 kcal mol−1 to
−51.95 kcal mol−1 (for NH2-based substrates), and
240.47 kcal mol−1 to −72.00 kcal mol−1 (for OH-based
substrates) with increasing methylation and phenylation. In
contrast, in the case of anionic complexes, a signicant
RSC Adv., 2023, 13, 14119–14130 | 14123
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Table 1 Counterpoise Corrected Interaction energies (IE; kcal mol−1), deformation energies (DE; kcal mol−1) and the charge transfer (CT; a.u.) of
the cationic, anionic, and radical substrates interacting with pyrene, calculated at M06-2X/6-311G**//M06-2X/6-31G* level of theory

System

Interaction energy Deformation energy Charge transfer

Cation Anion Radical Cation Anion Radical Cation Anion Radical

H −197.03 −74.44 −37.65 12.09 39.73 26.13 1.393 −1.147 −0.252
CH3 −126.43 −82.07 −37.69 15.61 41.94 29.91 0.758 −0.990 −0.087
(CH3)CH2 −94.62 −87.03 −36.87 14.31 43.16 30.77 0.708 −0.991 −0.094
(CH3)2CH −67.45 −87.67 −36.52 11.64 45.82 33.23 0.605 −0.987 −0.100
(CH3)3C −24.96 −85.11 −36.52 0.32 49.32 36.87 0.086 −0.985 −0.099
(C6H5)CH2 −27.28 −56.45 −30.96 1.20 40.06 28.96 0.290 −0.920 −0.062
(C6H5)2CH −18.91 −40.99 −26.42 0.24 40.75 30.55 0.067 −0.854 −0.098
(C6H5)3C −14.96 −11.62 −8.45 0.35 0.35 0.18 0.018 −0.803 −0.171
NH2 −160.26 −69.74 −27.27 24.08 38.04 30.82 1.007 −0.799 0.113
(CH3)NH −113.99 −71.45 −23.75 24.24 39.12 32.17 0.977 −0.789 0.115
(CH3)2N −87.21 −65.35 −19.81 27.35 41.88 35.36 0.962 −0.769 0.118
(C6H5)NH −56.07 −30.53 −16.53 19.89 34.07 29.98 0.902 −0.702 −0.154
(C6H5)2N −51.95 −7.04 −16.95 22.74 0.26 33.59 0.914 −0.039 0.188
OH −240.47 −55.67 −31.39 27.58 33.24 29.42 1.193 −0.651 0.268
(CH3)O −163.45 −48.92 −23.27 28.66 33.14 30.51 1.194 −0.622 0.280
(C6H5)O −72.00 −3.80 −10.31 24.92 0.23 27.22 1.161 −0.037 0.324
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variation of IE was not observed upon methylation of the CH3

substrate (i.e., from −82.07 kcal mol−1 to −87.67 kcal mol−1),
and exhibits a competitive binding strength to cationic
complexes, and the same was observed for methylated NH2

complexes, i.e.,−69.74 kcal mol−1 to−71.45 kcal mol−1 and OH
complexes, i.e., −55.67 kcal mol−1 to −48.92 kcal mol−1.
However, a signicant decrement in the IEs was observed upon
phenylation of CH3 (−82.07 kcal mol−1 to −11.62 kcal mol−1),
NH2 (−69.74 kcal mol−1 to −7.04), and OH complexes
(−55.67 kcal mol−1 to −3.80 kcal mol−1).

Although methylation and phenylation of anionic CH3, NH3,
and OH substrates lead to the weakening of pyrene-substrate
complexes (except for methylated complexes), they have
shown comparable interaction energies to typical covalent and
other strong non-covalent interactions. The radical substrates
exhibited the IE in the range of −8.45 kcal mol−1 to
−37.69 kcal mol−1, and similarly, IE was not observed to be
signicant varying upon methylation of substrates, however,
phenylated complexes exhibited 2 to 5 folds decrement in the
IEs with the higher degree of phenylation. We further examined
deformation energy (DE) in order to explain the effect of
cationic, anionic, and radical substrates over on the surface of
pyrene. A cursory view of Table 1 suggested that complexes
having higher IEs tend to undergo high deformations. In the
case of cationic complexes, maximum deformation was
observed for OH complexes followed by NH2 complexes, and
minimum deformation was observed for methylated and phe-
nylated CH3 complexes.

Similar observation was made for radical complexes, as
shown in Table 1. In contrast, in the case of anionic complexes,
high deformation was observed for methylated and phenylated
CH3 complexes. We further compared the DE with C–C bond
lengths in FSC, SSC, and beyond SSC regions of pyrene in
cationic, anionic, and radical complexes, as shown in Fig. S8.†
DE exhibited a positive correlation which implied lengthening
14124 | RSC Adv., 2023, 13, 14119–14130
of the C–C bond of FSC region of cationic, anionic, and radical
complexes i.e., R2 = 0.96, R2 = 0.99, and R2 = 0.95, respectively.
However, in the case of anionic complexes, a negative correla-
tion was observed which implied shortening the C–C bond of
SSC region of cationic, anionic, and radical complexes, i.e., R2 =

0.95, R2 = 0.89, and R2 = 0.74, respectively. Besides, a good
correlation for radical (R2 = 0.82), fair correlation for cationic
(R2 = 0.67), and poor correlation for anionic (R2 = 0.28)
complexes was observed for the C–C bond lengths of pyrene
beyond SSC region. Hence, these results suggested that defor-
mation of the pyrene structure is primarily due to the changes
in the C–C bond lengths of FSC followed by SSC while inter-
acting with the substrates.
Charge analysis

The variation in the charge transfer between pyrene and
substrate was examined by calculating the NPA charges at M06-
2X/6-311G**//M06-2X/6-31G* level of theory, as shown in Table
1.

Charge transfer observed to be directly proportional to the
IEs of pyrene-substrate complexes with a few exceptions.
Cationic phenylated and methylated complexes exhibited the
minimum charge transfer, however, un-methylated or un-
phenylated complexes exhibited higher charge transfer.
Among the cationic complexes, OH substrate complexes
exhibited the high charge transfer, since the IEs of OH was
higher than the other cationic substrates.

A similar type of observation was made for anionic and
radical complexes, as shown in Table 1. Further, we examined
the variation of charge transfer with respect to degree of
methylation and phenylation of the substrate, as shown in
Fig. 3. A good correlation was observed between IE and CT of
methyl cation and its methylated analogs (R2= 0.86), while such
correlation was not observed for anionic and radical complexes
due to negligible variation in the CT and IE of methylated
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 The variation of charge transfer (CT; a.u.) with respect to interaction energy (IE; kcal mol−1) for CH3 and C6H5 substituted substrates
interacting with C16 H10 (A) CH3 to C(CH3)3 (B) CH3 to C(C6H5)3 (C) NH2 to N(CH3)2 and (D) NH2 to N(C6H5)2. Calculations are done at M06-2X/6-
311G**//M06-2X/6-31G* level of theory.
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complexes. In the case of phenylated analogs of methyl cation,
anion, and radical, a positive correlation was observed for
cationic (R2 = 0.93) and radical (R2 = 0.81) complexes, and
a negative correlation (R2 = 0.97) was observed for anionic
complexes. Similarly, a good correlation was observed for
methylated (R2 = 0.99) and phenylated (R2 = 0.98) NH2 cations,
and a reasonable negative correlation (R2 = 0.98) was observed
for phenylated NH2 cation. Overall, the variation in IE of pyrene-
substrate complexes is found to be linearly dependent on CT
between pyrene and substrate. Overall, the charge transfer
variation for the –N substrates with phenyl groups is larger than
those observed in other subgures of Fig. 3. This difference may
be attributed to the electronic properties of the phenyl group,
which can affect the charge transfer between the substrate and
the molecule. Additionally, the size and shape of the phenyl
group may also play a role in the observed charge transfer
variations.
Contribution from different energy components

We performed localized molecular orbital-based energy
decomposition analysis in order to elucidate the contribution of
different energy components into the IE of pyrene-substrate
complexes, as shown in Fig. 4, Tables S4 and S5.† A cursory
view of percentage contribution of energy components such as
electrostatic, exchange, polarization and dispersion showed
that cationic complexes are predominantly polarization driven,
followed by closely competing electrostatic and exchange
components except for fully-methylated and phenylated CH3

complexes.
© 2023 The Author(s). Published by the Royal Society of Chemistry
Highest contribution of polarization component was
observed for un-substituted complexes, viz., CH3

+ (58.48%),
NH2

+ (55.22%), and OH+ (65.24%). As the degree of methylation
and phenylation increases, the contribution of polarization
component minutely decreases, however, the contribution of
other components minutely increases, except for phenylated
CH3 complexes. In the case of fully-methylated and phenylated
CH3

+ complexes, the contribution of dispersion component
increased by 5 to 7 folds, i.e., from CH3

+ (8.28%) to (CH3)3C
+

(38.81%), and (C6H5)3C
+ (52.74%). However, such signicant

increases in the contribution of dispersion component were not
observed for N-based, and O-based cationic substrate
complexes, as shown in Fig. 4, Tables S5A and S6A.†

In the case of anionic complexes, the contribution of polar-
ization and exchange components are highly competitive fol-
lowed by the contribution of electrostatic component, except for
fully phenylated complexes, as shown in Fig. 4, Tables S5B and
S6B.† The contribution of these components remains steady
irrespective of increasing the degree of methylation on the
substrates, i.e., these components vary between 26% to 28%
(electrostatic), 29% to 34% (exchange), 31% to 35% (polariza-
tion), and 3% to 5%. However, a sudden two-to-three-folds drop
in the contribution of electrostatic and polarization compo-
nents, and eight to nine folds increases in the contribution of
dispersion component was observed for fully phenylated
complexes, and it becomes dominated by dispersion compo-
nent. Hence, it was observed that dispersion plays an important
role in stabilizing the fully phenylated anionic complexes, viz.,
(C6H5)3C

− (48.11%), (C6H5)2N
− (48.39%), and (C6H5)O

−

RSC Adv., 2023, 13, 14119–14130 | 14125
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Fig. 4 The variation in the percentage contribution of energy components such as electrostatic (ELC), polarization (POL), exchange (EXC), and
dispersion (DIS) into the interaction energy of (A) cation, (B) anion, and (C) radical substrates with pyrene. Calculations are done at M06-2X/6-
311G**//M06-2X/6-31G* level of theory.
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(43.36%) respectively. The increment in the contributions of
dispersion component is seemed to be compensated by the
decrement in the contribution of electrostatic and polarization
components (Fig. 4, Tables S5B and S6B†).

Similar to the anionic complexes, radical complexes were
also to be dominated by highly competitive polarization and
exchange components followed by electrostatic component, as
shown in Fig. 4C, Tables S5C and S6C.† As the degree of
methylation or phenylation increases on the substrates, the
contribution of polarization component decreases minutely,
i.e., 36.12% to 31.04% for CH3c to (C6H5)2CHc whereas no
noticeable variation was observed for the exchange component,
i.e., 31.39% to 32.68% for CH3c to (C6H5)2CHc. And the contri-
bution of dispersion component increases by eight-folds, i.e.,
6.65% to 56.87% for CH3c to (C6H5)3Cc respectively. In the case
of NH2 and OH-based substrates, a noticeable variation in the
contribution of polarization and exchange components was not
observed, as shown in Fig. 4, Tables S5C and S6C.† Overall, this
analysis suggested that the interaction of cationic substrates
with pyrene is polarization driven, however, a highly competi-
tive contributions from polarization and exchange components
were observed for anionic and radical substrate complexes
except for few methylated and phenylated complexes, as these
are driven by dispersion component.

The contribution of dispersion component was observed to
be increasing in the multiple folds with increases the degree of
methylation and phenylation of substrate, and dominates the
interaction energy. From Fig. 4, we may see that as the degree of
methylation and phenylation is increased for CH3

+, the
dispersion contribution also increases gradually. However, in
the case of fully phenylated (C6H5)3C

+, (C6H5)3C
−, and

(C6H5)3Cc, a rapid increase in the dispersion contribution is
observed, viz., 54.74%, 48.11%, and 56.87%, respectively, which
may be attributed to the fact that an increment in the surface
area of the substituent groups with respect to that of the parent
molecule. Further, methyl and phenyl groups beingmuch larger
in size as compared to H-atom, leads to an increment in the van
der Waals forces between the pairs of the pairs of molecules.
14126 | RSC Adv., 2023, 13, 14119–14130
Van der Waals forces being a type of dispersive forces add to the
increased dispersive contributions. Furthermore, methyl and
phenyl groups are non-polar in nature and with gradual incre-
ment of the substations in their contributions signicantly
tends to dominate towards dispersion and hence reects in the
relative contribution of the dispersion component in IE for
these complexes.
Topological parameter analysis

Quantum theory of atoms in molecules analysis was carried out
to elucidate the nature of interactions involves in pyrene-
substrate complexes. A cursory view of the topological param-
eters such as r, H(r) and (−[G(r)/V(r)]) suggest the occurrence of
both covalent and non-covalent interactions (Fig. 5A). The value
of r is fairly high ($0.15 a.u.) for the majority of the complexes
with (−[(G(r)/V(r)]) < 1 and a negative value of H(r), suggesting
a moderate to the strong type of covalent interaction while the
remaining complexes are either partially covalent or non-
covalent in nature (Table S7†). The representative of each
complex which is covalent, partially covalent, and non-covalent
is shown in Fig. 5A.

In cationic complexes, a positive value for H(r) was obtained
for (CH3)3C

+ (C6H5)2CH
+ and (C6H5)3C

+ complexes with a small
value of r, while the value for (−[G(r)/V(r)]) was > 1, suggesting
non-covalent interactions (Table S7A†). However, the other
cationic complexes showed a negative value of H(r) with r of
0.14 a.u. to 0.24 a.u., suggesting covalent in nature. Besides, the
(−[(G(r)/V(r)]) value for (CH3)2CH

+ and (C6H5)CH2
+ complexes

were obtained to be between 0.5 and 1 along with a negative
value of H(r), suggesting interactions to be partially covalent in
nature (Table S7A†). Thus, a transition from covalent to non-
covalent interactions was observed by increasing the degree of
methylation and phenylation on the CH3 substrate. In contrast,
covalent to non-covalent transition was not observed for
cationic methylated and phenylated NH2

+ and OH+ complexes.
The un-substituted CH3

+ substrate complexes are covalent in
nature, whereas mono-phenylated and di-methylated methyl
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 The variation in (A) topological parameters; electron density (r; a.u.), total energy density (H(r); a.u.) and (−[G(r)/V(r)]) of C16H10-substrate
complexes and relation between (−[G(r)/V(r)]), interaction energy (IE; kcal mol−1) and bond distance (BD; Å) for the individual (B) cationic, (C)
anionic, and (D) radical complexes. Calculations are done at M06-2X/6-311G**//M06-2X/6-31G* level of theory.

Fig. 6 Depiction of transition of pyrene-substrate complexes from covalent to non-covalent functionalization with the increase in the
substitution of cationic substrate; CH3 to C(C6H5)3 and C(CH3)3.

© 2023 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2023, 13, 14119–14130 | 14127
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complexes are partially covalent in nature, and, other methyl-
ated and phenylated methyl substrate complexes are non-
covalent in nature. Interestingly, in the cationic complexes,
covalent interactions exhibited IE in the range of
−51 kcal mol−1 to−240 kcal mol−1 and BD in the range of 1.156
Å to 1.610 Å, non-covalent interactions exhibited IE in the range
of −14 kcal mol−1 to −24 kcal mol−1 and BD in the range of
1.610 Å to 3.919 Å, whereas the partial–covalent interactions
exhibited values lie between covalent and non-covalent inter-
actions, as shown in Fig. 5B and 6. We have identied a clear
transition from the covalent to non-covalent interactions in the
anionic and radical complexes except for methylated anionic
and radical complexes, and phenylated NH2 and OH radical
complexes (Tables S7B and C†). It may be due to the +I effect of
Fig. 7 Depiction of transition of pyrene-substrate complexes from cova
of anionic substrates (A) CH3 to C(C6H5)3 (B) NH2 to N(C6H5)2 (C) OH to

14128 | RSC Adv., 2023, 13, 14119–14130
the methyl group which increases the electron density of the
anionic substrate leading to strong methylated anionic and
radical complexes.

The un-substituted as well as mono- and di-phenylated
anionic complexes are covalent in nature whereas fully pheny-
lated CH3

−, NH−, and OH− complexes were observed to be non-
covalent in nature (Table S7B and C†). In these cases, IE of
covalent interactions ranges between −30 kcal mol−1 to
−87 kcal mol−1 and BD in the range of 1.119 Å to 1.653 Å for
anionic, however, for the radical complexes, IE lies between
−10 kcal mol−1 to −37 kcal mol−1 and BD in the range of 1.120
Å to 1.680 Å, and non-covalent interactions exhibited IE <
−11 kcal mol−1 and BD > 2.980 Å for anionic and radical
complexes.
lent to non-covalent functionalization with the increase in substitution
O(C6H5) and radical substrate (D) CH3 to C(C6H5)3.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Overall, these results suggested that un-substituted cationic
substrates bound to pyrene very strongly via covalent interac-
tions, and the methylated and phenylated methyl substrate
bound via non-covalent interactions with IE comparable to
other covalent and strongest non-covalent interactions, as
shown in Fig. 6. However, un-substituted anionic and radical
substrates bind to pyrene via moderately strong covalent
interaction and it becomes weak non-covalent interactions
upon phenylation, as shown in Fig. 7. Furthermore, the NCI
maps for different regions of the pyrene-substrate complexes
have been represented in Fig. S9–S14,† which provide a clear
picture of the extent and nature of the interactions through
coloured regions.

Conclusions

In this article, comprehensive quantum mechanical calcula-
tions on the functionalization of pyrene via C, N, and O based
ionic and radical substrates were carried out at M06-2X/6-
311G**//M06-2X-631G* level of theory. We further calibrated
the geometrical parameters and interaction energies through
benchmark calculations performed at twenty-one different
levels of theories. This study reveals the transition of strong
covalent interactions to moderately strong or weak non-covalent
interactions for cationic and anionic substrates interacting with
pyrene.

The analysis of interaction energy showed that cationic
substrates interact strongly with pyrene, however, anionic
substrates also exhibited a competitive binding strength. In the
case of cationic complexes, a higher interaction energy was
observed for OH (−240.47 kcal mol−1) followed by H
(−197.03 kcal mol−1), NH2 (−160.26 kcal mol−1), and CH3

(−126.43 kcal mol−1). However, strong interaction was observed
in the case of anionic complexes of CH3 and its methylated
analogues (−82.07 kcal mol−1 to−85.11 kcal mol−1) followed by
methylated NH2 and OH substrates (−48.92 kcal mol−1 to
−71.45 kcal mol−1). The interaction energy of cationic
substrates decreases by 2 to 9 folds with increasing the degree of
phenylation and methylation whereas it improves slightly in
case of methylated anionic substrates (CH3 and NH2) and
exhibits a competitive binding strength. The radical substrates
exhibited the interaction energy in the range of
−8.45 kcal mol−1 to −37.69 kcal mol−1, and similarly,
minimum energy was observed for the fully phenylated followed
by methylated substrates.

Energy decomposition analysis revels that the interaction of
cationic substrates with pyrene is polarization driven, however,
a highly competitive contributions from polarization and
exchange components were observed for anionic and radical
substrate complexes except for few methylated and phenylated
complexes which are driven by dispersion component.

The analysis of topological parameters elucidated that un-
substituted cationic substrates bound to pyrene via covalent
interactions, and the methylated and phenylated methyl
substrate bound via non-covalent interactions. However, un-
substituted anionic and radical substrates bind to pyrene via
moderately strong covalent interaction and becomes a weak
© 2023 The Author(s). Published by the Royal Society of Chemistry
non-covalent interaction upon phenylation. The contribution of
dispersion component was observed to be increasing with
increases the degree of methylation and phenylation of
substrate, and later dominates the interaction once it becomes
non-covalent in nature.

These ndings on the nature of interactions and the transi-
tion of strong covalent interactions to moderately strong or
weak non-covalent interactions for C, N, and O based cationic
and anionic substrates interacting with pyrene are disclosed for
the rst time, and are hoped to strengthen the understanding of
pyrene with different substrates of different nature, and may be
applicable for the design of new functional materials with
diverse and advanced applications.
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