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The Zagreb connection indices are the known topological descriptors of the
graphs that are constructed from the connection cardinality (degree of given
nodes lying at a distance 2) presented in 1972 to determine the total electron
energy of the alternate hydrocarbons. For a long time, these connection indices
did not receive much research attention. Ali and Trinajsti¢ [Mol. Inform. 37, Art.
No. 1800008, 2018] examined the Zagreb connection indices and found that
they compared to basic Zagreb indices and that they provide a finer value for the
correlation coefficient for the 13 physico-chemical characteristics of the octane
isomers. This article acquires the formulae of expected values of the first Zagreb
connection index of a random cyclooctatetraene chain, a random polyphenyls
chain, and a random chain network with [ number of octagons, hexagons, and
pentagons, respectively. The article presents extreme and average values of all
the above random chains concerning a set of special chains, including the
meta-chain, the ortho-chain, and the para-chain.

KEYWORDS

average value, expected value, random cyclooctatetraene chain, random polyphenyls
chain, zagreb connection indices

1 Introduction

Graph theory is vital to various disciplines, including the chemical and biological
sciences. One of the objectives of chemical graph theory is its primary and significant role
in studying physico-chemical reactions and biological activities and pointing out the
structural properties of molecular graphs, etc., Topological descriptors have played a
significant role in achieving the desired properties of molecular graphs. Topological
descriptors are molecular structural invariants that theoretically and mathematically
explain the connectivity characteristics of nano-materials and chemical compounds.
Therefore, topological indices produce sharper approaches to measuring their behavior
and characteristics.
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For 20 years, hydrocarbons and their derivatives have
received attention from researchers because these compounds
only have two members, carbon and hydrogen. We can acquire
various types of hydrocarbon derivatives by replacing their
molecular hydrogen atoms with different types of other
atomic groups. A large number of valuable hydrocarbons are
available in plants and some valuable characteristics of
hydrocarbons are important to chemical raw materials and fuel.

Throughout this article, the vertex and edge sets of a graph H are
represented as V () and E (), respectively. We denote the degree
ofavertexV € V (H) by dy; (V), which is defined as the cardinality of
edges joined with v. Let the order and size of H be n and m,
respectively. The I-degree of a given vertex vV € V (H), presented by
d; (v), is the cardinality of set of vertices of V' () whose distance
from Vv is [, where d; (V) = dy (V) and d, (v) = 7y [this is known as
the connection number of v (Todeschini and Consonni, 2000)].

Suppose that Z is a collection of all connected simple graphs.
There is a function P: Z — R* that describes a topological
invariant if for any two isomorphic members M; and M, of
Z, we have P(M;)="P(M,). Thousands of degree and
distance-related topological invariants have been proposed,
but some are better known because of their high predictive
power for many characteristics like density, boiling point,
molecular weight, refractive index, etc., Topological invariants
have so many implementations in numerous areas of sciences
such as drug discovery, physico-chemical research, toxicology,
biology, and chemistry. To date, topological indices are the most
notable field of graphical research. For more discussion on
numerous invariants, we refer readers to studies by (Gutman,
2013; Akhter et al., 2016; Akhter and Imran, 2016; Akhter et al.,
2017; Akhter et al., 2018; Akhter et al., 2020).

The Zagreb indices are the most notable invariants, and they
have many valuable applications in chemistry. In 1972 Gutman and
Trinajsti¢ (Gutman and Trinajsti¢, 1972) established the first vertex
degree dependent Zagreb index of a graph H. Two renowned Zagreb
indices of a graph H can be described in the following manner:

M M) =Y d&,x),
)

XeV(H

MyH)y= Y dy(Ndy (y).

Xxy€eE (H)

Motivated by how influential they have become and the many
important applications of primary Zagreb indices, Naji et al. (Soner
and Naji, 2016; Gutman et al., 2017) presented the concept of
Zagreb connection indices (leap Zagreb indices), constructed from
the second degrees of the vertices of a graph H. The first, second,
and modified Zagreb connection indices of H can be defined as:

ZC(H)= Y T,

yeV (H)
ZCH) = Y Ty,
Xy€E (H)
ZCt (M) = ) dn(X)rx.
xeV (H)
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The chemical applications of ZC; were presented in (8),
indicating that the given index has a wide co-relation with the
physical characteristics of chemical compounds, for instance,
boiling point, enthalpy of evaporation, entropy, acentric factor, and
standard enthalpy of vaporization. Let f; present the cardinality of the
subset of vertices of 7 with connection number I. The next formula
for the first Zagreb connection index is equal to the above definition.

ZCi(H)= Y f1(GP. (1.1)

0<l<n-2

Naji and Soner (2018), (Gutman et al., 2017) determined the leap
Zagreb descriptors of some graph operations and families. Leap
Zagreb indices are presented in a recently published survey
(Gutman et al, 2020). In (39), the authors establish sharp
bounds for the leap Zagreb indices of trees and unicyclic
graphs and also determined the corresponding extremal graphs.
For more studies on Zagreb connection indices, we refer the
readers to (Ducoffe et al.,, 2018a; Ali and Trinajsti¢, 2018; Shao
etal., 2018a; Basavanagoud and Chitra, 2018; Ducoffe et al., 2018b;
Khalid et al., 2018; Manzoor et al., 2018; Du et al., 2019; Fatima
etal, 2019; Tang et al,, 2019; Ye et al., 2019; Raza, 2020a; Bao et al.,
2020; Raza, 2020b; Cao et al., 2020; Naji et al., 2020; Raza, 2022).

Huang et al. (2014) determined the expected values for
Kirchhoff indices of random polyphenyl and spiro chains. Ma
et al. (2017), Yang and Zhang (2012), and Qi et al. (2022)
independently acquired the expected value of Wiener indices of
random polyphenyl chain and random spiro chain. Zhang et al.
(2020) have provided expected values of the Schultz, Gutman,
multiplicative degree-Kirchhoff, and additive degree-Kirchhoff
indices of random polyphenylene chains. Raza and Imran. (2021)
obtained expected values of modified second Zagreb, symmetric
difference, inverse symmetric, and augmented Zagreb indices in
random cyclooctane chains. Zhang et al. (2021) established the
formulae for expected values of Sombor indices of a general
random chain. Recently, many studies have explored the expected
values of different topological indices. For further information, we
refer readers to the following studies (Raza, 2020b; Fang et al., 2021;
Raza, 2021; Jahanbanni, 2022; Raza et al., 2022).

Motivated by the above research, the present study
determined the explicit formulae for expected values of the
first Zagreb connection index of the random cyclooctatetraene
chain, random polyphenyls chain, and random chain network
with | octagons, hexagons, and pentagons, respectively.
Moreover, we examined the average and extreme values of the
Zagreb connection index among all the above-mentioned
random chains corresponding to their set.

2 The first Zagreb connection index of
random cyclooctatetraene chain

Cyclooctatetraene, having chemical formula CgHg, is an
organic compound whose full name s ‘1, 3, 5, 7 — cyclooctene.
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Ccog,

FIGURE 1
A random cyclooctatetraene chain COC,.

Its structure is a cyclic polyolefin-like benzene, but it is not
aromatic, see (Willis et al., 1952; Mathews and Lipscomb,
1959; Traetteberg et al., 1970). It has the same chemical
characteristics as unsaturated hydrocarbons and is easy to
construct explosive organic peroxides, (Milas and
NolanPetrus, 1958; Donald and Whitehead, 1969; Garavelli
et al., 2002; Schwamm et al., 2019).

Spiro compounds are valuable types of cycloaltanes in
organic chemistry. A spiro union is a join of two rings that
have a common atom between both rings, and a join of a
direct union among the rings is known as a free spiro union in
spiro compounds. In a cyclooctatylene chain, octagons are

10.3389/fchem.2022.1067874

joined by cut vertices or cut edges. A random
cyclooctatetraene chain COC;, has I octagons, and can be
constructed by a cyclooctatetraene chain COC;_; with -1
octagons attached to a new octagon G; by a bridge (see
Figure 1).

The COC, is a cyclooctatetraene chain with [ > 2 having G,
Gy, ..., G octagons. The new octagon can be joined by four
different schemes, which give the local orderings. We use these as
COC}, COC?, COC;, COC}(see Figure 2).

A random cyclooctatetraene chain COCy(k;, ky, k3) is a
cyclooctatetraene  chain  constructed by  step-by-step
attachment of new octagons. At every step p = 2,3, ..., a
random choice is constructed from one of the four possible

chains:

1 COCyy — COC}, with probability k;,
2 COCpy — COC;7 with probability k»,
3 COCy-; — COC;, with probability ks,
4 COCpy — Coc; with probability ky = 1 — k;—k,—ks,

Where all the given probabilities are constant. In this section,
we will discuss the expected value for the first Zagreb connection

index among random cyclooctatetraene chains with / octagons.

Theorem 2.1. For | > 2, the expected value for the first Zagreb
connection index of random cyclooctatetraene chain COC; is

E(ZC] (COC[)) = (8k1 + Zkz + 76)l - 16k1 - 4k2 — 44,

coc®

FIGURE 2

The four types of local arrangements of octagons COC}, COC?, COC} and COCY.
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Proof. Case-I: When | = 2, we get the result by direct
calculations as:

E(ZC, (COC))) =10 x (2)* +4 x (3)* +2 x (4)* = 108.

Case-II: When [ > 3, it is obvious that f/,(COC)), f3(COC),
f1(COC)) and f5(COC)) depends on the four possible cases as
following:

11If COCy, — COCZ1 with probability k;, we acquire

£2(COC}) = £,(COCy) + 4,
£5(COC}) = £5(COCLy) +2,
£4(COCH) = £4(COCLy) =2,
£5(COC}) = £5(COC,,) +2.

By using the above values in Eq. 1.1 , we get

7C, (COCY) = ZC\ (COCyy) + 4 x 2
+2x3%+2x52
=ZC,(COC,) + 84.

2 If COC;; — COC} with probability k,, we acquire

fz (COC,Z) = fz (COCy_y) + 3,
f3(COC}) = f5(COCyy) +2,
f1(COC}) = £4,(COCy) +3,

By using the above values in Eq. 1.1, we get

ZC,(COC}) = ZC, (COCy;) +3 x 2 + 2 x 3
+3 x 42
= ZC1 (COC[_I) + 78

3 If COCy_; — COC? with probability ks, we acquire

f2(COC}) = £,(COCyy) +2,
f3(COC}) = f5(COCyy) + 4,
f4 (COC?) = f4 (COCyy) + 2,

By using the above values in Eq. 1.1, we get

ZC, (COC?) = ZC, (COCLy) +2 x 2 + 4 x 3
+2 x 42
= ZC,(COC,) + 76.

4 If COCy; — COC} with probability 1 — k;—k,—ks, we
acquire
fz (COC;‘) = fz (COlel) + 2,

£3(COC}) = £5(COCy,) +4,
f4(COCY}) = £4,(COCLy) +2,

By using above the values in Eq. 1.1, we get

ZC, (COC}) = ZC, (COC1y) +2 x 22 + 4 x 3°
+2 x 42
= ch (COC[-l) + 76.

Frontiers in Chemistry

10.3389/fchem.2022.1067874

Now

E} = E(ZC,(COC))) = k, ZC, (COC}) + k,ZC, (COC}) + ks ZC, (COC?)
+(1 -k, -k, - k3)ZC, (COC})
= ZC,(COCy_,) + 8k, + 2k, + 76.

(2.1)

Note that E[E!] = Ei. By applying the expression operator to Eq.
2.1 and also I > 3, we get

E; =E| | +8k, + 2k, +76. (2.2)

The Eq. 2.2 is a first-order non-homogeneous linear difference
result with constant coefficients. We easily see that the general
solution of the homogeneous equation of Eq. 2.2 is E' = C.
Suppose E” = bl is a particular solution of Eq. 2.2, using E” into
Eq. 2.2, we acquire

b =8k, + 2k, + 76.
Finally the general solution of Eq. 2.2 is

Ej=E+E
= E(ZC1 (COC[)) = (Skl + 2k2 + 76)l +C.

Applying the initial condition [ = 3, we get the following
C = —16k1 - 4k2 — 44,
Therefore

E} = E(ZC, (COCy))
= (8k1 + 2k2 + 76)l - 16k1 - 4k2 - 44

If k; = 1 (respectively, k, = 1) and k, = ks = ky = 0
(respectively, k; = ks = ky = 0), then COC,; = M, (respectively,
COC; = O}). Similarly, if k5 = 1 (respectively, k, = 1) and k, =
ky = ky = 0 (respectively, k; = k, = k3 = 0), then COC; = Q,2
(respectively COC; = L;). By Theorem 2.1, we can acquire the
first Zagreb connection index of the cyclooctatetraene meta-
chain M, ortho-chains O}, O} and para-chain L, as:

ZCy (M) = 841 - 60, ZC, (0}) = 78] — 48,
ZC, (0}) = 761 — 44, ZC, (L;) = 761 - 44.

Corollary 2.2. For a random cyclooctatetraene chain COC(I > 3),
the para-chain L; and ortho chain Oll, and the meta-chain M,
achieves the minimum and the maximum of E(ZC;(COC)),
respectively.

Proof. Using Theorem 2.1, we acquire

E, = E(ZC,(COCy)) = (81— 16)k, + (21 — 4)k, + 76l — 44.

By taking partial derivatives, we acquire a% =81-16>0,
g—,fz =21-4>0. When k; = k, = k3 = 0 (ie. ky = 1), the para-
chain L;and ortho chain Oll achieve the minimum of E(ZC,(COC))),
that is COC=L; or COC; = O] . If ks = 1 — ky—k; (0 < ky, ky < 1), we

have
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E, = E(ZC, (COC)))
= (81— 16)k; + (21 — 4)k, + 761 — 44.

But k; = k, = 0 (when k3 = 1), E(ZC,(COC))) can not attain the
maximum value. If k; = 1 — k, (0 < k, < 1), we acquire

Ej = E(ZC,(COC)))
= (81-16) (1 - ky) + (21 = 4)k; + 76l — 44.

Therefore BBTI:; = -6l +12<0. Thus E(ZC,;(COC)) achieves the
maximum value, if k, = 0(k, = 1), that is COC=M,.

3 The first Zagreb connection index of
a random polyphenyls chain

Polyphenyls showed a molecular graph corresponding to a
type of macrocyclic aromatic hydrocarbons, and these
molecular graphs of polyphenyls construct a polyphenyl
structure.  Polyphenyls and their derivatives have
applications in drug synthesis, organic synthesis, heat
exchangers, etc., and have received attention from chemists.
A random polyphenyl chain PPC; with [ hexagons can be
constructed by a polyphenyl chain PPC,_; using /-1 hexagons
attached to a new hexagon G; by a bridge (see Figure 3).

The PCC; will be a polyphenyl chain with [ > 2 having G,
G,, ..., G, hexagons. PPC; is the meta-chain M, the ortho-

chain O] and the para-chain L, The new hexagon can be

FIGURE 3

The three types of local arrangements of hexagons PPC}, PPC?, and PPC; .
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joined in three arrangements, which construct the local
orderings. We use these as PPC;, PPC}, PPC; (see Figure 4).

A random polyphenyl chain PPCy(k;, k;) is a polyphenyl
chain constructed by step-by-step attachment of new hexagons.
Ateverystepp=2,3,...,],arandom choice construct one of the
three possible chains:

1 PPC,y — PPC}, with probability k;,
2 PPC, — PPC;, with probability k,
3 PPCpq — PPC; with probability ks = 1 — ki—k,,

Where all the given probabilities are constant. In this section,
we discuss the expected value for the first Zagreb connection
index of the random polyphenyl chain with I hexagons.

Theorem 3.1. For | > 2, the expected value for the first Zagreb
connection index of the random polyphenyl chain PPC; is

E(ZC] (PPC[)) = (8k1 + 2k2 + 68)l - 16k1 - 4k2 — 44,

Proof. Case-I: When [ = 2, one can get

E(ZC,(PPC)) =6 x (2)* +4 x (3)* +2 x (4)* = 92.

Case-II: When [ > 3, it is obvious that /,(PPC)), f3(PPC)), f4(PPC;)
and f5(PPC;) depends on the four possible cases, as follows:

1 If PPC;; — PPC] having probability k,, we acquire

ppc
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PPC,

FIGURE 4
A random polyphenyl chain PPC,.

f2 (PPC;) = f,(PPCi;) + 2,
f3(PPCl) = f3(-1) +2,

f4(PPC})= f4(PPCL,) =2,
f5(PPC) = f5(PPCLy) +2.

By using the above values in Eq. 1.1, we get

ZC,(PPC}) = ZC, (PPCy_;) +2 x 22 +2 x 3?
+2 % 52
= ZCI (PPC[,I) + 76.

2 If PPC;_; — PPC} having probability k,, we acquire

f2(PPC?) = f,(PPCp,) + 1,
f3(PPC}) = f3(PPCyy) +2,
f4+(PPC}) = f4(PPCy)) + 3,

By using the above values in Eq. 1.1, we get

ZC, (PPC}) = ZC, (PPC;) +1 x 2> +2 x 37
+3 x 4
= ZC1 (PPCI_I) + 70

3 If PPC;_; — PPC; having probability ks, we acquire

f2(PPC}) = f,(PPC.,) = 6,
f3(PPC}) = f3(PPCyy) + 4,
f4+(PPC}) = f4(PPC,) +2,

By using the above values in Eq. 1.1, we get
ZC,(PPC}) = ZC, (PPC;) +4 x 3> +2 x 4°
= ZC, (PPC.,) + 68.

Now

Ej = E(ZC, (PPC)))
=k, ZC, (PPC}) + k,ZC, (PPC})
+(1 -k, —k,)ZC, (PPC?)
= ZC, (PPC,_,) + 8k, + 2k, + 68.

(3.1)

Note that E[E}] = Ei. By applying the expression operator to Eq.
3.1 and also [ > 3, we get
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E = E_, +8k, + 2k, +68. (3.2)

The result Eq. 3.2 is a first-order non-homogeneous linear difference
equation with constant coefficients. The general solution of the
homogeneous side is Eq. 3.2 is E' = C. Suppose E' = bl is a particular
result of Eq. 3.2, using E” into Eq. 3.2, we acquire

b =8k, + 2k, + 68.
Finally the general solution of Eq. 3.2 is given by
Ej=E+E'
= E(ch (PPC[)) = (Skl + 2k2 + 68)l +C.
Applying the initial condition I = 3, we get following
C = —16k1 - 4k2 — 44,
Therefore

E} = E(ZC, (PPC))) = (8k, + 2k, + 68) — 16k, — 4k, — 44.

If k; = 1 (respectively, k, = 1) and k, = k3 = 0 (respectively,
k; = ks = 0), then PPC; = M, (respectively, PPC; = O)). Similarly, if
ks =1 and k; = k, = 0, then PPC; = L;. By Theorem 3.1, we can
acquire the first Zagreb connection index of polyphenyl chains
like meta M, ortho Oy, and para L, as

ZC, (M) = 761 - 60,
ZC, (L) = 681 — 44.

ZC, (O;) =701 — 48,

Corollary 3.2. For a random polyphenyl chain PPC(l > 3), the
para-chain L; and the meta-chain M; achieves the minimum and
the maximum E(ZC,(PPC))), respectively.

Proof. From Theorem 3.1, we obtain

El = E(ZC, (PPC)))
= (81— 16)k, + (21 — 4)k, + 681 — 44.

By taking partial derivatives, we acquire g—,fl: 81-16>0,

aa—,fz =21-4>0. When k; = k, = 0 (i.e. k3 = 1), the para-chain
L; has the minimum of E(ZC,(COC))), that is PPC;=L,. If k; =1 —

ky (0 < k, < 1), we acquire

Ej = E(ZC, (PPC)))
= (81-16) (1 — k) + (21 — 4)k, + 681 — 44.

Therefore g—,fz = -6l +12<0. Thus E(ZC,(PPC))) achieves the
maximum value, if k, = 0(k; = 1), that is PPC=M,.

4 The first Zagreb connection index
of random chain network PG,

The random chain networks PG; with [ pentagons can be
constructed by PG,_; having -1 pentagons attached to a new
pentagon H; by a bridge (see Figure 5).

The PG, will be a random chain network with [ > 2, and H,,
H,, ..., H; pentagons. For | > 3, there are two ways to attach
pentagons at the end and get PG and PG}, (see Figure 6). For
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FIGURE 5
A random chain networks PG;.

such a random chain network, any step for =2, 3,4, ..., I can be
constructed by two possible chains with given probabilities k;
and k,, respectively:

1 PG4y — PG; with probability ki,
2 PGy — PG; with probability k, = 1 — ki,

Where all the given probabilities are constant.

This section discusses the expected value for the first Zagreb
connection index of the random chain network with / pentagons.
The proof of Theorem 4.1 is the same as the proofs of Theorem
2.1 and Theorem 3.1; therefore, we omit it here.

Theorem 4.1. For | > 2, the expected value for the first Zagreb
connection index of random chain network PG, is E(ZC,(PG))) =
(6k,+66)L—12k,~48.

If ky = 1 (respectively, k, = 1) and k, = 0 (respectively, k; = 0),
then PG; = PGl1 (respectively, PG; = PGZZ). By Theorem 4.1, we
can acquire the first Zagreb connection index of the meta-chain
PG! and para-chain PG}, as

ZC, (PG;) =721-60, ZC,(PG}) = 66l —48.

~

o —¢

/

(
(=

PG

FIGURE 6
The two types of local arrangements of pentagons /:’G[1 and PGf
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Corollary 4.2. For a random chain network PG(I > 3), the para-
chain PG} and the meta-chain PG) achieves the minimum and
the maximum of E(ZC,(PG))), respectively.

5 The average values for the first
Zagreb connection index

This section finds the average values for the first Zagreb
connection index concerning the sets of all cyclooctatetraene
chains with [ octagons, polyphenyl chains with [ hexagons, and
chain networks with [ pentagons. Let G;, R; and Q) be the sets of
all cyclooctatetraene chains, polyphenyl chains, and random
chain network, respectively. The average values for the first
Zagreb connection index for the sets G;, R; and Q; are given
below:

av 1
ZCM (G = ) ZCi(H),
HeGy

av, 1
ZCM (R) = &= ) ZCi (W),
1 HeR;

26°(@) = 5 Y. 2600,

! HeQy

The average value concerning sets G;, R;, and Q; are expected
values for the first Zagreb connection index of the random
chains. From Theorem 2.1, Theorem 3.1 and Theorem 4.1,
we have.

Theorem 5.1. The average value for the first Zagreb connection
index concerning the set Gy is given as:

157
chlwg (Gl) = Tl —49.

After calculation, we acquire

ZC9(Gy) = }1 (2C\ (My) + ZC, (O})
+ZC, (O7) + ZC, (Ly)).

(o
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Theorem 5.2. The average value for the first Zagreb connection

index concerning R; is

™ 214 152
ZCI g(]Rl) = Tl - T

After calculation, we acquire

2 (R = 5 (ZC, (M) + 2C, ()
+ZC, (Ly)).

Theorem 5.3. The average value for the first Zagreb connection
index concerning Q is ZC1"7 (Q) = 691 — 54. It is also:

2C7(Q) = 5 (2, (PG]) + 2, (PG)).

6 Conclusion

This study computed the expected values of the first Zagreb
connection index in a random cyclooctatetraene chain, random
polyphenyls chain, and random chain network with /, octagons,
hexagons, and pentagons, respectively. It has discussed the
maximum chain and the minimum chain of the COC, PPC,
and PG, respectively, concerning the expected values of these
chains. The average values discussed in all of the above are
considered random chains for unique chains.
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Eugenolis a natural compound with well-known repellent activity. However, its
pharmaceutical and cosmetic applications are limited, since this compound is
highly volatile and thermolabile. Nanoencapsulation provides protection,
stability, conservation, and controlled release for several compounds. Here,
eugenol was included in B-cyclodextrin, and the complex was characterized
through X-ray diffraction analysis (XRD) and Fourier-transform infrared
spectroscopy (FTIR). Additionally, we used molecular dynamics simulations
to explore the eugenol-B-cyclodextrin complex stability with temperature
increases. Our computational result demonstrates details of the molecular
interactions and conformational changes of the eugenol-B-cyclodextrin
complex and explains its stability between temperatures 27°C and 48°C,
allowing its use in formulations that are subjected to varied temperatures.

KEYWORDS

repellents, nanoencapsulation, eugenol, molecular dynamics, molecular modeling

Introduction

Mosquitos are the main vectors of viral diseases that manifest predominantly in
tropical and subtropical regions of the world, such as dengue, yellow fever, zika, and
chikungunya (Paixao et al., 2018; Higuera and Ramirez, 2019; Barreto-Vieira et al., 2020).
The chemical protection conferred by repellents against mosquitos has been an effective
alternative to prevent their contact with the human skin (Ray, 2015; Mapossa et al., 2021).
Natural products remain an interesting source of new bioactive compounds with different
applications (Rayan et al., 2017; Galucio et al., 2019; Do Nascimento et al., 2020; Newman
and Cragg, 2020; Santana et al., 2021), and these structures have been widely investigated
as a repellent against mosquitos (Tabanca et al., 2016; da Costa et al., 2019a). However,
these compounds have been reported to have a short shelf life, in part, due to their volatile
nature (Kayaci et al., 2013; Tan et al.,, 2019; Beltrdn Sanahuja and Valdés Garcia, 2021).
Eugenol (4-allyl-2-methoxyphenol) is a volatile and lipophilic phenolic natural
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compound belonging to the class of phenylpropanoid, and it is
mainly found in the essential oils of plants. Eugenol can be also
produced synthetically by the allylation of guaiacol with allyl
chloride (Moyer et al., 2002; Kuskoski et al., 2003). Eugenol is
responsible for clove aroma, and it is well known for to its wide
range of biological activities, such as antibacterial, antioxidant,
anesthetic, and anti-inflammatory (Jaganathan et al, 2011;
Kamatou et al., 2012; Roth-Walter et al., 2014; Xu et al., 2016;
Mateen et al., 2019; Methods, 2021). The U S Food and Drug
Administration also considers eugenol as a safe food additive for
human use (Kamatou et al., 2012; El-Saber Batiha et al., 2020),
and studies have demonstrated that eugenol has efficient
repellent activity against different mosquitos species, such as
Aedes aegypti (Miot et al., 2011; Afify and Potter, 2020), Culex
quinquefasciatus (Afify et al., 2019), and Anopheles gambiae
(Lupi et al., 2013; Thomas et al., 2017).

Several experimental studies have reported the formation
of inclusion complexes of eugenol with encapsulating agents,
such as B-cyclodextrin, to reduce the undesirable effects
(localized irritation of the skin and allergic contact
dermatitis), increase its aqueous solubility, and prolong its
biological activity (Yang and Song, 2005; Abarca et al., 2016;
Gong et al., 2016; Kfoury et al., 2018; de Freitas et al., 2021).
B-cyclodextrin  (cyclohepta-amylose) is a
oligosaccharide formed by D-glucose monomers which are

cyclic

produced by the enzymatic degradation of starch (Szejtli,
1998; Wiipper et al., 2021), and it is particularly interesting
the thus
representing a viable and efficient strategy to retain and
the and hydrophobic
compounds (Abarca et al, 2016; Kfoury et al, 2018;
Zheng et al,, 2020). Cyclodextrin inclusion complexation

for encapsulation of volatile compounds,

modulate release of volatile

is widely used in food, cosmetics, agrochemical, and
pharmaceutical industries to increase the stability of
several volatile organic compounds due to its hydrophobic
cavities and hydrophilic exterior (Loftsson and Brewster,
1996; Szejtli, 1998; Muthu Vijayan Enoch and Swaminathan,
2004; Enoch and Swaminathan, 2005; Xu et al., 2021), which
creates a physical barrier between the nucleus and the shell
materials (Anaya-Castro et al., 2017).

of
cyclodextrins widely used for nanoencapsulation, and they

The a-, P-, and y-cyclodextrins are subclasses
could be differentiated by the presence of 6, 7, and
8 glucopyranose units, respectively, that determine the
size of their internal cavity (Szejtli, 1998; Saha et al., 2016;
Jansook et al., 2018). These cyclodextrins have a truncated
cone-shaped molecular form, and their hydrophobic cavities
have a remarkable ability to form non-covalent inclusion
complexes with a variety of compounds (Lee et al., 2020;
Pena et al.,, 2022). During the formation of an inclusion
complex, water molecules are displaced to the outside of the
lipophilic cavity, due to the presence of new lipophilic guest
molecules that induce a new equilibrium (Anaya-Castro
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et al.,, 2017). This water displacement and the formation
of a stable complex depends on the binding forces present in
the inclusion complex (e.g., hydrophobic interactions, van
der Waals attractions, hydrogen bonds, and electrostatic
interactions) and temperature (Alvira, 2018; Lee et al., 2020).

Temperature is an important variable to assess the
stability of the inclusion complexes, and understanding its
influences on the formation of intermolecular interactions
and mass loss is crucial to the experimental tests that
evaluate the repellent efficiency (Kayaci and Uyar, 2011;
Abarca et al, 2016; Celebioglu et al., 2018). Several
studies have performed computational analyses to
investigate the formation of inclusion complexes formed
between the oligosaccharides and the natural products (de
Sousa et al., 2016; Mustafa et al., 2021; Rezaeisadat et al.,
2021). Similarly, experimental studies have investigated the
formation of these complexes between eugenol and its
derivates with B-cyclodextrin (Alvira, 2018; Joardar et al.,
2020) and have identified a slower controlled release of
eugenol at elevated temperatures, such as 50°C, 75°C, and
100°C (Kayaci et al., 2013; Celebioglu et al., 2018).

In the present study, we analyzed the eugenol-p-
cyclodextrin inclusion complex through X-ray diffraction
analysis (XRD) and Fourier-transform infrared spectroscopy
(FTIR) and its chemical stability and binding affinity using
molecular dynamics (MD) simulations and binding free
The

systems

calculations,
of the
Supplementary Figure SI.

energy respectively. representative

structures analyzed are shown in

Materials and methods
Chemical reagents

The eugenol (CAS: 97-53-0, medium molecular weight: 164.2 g/
ml, and purity: 99%) and the commercial -cyclodextrin (CAS: 7585-
39-9, medium molecular weight: 1,134.98 g/ml, and purity: 97%) were
obtained from Sigma Aldrich Laboratory (Sdo Paulo, Brazil).

Synthesis of inclusion complexes

The inclusion complex was formed through co-precipitation
and solvent evaporation (Ayala-Zavala et al., 2008), in which the
hydroalcoholic solution of B-cyclodextrin was incorporated into
an alcoholic solution of eugenol to obtain molar ratios 1:1, 2:1,
and 2:3 in duplicate, to compare and analyze the influence of
concentration molars in the final product of the complexes. The
physical mixture was obtained by maceration, in grade and pistil,
until the formation of a paste and homogenized for 15 min; then,
it was allowed to rest for 24 h in an isolated environment, dried at
50°C for 12 h, and stored as other inclusion complexes.
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Characterization of the inclusion
complexes

X-ray diffraction

The measurements were recorded in a divergent beam
diffractometer (model: Empyrean from PANalytical) with a
0-0 goniometer, ceramic X-ray tube sealed with a cobalt
anode, monochromatic radiation of Co-Kal (A = 1.789 "A"),
long fine focus 1800W, and a Fe k{ filter. The detector PIXel3D
2 x 2 area was used with an active length of 3.3473" (20-2Theta)
and 255 active channels. The following instrumental conditions
were applied in the analyses: voltage of 40 kV and current of
40 mA, solar encapsulation slits of 0.04°rad (in the incident and
diffracted beams), 2°-80° (20) sweep range, and 0.04° step size in
20 with 1s time/step in continuous scan mode. Phase
identification was performed using PANalytical’s HighScore
Plus 4.8.0 software.

Powder X-ray diffractometry is a useful method to confirm
the formation of complex powder or microcrystalline states;
therefore, the XRD technique is only applied to materials
(solid-state matter). In the present study, it was applied to
analyze the materials: free p-cyclodextrin (p-CD), eugenol-p-
cyclodextrin (EG-B-CD) complexes, and physical mixture (PM).

Fourier transform infrared spectrometry

The spectroscopic investigations were performed to identify
the functional groups of the eugenol-p-cyclodextrin complex in
the middle infrared region—Middle-IR
(4,000-400 cm™")—using  a Scientific
transform infrared spectrometer (model: Nicolet iS50 FTIR), a

spectral
Thermo Fourier
KBr (potassium bromide) beam splitter, an IR source, and a KBr
DTGS detector. obtained by
transmission with KBr pellets (0.15 g) + sample (0.002 g), with

The measurements were
an average of 100 scans and a resolution of 8 cm™'. Data were
acquired using OMNIC software. As a pre-treatment, the
samples were dried at 105°C for 24 h.

Molecular modeling studies

Molecular docking

To investigate the most stable conformation of eugenol in
complex with p-cyclodextrin, we performed molecular docking
(Trott 2009). This
computational method allowed us to describe the molecular

using AutoDock Vina and Olson,
interactions of the eugenol with the internal cavity (lipophilic)
and external surface (hydrophilic) of the B-cyclodextrin
nanoparticle. Herein, we used the crystallographic structure of
B-cyclodextrin (PDB code: 3ED]J) as the starting point to perform
the simulations (Buedenbender and Schulz, 2009). We used the
following spatial coordinates for the docking grid: X = 69.62, Y =
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67.16, and Z = 40.77, with dimensions of X =40, Y = 40,and Z =
40 A. The docking simulations were performed with 10 runs, and
a total of 10 conformations per compound were set to perform
the docking. The formation of the intermolecular interactions,
such as H-bond, m-interactions, and hydrophobic interactions,
were analyzed using BIOVIA Discovery Studio (BIOVIA, 2017).

Molecular dynamics simulations

To perform the MD simulations, we selected the lowest
energy structure of the eugenol/p-cyclodextrin complex
obtained from the docking simulations. First, the atomic
charges of eugenol were calculated using the restrained
electrostatic potential atomic partial charges (RESP) protocol
(Wang et al,, 2000; Wang et al., 2004) using the Hartree-Fock
method with the 6-31G* basis set (Bayly et al., 1993) available in
the Gaussian09 program (Frisch et al., 2009). The carbohydrate
force field Glycam06 (Kirschner et al., 2008) was used to treat -
cyclodextrin, and the general AMBER force field (GAFF) was
used to treat the complex formed with the eugenol (Wang et al.,
2004). The complex was solvated in a cubic water box using the
TIP3P model (Jorgensen et al., 1983; Jorgensen et al., 1996), and
the distance between the box wall and atoms of the system was set
to 12.0 A.

The geometry and the inter- and intra-atomic distances of
hydrogen molecules, water molecules, and the eugenol-B-
cyclodextrin complex were optimized in seven minimization steps
using 100,000 cycles of steepest descent and the conjugate gradient
method (Hestenes and Stiefel, 1952). The p-cyclodextrin—eugenol
complex was investigated in four different temperatures: 27°C, 38°C,
48°C, and 58°C. In the MD simulations, the systems were heated to
their final temperature (300 K) to equilibrate the density and maintain
the constant pressure (latm). The SHAKE algorithm
(AndersenRattle, 1983) was applied for all hydrogen molecules of
the analyzed systems. A total time of 50 ns of MD simulation was
performed using NPT ensemble.

Results and discussion

Experimental characterization of inclusion
complexes

X-ray diffraction (XRD)

The diffraction pattern of the B-cyclodextrin-eugenol
complexes in different stoichiometric proportions showed
a similar trend, demonstrating only some different
intensities between the 2:3 ratio and the others, in which
the peaks are presented in greater intensity, in 3600 counts
1). all

considerable differences when compared to the diffraction

(Figure However, analyzed complexes show
pattern of free B-cyclodextrin and the physical mixture
(Figure 1). The free B-cyclodextrin diffractogram presents

many Bragg reflections, highlighting the high-intensity
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FIGURE 1
Diffraction patterns of free p-cyclodextrin (-CD), inclusion complex of eugenol-p-cyclodextrin in a 1:1 ratio, inclusion complex of eugenol—f-
cyclodextrin in a 2:1 ratio, inclusion complex of eugenol-p-cyclodextrin in a 2:3 ratio, and physical mixture (PM) were analyzed using the
diffractograms.
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FIGURE 2

Diffraction patterns of free p-cyclodextrin (3-CD), eugenol-p-cyclodextrin (EG-p-CD) complex, and physical mixture (PM) were analyzed using

the diffractograms.

peaks in 20 (CoKa): 5.3°, 10.5%, 12.4°, 14.8°, 18.2°, 22.1°, and
26.8% as observed in studies carried out with p-cyclodextrin
and other guests (Wang et al., 2011; Gong et al., 2016; Yang
et al., 2016; Jiang et al., 2019), having as characteristic peak
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the angle 20 at 5.3° provided by the database of
software used.

We found a significant difference between the diffractograms
of free P-cyclodextrin and the P-cyclodextrin and eugenol
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FIGURE 3

Comparison between the FTIR spectra for the B-cyclodextrin, physical mixture of eugenol and B-cyclodextrin, inclusion complex of
eugenol-B-cyclodextrinin a 1:1 ratio, inclusion complex of eugenol-f-cyclodextrin in a 2:1 ratio, and inclusion complex of eugenol-p-cyclodextrin

in a 2:3 ratio.

complexes, indicating the occurrence of encapsulation and the
interaction between eugenol and p-cyclodextrin, given a
reordering in the crystal structure, by the disappearance of
peaks in 10.5° and 12.4 “20 (CoKa) and contraction of the
unit cell with decreasing dhkl, that is, by increasing the angle,
as observed for 6.8, 13.7, 21.2° and 24.4 °20 (CoKa), data that
corroborate the results previously found (Yang and Song, 2005;
Abarca et al., 2016; Dos Passos Menezes et al., 2017), which may
be associated with changes in the molecular organization of -
cyclodextrin during the production of complexes.

The peak shifts indicate that the diffraction pattern of free
B-cyclodextrin was altered when the eugenol was incorporated
into the host molecule cavity. In studies that present the
physical mixture diffractogram between eugenol and -
cyclodextrin, crystalline peaks of (-cyclodextrin were
detected at a lower intensity, indicating that there was no
marked difference in the crystalline form of B-cyclodextrin
(Abarca et al.,, 2016; Gong et al., 2016), as seen in Figure 2.
Furthermore, it is also important to note that the peak
intensities in the eugenol-B-cyclodextrin complex were
attenuated in relation to the same peaks in the free (-
cyclodextrin spectrum, indicating greater structural disorder
or loss in the degree of crystallinity for the complex (Figure 2).
This fact is attributed to the rapid precipitation of the complex
during preparation, which makes regular crystal growth
insufficient (Yang and Song, 2005).
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In this analysis, the diffractograms of the pure species were
compared with the values obtained of the complex (Cao et al.,
2005). The differences obtained from the analyses, such as the
appearance or disappearance of peaks or changes in relative
intensities, evidenced the formation of the inclusion complex
since the principle of the complexation is associated with an
increase in the degree of amorphization of the substances
involved in the formation of the complex in the solid-state
(Ribeiro et al., 2008; Gao et al., 2020).

Fourier transform infrared spectrometry (FTIR)
The FTIR technique is a very helpful tool to prove the
interaction of both guest and host molecules in their inclusion
complexes in a solid phase (Singh et al., 2010). Figure 3 shows the
FTIR spectra for 1) B-cyclodextrin, 2) physical mixture of
3)
eugenol-B-cyclodextrin in a 1:1 ratio, 4) inclusion complex of

eugenol and P-cyclodextrin, inclusion complex of
eugenol-B-cyclodextrin in a 2:1 ratio, and 5) inclusion complex
of eugenol-B-cyclodextrin in a 2:3 ratio. The spectra bands which
characterize the absorption regions of P-cyclodextrin are
associated with the stretches, referring to the symmetric and
asymmetric deformation of the hydroxyl group (OH) in the
range of 3,600-3,000 cm ™, that showed the characteristic bands
of primary and secondary OH groups in 3384.57 cm™'.

We also observed the CH bands of the p-cyclodextrin ring

and methyl groups in the range of 2,940-2,840 cm™'. These
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Comeparative spectra between free p-cyclodextrin, inclusion complex, and physical mixture.

TABLE 1 Comparison between the intensity of free p-cyclodextrin, inclusion complexes, and physical mixture.

Functional group

Wavenumber (cm™)

Inclusion complex 1:1 Inclusion complex 2:1 Inclusion complex 2:3 PM
v[OH] symmetric and antisymmetric 3,384.57 3,372.39 3,366.12 3,369.93 3,368.89
v[CH] 2,922.69 2,926.89 2,926.17 2,926.78 2,927.73
v[C-0-C] 1,158.57 1,156.85 1,156.64 1,156.92 1,157.10
v[O-H] bending vibration 1,027.80 1,027.42 1,028.06 1,027.57 1,028.02

results were also described in previous studies (Celebioglu et al.,
2018; Hadian et al., 2018), and the bands between 1,700 cm™' and
1,600 cm™' are associated with HOH bonds which are also
abundant in the compound (Abarca et al., 2016). IR spectra
are particularly sensitive to the presence of water; therefore, the
spectral region of interest presents this contribution assigned to
the HOH bending mode (Venuti et al., 2015). In addition, the
spectra display the OH bending vibration in the range of
1,030-1,015cm™! and C-O-C stretch, between 1,159 and
1,143 cm™. described
previously in the literature (Celebioglu et al., 2018; Gao et al.,

These elongation vibrations were

2020). A broad hydroxyl band of pure p-cyclodextrin spectrum
(Figures 3, 4) shows the maximum absorption at 3,384.57 cm ™',

found in the FTIR spectrum of the inclusion complexes which is a
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good indication of their formation due to the stretching
vibrations of the different B-cyclodextrin OH groups (Yang
and Song, 2005; Kayaci et al., 2013; Celebioglu et al.,, 2018;
Brifez-Ortega et al., 2020).

Table 1 shows some increase and decrease in intensity
changes due to the insertion of the part ring into the electron-
rich cavity of B-cyclodextrin. Some bands showed little or no
changes in the band upon complexation, implying that the
inclusion of guest molecules in the CD cavity does not affect
this vibrational mode. Although the spectrum of the inclusion
complex appears almost similar to that of B-cyclodextrin alone,
these results indicate the formation of the inclusion complex due
to the weak interactions when partial inclusion of the ligand
occurs (Stepniak et al., 2015; Vestland et al., 2015).
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In relation to the presence of eugenol in the composition of
the complex, it can be proven by the presence of absorption
regions at 1515.50 cm™" (Figure 3), related to the C=C bonds of
the aromatic ring of the compound that usually appears in the
region between 1650 and 1250 cm™
vibration of the C=C groups and CH flexion of the alkene/
aromatic groups of the eugenol (Yang and Song, 2005; Kayaci
et al., 2013; Celebioglu et al., 2018). Additionally, frequencies
between 1,200 cm™" and 1,000 cm™" are related to the presence of
CO stretches (Yang and Song, 2005; Scremin et al., 2018). In
addition, for eugenol, the characteristic bands are found in the
ranges of 3,380-3,360 cm ™' due to the axial stretching of the OH
group (Rodriguez et al., 2021). Therefore, the results presented

corresponding to the

previously indicate the efficiency of the encapsulation process of
the eugenol molecules by the B-cyclodextrin (Wang et al., 2011).

Generally, the comparative analysis of the physical mixture
with the inclusion complex (Figure 4) presents the simple sum of
the B-cyclodextrin and ligand bands (Zheng et al., 2020). A
similar result was observed in the spectra. In the region of the
absorption bands of the C-H stretches, we noted an overlap of
the complex bands with that of B-cyclodextrin, without changes
in the wavenumbers of the pure components. Similar results were
noted in the region between 1,700 cm™' and 1650 cm™', where
stretch bands C=C with subtle deformation were observed. These
results suggest that the simple mixture of the two components in
the solid phase is not enough to prove the formation of the
inclusion complex, once the shape, intensity, and position of the
peaks vary. These observations, combined with the results
obtained by XRD, can be considered strong evidence of the

formation of the inclusion complex.

Molecular modeling analyses

Molecular interactions and formation of
host—guest complex model

Molecular modeling analyses have been widely applied to
the
properties of molecules (de Castro et al., 2014; de Sousa
et al., 2016; de Souza Farias et al., 2021; Mustafa et al., 2021).
Here, these computational analyses of the host-guest

assess conformational, magnetic, and electronic

interactions were performed to better understand the
formation of the eugenol-B-cyclodextrin complex and to
provide additional insights into the complex model,
especially when it is subjected to different temperatures in
an aqueous solution.

The molecular analyses of the inclusion complex using
molecular docking demonstrated that eugenol predominately
had van der Waals interactions with the interior cavity of the
B-cyclodextrin. Previous studies demonstrated that the geometric
optimization of eugenol using density functional theory led
eugenol to project its structure onto the external surface of
the host (Mahboub, 2014; Chowdhry et al, 2015). Figure 5
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shows the final conformation acquired by eugenol when
complexed with [-cyclodextrin, obtained from molecular
docking. The
to —4.0 kcal mol ™', and two hydrogen bond interactions were

complex showed binding energy equal
formed in the complex which contributed to the stability of
eugenol in the inclusion complex. These molecular findings agree

with the results reported previously (Joardar et al., 2020).

Molecular dynamics simulations of eugenol—p-
cyclodextrin complex at different temperatures

Experimental thermal analyses, in general, reveal marked
structural differences between isolated molecules and the
inclusion complexes. In addition, these analyses exhibit a
typical sharp melting endotherm at temperatures over 250° C,
which is indicative of the anhydrous and crystalline state of the
analyzed molecules; it also exhibits effects regarding their
dehydration and degradation process (Seo et al., 2010; Piletti
et al, 2017; Rodriguez et al., 2021). Since previous studies have
identified a slower controlled release of eugenol at elevated
temperatures, such as 50°C, 75°C, and 100°C (Kayaci et al.,
2013; Piletti et al., 2017; Celebioglu et al., 2018), we analyzed
the eugenol-p-cyclodextrin complex using a gradual temperature
increase to evaluate the behavior and stability of the complex in
aqueous solution, which is also compatible with its applications
2021).
Computationally, we demonstrated that when the temperature

in repellent formulations (Mapossa et al,
is increased, it directly affects the interaction and stability of the
complex (see RMSD plot, Figure 6A).

Between temperatures 27°C and 48°C, the complex showed
stability, and eugenol maintained its interactions. However, we
noted that for the temperature of 58°C, the RMSD plot showed
high fluctuations (Figure 6), and eugenol was shown to be
unstable in the complex, thus losing some of its interactions
with the host and leaving the B-cyclodextrin cavity. Low stability
of the inclusion complex can be attributed to poor interaction
and orientation of eugenol inside the p-cyclodextrin cavity. These
results demonstrate that the high temperatures impair the
formation of the eugenol-p-cyclodextrin complex, reducing its
interactions and leading to the departure of the eugenol from the
complex. We conjecture that the complex will remain stable in
solution when subjected to moderate temperatures due to the
protection and stability provided by the p-cyclodextrin.

Since the binding affinity depends on the molecular
interactions formed between eugenol and the P-cyclodextrin
affects  the

(Supplementary Figures S2, S3, S4), we investigated the B-

surface and directly temperature increase
cyclodextrin-eugenol complex using different temperatures.
The electrostatic (Eeec) and van der Waals (Eyq4,,) energies of
the analyzed systems (Figure 7) were calculated using the LIE
implemented in the Cpptraj program (https://amberhub.chpc.
utah.edu/lie/) (Aqvist et al.,, 2002; Brandsdal et al., 2003; Roe and
Cheatham, 2013). At 20ns and 30ns of MD trajectory, the

complex showed an Eg.. value of approximately —100 kcal mol™;
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FIGURE 5

Inclusion complex formed between the eugenol (green) and the p-cyclodextrin (cyan). (A) 3D structure of BCD with eugenol forming the
complex. (B) Exerting hydrogen bonds with the main electronegative group structure of EG. (C) EG (in green) inside the BCD cavity. (D) Eugenol with

VDW surface, demonstrating binding in the BCD cavity.
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FIGURE 6

RMSD plots of the eugenol-p-cyclodextrin complex were
evaluated at different temperatures. Complex analyzed over 50 ns
of MD simulation at 27°C, 38°C, 48°C, and 58°C.
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however, with temperature increase, the energies tend to move
toward values near zero. In contrast, the E,q4,, increases with
increasing temperature , thus indicating the presence of
repulsion forces caused by the instability of the complex.
Recently, a study demonstrated that the binding affinity in
host-guest systems including -cyclodextrin may be estimated
with a root mean square error <1.5kcal mol™' from the
experimental results using the LIE method (Montalvo-
Acosta et al, 2018), which is closely related to the error
of <1 kcal mol™" found in the experimental values obtained
in the prediction of the relative binding affinity for a vast range
of protein-ligand systems (Gapsys et al., 2020).
Additionally, the binding free energy was calculated using the
MM/GBSA method for different temperatures, considering the
total complexation time (Figure 8). The LIE and MM/GBSA are
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FIGURE 7

RMSD plots of the eugenol-p-cyclodextrin complex were
obtained from different temperatures. (A) electrostatic energy
(Eelec) and (B) van der Waals energy (Evdw) complex analyzed over
50 ns of MD simulation at 27°C, 38°C, 48°C, and 58°C.
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FIGURE 8

Binding free energies (kcal mol™) were calculated using the
MM/GBSA method for the eugenol-p-cyclodextrin complex. The
inclusion complex was analyzed at different temperatures (27°C,
38°C, 48°C, and 58°C).

both end-point methods widely applied to investigate the binding
free energy of biomolecular complexes (Cardoso et al., 2021;
Costa et al., 2021; da Costa et al., 2019b; de Oliveira et al.,
2020; Fonseca et al., 2020), and their results tend to show a
trend similar to the energy values obtained from the
experimental methods (Hansson et al., 1998; Aqvist and
Marelius, 2001; Zhu et al.,, 2017; Rifai et al., 2020). The
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energy at room temperature (27°C) showed a highly stable
complex, with eugenol demonstrating a high binding affinity
with the B-cyclodextrin. However, with the increase of the
temperature, the complex stability is affected and we have a
decrease in the free energy of the analyzed systems, thus
reducing the affinity of eugenol and causing its departure
from the complex. This result indicates that the eugenol-p-
cyclodextrin complex is stable at moderate temperatures and
guarantees the permanence of the molecule inside the f-
cyclodextrin with stronger binding.

Conclusion

Here, we obtained eugenol-p-cyclodextrin inclusion
complexes through co-precipitation and solvent evaporation.
Then, the inclusion complex was characterized using the
X-Ray

spectroscopy, confirming the formation of the host-guest

diffraction and  Fourier transform  infrared

inclusion complex. Additionally, our computational analyses
that  the
remains stable between temperatures 27°C and 48°C. In

demonstrated eugenol-B-cyclodextrin  complex
contrast, high temperatures impair the formation of the
eugenol-p-cyclodextrin complex, reducing its interactions and
leading to its premature departure from the complex which is

consistent with controlled release of the repellent.
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Introduction: Evodiae Fructus (EF) is the dried, near ripe fruit of Euodia
rutaecarpa (Juss.) Benth in Rutaceae. Numerous studies have demonstrated
its anti-liver cancer properties. However, the molecular mechanism of Evodiae
fructus against liver cancer and its structure-activity connection still require
clarification.

Methods: We utilized network pharmacology and a QSAR (2- and 3-
dimensional) model to study the anti-liver cancer effect of Evodiae fructus.
First, by using network pharmacology to screen the active substances and
targets of Evodiae fructus, we investigated the signaling pathways involved in
the anti-liver cancer actions of Evodiae fructus. The 2D-QSAR pharmacophore
model was then used to predict the pIC50 values of compounds. The hiphop
method was used to create an ideal 3D-QSAR pharmacophore model for the
prediction of Evodiae fructus compounds. Finally, molecular docking was used
to validate the rationality of the pharmacophore, and molecular dynamics was
used to disclose the stability of the compounds by assessing the trajectories in
10 ns using RMSD, RMSF, Rg, and hydrogen bonding metrics.

Results: In total, 27 compounds were acquired from the TCMSP and TCM-ID
databases, and 45 intersection targets were compiled using Venn diagrams.
Network integration analysis was used in this study to identify SRC as a primary
target. Key pathways were discovered by KEGG pathway analysis, including PD-
L1 expression and PD-1 checkpoint pathway, EGFR tyrosine kinase inhibitor
resistance, and ErbB signaling pathway. Using a 2D-QSAR pharmacophore
model and the MLR approach to predict chemical activity, ten highly active
compounds were found. Two hydrophobic features and one hydrogen bond
acceptor feature in the 3D-QSAR pharmacophore model were validated by

Abbreviations: BP, biological processes; CC, cell components; C-T-P, compounds-targets-pathways;
EF, Evodiae fructus; GFA, genetic function approximation; GO, gene ontology; HCC, hepatocellular
carcinoma; ICCA, intrahepatic cholangiocarcinoma; KEGG, kyoto encyclopedia of genes and
genomes; MF, molecular functions; MLR, multiple linear regression; PLS, partial least squares; PPI,
protein-protein interaction; QSAR, quantitative structure activity relationship; TCM, traditional Chinese
medicine.
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training set chemicals. The results of molecular docking revealed that 10 active
compounds had better docking scores with SRC and were linked to residues via
hydrogen and hydrophobic bonds. Molecular dynamics was used to show the
structural stability of obacunone, beta-sitosterol, and sitosterol.

Conclusion:Pharmacophore 01 has high selectivity and the ability to distinguish
active and inactive compounds, which is the optimal model for this study.
Obacunone has the optimal binding ability with SRC. The pharmacophore
model proposed in this study provides theoretical support for further
screening effective anti-cancer Chinese herbal compounds and optimizing
the compound structure.

KEYWORDS

Euodiae fructus, liver cancer, network pharmacology, molecular docking, QSAR
model, molecular dynamics simulation

1 Introduction

Liver cancer, including intrahepatic cholangiocarcinoma
(ICCA) and hepatocellular carcinoma (HCC), is the second-
largest cause of cancer-related mortality worldwide and a
significant public health issue (Kassebaum et al, 2014). Its
incidence rate and mortality have increased annually, and
over the past 20 years, it has become the cancer factor in the
United States that has caused the biggest increase in mortality
(Sia et al., 2017). In 2017, More than half of all liver cancer cases
The
mortality rate was 26.26/1,00,000, and men had a greater
mortality rate than women (37.55/1,00,000 vs. 14.45/1,00,000)
(Heetal., 2021). Cao et al. (2021) conducted a secondary analysis

worldwide—5,70,000 new cases—occurred in China.

of cancer statistics from around the world. In 2020, cancer cases
in China accounted for 24% of newly confirmed cases worldwide
and 30% of cancer deaths worldwide. The death rate from liver
cancer rose to second in China in 2020.

Currently, the clinical treatment of liver cancer includes
surgery and drug chemotherapy. On the one hand, liver
cancer has an extremely dismal prognosis; only 5%-15% of
patients are candidates for surgical resection. Therefore, it is
only appropriate for early-stage patients with some liver
regeneration potential (Anwanwan et al,, 2020). On the other
hand, the most widely prescribed medication for individuals with
advanced stages is the kinase inhibitor sorafenib. However, less
than one-third of patients will be able to fully benefit from the
course of their treatment. Sorafenib resistance is visible after use,
and problems including toxicity and ineffectiveness can also
result from prolonged exposure to chemotherapy medicines
(El-Serag et al, 2008). Given the poor prognosis of liver
cancer, scientists and physicians have been looking for new
treatment options to improve patient survival.

Natural products provide distinct advantages in cancer
treatment. Natural plant extracts and natural chemicals, as well
as traditional Chinese medicines, have gained a lot of attention in
recent years for their high-efficiency and low-toxicity anti-cancer
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characteristics (Cho et al, 2015). Evodiae Fructus (EF), a
traditional medicinal plant, is the dried and nearly ripe fruit of
the Rutaceae Euodia rutaecarpa (Juss.) Benth. EF contains
alkaloids, terpenes, flavonoids, phenolic acids, steroids, and
(Li 2020).  Modern
pharmacological researches have demonstrated its biological
properties, antibacterial,
inflammatory, and anti-tumor effects (Yoon et al, 2013; Zhao
et al,, 2019; Shan et al,, 2020). According to several research,
evodiamine, and rutaecarpine in EF had hepatoprotective

phenylpropanoids and  Wang,

including  cardioprotective, anti-

properties (Yoon et al, 2013). Meanwhile, evodiamine may
induce apoptosis in liver cancer cells via the WWOX-
dependent pathway, as well as the Akt pathway and others, and
then exert antitumor effects (Hu et al., 2017; Yang et al., 2017).
Furthermore, EF extracts can prevent the development of a variety
of cancers, including colon cancer, cervical cancer, and others
(Dong et al,, 2010; Park et al,, 2017). However, the molecular
mechanism of EF against liver cancer is currently understudied.

By combining bioinformatics and network analysis, network
pharmacology is particularly well suited for the analysis of
complex pharmacological mechanisms of multi-compound
(Xia and Tang, 2021). The quantitative structure activity
relationship (QSAR) method is widely used to investigate the
of
chemicals and their biological activities in order to obtain a

relationship between the physicochemical properties
mathematical statistical model for predicting the activity of target
chemicals, with differences in structural properties leading to
different bioactivities of compounds as the basic principle
(Verma et al., 2010). Recently, it has been fashionable to
employ QSAR pharmacophore models to investigate the
of TCM
compounds in order to uncover their biological activities
(Elekofehinti et al., 2021; Li et al., 2022). It is well known that
small molecule drugs frequently bind to macromolecular

structure-activity ~ connections and natural

receptors to perform specific biological functions. Molecular
docking methods have been widely used in modern drug
design to investigate the conformation of ligands within the

frontiersin.org


https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://doi.org/10.3389/fchem.2022.1060500

Chen and Han 10.3389/fchem.2022.1060500

EF

4
@P Liver cancer

L J

| TCMSP/TCM-ID | Compound ' Disease

[SwissTargetPrediction ]

288
(32%)

INetwork Pharmacology |

1
2D-QSAR

verification

Energy Grid Points

PPTO S

Y

Molecular Docking

————— -
—————

GRAPHICAL ABSTRACT

binding sites of macromolecular target proteins and to predict by GO and KEGG analysis to investigate the molecular
their binding mode and binding capacity (Ferreira et al., 2015). mechanism. The pIC50 of active compounds in EF were
Nowadays, the molecular docking method is an important successfully predicted by the 2D-QSAR pharmacophore
technique in the field of computer-assisted drug research, and it model, and the hiphop method was used to construct the 3D-
has become an increasingly important tool for drug discovery. QSAR pharmacophore model. Finally, molecular docking was
Molecular docking creates drugs based on receptor characteristics used to confirm the binding modes of ligands to proteins. In the
and the mode of interaction between receptors and drugs. It can graphic abstract, the main concept under study is displayed.

simulate the interaction of molecules and proteins at the atomic

level to elucidate the binding sites and binding characteristics of

small molecules on target proteins, as well as the fundamental 2 Materials and methods
biochemical processes. Molecular docking can also predict ligand

and receptor conformation and calculate parameters such as 2.1 Network pharmacology

affinity to evaluate binding. This technique is accurate and low-

cost, and it is currently used primarily for drug design and the 2.1.1 Chemical compounds and targets

elucidation of biochemical processes (Meng et al., 2011). acquisition

In this study, active compounds and key targets of EF were We use the Traditional Chinese Medicine Systems
first screened using the network pharmacology method, followed Pharmacology Database and Analysis Platform (TCMSP,
Frontiers in Chemistry frontiersin.org

28


https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://doi.org/10.3389/fchem.2022.1060500

Chen and Han

http://temspw.com/tcmsp.php) and the Traditional Chinese
Medicine Information Database (TCM-ID, http://bidd.group/
TCMID/index.html) to obtain the chemical compounds in EF.
The OB value (Oral bioavailability) and DL value (Drug-likeness)
used as a reference for filter chemicals are 30% and .18%,
respectively. Their structures were retrieved in SDF format
the PubChem database. the
SwissTargetPrediction  (http://www.swisstargetprediction.ch/)

from Then we utilized
to find compound targets, entered “liver cancer” at GeneCards
(https://www.genecards.org/) to find genes associated with liver
cancer (score > 30), and then we analyzed the intersection targets
with the aid of the venny2.1.0 platform to find the appropriate

targets of EF against liver cancer.

2.1.2 GO/KEGG analysis

DAVID Bioinformatics Resources (https://david.ncifcrf.gov/
home.jsp) is a well-known bioinformatics resource system for
functional annotation and enrichment analysis of gene lists
(Sherman et al., 2022). We submitted the intersection targets
of EF treatment for liver cancer to the DAVID database, chose
Homo sapiens as the species, and obtained items from Gene
Ontology (GO) and the Kyoto Encyclopedia of Genes and
Genomes (KEGQG). It is used to annotate biological functions
and analyze signal pathways of key targets.

2.1.3 C-T-P and PPI network construction

The “Compounds-Targets-Pathways” (C-T-P) network is
the
compounds, targets, and pathways (Chen et al, 2021).

frequently used to analyze interactions  between
Furthermore, the analysis of Protein-protein Interaction (PPI)
networks can contribute to a better understanding of disease
by
discovering important targets (O'Reilly et al., 2019). The PPI
network was obtained using the STRING database (https://

string-db.org/). The C-T-P network was built using the

molecular mechanisms systematically ~analyzing and

Cytoscape 3.9.1 software, and we ranked compounds by
degree value to determine their significance. The key targets
in the PPI network were examined using Cytoscape 3.9.1’s
cytohubba plugin analysis.

2.2 Construction of the QSAR model

We obtained 45 SRC inhibitors based on the literature and
the Selleck website (https://www.selleck.cn/) (Martin et al., 2006;
Bain et al., 2007; Schenone et al., 2007; Hiscox and Nicholson,
2008; Fathi et al,, 2019; Ma et al., 2020). The 3D structural
formulas were downloaded from PubChem, and energy was
minimized through batch processing using Discovery Studio
Software (Discovery Studio 2019; BIOVIA; San Diego,
United States). Using the “Creat Training and Test Data”
function module, all SRC inhibitor compounds were randomly
divided into a training set (35 compounds) and a test set (ten
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compounds) (Supplementary Figures S7, S8) The resulting
activity values of the training and test set compounds ranged
across four orders of magnitude, ensuring the model’s accuracy.
Quantitative structure-activity relationships (QSAR) are a
powerful computational method for analyzing data based on
chemical structure. The QSAR pharmacophore model was
created by establishing a statistical mathematical link between
calculated chemical descriptors of molecular structure and
experimentally measured values of these molecules’ biological
activity, which can be used to predict biological activity with a
variety of target chemical products (Muratov et al., 2020).

2.2.1 Construction of the 2D-QSAR
pharmacophore

In this study, 2D-QSAR models were built by calculating the
molecular properties of the training and test sets using
Discovery Studio software. The forward selection by partial
least squares (PLS) method and the stepwise multiple linear
regression (MLR) method validated by the external test set
prediction method were used to build the 2D-QSAR model
(Hajalsiddig et al., 2020). Furthermore, the genetic function
approximation method (GFA) is an intelligent regression
algorithm that simulates biological evolution and natural
selection in nature. Because GFA provided a better fit to the
training set, it was also commonly used for QSAR modeling
(Wangetal., 2012). The pICs, value is typically used to describe
the biological activity of a substance, The “calculate molecular
properties” module was used to calculate a number of molecular
descriptors included AlogP, molecular weight, the total number
of bonds, the minimum energy of conformation (kcal/mol),
volume, surface area, and other properties (Dwivedi et al., 2011;
Imran et al., 2015). Some statistical parameters, such as the
coefficient of determination (r*), adjusted r* (r* adj), and
prediction (PRESS) 7* (r* pred), determine the accuracy of
our constructed model.

2.2.2 Construction of the 3D-QSAR
pharmacophore

Similarly, we built 3D-QSAR models with Discovery Studio
software, typically using the HipHop method. The hiphop
method uses the three-dimensional structures of a series of
known target inhibitors/activators to describe the common
features of biological activities, develop pharmacophore
the best
pharmacophore model for 3D querying (Wang et al., 2008).

models, and finally generate quantitative
First, we screened 10 compounds with higher EF activities and
imported their structures’ SDF format (3D) into Discovery
Studio software. The principal value and maximumomitfeat
value of each compound are then defined. Compounds were
designated as active when their ICs, was less than 1uM, the
Principal value was set to 2, and the Maxomitfeat value was set
to 0. When their ICs, was greater than 1 uM, both the Principal
and Maxomitfeat values were set to 1 (Rampogu et al., 2018).
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Feature mapping is used to identify compound feature elements
and investigate molecules that contain those main feature
elements. Furthermore, we performed pharmacophore
feature element selection to select those included in the
HypoGen module, which generally included five types of
feature elements: hydrophobic, hydrogen bond donor
(Donor), hydrogen bond acceptor (Acceptor), positively
charged ion center (Ionizable Positive), and aromatic ring
center (Ring Aromatic). Next, the Maximum Conformation
was set to 255 and the Energy Threshold to 10 (Jiang et al.,
2016). Finally, the compounds from the test set were used to
validate the pharmacophore model.

The 3D structure of a set of ligands was used to calculate the
potential energy in the discovery Studio software’s 3D-QSAR
method, and the potential energy was then used as a descriptor
to build the model. Such a model correlates the molecular field
and activity and links the three-dimensional structure and
biological activity (Ahmed et al., 2017). The equation is as

follows:
NEP
Activity (Predicted) = Zi:l CEP(i)VEP (i)

+ Y "M evpw ())vvDw (i)

where, Ngp represents the number of descriptors of electrostatic
potential (EP), CEP(i) is the model coefficient of EP descriptor,
and VEP(i) is the electrostatic potential value on the grid points.
Furthermore, Nypyw is the number of descriptors of Van Der
Waals (VDW) interactions, Cypw(i) is the model coefficient of
VDW descriptor I, and Vypy is the VDW interaction potential
energy on the grid points. In summary, the predicted activity of a
compound is the linear sum of the model coefficients multiplied
by their corresponding grid values.

2.3 Molecular docking

Molecular docking is currently a key method in drug design
since it enables research of ligand binding modalities, stable
ligand receptor complex intermolecular interactions, and
binding energy predictions (Huang and Zou, 2010). The top
ten active compounds in the pharmacophore model were chosen
as ligand molecules, and the key target SRC was chosen as the
target protein for AutoDock molecular docking tests. We
obtained SRC crystal structure 1BYG from the PDB database.
To improve reliability, we chose reference drugs such as
Ponatinib and Dasatinib, which are SRC inhibitors that are
already in clinical use (Ceppi et al, 2012; Roskoski, 2015).
Furthermore, STAUROSPORINE (STU), the original SRC
ligand, is used as a control (1BYG).

The SRC protein structure (1BYG) was obtained from the
Protein Data Bank (https://www.rcsb.org/). First, the proteins
were processed with PyMOL software, which removed water
molecules and extracted ligands while recording the docking site
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coordinates (Getbox plugin) of the chosen ligands. The small
molecules were then preprocessed with AutoDockTools1.5.6,
and the proteins were hydrogenated and charged. After that,
one profile (including protein and ligand structure files as well as
docking site information) was created for AutoDock Vina
docking. Finally, information about the docking results was
obtained from the PLIP website (https://plip-tool.biotec.tu-
dresden.de/plip-web/plip/index), and the docking results were
visualized using PyMOL software.

2.4 Molecular dynamics simulation

GROMACS is (MD)
simulations of protein-ligand complexes. This experiment

used for molecular dynamics

included compounds with high docking scores that formed
complexes with proteins such as 1BYG-Obacunone, 1BYG-
1BYG-Sitosterol. 1BYG-
Ponatinib was used as a control. We used the Acpype portal
and the AMBER force field to generate topology files for the
ligands, with SPC as the water model. The relevant scripts were

Beta-sitosterol, and Meanwhile,

run to add water models, ions, and balance charges. The systems
were stabilized by running energy minimization (100 ps) with the
steepest that, the
Verlet algorithm for NVT equilibration for 100 ps (2fs steps)

descent algorithm. After we used
and the Berenson algorithm for NPT equilibration for 100 ps (2fs
steps) (Adelusi et al., 2021). To ensure that atoms did not jump
out of the PBC, the “trjconv” module was used for system
processing (periodic boundary conditions). The stability was
assessed using root mean square deviation (RMSD), root
mean square fluctuation (RMSF), radius of gyration (Rg), and

hydrogen bond analysis.

3 Results and discussion
3.1 Network pharmacology analysis

3.1.1 Chemical compounds and targets
acquisition

With OB 30% and DL .18 as thresholds, 27 compounds from
EF (Supplementary Table S1) were screened from the TCMSP
and TCM-ID databases. SwissTargetPrediction identified a total
of 611 compound targets. Genecards identified 333 liver cancer
targets, and Venn analysis revealed 45 intersecting targets that
could be used by EF to play pharmacological roles in the anti-
liver cancer process (Supplementary Figure S1; Supplementary
Table S2).

3.1.2 GO/KEGG analysis results

We screened the top ten items in the GO and KEGG
enrichment analyses in ascending order of p-value (Figure 1).
The results of the Go analysis indicate that the biological
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FIGURE 1
GO and KEGG analysis. (A) Top ten item of GO enrichment analysis of biological processes (BP), cell components (CC), and molecular functions
(MF). (B) Bubble diagram of KEGG analysis.

processes (BP) mainly involve the development of multicellular
organisms, ellular response to reactive oxygen species, protein
autophosphorylation,  peptidyl-tyrosine  phosphorylation,
positive regulation of kinase activity, protein phosphorylation,
and transmembrane receptor protein tyrosine kinase signaling
pathway. Cell Components (CC) include the receptor complex,
the macromolecular complex, the plasma membrane, the
nucleoplasm, the cytosol, the nucleus, the membrane raft, the
cytoplasm, and so on. Protein tyrosine kinase activity,
transmembrane receptor protein tyrosine kinase activity, ATP
binding, protein kinase activity, kinase activity, identical protein
binding, enzyme binding, protein binding, and so on are
examples of Molecular Functions
Table S3).

A total of 138 pathways with significant meaning (P0.05)

(MF) (Supplementary

were enriched by KEGG analysis. The top ten key pathways
include EGEFR tyrosine kinase inhibitor resistance, ErbB signaling
pathway, PD-L1 expression and PD-1 checkpoint pathway in
cancer, Focal adhesion, Prolactin signaling pathway, PI3K-Akt
signaling pathway, TNF signaling pathway, Rapl signaling
pathway, Lipid and atherosclerosis, and others. The EGFR and
ErbB signaling pathways are the highest ranked in KEGG and are
upstream in other pathways. EGFR and ErbB are members of a
family of cell membrane protein receptors that can receive
stimuli and send signals downstream, triggering a series of
regulatory processes for both life activities and diseases. EGFR
inhibition has been shown in studies to inhibit HCC cell survival,
migration, and invasion (Chen et al.,, 2019; Jin et al., 2021). The
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ErBB-PI3K-AKT pathway can promote the growth and spread of
hepatocellular carcinoma (Ni et al., 2020). Overexpression of
focal adhesion kinase (FAK) occurs frequently in human HCC
tissues, and simultaneous overexpression of FAK increases AR
expression, which leads to HCC formation in mice (Shang et al.,
2019). Certainly, there is also evidence that the Prolactin
signaling pathway, the PI3K-Akt signaling pathway, the TNF
signaling pathway, and other pathways play important roles in
the process of liver cancer (Dumaual et al., 2012; Meng et al.,
2021; Miethe et al., 2021).

3.1.3 Network analysis

We can further investigate the relationship between EF
compounds, targets, and pathways by building the C-T-P
network with Cytoscape 3.9.1. The C-T-P network, as shown
in Figure 2A, demonstrates interactions between compounds-
targets-pathways. This network contains 314 edges that represent
interactions between nodes. The network also included 88 nodes:
27 shared by red square nodes representing compounds,
51 shared by blue diamond nodes representing targets, and
10 shared by green triangle nodes representing signaling
pathways. The higher the degree value of the node, the more
critical this node is. This network reflects the characteristics of
multi-compound and multi-target interactions in TCM.
Furthermore, it demonstrated that these chemicals have a
better potential for bioactivity against liver cancer. In the
C-T-P network, higher degree values for compounds such as
gravacridoneshlirine, isorhamnetin,

gossypetin, quercetin,
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FIGURE 2
Network construction. (A) C-T-P network. (B) Degree value distribution histogram of EF compounds in C-T-P network.
obacunone, and 6-OH-luteolin. It suggest a greater likelihood their degree values (Supplementary Table S4). The results
that they may have potential liver cancer-preventing actions showed that SRC, which was thought to be the crucial target
(Figure 2B). Meanwhile, we screened critical targets based on in this investigation, had the greatest degree value.
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TABLE 1 Based on the 2D-QSAR test set compound experimental and predicted activity pIC50 (uM).

Key targets analysis. (A) PPI network. (B) Top six key targets derived from cytoHubba's MCC algorithm. (C) Scores for the top six key targets.

Training no. Experiment plCso,  Predicted GFA  Residual®  Predicted MLR  Residual®  Predicted PLS  Residual®
1 1.046 -.676 1.722 603 443 3213 2.167
2 2.699 2.858 159 1.958 741 2.661 038
3 ~1.758 ~1.285 474 ~1.329 429 -.898 861
4 2301 1.271 1.030 2.049 252 2399 098
5 1.695 968 727 1.498 197 1.082 613
6 3.000 2.858 142 3255 255 2.187 813
7 ~.146 662 808 -427 281 488 634
8 2.046 1.783 263 2.543 497 2.148 102
9 3301 4.176 875 3.365 064 2226 1.075
10 208 968 760 695 488 899 691
”» 9117 988 800

7 (adj) 8928 981 787

* (pred) .8564 975

*GFA-Experiment pIC50.
"MLR-Experiment pIC50.
“PLS-Experiment pIC50.

Moreover, we identified important target proteins in the
PPI network using the Cytoscape cytohubba plugin. There are
eleven computational methods available to Cytohubba, which

can examine the key nodes in bioinformatic networks. At the
moment, MCC is regarded as being the best method (Chin
etal., 2014). In addition, The PPI network showed high degree
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TABLE 2 The activity pIC50 (uM) of PD Based on the 2D-QSAR model.

10.3389/fchem.2022.1060500

Pubchem CID Compound Predicted (MLR) pICsg
5319810 1-methyl-2-[(Z)-undec-6-enyl]-4-quinolone —-1.059
13967189 1-methyl-2-nonyl-4-quinolone —-.674
5319811 1-methyl-2-undecyl-4-quinolone -.880
162926950 24-methyl-31-norlanost-9(11)-enol 1.733
5281642 6-OH-Luteolin —-1.040
12457 Berberine 318
222284 beta-Sitosterol 1.374
624052 Ethanone 318
5317303 Evocarpine -1.266
189454 Evodiamide .023
442088 Evodiamine -.056
58757248 Fordimine 725
5317827 Goshuyuamide_I 142
5317828 Goshuyuamidell -.265
5280647 gossypetin -1.035
163102888 Gravacridoneshlirine 151
56967381 hydroxyevodiamine .005
5281654 Isorhamnetin -.944
5319506 N-(2-Methylaminobenzoyl)tryptamine -.393
119041 Obacunone 1.491

values for CCND1, ERBB2, MTOR, SRC, ESR1, and STAT3
(Figures 3A, B). Histograms depict the score values of these
targets (Figure 3C; Supplementary Table S5). We discovered
that SRC not only plays an important role in the C-T-P
network, but also ranks high in the PPI network. SRC has a
high score in comparison to the other core proteins in the PPI
network, and there are close interactions. Using KEGG
analysis, we discovered that SRC is involved in a number of
significant signaling pathways. EGFR/ErbB-2 can activate
downstream SRC proteins, and SRC can then encourage
liver cancer cell growth and metastasis through focal
adhesion and the PI3K-Akt signaling pathway (Ren and
Schaefer, 2002; You et al., 2018; Mo et al., 2020; Luo et al.,
2021). Meanwhile, a large body of literature has reported on
the role of SRC in liver cancer and has shown that SRC could
be a therapeutic target in liver cancer (Tong et al., 2015; Zhao
et al., 2020; Yang et al., 2021). Additionally, Liao et al. (2014)
demonstrated through experiments that EF extract might
reduce SRC expression to reduce hepatotoxicity. Therefore,
we believe SRC was the most important key target in this
study.
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3.2 2D-QSAR model analysis

3.2.1 Construction of 2D-QSAR pharmacophore
model

To build the 2D-QASR model, we used the GFA, MLR, and PLS
linear fitting algorithms in the Discovery Studio software. The linear
regression equations (Supplementary Figures S3-S5) revealed that the
correlation regression coefficients 7 of the three algorithms (GFA,
MLR, and PLS) were .912, .988, and .800, respectively, demonstrating
their good predictive ability and prediction accuracy for
pharmacophore models, particularly MLR. Then, using these three
techniques, we created 2D-QSAR models to forecast the biological
activities (pICsg) of the compounds in the test set. The results showed
that (Table 1) the predicted pICs, values of the compounds based on
GFA and PLS algorithms showed relatively large deviations from the
experimental pICs, values, indicating lower accuracy.

3.2.2 Prediction of EF activity from 2D-QSAR
models

The activity of the EF compounds screened was predicted by our
2D-QSAR model using the MLR method (Table 2). The top highly
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TABLE 3 Common characteristic parameters of active compounds displayed by pharmacophore models.

Pharmacophore Feature Direct hit Partial hit Max hit
01 HHA 57.220 1111111111 0000000000 3
02 HHA 57.042 1111111111 0000000000 3
03 HHA 55.151 1111111111 0000000000 3
04 HHA 52.597 1111111111 0000000000 3
05 HHA 49.170 1111111111 0000000000 3
06 HHA 48528 1111111111 0000000000 3
07 HHA 42,982 1111111111 0000000000 3
08 HHA 41.428 1111111111 0000000000 3
09 HHA 32.624 1111111111 0000000000 3
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FIGURE 5

The three-dimensional structure of “24-methyl-31-
norlanost-9(11)-enol” was used as an example to display
“pharmacophore 01" (blue indicates hydrophobic features, green
indicates hydrogen bond accepter features)

active  compounds  were  24-methyl-31-norlanost-9(11)-enol,
Rutalinidine,
Fordimine, Ethanone, Gravacridoneshlirine, and Goshuyuamide I,
with pICsy values of 1.733, 1491, 1.374, 1.374, .725, 470, .318
(Figure 4). Several studies have confirmed the therapeutic effects of

some of these compounds in the treatment of liver cancer. Obacunone

Obacunone, Beta-Sitosterol, Berberine, Sitosterol,

in mandarin (Citrus reticulata Blanco) has been shown in studies to
inhibit a variety of human cancer cell lines, including leukemia (HL-
60), ovarian cancer (SKOV-3), cervical cancer (Hela), gastric cancer
(NCI-SNU-1), liver cancer (HepG2), and breast cancer (MCEF-7).
Obacunone had an ICs of 65.13 + 5.39 um against HepG2 cells in an
MTT assay (Tian et al., 2001). Mary (Ditty and Ezhilarasan, 2021)
found that 3-Sitosterol can increase cellular ROS levels, causing cell
membrane damage and mitochondrial toxicity, as well as promoting
HepG2 cell apoptosis. Berberine is an alkaloid that has been shown to
inhibit the growth of various cancers. Ren et al. (2022) discovered that
berberine inhibited hepatocarcinogenesis in mice by antagonizing the
ATX-LPA-LPAR2-P38-leptin axis. Liu and Bai (2020) discovered that
Sitosterol has effect on liver cancer with the help of analysis of network
pharmacology. Ultimately, we screened out the top 10 compounds
based on pICsp, which may have better anti-liver cancer activity.

3.3 3D-QSAR model analysis

3.3.1 Construction of the 3D-QSAR model by the
HipHop method

We investigated the common chemical properties of the
compounds and built a 3D-QSAR model by superimposing
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FIGURE 6

3D-QSAR models with energy grid points as descriptors. (A)
Small molecule matching to electrostatic field coefficient
isoelectric maps in the model; (B) Small molecule matching to
stereo field coefficients isoplot in model.

the three-dimensional molecular structure. The HipHop
method of the Discovery Studio software was used to
generate nine 3D-QSAR pharmacophore models. Table 3
displays the pharmacophore model’s matching parameters
with the ten active compounds. According to the results, the
01 pharmacophore model had the highest rank score value
0f 57.220. The “HHA” shown in its “Feature” item indicates
that it has two hydrophobic features and one hydrogen bond
acceptor feature. The pharmacophore features in this model
were directly matched to ten small molecules, and the
Partial Hit the
pharmacophore for the ten small molecules. Furthermore,

revealed no partial matches to
Max Hit indicated that three pharmacodynamic features
could all be matched. The
Pharmacophore 01 s
(Supplementary Figure S6 showed the spatial distribution
02-09). As a

Pharmacophore 01 for further analysis and validation as

spatial distribution of

depicted in  Figure 5.

of pharmacophore result, we chose

the best constructed in this study.
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FIGURE 7

Heat map of the training set compounds predicted by the nine pharmacophore models.

1.5

1.0

3.3.2 Construction of the 3D-QSAR model based
on steric and electrostatic fields of small
molecules

We built 3D-QSAR models based on the steric and
electrostatic fields of the small molecules to investigate the
non-covalent interactions in the structure of EF active
Our 3D-QSAR model
visualizes the common important structural characteristics

compounds. incorporates and
of a series of active compounds. The contour plots of the
electrostatic field coefficients of the small molecules that
match the 3D-QSAR models are shown in Figure 6A. In
this system, the more negatively charged the substituents in
the red region and the more positively charged the
substituents in the blue region, the higher the activity of
the compound. The contour plots of the steric field
coefficients of small molecules that match the 3D-QSAR
model are shown in Figure 6B. In this system, the yellow
region indicates that increasing the volume of substituents is
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detrimental to compound activity, whereas the blue region
indicates that increasing the volume of substituents is
beneficial to compound activity. The results showed that
the electrostatic effects of the substituents, as well as the
spatial distribution of the functional groups of the active
compounds, affected their biological activities and may have
contributed to the binding of key target proteins for liver
cancer. Based on the force field information, this part of the
study can help us screen and optimize the active compounds
in EF.

3.3.3 Verification of 3D-QSAR pharmacophore
model

We chose the top 20 training set compounds based on
activity to verify that pharmacophores can correctly
distinguish between active and inactive molecules. Figure 7
depicts a matching heatmap of the pharmacophore with the
training set compounds, where the ordinate represents the
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TABLE 4 Matching results of nine pharmacophore models for compounds of the training set.

Compound no.

1 2.886 2.649 2.604 2.805 2.585 2.934 2.965 2.682 2.289
2 2.677 2.754 2.638 2.838 2.718 2.757 2.858 2.874 2.559
3 2.834 2.924 2912 2.583 2.818 2.777 2.931 2.851 2.261
4 2.767 2.782 2.846 2.640 2.764 2911 2.933 2.866 2.450
5 2.681 2.598 2.535 2.956 2.399 2.325 2.905 2.708 2.462
6 2.681 2.598 2.535 2.956 2.399 2.325 2.905 2.708 2.219
7 2.756 2.983 2.717 2.787 2.719 2.850 2.903 2.773 2.453
8 2.526 2.457 2.543 1.880 2.183 2.498 2.933 2.767 2.632
9 2.284 2.126 2.194 2.321 2.326 2.706 2.810 2.037 1.817
10 2.482 2.788 2.544 2.594 2.499 2.818 2.889 2.881 2.242
11 2.502 2.711 2.530 .836 2.035 2.271 2.949 2.790 1.660
12 2.444 2.568 2.582 2.942 1.874 2.529 2.328 2.435 1.996
13 2.034 2.593 2919 2.919 2.755 2.824 2.827 2.938 2.192
14 1.000 1.000 455 1.978 1.629 1.539 2.625 2.345 1.933
15 2.552 2.391 2.364 2.557 2.303 2.822 2.899 2.845 2.671
16 2.601 2.387 2.797 2.504 2.610 2.761 2.923 2.781 2.644
17 2.404 2.766 1.959 1.600 2.662 935 2.684 2.358 .839

18 .000 .000 485 2.307 1.239 1.046 1.929 1.008 2.048
19 1.806 1.810 1.338 1.971 1.254 2.380 1.868 1.605 2.003
20 1.533 903 1.395 1.541 1.100 1.271 1.932 1.552 1.333

TABLE 5 The affinity of compounds with SRC(1BYG) (kcal.mol™").

Active compound Protein(PDBID) Affinity
24-methyl-31-norlanost-9(11)-enol SRC(1BYG) -8.6
Obacunone SRC(1BYG) -9.4
beta-Sitosterol SRC(1BYG) -9.0
Sitosterol SRC(1BYG) -9.3
Fordimine SRC(1BYG) -7.8
Rutalinidine SRC(1BYG) -83
Berberine SRC(1BYG) -9.1
Ethanone SRC(1BYG) -6.6
Gravacridoneshlirine SRC(1BYG) -8.9
Goshuyuamide_I SRC(1BYG) -8.7
Ponatinib SRC(1BYG) -9.8
Dasatinib SRC(1BYG) -8.7
STU SRC(1BYG) -109

Frontiers in Chemistry

38

20 training ensemble scores ranked in order of activity, the
abscissa represents the pharmacophore 01-09, and the
Fitvalue ranges from low to high, as indicated by the
gradual purple to red color change. The darker the red
color of each rectangular block in the figure, the greater the
Fitvalue, thus the greater the corresponding compound
activity. In theory, the active compounds in the training set
should be red and orange, while the inactive compounds
should be blue and purple, indicating that this
pharmacophore can distinguish between active and inactive
compounds. We discovered that the Fitvalue of the more
active compound in pharmacophore 01 was higher than
that of the less active compound, and that its fitvalue had a
certain trend, indicating that pharmacophore 01 had ability to
discriminate between active and inactive compounds.
Pharmacophore 01 had the highest rank value.

Additionally, we used receiver operating characteristic
(ROC) curve analysis to validate the pharmacophore (Al-
Sha’er et al., 2022; Taha et al., 2014). ROC plots are a
quantitative measure of whether a test can distinguish
(typically  active/inactive

between two  populations
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FIGURE 8
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Molecular docking results of Obacunone with SRC (1BYG). Gray dashed lines represent hydrophobic interactions, blue lines represent hydrogen

bonding interactions, and yellow dashed lines represent salt bridges.

compounds). It can be compared to other data sets. The area
under the curve was used to evaluate test accuracy in ROC
analysis (AUC). A test set of active and inactive compounds
3D-QSAR model the
pharmacophore model’s selectivity. On the one hand,
sensitivity is defined as the model’s ability to identify

was used in our to validate

positives, namely the extent to which an active molecule is
distinguished from the inactive, or the proportion of the
predicted active that is actually active:

Sensitivity = TP / (TP + FN)

Specificity, on the other hand, is the ability of the model to
determine negatives, or its discriminatory power for inactive
compounds:

Specific TN / (TN + FP)

ROC analysis results show that (Supplementary Figure S9;
S6), the ROC of the
pharmacophore 01 model is .768, and the sensitivity and

Supplementary Table score
specificity scores are both high. We believe pharmacophore
01 is the most effective pharmacophore hypothesis for
distinguishing between active and inactive compounds.
Therefore, we considered pharmacophore 01 was the best
3D-QSAR pharmacophore This that
pharmacophore model 01 may have anti-cancer effects on

model. means

EF. The Fitvalue of the other pharmacophore models is shown
in Table 4.
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3.4 Molecular docking verification

This section of the study used molecular docking to validate the
rationality of EF’s 3D-QSAR pharmacophore model built from ten
highly active compounds. The optimal conformation was chosen for
each compound, and the RMSD of the conformations was less than
2. As shown in Table 5, the docking scores of the ten active
compounds with SRC were all less than -7 kcalmol™, with the
exception of Ethanone. This implies that they play an important role
in EF’s anti-cancer process. Supplementary Figure S9 depicts their
docking conditions. These compounds all bind to the amino acid
residues of SRC via hydrophobic effects and hydrogen bonding
interactions and have a similar docking mode. More specifically,
Obacunone had the highest docking score with SRC, its
antihepatoma activity in vitro has previously been reported, and
its three-dimensional molecular docking state is shown in Figure 8.
Obacunone primarily binds to SRC via hydrophobic and hydrogen
bonding interactions. Obacunone could form hydrophobic
interactions with amino acid residues PHE-206, VAL-209, THR-
266, and PHE-333, with hydrophobic bond distances of 3.44, 2.61,
3.54, and 3.55 A, respectively. Meanwhile, obacunone could form
hydrogen bonding interactions with GLU-205 and PHE-206 at
distances of 2.84 and 3.31 A, respectively. Obacunone also has
one salt bridge interaction with LYS-222. In addition, in order to
improve the reliability of molecular docking, some reference drugs
were used for docking, such as Ponatinib, Dasatinib, STU (Table 5).
Their docking scores were —9.8, —-8.7, and -10.9 kcal.mol™,
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The results of Molecular dynamics simulation. (A) RMSD curve of protein-ligand complexes; (B) RMSF curve of protein-ligand complexes; (C)
Radius of gyration of complexes; (D) The number of hydrogen bonds formed between the active compounds and 1BYG; (E) The number of hydrogen
bonds formed between Ponatinib and 1BYG. In (A—C), 1BYG-ponatinib, 1BYG-Obacunone, 1BYG-Beta-sitosterol, and 1BYG-Sitosterol are

represented by black, red, green, and blue curves, respectively.

respectively. Some of the screened compounds have affinity values
similar to the reference drugs, such as Obacunone, Beta-Sitosterol,
Sitosterol, and Berberine. In general, these reference drugs interact
with SRC via hydrophobic and hydrogen bond interactions.
Hydrophobic interactions are formed by amino acid residues
ILE-201, VAL-209, TYR-268, and LEU-321, and hydrogen bonds
are formed by THR-266 and MET-269. Meanwhile, Ponatinib has
some salt bridge interactions (Supplementary Figure S10). Overall,
the screened compounds have similar docking modes to the
reference drugs, and these docking interactions are consistent
with the common features of pharmacophore 01.

3.5 MD simulations

After a 10 ns molecular dynamics simulation, we could further
examine how the screened compounds interacted with the protein
SRC (1BYG). Obacunone, Beta-sitosterol, and sitosterol were
chosen for MD simulation analysis in this work because they
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had superior docking scores (less than —9 kcal.mol™) than other
compounds. Figure 9A shows that throughout the entire
procedure, the RMSD of 1BYG Obacunone, 1BYG Beta
sitosterol, and 1BYG Sitosterol maintained between .1 and .3,
and the fluctuation became stable after 10 ns. It indicates that the
10ns trajectory conformation of compounds does not reveal
substantial structural differences from ponatinib, implying that
the ligand and complex structures are stable.

The root mean square fluctuation (RMSF) curve was used to
investigate the local changes in protein chain residues. In the
10 ns trajectory files, the fluctuation profiles of the amino acid
residues of the complexes (1BYG-Obacunone, 1BYG-Beta-
sitosterol, and 1BYG-Sitosterol) were visualized in Figure 9B.
RMSF value is lower than 0.4 nm, and a stable fluctuation is
generated at about .15, which provides an appropriate basis for
subsequent research. 1BYG-obacunone fluctuated surprisingly
little in these compounds until about the 300th residue, when it
peaked at .3 nm. 1BYG-Beta-sitosterol and 1BYG-Sitosterol have
peaks at .32 and .4 nm, respectively with substantial variations in
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position before residue 300. Their fluctuation trajectories
followed the same pattern as 1BYG-Ponatinib.

The radius of gyration (Rg) is a measure of a complex
system’s stability in terms of the structural compactness of the
molecular dynamics trajectory (Shahbaaz et al, 2019). Rg can
also be used to confirm the complex’s stable folding during the
simulation. If Rg values are relatively consistent throughout the
simulation, the protein structure is considered stable (Ghasemi
et al., 2016). A higher Rg value indicates that the protein is more
labile, while a lower value indicates that the protein is more
stable. In Figure 9C, Rg values of 1BYG-Obacunone were lower
and more stable than those of others, this leads in less structural
bias and higher stability in the obacunone complexes during
simulations.

In addition, we analyzed the number of hydrogen bonds for
trajectories lasting 10 ns. Figure 9D shows the hydrogen bonding
interaction of obacunone, beta-sitosterol and sitosterol at a
distance of 3.5A (.35nm).
hydrogen bonds found for obacunone, beta-sitosterol, and

The maximum number of

sitosterol were 5, 2, and 3, respectively. Over the course of
10 ns, beta-sitosterol, and sitosterol formed fewer hydrogen
bonds with 1BYG,
Obacunone formed five hydrogen bonds with 1BYG between

indicating poor binding stability.
5 and 10 ns, and the number of hydrogen bonds formed was the
greatest throughout the simulation process, ensuring better
stability. Furthermore, obacunone has a similar density of
hydrogen bonding conditions to ponatinib (Figure 9E), which

explains its superior binding activity.

4 Conclusion

In this study, some potential active compounds such as

Obacunone, Beta-sitosterol, Sitosterol, and others were
screened using network pharmacology, and SRC was clearly
identified as the most promising target of EF in the treatment
of liver cancer. The top three signaling pathways are the EGFR
signaling pathway, the ErbB signaling pathway, PD-L1
expression, and the PD-1 checkpoint pathway. In addition,
the 2-dimensional QSAR pharmacophore model identified 24-
methyl-31-norlanost-9(11)-enol,

Obacunone, Beta-sitosterol,

Sitosterol, Fordimine, Rutalinidine, Berberine, Ethanone,
Gravacridoneshlirine, and Goshuyuamide I as highly active
compounds. The 3D-QSAR model we created revealed that
Pharmacophore 01 had two hydrophobic features and one
hydrogen bond acceptor feature. Heatmap and ROC analysis
results revealed that pharmacophore 01 possessed high selectivity
as well as the ability to distinguish between active and inactive
compounds. The molecular docking results confirmed the active
stable binding to SRC. Furthermore, MD

simulations demonstrated the stability of Obacunone, Beta-

compounds’

sitosterol, and Sitosterol in dynamic systems and highlighted
Obacunone’s prominent binding capacity. The pharmacophore
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model proposed in this study provides theoretical support for
further screening of effective Chinese medicine compounds
against liver cancer and compound structural optimization.
the additional
and pharmacological be
conducted to clarify their mechanism of action for the
treatment of liver cancer.

Meanwhile, for optimal  compounds,

pharmacodynamic studies  will
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A near-infrared fluorescent probe (LS-NO) for the real-time detection of nitric oxide
(NO) in inflammatory bowel disease (IBD) was developed recently. The probe used
oligoglycol morpholine-functionalized thiophene as strong electron donors and
diaminobenzene (1,2,5-thiadiazole) as a weak electron acceptor and NO trapping
group. It could detect exogenous and endogenous NO in the lysosomes of living
cells with high sensitivity and specificity. To further understand the fluorescent
mechanism and character of the probes LS-NO and LS-TZ (after the reaction of
the probe LS-NO with NO), the electron transfer in the excitation and emitting
process within the model molecules DAD-NO and DAD-TZ was analyzed in detail
under the density functional theory. The calculation results indicated the
transformation from diaminobenzene (1,2,5-thiadiazole) as a weak electron
acceptor to triazolo-benzo-(1,2,5-thiadiazole) as a strong electron acceptor
made LS-NO an effective “off-on” near-infrared NO fluorescent probe.

KEYWORDS

fluorescent probe, nitric oxide, inflammatory bowel disease, density functional theory,
electron transfer

1 Introduction

Nitric oxide (NO) is a metastable free radical molecule which plays an important role in
signal transduction and regulation in cardiovascular, immune, respiratory, gastrointestinal, and
central nervous systems, and other physiological systems (Wang et al., 2002; Cosby et al., 2003).
Recent studies have demonstrated that NO disorders are associated with a number of human
diseases, including atherosclerosis, immune diseases, neurodegenerative diseases, cancer, and
inflammatory bowel disease (Bogdan, 2001; Mel et al, 2011; Fmedsci, 2016). Moreover,
increasing the NO concentration in the intestine is closely related to IBD (Kamalian et al.,
2020). However, due to the lack of an effective method for the real-time detection of NO in the
intestinal tract, the mechanism between NO and the pathogenesis of IBD remains unclear.
Therefore, there is an urgent need to develop NO imaging probes with high sensitivity, high
specificity, and high spatial and temporal resolution for the real-time detection of NO in vivo so
as to further improve the diagnosis and treatment of IBD (Weissleder and Ntziachristos, 2003;
Sasaki et al., 2005; Yu et al., 2012; Vegesna et al., 2013; Zhang et al., 2017). A near-infrared (NIR)
fluorescent probe has more advantages in non-invasive imaging in vivo, which can further
enhance the penetration of deep tissue and improve the signal-to-noise ratio (Antaris et al.,
2016; Hong et al., 2017; Liu et al., 2021a; Wang et al., 2021; Xu et al., 2021). However, the current
small-molecule fluorescent probes used for NO detection still have shortcomings such as short
wavelength (<700 nm) and poor water solubility, especially in deep tissue and disease animal

44 frontiersin.org
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FIGURE 1
Optimized structures of (A) LS-NO and (B) DAD-NO.

FIGURE 2
Optimized structures of (A) LS-TZ and (B) DAD-TZ.

models. It is still a great challenge to apply these probes to the real-time
imaging detection of NO in vivo (Izumi et al.,, 2009; Li et al., 2016;
Zhang et al., 2018).

A near-infrared fluorescent probe (LS-NO) for the real-time
detection of NO in inflammatory bowel disease (IBD) was
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developed by Liu et al. (2021b). The probe used oligoglycol
morpholine-functionalized thiophene as strong electron donors and
diaminobenzene (1,2,5-thiadiazole) as a weak electron acceptor and
NO trapping group. After the specific reaction of the probe with NO,
the weak electron acceptor group diaminobenzene (1,2,5-thiadiazole)
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8.3%

FIGURE 3
NAdO distribution of the a-related C-C bonds in DAD-NO.

6.4%

FIGURE 4
NAdO distribution of the a-related C—-C bonds in DAD-TZ.

acceptor

FIGURE 5

Electron distribution difference between So and S; of DAD-NO
(orange and green in the isosurface map represent the hole and electron
distribution in the excitation process).
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acceptor

FIGURE 6
Electron distribution difference between Sq and S; of DAD-TZ.
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Atom-—atom electron transfer heatmap of DAD-NO (atom numbers
were referred to Figure 1)
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FIGURE 8
Atom-—atom electron transfer heatmap of DAD-TZ (atom numbers
were referred to Figure 2).

was transformed into the strong electron acceptor triazolo-benzo-
(1,2,5-thiadiazole). By the
charge transfer mechanism, the probe exhibited “off-on”-type

using enhanced  intramolecular
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FIGURE 9
Electrostatic potential of (A) DAD-NO and (B) DAD-TZ
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near-infrared absorption and emission at 700 and 750/800 nm,
respectively. In addition, LS-NO showed good water solubility and
optical stability. It can detect exogenous and endogenous NO in the
lysosomes of living cells with high sensitivity and specificity. This work
suggested that LS-NO was promising as a diagnostic probe for the real-
time detection of NO in IBD and may also facilitate inflammatory
stool detection. To further understand the fluorescent mechanism and
character of the probes LS-NO and LS-TZ (after the reaction of the
probe LS-NO with NO), the electron transfer in the excitation and
emitting process within the probe model molecules DAD-NO and
DAD-TZ was analyzed in detail under the density functional theory.
The the
diaminobenzene (1,2,5-thiadiazole) as the weak electron acceptor to

calculation results indicated transformation from
triazolo-benzo-(1,2,5-thiadiazole) as the strong electron acceptor

made LS-NO an effective “off-on” NIR NO fluorescent probe.

2 Methods

The ORCA 5.0.1 (Neese, 2018) software was used to perform
optimization and vibrational frequency analysis on the S,
structures of the model probes DAD-NO and DAD-TZ under
PBEO/def2-TZVP with D3 dispersion correction (Adamo and
Barone, 1999; Weigend and Ahlrichs, 2005; Grimme et al.,
2011), and then single-point energy and TDDFT calculation
under wB2GP-PLYP/def2-TZVP so as to obtain the free energy
with high precision (Goerigk and Grimme, 2014; Casanova-Pédez
etal.,, 2019; Casanova-Paez and Goerigk, 2020; Peng et al., 2021; Liu
et al., 2022). The functional PBE0-D3(B]) and wB2GP-PLYP used
for structure optimization and TDDFT calculation of such organic
probe molecules were verified to be proper (Ali et al., 2020;
Bremond et al.,, 2021; Santra and Martin, 2022). The optimized
S, structures of DAD-NO and DAD-TZ were obtained under a
combination of wB2GP-PLYP/def2-TZVP to analyze the emitting
wavelength in the excitation and radiation process of the probe. All
the figures were rendered by means of VMD 1.9.3 software
(Humphrey et al., 1995) and the analyses were conducted using
the Multiwfn 3.7 code (Lu and Chen, 2012).

3 Results and discussion

The optimized structures of probes LS-NO and LS-TZ with
corresponding model probes DAD-NO and DAD-TZ are depicted
in Figures 1, 2, respectively. In order to focus solely on the electron
donor and to reduce

and acceptor parts in the probe,

computational time, the two terminal groups in the probes (LS-

75kcal/mol

-25kcal/mol
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NO and LS-TZ) were cut to ethyl as shown in the model probes
(DAD-NO and DAD-TZ).

The structures of the probes (as shown in Figures 1, 2) show that
the DAD-NO had a more twisted structure than DAD-TZ, while the
weak electron acceptor diaminobenzene (1,2,5-thiadiazole) was
replaced by triazolo-benzo-(1,2,5-thiadiazole) as a strong electron
acceptor.

Although DAD-NO had a more twisted structure than DAD-
TZ, the a(p)-related C-C bonds shown in Figures 1, 2 were all
typical C-C single bonds and had a similar natural adaptive
orbital (NAdO) distribution (Zhang et al., 2020). The details of
the NAdO distribution of the a-related C-C bonds in DAD-NO
and DAD-TZ are shown in Figures 3, 4, respectively. The details of
the NAdO distribution of f§-related C-C bonds in DAD-NO and
DAD-TZ are given in Supplementary Figures S1, S2, respectively,
for reference.

Figures 3, 4 show that the a-related C-C bond was a typical single
C-C bond with main contribution from the localized sigma
bond—about 80% in both DAD-NO and DAD-TZ. The second
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large contribution (about 19%) came from the pi bond which
delocalized to the neighbor carbon atoms unlike the sigma bond.
There were two other NAdOs which consist of P orbitals of carbon
atoms with parallel and opposite phases, respectively, as shown in
Figures 3, 4. The last two NAdOs displayed non-negligible
contributions to the C-C bond with positive and negative values,
respectively.

The electron distribution difference between the first
excitation state and ground state of DAD-NO and DAD-TZ
was obtained using Multiwfn 3.7 and depicted in Figures 5,6,
respectively. The electron donor-acceptor-donor character in the
probes could be clearly seen from the electron transfer process
(from hole “h+" to electron “e-" as shown in Figures 5, 6). The
electron acceptor parts in the probes mainly consist of
N-contained and central hex-atomic rings, while the oxygen,
five-membered and hex-atomic rings on the two sides
contributed the donor parts in the probe.

The atom-atom electron transfer heatmap in the electron excited

process of DAD-NO (Figure 7) and DAD-TZ (Figure 8) clearly
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indicated the obvious electron transfer from the donor parts to
acceptor parts. The electrostatic potential of DAD-NO and DAD-
TZ is shown in Figure 9. It could be also seen that the replacement of
weak electron acceptor diaminobenzene (1,2,5-thiadiazole) by strong
electron acceptor triazolo-benzo-(1,2,5-thiadiazole) made the electron
acceptor part of DAD-TZ take a larger electrostatic potential value
than DAD-NO.

To clarify the contribution of the donor and acceptor parts in
DAD-NO and DAD-TZ to the density of electronic states, the DOS of
DAD-NO and DAD-TZ and the corresponding HOMO-LUMO
energy gap calculated at the wB2GP-PLYP/def2-TZVP level in the
gas are depicted in Figure 10. It was obvious that the donor part’s
contribution to the HOMO exceeded that of the acceptor part, while
the opposite situation happened within the LUMO. The replacement
of diaminobenzene (1,2,5-thiadiazole) by triazolo-benzo-(1,2,5-
thiadiazole) led to a smaller HOMO-LUMO energy gap which
made the near-infrared fluorescence generation enhanced in DAD-
TZ than in DAD-NO.

To understand the quantificational change in the energy and
spectrum between DAD-NO and DAD-TZ, the UV-Vis spectrum
of the probes in aqueous solution (a mixture of DMF/water with a
volume ratio of 50/50) was analyzed using TDDFT calculation
under the wB2GP-PLYP/def2-TZVP method. The calculated
results are shown in Figure 11. As shown in Figure 11, there
were absorption peaks located within the red and blue channels
for DAD-TZ but only absorption peaks located within blue
DAD-NO which was with the
experimental results (Liu et al., 2021b). In addition, it could be

channels for consistent
clearly shown that the energy absorbance mainly located inside the
probe molecular plane (XY plane) and the energy absorbance along
the perpendicular direction to the molecular plane (Z axis) were
almost negligible. This conclusion was consistent with the
reorganization energy analysis between the ground and first
excited states of DAD-NO and DAD-TZ in Figure 12. It could
be clearly shown that the reorganization energy of DAD-NO was
bigger than that of DAD-TZ, while the direction of the norm modes
with most contribution were both parallel to the molecular plane in
the two probes.
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4 Conclusion

The geometric and electronic structures of the ground and excited
states of an effective “off-on” NIR NO fluorescent model probe DAD-
NO (DAD-TZ) were analyzed under the density functional theory in
detail. The calculated results indicated that the transformation from
diaminobenzene (1,2,5-thiadiazole) as a weak electron acceptor in
DAD-NO to triazolo-benzo-(1,2,5-thiadiazole) as a strong electron
acceptor in DAD-TZ made DAD-NO an effective “off~on” NIR NO
fluorescent probe with high sensitivity and specificity. The electrostatic
potential and density of electronic state analysis also suggested the
changing of the electron acceptor part within DAD-NO, and DAD-TZ
was the structural origin of the switch on/off of the NIR fluorescence in
the probes. Energy absorbance mainly located inside the probe
molecular plane (XY plane) and energy absorbance along the
perpendicular direction to the molecular plane (Z axis) were almost
negligible. All these theoretical results would provide an insight for
designing new effective probes with similar functions.
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In the present work, we report a computational study on some important chemical
properties of the flavonoid isorhamnetin, used in traditional medicine in many
countries. In the course of the study we determined the acid-base equilibria in
aqueous solution, the possible reaction pathways with the «OOH radical and the
corresponding kinetic constants, the complexing capacity of copper ions, and the
reduction of these complexes by reducing agents such as superoxide and ascorbic
anion by using density functional level of theory Density Functional Theory. Finally,
the non-covalent inhibition ability of the SARS-CoV-2 main protease enzyme by
isorhamnetin was examined by molecular dynamics (MD) and docking investigation.
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antioxidants, chemical equilibria, reaction mechanisms, kinetic constant, copper
complexes, Fenton's reaction, main protease inhibition

1 Introduction

A commonly accepted definition of oxidative stress is an imbalance between the production
of reactive free radicals and the ability of the organism to inactivate thembefore their excessive
production becomes harmful (Sies, 1985; Sies et al., 2017). In other words, it is defined when the
action of oxidizing agents is not effectively counteracted by molecules present in our body that
have antioxidant capacities.

Oxidative stress damages cells and organs, and is a direct or indirect cause of many
conditions, ranging from cancer to atherosclerosis, neurodegenerative disorders (e.g.,
Alzheimer’s and others) and pulmonary diseases (Forman and Zhang, 2021). For these
reasons, an enormous amount of scientific work in recent decades has concerned both the
specific damage caused by oxidative stress and the chemical mechanisms of action underlying
oxidative processes, as well as compounds capable of preventing them.

Considerable attention has been paid to understanding the structures, chemical-physical
properties and mechanisms of action of both natural and synthetic antioxidant compounds
(Leopoldini et al., 2011; Galano et al., 2016a; Apak et al., 2016). Many antioxidants originate
from the plant kingdom (e.g., fruits, cereals, vegetables, and plants) and have been used in
traditional medicinal systems of European, African, Asian, and American medicine for many
centuries. In particular, flavonoid compounds of natural origin have proven to be powerful
antioxidant systems, suitable for combating oxidative stress. Their actions are multidirectional,
but the most important can be outlined as:

1) direct scavenging of free radicals, also known as primary antioxidation, which essentially
consists of a reaction between a powerful free radical and an antioxidant with the formation of a

51 frontiersin.org
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new less active radical, and reaction can proceed until the formation of
a neutral specie (Milenkovi¢ et al., 2020). This reaction can occur
through different mechanisms such as transferring a hydrogen atom
or an electron or both from the antioxidant to the free radical (HAT
and SET), or sequential proton-loss electron transfer (SPLET), or by
bonding the radical to the structure of the antioxidant (RAF) (Galano
et al., 2016b; Spiegel, 2022):

HAT: H,A+R* - H, ;A" +RH
SET: H,A+R* - H,A"™ +R”
RAF: H,A +R' — [H,,A-RH]'
SPLET: H,A - H,,, A" +H"; H,_JA"+R* —» H,_;A" +R~

2) the capacity of the compound to chelate copper and iron ions
responsible for the production of free radicals through the Fenton’s
reaction. It is also referred to as a secondary antioxidant effect and is also
relevant to the possible treatment of Alzheimer’s disease based on
complexation of these metals (Sharma et al., 2013; Spiegel et al., 2022a):

Cu(H,0)" +L™ — [Cu(H,0),L"]*" (m =0,-1,-2)

In addition, some antioxidants are effective inhibitor of a number of
enzymes implicated in various diseases, including SARS-CoV-2 (Yu
et al.,, 2012; Puttaswamy et al., 2020; Xu et al., 2020).

In this article, we report a theoretical (DFT) and computations
(MD and docking) investigation that can contribute to a better
understanding of the mechanisms of action of isorhamnetin antioxidant
flavonoid (HIso), which contains hydroxyl groups in its backbone, which
are the main structural elements on which the antioxidant capacity of
polyphenols rely. Isorhamnetin is present in the juice of Chinese sea
buckthorme (Pengfei et al., 2009), and can also be extracted from the
fruits, flowers and leaves of Ginkgo biloba, A. roxburghii, and Hippophae
rhmnoides L. (Teng and Luan, 2016; Gong et al., 2020). Furthermore, the
great importance of isorhamnetin is due to the fact that it is a metabolite
of quercetin, converted by the enzyme catechol-O-metyltransferase. This
means that isorhamnetin concentrations in human plasma high, even
when only quercetin is taken (Manach et al., 1997).

In order to highlight the performance of theoretical methods in
reproducing and predicting antioxidant properties and related
mechanisms in environments simulating physiological ones
(aqueous and lipid), the paper will examine: 1) the acid-base
equilibria in water solvent, 2) the reactions between the *O0OH
radical and isorhamnetin, 3) the chelating capacity, and 4) the
inhibition process of the SARS-CoV-2 main protease enzyme.

2 Methods and computational details

All the computations were performed using Density Functional
Theory (DFT) implemented in Gaussian 09 code (Frisch et al., 2014)
and following the QM-ORSA (Quantum Mechanics-Based Test for
Overall Free Radical Scavenging Activity) computational protocol
(Galano and Alvarez-Idaboy, 2013). We used the M06-2X (Zhao
et al, 2006) exchange-correlation functional, the 6-311+G (d,p)
basis set and the solvation model based on density (SMD)
(Marenich et al., 2009), previously tested and applied to a series of
molecules with antioxidant properties (Belcastro et al., 2006; Alberto
et al, 2013; Ngo et al, 2019; Castaneda-Arriaga et al.,, 2020; Parise
et al,, 2021a; Reina et al., 2021; Spiegel et al., 2021; Spiegel, 2022).
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Pentylethanoate (e = 4.7) and water (¢ = 78.4) was selected to simulate
the physiological relevant environments. The geometries of minima
(reactants and products) and transition states (TS) located along the
considered reaction pathways were optimized and characterized by
computing vibrational frequencies and establishing the intrinsic
reaction coordinates (IRC).

For the open-shell systems, the unrestricted procedure was used.
The pK, values and molar fractions for neutral and charged species
were determined according to the methodology proposed and tested
earlier (Galano et al., 2016a).

To compute kinetic rate constants conventional transition state
theory ((Evans and Polanyi, 1935; Truhlar et al., 1996) was used, and
for reactions close to the diffusion limit, the Collins—-Kimball theory
was applied (Collins and Kimball, 1949). For SET reactions, energy
barriers were calculated adopting the Marcus theory (Marcus, 1993).
The intrinsic reactivity indices such as bond dissociation energy
(BDE), ionization potential (IP), proton affinity (PA) and proton
desorption energy (PDE) were estimated under the adiabatic
approximation with the following values of solvation enthalpies of
H* (AH(H") = 1,055.7 kJ/mol) and electron (AH (e”) = 77.5 kJ/mol.
(Markovic et al., 2016). To visualize the structures the MarvinSketch
version 21.15.0 software (ChemAxon) was used.

The initial unbound structure of the SARS-CoV-2 main protease
(MP™) has been obtained using the crystal structure of main protease
bound to non-covalent inhibitor (PDB code 6W63) (https://www.
wwpdb.org/pdb?id=pdb_00006w63, 2020), removing the inhibitor
from the crystallographic structure and adding the hydrogen atoms
by using H++ (Anandakrishnan et al, 2012) and to calculate the
protonation states of titratable residues at pH 7.4. Both the
protonation states of the His41 catalytic residue neutral, with the
hydrogen on the N and N side chain have been considered. 300 ns
MDs were performed, by using AMBER16 code (Case et al., 2017) and
the FF14SB force field (Maier et al., 2021), for the two protonation
states of the unbound M considering a solvated orthorhombic box
with a buffer of 10 A, using TIP3P water model and the following other
conditions: integration step of 2 fs coupling SHAKE algorithm; NPT
ensemble at 1 bar pressure using the Berendsen barostat (Berendsen
et al., 1998) with a time constant tp = 2.0 ps. The Particle mesh Ewald
summation method (Darden et al., 1998) has been employed for the
electrostatic potential long-range interactions with a 12 A cutoff
distance. In order to select different representative conformations
of the system, root-mean square deviation (RMSD) based clustering of
the whole trajectory has been performed using the agglomerative
bottom-up approach available in Amberl6 tools. After removing
overall rotations and translations by RMS fitting the Ca atoms’
positions of the trajectory, the average linkage clustering algorithm
has been applied, identifying 10 representative conformations of the
protein. The complete MD analysis of the unbound MP™ has been
reported in our previous study (Parise et al., 2021b).

The representative structure of the unbound Mpro, having the
hydrogen on the N; of His41, and with the highest percentage of
population was considered for the molecular docking approach
performed by using AutoDock Vina (version 4.2) (Trott and
Olson, 2010). The ligand and the SARS-CoV-2 MP™ models were
processed using the AutoDock tools (ADT) to obtain the PDBQT
(Protein Data Bank, Partial Charge (Q), and Atom Type (T))
coordinate files containing the information, namely polar hydrogen
atoms, partial charges, correct atom types, and information on the
articulation of flexible molecules. In particular, Gasteiger-Marsili

frontiersin.org


https://www.wwpdb.org/pdb?id=pdb_00006w63
https://www.wwpdb.org/pdb?id=pdb_00006w63
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://doi.org/10.3389/fchem.2023.1122880

Spiegel et al.

charges were loaded in ADT. The substrate has been docked into a
section of the crystal representing the minimal unit of ligand (37.5 x
15.2 x 37.6 A) adopted in the simulations. The dimension box of 40 x
40 x 40 A has been chosen to abundant cover the active site.
Before MD simulations of the MP":H,Iso/MP*:H;Iso~ complexes,
it was necessary to obtain HyIso and H;Iso™ parameters. At this
purpose gas-phase geometry optimization has been carried out
using B3LYP/6-31G*. Atomic charges were derived by fitting the
electrostatic potential according to the Merz-Singh-Kollman
1993), RESP  procedure.

Antechamber and parmchk modules of Amberl6 (Case et al,

scheme, (Bayly et al, using the
2017) have been employed to generate preparatory files to perform
molecular mechanics (MM) relaxation of the complexes. 4 Na*
counter ions were added to neutralize the system for MP“:H,Iso
and 5 Na* for MP*:H;Iso™. The production step of 100 ns for the
both complexes (MP*:H Iso and MP*:H;Iso”) was performed using
the same procedure of the apo-form simulation.

RMSD-based clustering of the entire trajectories was performed
according to the relaxed complex scheme (RCS) protocol implemented
in Amber 16 (Case et al., 2017) to provide a sampled and energetically
accessible conformational ensemble. After removing the overall rotations
and translations by RMS fitting of the positions of the Ca atoms of the
trajectory, the average binding clustering algorithm implemented in
cpptraj
conformations of the protein, described in Supplementary Table S4.

was applied to identify 10 clusters of representative

The resulting MD trajectories were used to assess the magnitude of
structural changes in terms of root mean square deviation (RMSD),
propensity of a given residue or region to shift, and root mean square
fluctuation (RMSF).

The binding free energies between the ligand (HyIso or HsIso")
and MP™ were calculated by solving the linearised Poisson-Boltzman
equation using the MM-PBSA (Molecular mechanics-Poisson
Boltzman surface area) method, as implemented in the Amber
code 16 (Case et al, 2017). The igb flag value of five associated
with a salt concentration of 0.1 M was used. For the calculations,
100 frames of each MD trajectory over the last 50 ns were analysed.

3 Results and discussion
3.1 Chemical equilibria in water

In understanding the chemical behavior of substances in aqueous
solution, it is fundamental to know the relative acid-base equilibria.

10.3389/fchem.2023.1122880

Sometimes the very low solubility in water of various antioxidants
makes experimental measurements difficult. Modern computational
chemistry offers a suitable alternative to such situations (Galano et al.,
2016b). Figure 1 shows possibly present neutral and charged species of
isorhamnetin in water solution, reported along with their pK, values.
The distribution diagram of isorhamnetin species as a function of
pH is given in the supporting information section (Supplementary
Figure S1).

The lowest pK, value (7.27) was associated with the deprotonation
of the-OH group located at the C; position, followed by C (8.78), Cs
(10.36), and Cs (12.26). Also, for structurally similar scutellarein,
chrysin and quercetin, deprotonation at the C; position is preferred.
Another important data useful for studying antioxidant properties in
water is the molar distribution at physiological pH. Figure 1 evidences
that the neutral (41.58%) and mono-anion (56.08%) species are found
in the highest molar fractions. Contrary to these, the di-anion form is
present at much lower, yet still non-negligible amount (2.34%).
Therefore, these three species must be considered in the investigation.

3.2 Thermodynamic descriptors

Some indication on the occurrence of possible reaction pathways
between radicals and antioxidant compounds can be obtained from
adiabatic energy computations of certain molecular indicators,
such as:

1) ionization energy (IP):

IP = AH (Cx — OH") + AH (e”) ~AH (Cx — OH)

2) proton affinity (PA):
PA = AH(Cx — O7) + AH (H") -AH (Cx — OH)

3) bond dissociation energy (BDE):
BDE = AH (Cx - O-) + AH (H.) ~AH (Cx — OH)

4) proton desorption energy (PDE):
PDE = AH (Cx - O') + AH (H') -AH (Cx — OH™).

The obtained values are collected in Table 1.

In the pentylethanoate solvent, commonly chosen to mimic a
lipid-like environment, the BDE values indicate that the preferred site
of dehydrogenation is the one involving the-OH group at the C;
position. The same behavior is observed for all the species present in

o
pK,=12.26 _
— 0

OH O OH O OH O
Mf-41.58% Mf-56.08% Mf-2.34% Mf-0.00% ME-0.00%
Halso Hslso™ Halso? Hlso*" Iso*

FIGURE 1

Dissociation constants and molar fractions for isorhamnetin species at pH = 7.4.
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water. The ionization potential in water decrease when moving from  we report only those with AG values less than 10 kcal/mol, since they
neutral to deprotonated forms, as do PA and PDE. Similar values and  are relevant from both thermodynamic and kinetic viewpoints.
trends were also found in previous work done at the DFT level, but From Table 2, we see that the more favored thermodynamic
using a different exchange-correlation functional (B3LYP) (Thong  process is the hydrogen atom transfer from the C; position of
et al., 2019). neutral and charged isorhamnetin species to the -OOH radical in
both lipid-like and aqueous environments. In particular, the latter
cases provides a noteworthy observation on how the exergonic
3.3 Reactions in lipid-like and aqueous character of the process increases with the transition from neutral
environments to mono- and di-anion forms. Also, the HAT processes from the C,
position show negative Gibbs free energies, with a trend similar to
The computed Gibbs free energies of reaction (AG) and activation =~ HAT at the C; site. The AG values for the mechanisms of radical
(AG¥) for the considered mechanisms—HAT, SET, and RAF—of the  addition and electron transfer reactions allows us to hypothesize that
reaction between the -OOH radical and isorhamnetin in the two  they can occur in both considered environments. Concerning the
considered environments are shown in Table 2. For RAF processes,  activation energies of the HAT-C; and HAT-C, processes in water

TABLE 1 IP, BDE, PA, and PDE values calculated for neutral and charged isorhamnetin species in water and pentylethanoate solvents. All values are in kcal/mol.

Species Solvent OH position IP BDE PA PDE
H,lso Pentylethanoate Cs 131.3 73.8 61.0 9.2
Cy 75.6 60.9 10.9
Cs 89.4 63.9 24.7
(o2 852 53.6 205
Water Cs 118.4 75.8 326 72
Cy 77.3 327 8.7
Cs 863 33.1 17.7
C, 87.3 29.0 18.7
Hilso™ Cs 109.8 72.9 353 12.8
Cy 75.9 33.8 15.8
Cs 84.7 39.1 24.7
H,ls0* Cs 91.9 66.0 38.7 23.9
Cs 79.4 409 37.3

TABLE 2 Gibbs free energies of reaction (AG) and activation (AG*) at 298.15 K in aqueous solution and pentylethanoate (indicated by™ apex) for neutral and charged
isorhamnetin species. All values are in kcal/mol.

Mechanism

HAT-C; -2.3 20.1 =33 18.6 —-6.3 17.4 -13.1 -33
HAT-Cy -0.5 21.3 -1.8 20.4 =32 19.7

HAT-Cs 13.2 — 7.2 28.6 5.6 36.4 0.3 27.2
HAT-C, 9.0 25.3 8.2 26.0

RAF-OOH-C, 2.8 22.5 1.4 20.7 0.2 18.4 1.8 18.0
RAF-OOH-C; 9.5 20.8 10.2 — 6.7 18.4 59 14.1
RAF-OOH-Cs 8.7 31.6
SET - - 28.8 53.5 20.3 26.4 23 7.6
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TABLE 3 Rate constants (k)* and branching ratios (I') of the reaction between isorhamnetin and *OOH radical in 1:1 ratio, computed at 298.15 K, for the different species
present in solution at pH = 7.4

Mechanism H,lso™®
k (M~ s™)
HAT-C; 8.06 x 10° 31.9 1.48 x 10? 39.7 6.80 x 10° 50.3 249 x 10° 25.5
HAT-Cyp 1.71 x 10* 67.6 2.52 x 10? 60.3 6.59 x 10? 48.7
HAT-Cs 9.34 x 107* 0.0 5.76 x 107"? 0.0 222 x 107° 0.0
HAT-C, 342 x 10°° 0.0 1.36 x 1072 0.0
RAF-C, 8.21 x 107 0.0 1.67 x 107" 0.0 7.12 x 10° 0.0 1.24 x 10" 0.0
RAF-C; 1.18 x 107" 0.5 6.03 x 10° 0.0 7.16 x 10° 0.0
RAF-Cs 123 x 107 0.0
SET — — 3.89 x 1077 0.0 7.14 x 107° 0.0 7.27 x 10° 74.5
Total 2.53 x 10! 3.73 x 10? 1.35 x 10° 9.76 x 10°
Overall 1.55 x 10° 7.58 x 10° 2.28 x 10°
“The sum of the individual rate constants from the studied reaction routes was computed as “Total,” while “Overall” is the sum of the rate constants for the different species present in solution at
pH = 7.4.
PET-H,A-HAT-C3 PET-HAT-H,A-C7 PET-HA-HAT-C4' PET-H,A-RAF-C2 PET-H,A-RAF-C3
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FIGURE 2
TSs structures for HAT and RAF mechanism. Distances are in A and angles in degrees.

solvent, we observe that the corresponding values decrease with the
increasing ionic character of the species.

The rate constants and the branching ratios for the considered
reaction mechanisms are reported in Table 3, while the transition state
structures for HAT and RAF mechanisms are depicted in Figure 2.

In the lipid-like phase, the total rate constant is 2.53 x 10" and
indicates that the process taking place mainly follows the HAT
mechanism from the Cp-OH position. Due the presence of
different charged and neutral species, on the other hand, the
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situation in water solution is different. In fact, for the Hylso form
the hydrogen abstraction process at the C, position is kinetically
favored (k = 2.52 x 10), followed by the one at the Cj site (1.48 x 107).
The total rate constant take into account the branching ratio that is
31.9% and 67.6% for C; and Cy site, respectively. In the mono-anion
species, the antioxidant properties are essentially due to the SET
mechanism as indicated by the k (8.20 x 10°) and the molar
fraction values (74.5%). The same mechanism is favored by the
HjIsoform, but now, although the SET still gives the highest
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kinetic constant, the HAT mechanism from the C3 position also
contributes considerably (I' = 25.5%) to the total kinetic constant
value. Considering the overall kinetic constant values, Table 3 clearly
indicate that the isorhamnetin molecule has a high potential to
scavenge -OOH radical (k = 4.60 x 10°), essentially owing to the
mono- and di-anionic forms, underlining the importance of
considering all species present at physiological pH.

Inspecting the TSs structures (Figure 2) of the attack of -OOH
radical on one of the hydroxyl hydrogens provides reliable data on
the breakage of the isorhamnetin-OH bonds and the formation of a
new one with the radical, observed as the generation of H,O,
molecule. The presence of imaginary frequencies confirm this
phenomenon.

A rationalization of the kinetic behaviors can be done also
considering the electron spin densities of the radicals obtained after
the abstraction of the hydrogens in the different positions. As shown in
Supplementary Figure S2, the abstraction of a proton in C; position
induces an electron spin delocalization that involve the entire
molecular structure, in both neutral and charged species and in
both considered solvents, that stabilize the radicals. On the

TABLE 4 K,yeran Values of Isorhamnetin and other structurally similar antioxidant
against the OOH radical. Value are in M~ s,

Molecules Koveran (lipid-like) Koverall (Water)
Isorhamnetin 2.53 x 10" 4.60 x 10°
Scutellarin 3.57 x 10°° 7.09 x 10°
Scutellarein 1.06x10° 223 x 10°
Trolox 3.40 x 10° 8.96 x 10*
L1 1.89x10* 1.02 x 10°
Quercetin 8.11 x 10°
Daphnetin 1.51 x 107

10.3389/fchem.2023.1122880

contrary, the hydrogen loss in position Cs gives a radical in which
the electronic spin density is more concentrated in one side of the
structure.

A comparison with some other antioxidants of similar structure,
studied previously using very similar or identical computational
protocols, is possible by examining the data reported in Table 4.

In pentylethanoate, the scavenging activity of isorhamnetin
against the -OOH radical is relatively low and lower than that of
the other compounds tested except for scutellarin (Spiegel et al.,
2022b). On the contrary, in aqueous solution, its kinetic constant
takes on a very high value (4.60 x 10° M™' s™'), comparable to that of
quercetin (k=8.11 x 10° M ' s7") (Castaneda-Arriaga et al., 2020) and
daphnetin (1.51 x 107) (Boulebd and Khodja, 2021) and about five
orders of magnitude higher than the corresponding value of Trolox
(8.96 x 10* M ' s7") (Alberto et al., 2013), which is generally used as a
comparison to determine the antioxidant power of a molecule. On the
other hand, isorhamnetin is a less efficient scavenger with respect to
[4-(benzo[d]thiazol-2-yl)-2-((4,7-dimethyl-1,4,7-triazonan-1-yl)-
methyl)-6-methoxyphenol] (L1 in Table 4) in the lipid-like phase, but
more efficient in water solution (Spiegel et al., 2022a).

3.4 Copper chelating ability

The computations of the Gibbs energies (AGy) for the following
reactions:

Cu(H,0)2" + Hylso — [Cu(H,0), x Hylso]*"; Cu(H,0)*"
+2H,lso — [Cu(H,0), x 2 H,lso]*"

Cu(H,0)}" + HyIso™ — [Cu(H,0), x HyIso™]"; Cu(H,0)2"
+2H;slso” — [Cu(H,0), x 2H;lIso™]

Cu(H,0);" + HyIso*™ — [Cu(H,0), x HyIs0*|; Cu(H,0);"
+2H,Is0" — [Cu(H,0), x 2H,Is0>"|*

TABLE 5 Gibbs formation energies (AGy), their differences (AAGy), both in kcal/mol, and kinetic constants (K, ZKf, K}’, and K}’PP in M~ s7") for the different

coordination sites of isorhamnetin with Cu(ll) ion in 1: 1 ratio.

Coordination site

H,lIso (41.58%)

C3Cy 1.7 5.87 x 1072 9.57 x 10? 3.98 x 10°
C3Cy -1.3 9.47xx10°

CyCs 1.8 4.88 x 10

Hslso™ (56.08%)

C3Cy 0.7 283 x 107" 1.79 x 10° 1.00 x 10°
C3Cy -3.1 1.76x10*

CiCs ~0.4 2.01x10°

H,Is0*™ (2.34%)

C3Cyp -16.7 1.95%10" 1.95 x 10" 4.56 x 10"
C5Cy -4.7 2.98x10°

CyCs —42 1.21x10°

KPP = 4.56x10'°
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HA-C3'Ca'

HA-C3'C4'

FIGURE 3

H,A-C3C4

Structures for the most stable 1:1 complexes between Cu?* and the neutral and charged species of isorhamnetin in water solvent.

10.3389/fchem.2023.1122880

TABLE 6 The Gibbs formation energies (AGy), their differences (AAGy), both in kcal/mol, and kinetic constants (K, Z K, K and K" in M~ s7") for the different

coordination sites of isorhamnetin with Cu () ion in 1:2 ratio.

Coordination site

Halso (41,58%)
C3Cy 15 8.36 x 107° 212 x 10° 8.82 x 10*
C5Cy -7.3 2.12 x 10°
C4Cs 2.1 3.54 x 10*
Hslso™ (56.08%)
CyCyp
C5Cy -12.2 9.64 x 10°
C4Cs -9.7 1.38 x 107
Hals0?~(2.34%)
CyCy 1.73 x 10% 4.06 x 10
C5Cy -14.9 8.96 x 10"
C4Cs -9.3 7.23 x 10°
K? = 4.06x10”
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made it possible to establish the Cu**chelating power of isorhamnetin.
The relative apparent equilibrium constants (K*") were calculated
using the following expressions (Perez-Gonzalez et al., 2020):

KPP = ZK,H
Ki'=Y K" f

where K{I equals Z Ky multiplied by the molar fraction, " f, of the
species under consideration at pH 7.4; Z K is the sum of K for all
possible complexation sites; and K; (K = e “*%“*") represents each
reaction pathway that contributes to the chelation process.

We considered three different chelating sites, which include
oxygens at the C3Cy, C5C4 and C,C5 positions. The results for a 1:
1M ratio are reported in Table 5, and the related structures are
displayed in Figure 3. For neutral and mono-anionic isorhamnetin, the
most stable complex is the one with copper being coordinated at the
C;-C, site, while for H,Iso”” the preferred one is C3-Cy, In all cases, the
thermodynamic stability of the complexes increases with the ionic
character of the ligand.

The computed z K reflects the obtained AGy, with that for Iso*”
being the greatest among all the considered species. Taking into
account the molar fraction of the ligand at physiological pH, the
apparent equilibrium constant becomes equal 4.56 x 10" M ™' s7',
implying that all species present in the water solvent equilibrium
must be taken into account to obtain a reliable outcomes.
Comparison with other systems treated at the same level of
theory reveals that the copper chelating power of isorhamnetin is
lower than that of scutellarin and scutellarein, as the K?PP values of
these systems are 4.77 x 10** and 1.29 x 10", respectively (Spiegel
et al., 2022b).

10.3389/fchem.2023.1122880

From Figure 3, where the optimized structures and main
geometrical parameters are reported, we note the distorted
tetrahedral topology around the Cu®" ion, which is coordinated
with two ligand oxygens and two water molecules with Cu-O
distances that range from about 1.9 A to 2.1 A. The other two
water molecules act as a micro-solvation sphere.

We also explored what happens when the Cu** ion interacts with
isorhamnetin at molar ratios of 1: 2. The results are summarized in
Table 6. For all considered ligand species, the preferred coordination
site is C3C4, and the most stable complex is the one in which the
copper cation is coordinated by two H,A* forms (AG¢ = —14.9 kcal/
mol). From Figure 4, it can be proven that the structural topologies are
different: the coordination with two charged ligands results in a
butterfly-like structure, with the coordinated antioxidant oxygens
distances that are different. As in the case of the 1:1 ratio, three
coordinate H,O strongly interact with the copper center.

Comparing the K“fp ? value obtained for the 2:1 chelates with that
computed for those at a 1:1 M ratio, it can be seen that the formers are
associated with higher complexation power. Given previous studies
that considered a 1:1 complexes of antioxidants with copper, we note
that the chelating power of Iso (K;P P = 4.56 x 10'°) is lower than that
of scutellarin and scutellarein, which show K;‘D ? values of 4.77-10%°
and 1.29 x 10> M ™" s7', respectively (Thong et al., 2019).

In order to explore the spectroscopic changes upon Cu**
complexation, we calculated the excitation energies for both the
isolated isorhamnetin and its complexes with copper (see
Supplementary Table S1). The lowest energy transition (S;) for
the bare molecule, characterized by high oscillator strength and
being of HOMO- > LUMO in nature (more than 90%), undergo a
sensible bathochromic shift starting from Hylso (325.4 nm), to
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Structures for the most stable 1:2 complexes between Cu?* and the neutral and charged species of isorhamnetin.
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TABLE 7 The standard enthalpy (AH’, kcal/mol), Gibbs free energy of reaction (A,G’, kcal/mol), reorganization energy (), kcal/mol), Gibbs free energy of activation

(A,G*, kcal/mol), diffusion rate constant (kp, M s7), TST thermal rate constant (ky, M~" s7"), diffusion-corrected apparent rate constant (k,,,, M

' s7") calculated at

298.15 K for the redox reaction between the copper complexes and two reducing agents (02.‘ and Asc’) in water.

Species Position

[isorhamnetin e Cu(H,0),** + O,°
—lisorhamnetin e Cu(H,0),]* + O,

41.9 36.5 34.1 36.5 7.70 x 10° 1.01 x 107

Hulso C5Cyp 31.5 29.9 34.2 30.0 831 x 10° 6.02 x 107"
C5Cy 37.6 35.4 35.0 354 8.35 x 10° 6.93 x 107

CyCs 374 34.3 324 344 8.37 x 10° 427 x 1077

H;slso™ C3Cyr 323 30.0 354 30.2 8.39 x 10° 447 x 107"
C5Cy 38.5 34.8 37.3 34.9 8.37 x 10° 1.77 x 107"

CyCs 39.6 35.5 37.8 35.5 8.26 x 10° 5.54 x 107"

H,lso* C3Cy 42.3 36.9 41.3 37.0 8.41 x 10° 4.54 x 107"
C5Cy 40.4 35.9 37.6 36.0 8.36 x 10° 2.89 x 107

CyCs 37.8 39.1 32.6 39.5 8.56 x 10° 7.80 x 107"

29.3 23.0 29.7 23.41 7.43 x 10° 445 x 107

Hylso CyCy 18.9 16.4 29.8 17.9 7.50 x 10° 4.64 x 107"
C5Cy 25.0 21.9 30.6 22.5 7.52 x 10° 1.93 x 107*

CyCs 249 20.9 28.1 21.3 7.52 x 10° 1.36 x 107

H;slso™ C5Cyr 19.7 16.6 31.0 18.2 7.53 x 10° 258 x 107"
C5Cy 259 21.4 33.0 224 7.52 x 10° 234 x 107"

CyCs 27.0 22.0 334 23.0 7.49 x 10° 875 x 107

H,lso™™ CyCy 19.7 16.6 43.8 20.8 7.53 x 10° 3.38 x 107°
C5Cy 25.9 21.4 343 22.6 7.52 x 10° 1.65 x 10°*

CyCs 27.0 22.0 31.9 22.8 7.59 x 10° 127 x 107™*

H;Iso™ (343.2 nm) and H,Is0*™ (373.6 nm). After Cu®* complexation,
the peak that undergoes the major shift at higher wavelengths is
related to the CsCg coordination site in all the species and different
molar ratios. In particular, the highest wavelength (410 nm) is
observed for the CsCq4 coordination site with the isorhamnetin
mono-anion in the 1:1 metal-ligand molar ratio. The excited
energies in the complexes continue to be characterized by
HOMO- > LUMO transitions.

3.5 Reduction mechanism with O,*~ and Asc™

The pro-oxidant activity can be theoretically evaluated by studying
the Cu(II)- > Cu(I) reduction reaction of the given metal-antioxidant
complex (Fenton’s reaction) that leads to the production of *OH
radicals. For this purpose, the reduction reaction of the studied
complexes (in molar ratios of 1:1 and 1:2) with the reducing agents
present in the physiological environment, such as superoxide (O,")
and ascorbic acid (Asc”), were studied. Thermodynamic and kinetic
results are reported in Table 7 (1:1 M ratio complexes) and
Supplementary Table S2 (1:2M ratio complexes), along with the
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results of an analogous reactions but with a solvated copper ion
only, which were taken as a reference.

In all the studied systems, the reaction with the superoxide is more
exergonic than the corresponding one with the ascorbic acid anion, as
also noted previously for the pyridoxal antioxidant (Ngo et al., 2022).

Regarding the reaction with O,7, we found its feasibility to be
greatest among neutral and mono-anionic forms of isorhamnetin with
the C5Cy, and then the C,Cs coordination sites occupied. The relative
kinetic constants indicate that the reduction reaction of these kind of
complexes favors the reduction of the copper ion to a lower oxidation
state.

Turning to the study of what happens when the Asc anion is used
to reduce the copper ion in the Fenton’s reaction, we first note that the
Gibbs reaction energies are much less exothermic than for the
reactions with the superoxide ion. Indeed, they fall in the range of
16.4-22.0 kcal/mol for the complexes with molar ratio 1:1 and
15.3-29.0 keal/mol (excluding the value of 53.8 kcal/mol found for
the C5C, coordination site) for the complexes with a stoichiometry
of 1:2.

From the values of the kinetic constants, it can be seen that the
formation of complexes promotes the process of copper reduction
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Three-dimensional representation of the best docking pose for Hylso (A) and Hsls™ (B) species. The residues that have crucial contacts with the
compounds are shown in the square windows (A,B), for Halso and Hsls respectively.

towards lower oxidation states. In general, we can support the fact that
the presence of ascorbic acid causes a greater pro-oxidant hazard than
the reaction with the superoxide radical does, as previously noted for
other antioxidants (Ngo et al., 2022).

3.6 Inhibitory activity

Flavonoids have been proven to be effective inhibitors of
several enzymes involved in several biological and medical
processes. In particular, isorhamnetin has been proposed as a
promising inhibitor of the cyclooxygenase-2 (Seo et al., 2014),
lactate dehydrogenase, adenosine diphosphate and other
enzymes. Recently, some flavonoids have been proposed as
non-covalent inhibitors of the main protease (MP™) protein
which plays an important role in SARS-CoV-2 main protease
enzyme infection (Abian et al., 2020; Puttaswamy et al., 2020;
Rizzuti et al., 2021).

MP explains its action in the cleavage of polyproteins at many
sites generating non-structural proteins, relevant in the replication
process of the virus (Anand et al., 2003), such as endo- and exo-
ribonuclease as well as RNA polymerase. So, it is an important target
for the development of new anticoronavirus therapeutic agents (Yang
et al,, 2005; Pillaiyar et al., 2016). From a structural point of view,
SARS-CoV-2 MP® is an homodimer and each protomer is
characterized by three domains connected by a loop region. The
catalytic center contain two crucial residues (His41 and Cysl145)
and catalyze the cleaving the of the polyprotein, translated from

the viral RNA at different positions, generating proteins that
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contribute in the arresting process of the viral replication cycle
(Ullrich and Nitsche, 2020).

Since the global health emergency generated by coronavirus
disease 2019 is still in progress, we considered interesting to verify
whether the isorhamnetin, coming from plants spread in various
continents, can be a substrate capable to inhibit the MP™.

Our docking analysis shows as isorhamnetin and its mono-anionic
form establish many hydrophobic interactions (HI) and hydrogen
bonds (H-bond) with different aminoacids in the enzyme catalityc
pocket (see Figure 5 and Supplementary Table S3). For HyIso two HI
are established with the Thr24 and Leu27 while for H;Iso™ only the
interaction with Glul66 is present. Five H-bonds, with Cys44, Thr25,
Gly143, and Glul66, are present in the binding of isorhamnetin with
MP®, In the case of H3lso™ they involve the Phel40, Glul66, and
GIn189. In both the systems their lenhgts range from 2.91 to 3.99 A
(see Figure 5).

Albeit with different amino acid residues, the binding energy
values for both the neutral and anionic forms (Supplementary
Table S3) result to be very close. The found value for the best pose
(—6.1 kcal/mol) well agrees with that proposed for quercetin
thoughout isothermal titration calorimetry that result to
be —7.6kcal/mol (Abian et al, 2020) and with the computed
binding energy between eugenol and Mpro (Rizzuti et al., 2021).
Furthermore, our computed binding energy is sligtly higher than that
obtained for Ginkgetin (-9.5 kcal/mol), Delphinidin (-9.4 kcal/mol),
Cyanidin  3,5-diglucoside, (-9.4kcal/mol) and Amentofavone
(—9.7 kcal/mol) antioxidants with similar structures (Puttaswamy
et al, 2020). Finally, a comparison can be made also with the
binding energies of quercetin and its anion with furin protein that
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result to be —7.8 and —7.7 kcal/mol, respectively (Milanovic et al,
2021).

The molecular docking examination induced us to perform MD
silmulations with the aim to observe the dynamic behaviour of the
complexes Mpro:H,Iso and Mpro:H;Iso. The analysis of their MD
trajectories indicated a different behaviour of the two tested
molecules, despite starting from the docked pose where both the
ligands were located in proximity of catalytic site. During the
simulation time in correspondence of ~20 ns, the anionic form
goes to a distal area from the catalytic pocket generating a different
RMSD trend (Supplementary Figure S3) from that obtained in the
case of Mpro:H4Iso. In particular, the HjIso-is placed in a site
defined by Ile213, Pro252-Leu253, GIn256, Val296-Val297,
Cys300-Gly302 residues. The Supplementary Figure S4 related
to RMSF value evidenced a different fluctuation in the related
region. This site corresponds to the named site #3, one of the six
allosteric sites experimentally proposed (Douangamath et al., 2020;
El BabaLutomski et al., 2020; Giinther et al., 2021) and then in silico
observed (Alzyoud et al., 2022).

In fact, the MP™ enzyme includes several pockets on its surface
believed important for its catalytic activity; some of them exist in
distal areas from the main catalytic pocket. The site #3 located at
the dimer interface showed poor druggability due to its very small
and shallow cavity that is significantly less hydrophilic. The
protease movement during the MD of MP™:H;Iso™ makes more
exposed such distal sites, making them more accessible. This does
not take place during the MD of MP™:H,Iso as it can be evinced
from a Figure 6 where the superposition of the most representative
structure of the complexes Mpro:HuIso and Mpro:H;Iso-is
reported. Furthermore the ligand affinity to the MP™, evaluated
in terms of AG binding, calculated via MMPBSA method proposed
also the neutral form, Hylso, as the most thermodynamically
favorable. (see Supplementary Table S5) This outcome better
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clarifies the different nature of the interactions generated by the
two ligands in the two different sites.

The possible coexistence of the two forms (neutral and anionic), at
physiological pH, could be helpful to enhance the antiviral response of
the isorhamnetin molecule providing provide a good (natural) starting
point for lead optimization chemistry to disactivate the SARS CoV-
2 MPe,

4 Conclusion

In the present work, we have shown, by examining the
isorhamnetin molecule, how quantum mechanics methods based
on density functional theory can provide useful and reliable
information on geometric and electronic structures, chemical
equilibria in solution, and reaction mechanisms of antioxidant
systems. The results show that.

« isorhamnetin in aqueous solution and at physiological pH (7.4)
exists in neutral, mono- and di-anionic forms (molar fractions
equal 41.58%, 56.08%, and 2.34%, respectively) rendering
them important to consider in calculations aiming to
provide reliable kinetics of the reactivity towards *OOH
radical;

o it is important to consider different molar ratios (1:1, 1:2) to
determine the chelating capacity towards copper ions;

o the reduction process of the obtained complexes with the
reducing agents present in the physiological environment
(superoxide anion and absorbic acid anion) are essential for
predicting their chemical behavior in Fenton’s reactions;

« isorhamnetin has good non-covalent inhibitory potency towards
MP®, which is a pharmacological target for the treatment of
SARS-CoV-2 infection.
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In this study, the adsorption of gases (CH4, CO, H,, NHsz, and NO) onto Al;5Sis,
nanocages was theoretically investigated using density functional theory. For each
type of gas molecule, two different adsorption sites above the Aland Si atoms on the
cluster surface were explored. We performed geometry optimization on both the
pure nanocage and nanocages after gas adsorption and calculated their adsorption
energies and electronic properties. The geometric structure of the complexes
changed slightly following gas adsorption. We show that these adsorption
processes were physical ones and observed that NO adsorbed onto Al;,Sii» had
the strongest adsorption stability. The E4 (energy band gap) value of the Al,Sis,
nanocage was 1.38 eV, indicating that it possesses semiconductor properties. The Eg
values of the complexes formed after gas adsorption were all lower than that of the
pure nanocage, with the NHz—Si complex showing the greatest decrease in Eg.
Additionally, the highest occupied molecular orbital and the lowest unoccupied
molecular orbital were analyzed according to Mulliken charge transfer theory.
Interaction with various gases was found to remarkably decrease the Eg of the
pure nanocage. The electronic properties of the nanocage were strongly affected
by interaction with various gases. The E value of the complexes decreased due to
the electron transfer between the gas molecule and the nanocage. The density of
states of the gas adsorption complexes were also analyzed, and the results showed
that the Eg of the complexes decreased due to changes in the 3p orbital of the Si
atom. This study theoretically devised novel multifunctional nanostructures through
the adsorption of various gases onto pure nanocages, and the findings indicate the
promise of these structures for use in electronic devices.

KEYWORDS

nanocage, Al;,Sii,, equilibrium geometries, stability, electronic properties
1 Introduction

Since Kroto et al. (1985) discovered (Cg) fullerene, nanomaterials have gradually
become a popular research topic due to their unique properties and wide range of
applications (Goroff, 1996; Diederich and Gdémez-Lopez, 1999; Kataura et al, 2002;
Martin, 2006). Instead of using only C to construct fullerenes, researchers have turned
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to fullerenes made from other elements, especially elements from
group llI of the periodic table and the group V elements that are
adjacent to C. These fullerenes include B;,N1,, Al;,N,, B1,P1p, and
Al,P, (Beheshtian et al., 2012a; Beheshtian et al., 2012b;
Beheshtian et al., 2012¢c; Rad and Ayub, 2016; Hussain et al,
2020a). In addition, researchers have used elements from groups
Il and VI to construct similar fullerene structures, such as Be;;0;5,
Mg;,01,, Ca;,04,, and all-boron fullerene (Kakemam and Peyghan,
2013; Zhai et al., 2014; Rezaei-Sameti and Abdoli, 2020; Ahsan et al.,
2021). Other fullerenes are made from transition elements and
oxygen element (de Oliveira et al., 2015). Nanocages with the
general formula (XY);,, where n is the number of atoms, are
more popular among researchers because they are more stable
(Strout, 2000). Many types of nanostructures exist, among which
inorganic nanostructures have attracted the attention of researchers
due to their extremely high stability and asymmetric charge
distribution (Dai, 2002; Tasis et al., 2006; Bindhu et al., 2016).
The study of fullerene structures is a critical branch of
nanotechnology because of their applications in electronic
devices, special materials, and environmental processes.
Shakerzdeh et al. (2015) studied the properties of alkali metals
(Li, Na, and K) and Mg;,0,,
nanoclusters. Doping with alkali metals can significantly improve

interacting with Be;,0,

the non-linear optical response of nanocages. Beheshtian et al.
(2012¢) have studied the adsorption of NO and CO by Al;,Nj,.
Due to the different changes in the E, (energy band gap) of NO and
CO when adsorbed, resulting in different changes in electrical
Al5bN selectively ~detect NO
molecules when CO molecules are present. Vergara-Reyes et al.
(2021) studied the adsorption of NO on the C;sN,4 fullerene,
providing a possible carrier/protector of nitric oxide and thus
fulfill its correct biological functions. Escobedo et al. (2019)
conducted the effect of chemical order on the structural and
physicochemical properties of Bj,N;, fullerene. Bautista
Hernandez et al. (2022) found that the (Ti0,);o cluster is a good
candidate for storing various gases, and can also be used as a

conductivity, clusters may

hydrogen storage device.

For China in particular and the rest of the world in general,
fossil fuel use must be scaled back, and hydrogen, which has the
highest calorific value per unit mass of fuels and produces only
water during combustion, is an attractive alternative (Yilanci et al.,
2009; Ziittel et al., 2010; Mazloomi 2012).
Technologies for capturing pollutants and greenhouse gases

and Gomes,

from the atmosphere will also play a key role in our fight
against climate change (Cazorla-Amords et al., 1996; Zhang
et al., 2008; Mastalerz et al., 2011).

Oku et al. (2004) synthesized the first inorganic nanocages in
2004 before the later emergence of By,Nj,, Al;Ny,, BjyPy,, and
Al},P;, nanocages. Yarovsky and Goldberg, (2005) studied the
adsorption of H, by Al;; clusters using DFT (density functional
theory). Thereafter, Felicio-Sousa et al. (2021) examined the
adsorption properties of H,, CO, CHy, and CH;0H on Fes,
Coys, Nijs, and Cuys clusters using an ab initio investigation.
Tan et al. (2022) studied clusters of different numbers of Al
atoms. Yang et al. (2018) predicted the properties of electron
redundant Si,N,, fullerenes. Metal oxide nanocages are also a
popular area of research; Otaibi et al. conducted a theoretical
study on the adsorption of glycoluril by Mg;,0,, nanocages (Al-
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Otaibi et al., 2022). Some nanocages exhibit unique electronic
properties after doping with alkali metals, and these have also
been widely studied (Ahsin and Ayub, 2021). We replaced the N
atoms in Al;,N;, with Siatoms to investigate a more diverse range of
materials than those in the literature. In this study, we adopted DFT
to analyze the properties of Al},Si;,, such as its stability, after the
adsorption of CH,4, CO, H,, NO, and NHs.

2 Computational methodology

An Al;,Si;, nanocage was selected as the model adsorbent.
Geometry optimization was performed using hybrid functional
DFT (B3LYP) (Becke, 1993) implemented in Gaussian 09 (Frisch
et al., 2004). B3LYP is a suitable and widely accepted functional for
nanoclusters (Chen et al., 2009; Hussain et al., 2020b). The mixed
basis set 6-31G (d, p) was used. Gas molecules CH,4, CO, H,, NO,
and NH; were adsorbed onto Al;,Si;, nanocages using the same
method. Two adsorption sites on the Al;,Si;, nanocage were
considered. Vibration frequencies were also calculated at
equivalent levels to verify that all stationary points corresponded
to true minima on the potential energy surface. Geometry
optimization was conducted, and D,4, (distance of adsorption),
E.qs (adsorption energy), Eyomo (energy of the highest occupied
molecular orbital), E;ymo (energy of lowest unoccupied molecular
orbital), DOS (density of states), and Qr (Mulliken charge transfer)
were calculated to determine the adsorption mechanism.

The stability of the Al;,Si;, nanocage was examined in terms of
Econ (cohesive energy), which can be determined by calculating the
average energy difference of each atom before and after bonding
using the following equation:

E.. = Etoa — 12(Ea + Esi)
coh =
24

where E, and Eg; are the energies of non-interacting Al and Si
atoms, respectively, and Eyo, is the energy of the Al;,Si;, nanocage.
E, 4 is defined as follows:

E.s = Eadsorbate@nanocage — Eadsorbate = Enanocage

Here, Eadsorbate@nanocage> Eadsorbate’ and Enanocage are the total
energies of an adsorbate adsorbed onto the pure nanocage, of the
adsorbate, and of the pure nanocage, respectively. A negative
value of E 45 corresponds to exothermic adsorption. The more
negative the adsorption value, the stronger the adsorption
capacity. The DOS was generated in Multiwfn (O’Boyle et al,,
2008).

3 Results and discussion
3.1 Geometrical characteristics

3.1.1 Aly»Siq, structure

The optimized structures of the bare nanocage comprising eight
hexagons and six tetragon rings are given in Figure 1. In this
nanocage, two non-equivalent bonds exist: one between the
tetragon and hexagon ring, and the other between the two
hexagonal rings, represented as bgs and bgs respectively. The
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FIGURE 1
Stable configurations of nanocage complexes.

TABLE 1 Bond length (bgs and bg,), distance of adsorption (D,4s) and energy of adsorption (E.q4;).

Complexes  beg (A)  bgs (A)  Dugs (A)  Engs (kcal/mol)  Complexes  bgs (A)  bes (A)  D.gs (A)

E.qs (kcal/mol)

Al},Sip, 243 2.47 — — Aly,Sip 243 247 — —
CH,4-Al 2.47 243 5.76 -1.00 CH,-Si 247 243 7.36 -1.02
CO-Al 2.47 243 4.51 -1.05 CO-Si 247 243 4.39 -0.96
H,-Al 2.47 243 4.52 -12.37 H,-Si 247 243 3.92 -12.34
NO-Al 2.47 243 3.94 -15.35 NO-Si 247 243 5.58 -15.18
NH;-Al 2.47 243 6.11 -0.55 NH;-Si 247 242 3.48 -1.23
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TABLE 2 The Energy of HOMO (Eyomo), energy of LUMO (E_ymo), energy band gap (E,), change of E4 of nanocage upon the adsorption process (AE), Mulliken
charge transfer (Qy).

Complexes ELUMO EHOMO Eg AEg QT Complexes ELUMO EHOMO Eg AEg
(eV) (eV) €v) (V) (le (eV) (eV) €) (V)
Al},Si;, -3.61 -4.99 1.38 — — Al}Sip -3.61 -4.99 1.38 — —
CH,4-Al -3.69 -5.00 1.31 -0.06 -0.0022 CH,-Al -3.69 -5.00 1.31 -0.07 -0.0008
CO-Al -3.67 -4.97 1.30 -0.08 0.0480 CO-Al -3.69 -5.00 1.31 -0.07 0.0001
H,-Al -3.69 -4.99 1.30 -0.08 0.0197 H,-Al -3.69 -5.00 1.31 -0.07 0.0224
NO-Al -3.70 -4.99 1.29 -0.09 0.0190 NO-Al -3.68 -5.00 1.32 -0.06 0.0021
NH;-Al -3.74 -5.05 1.31 -0.07 -0.0021 NH;-Al -3.76 -4.99 1.23 -0.15 0.1177
HOMO LUMO
Al,,Si,,
& Al @ Si
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FIGURE 2
HOMO and LUMO distributions of nanocage complexes.
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lengths of b, and bgs are 2.47 and 2.43 A, respectively. The
calculated E.,, of Al,Siy, is —3.11 eV with zero point energy
(ZPE) correction (Buelna-Garcia et al., 2022). The calculated E..,
of each atom is closer to the reported E., of the most stable
inorganic analogue, B;,Nj,. The experimental and theoretical
reported E.p of BNy, are —4.00 (Pokropivny et al, 2000)
and —6.06 eV (Pokropivny and Ovsyannikova, 2007), respectively.
As indicated by these results, the Al;,Si;, nanocage is highly stable.

3.1.2 Aly,Sis,—gas molecule structure

CH,;, CO, H,, NO, and NH; were seclected as the target
adsorbates. We performed sufficient structural optimization of
the Al;,Si;, nanocage containing CH,, CO, H,, NO, and NH;
molecules. For each gas molecule, two different adsorption sites
above the Al and Si atoms on the nanocage surface were considered.
Each gas is discussed with respect to adsorption at each of the two
nanocage positions. The bond length (bss and beg), D,gs value
(defined as the center to center distance between the atoms of
the nanocage and gas molecule that are closest to each other), and
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E,qs value are listed in Table 1. According to previous studies, the
threshold E,q4s at which physisorption becomes chemisorption is
(1.00 eV)
Farrokhpour, 2018; Nagarajan and Chandiramouli, 2019; Swetha

approximately ~ 23.00 kcal/mol (Jouypazadeh and
et al,, 2020). D,gs must be < 2.00 A for chemisorption to occur
(Contreras et al., 2014). As shown in Table 1, the adsorption
processes were all physical, and NO adsorbed above the Al atom
of the nanocage had the strongest adsorption stability.

The calculated stable configurations (local minima) are
summarized in Figure 1. When the gas was adsorbed onto the Al
or Si atom of the Al;»Si;, nanocage, slight local structural
deformation of both the molecule and the nanocage occurred.
The bgs and bey bonds and angles remained almost unchanged.
The adsorption that induced greatest change was that of NH; onto
the Si atom; it changed the lengths of bss and by by 0.005 and
0.006 A, respectively. The smallest change was caused by the
adsorption of NO onto the Al atom; it changed the lengths of by
and by by 0.0003 and 0.0204 A, respectively.

In the Al atom adsorption group, the E,4s of CHy4—Al, CO-Al,
NH;-Al, NO-Al, and H,-Al were -1.00, —1.05, —0.55, —15.35,
and —12.37 kcal/mol, respectively. The adsorption stability of the
NO and H, analytes was much better than that of the others. The
D,q; values of NO-Al and H,-Al were 3.94 and 4.52 A, respectively.
For NO-Al, the N-O bond length increased from 1.06 A in isolated
NO to 1.16 A in the adsorbed state. When Al,,Si,, adsorbed H,, the
H-H bond length increased from 0.6 A in isolated H, to 0.74 A in
the adsorbed state. The D,4, between the gas molecule and the Al
atom of the nanocage were 5.76 and 4.51 A for CH,-Al and CO-Al,
respectively. The C-H bonds of CH,-Al and the C-O bond of
CO-Al also became slightly longer. The lengths of the four C-H
bonds of CH4-Al increased by 0.02269, 0.02286, 0.02290, and
0.02313 A. The length of the C-O bond of CO-Al increased by
0.02 A. The D, 4, of NH;—-Al was 6.11 A. The length of the three N-H
bonds in the NH; molecule increased by 0.015636, 0.01599, and
0.01542 A. Among these complexes, the three N-H bonds of
NH;-Al had the smallest increase in length.

In the Si atom adsorption group, the E,qs of CH4-Si, CO-Si,
NH;-Si, NO-Si, and H,-Si were —1.02, —0.96, —1.23, —15.18,
and —12.34 kcal/mol, respectively. The D,qs values of CH,4-Si,
CO-Si, NH;3-Si, NO-Si, and H,-Si were 7.36, 4.39, 3.48, 5.58,
and 3.92 A, respectively. In the Si atom adsorption group of
complexes, both nanocages and gas molecules changed slightly.
The length of the four C-H bonds increased by 0.02253, 0.02268,
0.02284, and 0.02315 A. The length of the C-O bond increased by
0.02214 A. The three N-H bonds increased in length by 0.01504,
0.01483, and 0.01485 A. The lengths of the N-O bond and H-H
bond increased by 0.09682, and 0.14372 A, respectively. Among
these complexes, the lengths of the three N-H bonds of NH;-Si
increased by the least, but they increased by more than those of the
three N-H bonds of NH;-Al in the Al group.

3.2 Electronic properties

3.2.1 Mulliken charge and energy band gap analysis

Detailed information including the Eyomo and Epymo, Qr, and
the AE, (change in, E; of nanocage upon adsorption) values is listed
in Table 2.
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In the Al atom adsorption group, the Mulliken charge analysis
shows that the number of transferred electrons in CH,—Al, CO-Al,
NH;-Al, NO-Al, and H,-Al were -0.0020, —0.0480, —0.0021,
0.0190, and 0.0197 |e|, respectively. The E, of CH4-Al, CO-Al
NH;-Al, NO-Al and H,-Al are 1.31, 1.30, 1.31, 1.29, and 1.30 eV,
respectively. The E; of these complexes was lower than that of the
pure nanocage, and this decrease was largest in the NO complex, at
0.09 eV, and smallest in the CH4 complex, at 0.06 eV.

In the Si atom adsorption group, the Mulliken charge analysis
demonstrated that the number of transferred electrons in CH,-Si,

Frontiers in Chemistry

CO-Si, NH3-Si, NO-Si, and H,-Si were —0.0008, 0.0001, 0.1177,
0.0021, and 0.0224 |e|, respectively. The Eg of CH,4-Si, CO-Si,
NH;-Si, NO-Si, and H,-Si was 1.31, 1.31, 1.23, 1.31, and
1.31 eV, respectively. The E, values of these complexes were also
lower than that of the pure nanocage, with the NH; complex
exhibiting the greatest decrease, at 0.15 eV, and the NO complex
exhibiting is the smallest decrease at 0.06 eV.

As demonstrated in Table 2, the Ejyyo values of these
complexes were slightly lower than those of the pure nanocage,
but their Egonmo values did not vary much from those of the pure
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nanocage. The adsorption stability of the Si adsorption group of
complexes is similar to that of the Al adsorption group. However, the
adsorbates in the Si adsorption group transferred fewer electrons
than the corresponding adsorbates in the Al adsorption group,
except for the H, and NH; analytes. The N atom gained
electrons, and the three H atoms lost electrons in the NH;-Al
adsorption. However, the N atom and the three H atoms all lost
electrons in the NH;-Si adsorption due to the difference in
adsorption position. The adsorption stability of NH;-Si was
higher than that of NH;-Al due to the short adsorption distance
and the large number of transferred electrons in the NH;-Si
adsorption.

3.2.2 Frontier molecular orbitals and DOS

To further analyze the effect of gas molecules on the electronic
properties of nanocages, the HOMO (highest occupied molecular
orbital), LUMO (lowest unoccupied molecular orbital) and DOS of
isolated and complexed nanocages were analyzed. The HOMO and
LUMO distributions of Al;,Sij, from a vertical perspective are
shown in Figure 2. The HOMO primarily serves as an electron
donor, and the LUMO primarily serves as an electron acceptor (Dai,
2002). For the HOMO of the pure Al;,Si;, nanocage, the positive
and negative areas alternate between Al and Si atoms (in Figure 2 the
red area is negative, the green area is positive). However, for the
LUMO of the pure Al;,Si;, nanocage, the positive and negative areas
alternated between the inside and outside of the nanocage and the
HOMO and LUMO were distributed on the same plane. The
obtained frontier molecular orbital energies (Egomo and Epumo)
and the calculated, E, value of the nanocages are shown in Table 2.
The E; of Al;,Si;, was approximately 1.38 eV, demonstrating its
semiconductor properties.

The HOMO and LUMO plots of the complexes are displayed in
Figure 2. The lower the E, value, the more easily a molecule was excited.
In the Al adsorption group, the HOMO and LUMO of complexes were
almost unchanged. After gas adsorption, the distribution positions of
the HOMO and LUMO changed from being on the same plane to being
perpendicular to each other. In the Si adsorption group, the HOMO and
LUMO of CO-Si remained on the same plane after adsorption. This
may be due to the low number of electron transfers. In NH;-Si, the
LUMO distribution was in the NH; molecule. This may be because
NH;-Si has the shortest adsorption distance and the greatest charge
transfer. In NO-Si, part of the HOMO is transferred to the quadrilateral
ring opposite the top and bottom. This is most likely because the
HOMO energy level of NO-Si is lower than that of NO-AL

For further confirmation of the electronic behavior of these
complexes, DOS analyses were performed (shown in Figures 3, 4).
The orbitals in the lower energy region of Al;,Si;, were mainly the
3p orbitals of the Si and Al atoms. At approximately —0.26 a.u., 3s
orbitals of both the Al atoms and the Si atoms were maily present.
The HOMO-LUMO energy level was composed mainly of the 3p
orbitals of the Si and Al atoms, whereas the 3s orbitals of Al atoms
were also present near the LUMO energy level.

The effect of the gas molecular orbital on the complex orbital
when the nanocage adsorbed some gases was not significant (atomic
orbitals that do not contribute to the total orbitals are not depicted in
Figures 3, 4). We divided the complexes into two groups: The first
including gas molecular orbitals that did not contribute to the total
orbitals of the complexes, and the second including the gas
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molecular orbitals that contributed to the total orbitals of the
complexes. In the first group, after gas adsorption, a new peak at
0.2 a.u. appeared, resulting in a slight decrease in the HOMO of the
complexes (except for CO-Al). In addition, due to the adsorption of
the gas molecule, the 3s orbital of the Al atom produced a small peak
at —0.12au. (shown by the blue curve), causing the peak
at —0.11 a.u. to shift to the right slightly. This may be the reason
for the decrease in LUMO energy level. In the second group, after gas
adsorption, a new peak also appeared at 0.2 a.u.. The 3p orbital of the
N atom in NH;-Al peaked at —0.27 a.u., whereas it peaked
at —0.28 a.u. in NH;-Si (depicted by the brown curve). The 3p
orbitals of the N and O atoms in NO-Al and NO-Si had peaks
at —0.23 and -0.12 a.u. (the brown curve and the orange curve),
respectively. Moreover, the peak value of the 3p orbital of the O atom
was greater than that of the N atom. However, compared with the
first group, the new peaks in the second group caused almost no
decrease in HOMO and LUMO energy levels. The peak generated at
0.2 a.u. of the 3p orbital of the Si and Al atoms was the main reason
for the reduction in HOMO energy level.

4 Conclusion

DFT calculations were performed to investigate the equilibrium
geometries, stabilities, and electronic properties of gases adsorbed onto
Al},Si;; nanocages. The Eg value of Al;5Si;; was 1.38 eV, demonstrating
the semiconductor properties of the nanocage. We performed structural
optimization of Al},Si;, nanocages with adsorbed CH,, CO, H,, NO,
and NH; molecules to study their adsorption energies, equilibrium
geometry, and electronic properties. Two adsorption positions on the
nanocage were studied. The adsorption energy of these complexes
demonstrated that the adsorption of these gases by Al,Sij,
nanocages is physical. Our findings reveal that the stabilities of the
complexes are as follows: Al;;Sij,-NO > AlSi,-H, >
Al,Si;,-NH; >Al;,Si,-CHy >Aly,Sip—-CO. The geometric structure
of the nanocage changed slightly following adsorption of molecules. The
Eg of the complexes was lower than that of the pure nanocage due to the
electron transfer between the gas molecules and the nanocage. The more
electrons were transferred, the greater the decrease in E,. Except for the
3p orbitals of the N'and O atoms, the orbitals of the gas molecules did not
contribute to the total orbitals of the complexes. The 3p orbitals of the Si
atoms in the Al},Si;, nanocage are the main reason for the change in
HOMO-LUMO energy levels detected.
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The location of the chemical bond.
Application of long covalent bond
theory to the structure of silica

Stephen A. Miller ® *

The George and Josephine Butler Laboratory for Polymer Research, Department of Chemistry, University of
Florida, Gainesville, FL, United States

Oxygen is the most abundant terrestrial element and is found in a variety of materials,
but still wanting is a universal theory for the stability and structural organization it
confers. Herein, a computational molecular orbital analysis elucidates the structure,
stability, and cooperative bonding of a-quartz silica (SiO,). Despite geminal oxygen-
oxygen distances of 2.61-2.64 A, silica model complexes exhibit anomalously large
O-0O bond orders (Mulliken, Wiberg, Mayer) that increase with increasing cluster
size—as the silicon-oxygen bond orders decrease. The average O-O bond order in
bulk silica computes to 0.47 while that for Si-O computes to 0.64. Thereby, for each
silicate tetrahedron, the six O-O bonds employ 52% (5.61 electrons) of the valence
electrons, while the four Si-O bonds employ 48% (5.12 electrons), rendering the O-O
bond the most abundant bond in the Earth’s crust. The isodesmic deconstruction of
silica clusters reveals cooperative O-O bonding with an O-O bond dissociation
energy of 4.4 kcal/mol. These unorthodox, long covalent bonds are rationalized by
an excess of O 2p—0 2p bonding versus anti-bonding interactions within the valence
molecular orbitals of the SiO4 unit (48 vs. 24) and the SigOg ring (90 vs. 18). Within
quartz silica, oxygen 2p orbitals contort and organize to avoid molecular orbital
nodes, inducing the chirality of silica and resulting in M&bius aromatic SigOg rings, the
most prevalent form of aromaticity on Earth. This long covalent bond theory (LCBT)
relocates one-third of Earth’s valence electrons and indicates that non-canonical
O-0 bonds play a subtle, but crucial role in the structure and stability of Earth’s most
abundant material.

KEYWORDS

bonding, molecular structure, resonance, aromaticity, computational chemistry

1 Introduction

Silica (SiO,) constitutes about 59% of the Earth’s crust (Clarke and Washington, 1924)
and its abundance is largely explained by its stability. By mass, silica is 53% oxygen, the most
abundant element on Earth. A universal connection between oxygen and the material stability
it bestows has not been described. For years, Pauling argued that a “molecule is stabilized
by... resonance, its energy being less than the energy corresponding to any one of the
structures among which it resonates.” (Pauling, 1946) “It is this extra stability of the system. . .
that is called the resonance energy.” (Pauling, 1960) Although Pauling never quantified this
value for silica (Torgunrud et al., 2020) his detailed resonance description of “low quartz”,
illustrated in Figure 1, distinctly implies that it enjoys a resonance energy (Pauling, 1980).

The 50% ionic/50% covalent character of silica was ardently defended by Pauling and
determined by the electronegativity difference of Ax = 1.7 between oxygen (x = 3.5) and
silicon (x = 1.8) (Pauling, 1952). With the premise of 50% ionic character and only silicon-
oxygen single bonds, resonance hybrid averaging cannot achieve the charges of +1 on silicon
and —0.5 on each oxygen, as limited by the electroneutrality postulate (Newton and Gibbs,
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1980). However, Pauling’s silicon-oxygen double bonds introduce
negative charge on silicon and positive charge on oxygen, allowing
for resonance averaging to Si*' and O™*° when the ionic character is
50%. Since each silicon atom forms two single bonds and two double
bonds, Pauling concluded that the Si-O bond order in silica is 3/2,
with the double bonds accommodated by sp’d” orbitals of silicon
(Pauling, 1980). While a topic of considerable debate (Janes and
Oldfield, 1986), recent experimental and computational results
indicate that O 2p-Si 3d m-bonding is minimal in silica (Silvi
et al., 1997; Garvie et al., 2000; Gibbs et al., 2009) and that Si-O
bond orders are less than unity (Newton and Gibbs, 1980; Noritake
2020), contradicting
Pauling’s resonance scheme and stated bond order. Without

and Kawamura, 2015; Torgunrud et al,

silicon-oxygen double bonds, the 50% covalent component
defaults to the single silicon-oxygen bonds of the canonical
resonance form. Resonance averaging that is 50% canonical and
50% ionic yields a net +2 charge on silicon and an obvious violation
of the electroneutrality postulate.

Herein, an alternative resonance formulation for silica is presented
that ameliorates these incongruities. Non-canonical, long covalent
oxygen-oxygen bonds are proposed and rationalized—ostensibly
necessitated—by a molecular orbital analysis of silica model
complexes, thereby demystifying the structure, bonding, and
stability of Earth’s most abundant material.

2 Results and discussion
2.1 Resonance hybrids with long bonds

The ionic component of Pauling’s 1980 resonance scheme for silica
(Figure 2A) employs oxidized silicon(IV) and reduced oxygen(-II); the
covalent component employs reduced silicon(-IT) and oxidized oxygen(T).
An alternative covalent resonance formulation is proposed in Figure 2B,
which assumes the same oxidation states, but a different arrangement of
bonds. Instead of arguably discounted silicon-oxygen double bonds, long
oxygen-oxygen bonds averaging 2.63 A are enlisted. Each silicon-oxygen
interaction comprises a 50% single bond and 50% no-bond (Roberts et al.,
1950) resonance formulation; hence the predicted Si-O bond order is 1/2.
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Each geminal oxygen-oxygen interaction comprises a 33% single bond
and 67% no-bond resonance formulation; hence the predicted O-O bond
order is 1/3. Note that this resonance scheme involves an equal number of
Si-O (4 =4 x2x %) and O-O (4 = 6 x 2 x %) valence electrons.

2.2 Bond order analysis

This non-canonical O-O bond can be interrogated by a Mulliken
bond order analysis (Mulliken, 1955a), which
accumulation of the electrons in the region between the chemically

“characterizes the

bonded atoms, and is a very useful quantity often characterizing well
the bond strength” (Mayer, 2007) and bond covalency (Mulliken, 1955b;
Segall et al, 1996). The canonical silica structure employs 8 of its
16 valence electrons (= 4 + 6 + 6) to make four Si-O single bonds,
leaving 4 lone pairs of non-bonding electrons on the oxygen atoms.
Computed at the DFT/B3LYP/6-311++G** level of theory (Shao et al.,
2015; Levien et al., 1980)", silicic acid (Si(OH),) appears nearly canonical
with four Si-O bond orders averaging 1.03 (range = 1.01-1.04) and six
oxygen-oxygen bond orders averaging an inconspicuous 0.05 (range =
0.04-0.06). Accordingly, each silicic acid drafts 8.21 valence electrons for
Si-O bonding and 0.55 electrons for O-O bonding, totaling 8.77 valence
bonding electrons and leaving 7.23 as non-bonding.

However, for the silicate at the center of a large 29-silicon cluster
(8i29, Sip9076Hse), where structural regularity is high and edge effects
are low, the Si-O bond orders are substantially less than unity at 0.63,
0.63, 0.68, and 0.68, averaging 0.66 and requiring only 5.25 electrons.
The O-O bond orders are conspicuously greater than zero at 0.38, 0.38,
043, 043, 0.63, and 0.63,
5.78 electrons—with these six O-O bonds occupying the edges of a

averaging 0.48 and requiring
silicate tetrahedron, as shown in Figure 3A. Thus, the central silicate of
the Si29 cluster employs 11.03 valence bonding electrons, leaving

1 Diffuse functionals (++) are employed since they better account for long
range interactions and periodic bonding while universally providing lower
electronic energies versus confined functionals by about 0.21 kcal/mol of
valence electrons. For example, electron confinement costs 136.1 kcal/mol
for the Si,gO76Hzg cluster (Si29) and about 3.4 kcal/mol of SiO,.
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Pauling's resonance hybrid model of a-quartz silica (SiO,) is 50% ionic and 50%

covalent. Silicon-oxygen double bonds formally reduce silicon and

oxidize oxygen, yielding averaged Si** and O~%* atomic charges and Si-O bond orders of 3/2 (Pauling, 1980). This resonance model is contradicted by modern
computational investigations that discount silicon-oxygen double bonds in silica.
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FIGURE 2

An alternative to Pauling's resonance scheme for silica (A) proposes long oxygen-oxygen bonds, ranging from 2.61 to 2.64 A (B). This alternative
conforms to Pauling’s 50% ionic/50% covalent apportionment, enlists the same average atomic charges and oxidation states, avoids unwarranted Si-O double
bonds, suggests Si-O bond orders of 1/2 and geminal O-O bond orders of 1/3 and thus, employs equal numbers of Si-O and O-O valence electrons.

4.97 electrons as non-bonding. Moreover, this central silicate enlists
5.23 (= 5.78-0.55) additional electrons for oxygen-oxygen bonding
versus silicic acid. The electrostatic charge on silicon is +0.94e and the
charges on the oxygen atoms are —0.51, —0.51, —0.54, and —0.54e,
averaging —0.52e. The computed bond orders and atomic charges
mirror the simplistic resonance hybrid averaging of Figure 2B.
Figure 3B plots the computed central silicate Si-O and O-O bond
orders versus the number of silicon atoms in model quartz silica clusters
ranging from Sil (silicic acid) to Si35. As the model complex is enlarged
from Sil to Si5, the average O-O bond order increases about 0.05 for each
additional silicate unit appended to the central silicate. Thereafter, the O-O
bond order increases about 0.01 for each additional silicate—reaching
0.48 for Si29 and 0.47 for Si35 (presently the computational limit). The
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average Si-O bond order decreases with increasing cluster size—albeit with
less regularity—reaching 0.66 for Si29 and 0.59 for Si35. Note also that the
Si 3d atomic orbital contribution to the valence molecular orbitals is
consistently below 1% (Sil, 0.8%; Si5, 0.7%; Si29, 0.4%), further bolstering
the premise that Si-O 7 bonding is minimal in silica.

For these same model clusters, Figure 3C plots the percentage of
valence electrons belonging to the Si-O and O-O bonds of the central
silicate unit. The O-O valence electron percentage climbs steeply to 36%
(Si5) as the first shell of four silicates is added to the central silicate. The
second shell accommodates twelve additional silicates, but their addition
has a less dramatic effect. With 2-7 second-shell silicates (Si8-Si18), the
O-O valence electron percentage spans 37%-43%. With 8-12 second-shell
silicates (Si21-Si35), the percentage spans 51%-54%. These plots affirm a
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(A) For the central silicate of the quartz Si29 cluster, the Si-O bond orders average 0.66 (blue) and the O-O bond orders average 0.48 (red). (B) For the
central silicate of clusters ranging from Sil to Si35, average bond orders deviate substantially from the canonical bond order of 1.0 for Si-O (blue) and 0.0 for
O-0O (red). (C) For the central silicate of large clusters (Si21-Si35), more valence electrons belong to O-O bonds (52%) than Si-O bonds (48%)—indicating that

the O-O bond is the most prevalent bond on Earth.

coherent dependence of bond order and valence electron apportionment
on the size and structure of the silica model complexes. The averaged
values for the largest group (Si21-Si35) indicate that only 48% of silica’s
valence bonding electrons are allocated to silicon-oxygen bonds, while 52%
are allocated to oxygen-oxygen bonds—insofar as the central silicate
faithfully represents bulk silica. By this measure, the oxygen-oxygen
bond in silica is the most abundant bond on Earth, either in number
(six O-O bonds vs. four Si-O bonds) or by valence electron count
(5.61 O-O electrons vs. 5.12 Si-O electrons, averaged over Si2I-Si35).
Long O-O bond ubiquity is further suggested by a similar analysis of
alumina (AL, O;) (Kirfel and Eichhorn, 1990), the second most abundant
material in the Earth’s crust (15%) (Clarke and Washington, 1924). In this
case, maximum O-O bond orders increase from 0.13 to 0.20 to 0.32 for
geminal oxygen atoms 2.72 A apart in AlgO;,, Al;;Ops and AljgO,4
clusters, respectively (see the Supplementary Material).

2.3 Molecular orbital analysis

Generally, atoms are not covalently bonded unless they experience an
excess of bonding interactions versus anti-bonding interactions and
thereby, “a concentration of charge between the two nuclei”
(Feynman, 1939) Similarly, Hoffmann stated succinctly that “positive
overlap implies stabilization or bonding.” (Hoffmann, 1971) So, is there
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charge concentration and positive overlap between oxygen atoms of silica
that account for the non-canonical O-O bond orders of Figure 3B?

The repeat unit of silica can be considered as SiO, or Si(%20), and the
four oxygen atoms of the latter can be modeled by Si(OSi), to provide the
molecular orbitals (MOs) of Figure 4A. Depicted are sixteen valence MOs
built primarily from the four oxygen 2s orbitals and the twelve oxygen 2p
orbitals (IsoValue = 0.01 [e/bohr’]%). The oxygen character is above 70%
for eleven of these MOs, averages 71%, and exceeds the valence electron
percentage contributed by oxygen, 55%>. The remaining six valence MOs
(HOMO-5 through HOMO, not shown) are built primarily from silicon
atomic orbitals and have a silicon character averaging 86%—well
exceeding the valence electron percentage contributed by silicon, 45%.
Clearly, there is disproportional and poor silicon/oxygen atomic orbital
mixing and the oxygen-rich MOs rationalize a high degree of oxygen-
oxygen covalency.

The six valence O-O interactions in each Si(OSi); MO can be
categorized as bonding or anti-bonding’. These are illustrated and
tabulated in Figure 4A. Of the 96 O-O interactions, 61 are bonding

2 For Si(OSi)4, oxygen contributes 55% (= [4x6]/[4x6 + 5x4]) of the 44 valence
electrons and silicon contributes 45% (= [5x41/[4x6 + 5x4]).

3 For mathematical simplicity, apparent non-bonding interactions are counted
as anti-bonding interactions.
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and 35 are anti-bonding; there are 26 excess bonding interactions. A
bonding excess parameter can be defined as be = (bonding-anti-bonding)/
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A Si(0Si), bonding 61 B HOMO-n

(bonding + anti-bonding) and computes to beg o = 27% in Si(OSi),. slice

Among just the 24 O 2s-O 2s interactions, 13 are bonding and 11 are anti- anti-bonding® © 35

bonding; there are 2 excess bonding interactions and be,; = 8%. Among ( Y

just the 72 O 2p-O 2p interactions, 48 are bonding and 24 are anti- T
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greater bonding excess for the O 2p subset illuminates the importance of O

2p atomic orbitals vs. O 2s atomic orbitals for long covalent bonding. >~ o

Collectively, there is a definitive excess of bonding interactions providing 10
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oxygen covalent bonding. Accordingly, the O-O bond orders are . o
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decidedly greater than zero (0.07, 0.11, 0.13, 0.13, 0.14, 0.14) and 220 = @

average 0.12. The Si-O bond orders are decidedly less than unity SIEgo 6 A 0 %

(0.88, 0.88, 0.80, 0.79) and average 0.84. f2p4— %0, S 24
The proclamation that “there are no chemical bonds, only bonded N

interactions,” (Gibbs et al.,, 2009) compels scrutiny of the Figure 4A MOs -

for electron density associated with O-O interactions. Figure 4B illustrates 20/1317%

HOMO-n slices intersecting the upper right O-O axis of the O,

tetrahedron (bond order = 0.14). These planes contain Si or are (]

perpendicular  to that—depending on which shows greater 13/8125%

overlap. Eleven of these sixteen interactions are bonding and five are

anti-bonding; locally, this O-O relationship has beg o = 38%. Of the a

bonding interactions, nine utilize ¢ overlap and two utilize r overlap. Of 28 S15%

the anti-bonding interactions, four are o* and one is *. The HOMO-13

through HOMO-9 slices reveal considerable O-O covalency, arising from 21/1 7.;,

three o interactions and two 7 interactions. These MOs average an oxygen 0.05 1567 — o %)

atomic orbital contribution of 76%—well above the 55% predicted by 15.99 — g e o : 4 N

purely proportional silicon/oxygen atomic orbital mixing. This excess 1623 — - -14 47% 0, 3111/21%

oxygen MO character portends high O-O covalency (bond order >
canonical value of 0) and low Si-O covalency (bond order < canonical
value of 1). The bonding excess and the abundance of O-O electron
density, implied by W* of the HOMO-# slices, are further evidence of long
bonded interactions in locations not previously described.

Every atom in quartz silica is part of the Si(%20), repeat unit.
Additionally, every atom belongs to a twelve-membered ring of
alternating silicon and oxygen atoms, SigOs. It is illustrative to first
consider the bonding arrangement of a geometry-optimized SisOg
ring, which adopts a planar, Dgj, conformation. Figure 5A depicts the
twenty-four valence MOs built primarily from the six oxygen 2s
orbitals and the eighteen oxygen 2p orbitals (IsoValue = 0.005
[e/bohr’]*?). Of the 144 O-O interactions, 68 are bonding and 76 are
anti-bonding; there are 8 excess anti-bonding interactions. Hence, the
bonding excess parameter is negative: be = —6%. Accordingly, the
computed O-O bond orders are also negative at —0.05 (Mulliken,
1955¢). Note that the HOMO-16, HOMO-13, HOMO-12, HOMO-
11, HOMO-10, and HOMO-7 mimic the six 1 MOs of benzene (also
Dgp,), built from six C 2p, atomic orbitals (Hoffmann, 1963). They
possess the same number of  nodal planes (0, 1, 1, 2, 2, 3), mandating

(o}
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e - o
"7 36%0, OSIO:  8/46/9%
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that half are bonding and half are anti-bonding. Naturally, there is no FIGURE 4

Oxygen-based valence molecular orbitals (IsoValue = 0.01 [e/bohr®]°)

for Si(OSi)4 excised from quartz silica (A). Bonding and anti-bonding O-O
interactions are tabulated along with the oxygen atomic orbital contribution
(red). Slices for each HOMO-n along the upper right O-O axis reveal
excess bonding (11; o and ) vs. anti-bonding (5; o* and 1*) interactions (B).
The corresponding O/Si/O atomic orbital contributions reveal the greatest
O-0 covalency for HOMO-13 through HOMO-9.

net  bonding when these six MOs are filled.

However, the SicOg ring of quartz silica is not planar. Instead, it
contorts to a chiral, C,-symmetric saddle shape, yielding a dramatically
different array of oxygen-based valence molecular orbitals, as illustrated in
Figure 5B. Of the 144 O-O interactions, 108 are bonding and 36 are anti-
bonding; there are 72 excess bonding interactions. Hence, the bonding
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excess parameter is large and positive: be = 50%. Among just the 108 O
2p-0 2p interactions, 90 are bonding, 18 are anti-bonding, and be,, =
67%. Accordingly, the computed O-O bond orders are positive: 0.04, 0.04,
0.06, 0.06, 0.07, and 0.07, averaging 0.05. For comparison, the SigOg ring
embedded in a larger Si,oO,4 cluster possesses 373 bonding and 203 anti-
bonding O-O interactions, yielding a substantial be of 30% and O-O bond
orders ranging from 0.13 to 0.33 and averaging 0.23. While there is no net
oxygen-oxygen bonding in the planar Dg, SicOg ring, such long bonds
prevail in the non-planar rings of silica.

How can the deplanarization/contortion described in Figure 5
eliminate 40 anti-bonding O-O interactions and yield net O-O
bonding? Nearly all of the eliminated nodes are lost from the
HOMO-17 through HOMO-6; these twelve MOs derive mostly
from the O 2p, and O 2p, atomic orbitals. Figure 6 compares and
contrasts the O 2p, MOs from the Dg, SigOg ring with those from
the silica-based SigOg ring. The MOs for the planar ring have
18 bonding and 18 anti-bonding O-O interactions (Figure 6A).
After warping to the chiral, saddle-shaped ring adopted by silica,
O-O overlap greatly increases, resulting in 34 bonding and only
2 anti-bonding O-O interactions (Figure 6B). Inspection of these
silica-based molecular orbitals reveals bonding, node-free,
contiguous ™ MOs built mostly from oxygen atomic orbitals
(78%-91%, averaging 84%) and minimally from silicon atomic
orbitals (9%-22%, averaging 16%). Arguably, this constitutes a
modified case of homoconjugation, which is defined as  overlap
separated by a single non-conjugating atom or group (McNaught
and Wilkinson, 1997). In the present case, the annular n-system
spans multiple non-conjugating silicon atoms, being built from
atomic orbitals of relatively distant (2.61-2.64 A) and alternating
oxygen atoms. Such an arrangement that nonetheless yields
bonding  molecular  orbitals is  herein  defined as
alternoconjugation (Hoffmann et al., 1970).

The HOMO-17 of Figure 6B is a twist-free 1 MO composed
mostly (83%) of six O 2p,, orbitals pointing towards the middle of
the SigOg silica ring. However, the HOMO-13 and HOMO-12 are
contiguous m MOs with two half-twists and thus, have a
topological linking number of L, = 2 (Rappaport and Rzepa,
2008). Moreover, these MOs twist in opposite directions,
resulting in quasi-enantiomorphic MOs (but not strictly
enantiomorphic because the SisOg ring itself is chiral). The
HOMO-11 and HOMO-8 are also contiguous 1 MOs, but with
four half-twists and thus, a linking number of L, = 4. These too are
quasi-enantiomorphic because they twist in opposite directions.
The HOMO-6 is apparently not a contiguous m MO because of a
nodal surface bisecting the ring. Molecular orbitals with Ly = 2 or
4 are M6bius aromatic, although such twisting generally results in
a smaller resonance energy (stabilization) compared to non-
twisted (Hiickel) analogues with L, = 0 (Rzepa, 2005). For the
HOMO-13, this Mobius aromaticity is further visualized by the six
contiguous O 2p,—0 2p, mbonding interactions of Figure 6C; these
HOMO-13 slices are oblique but nonetheless lack a disruptive
nodal plane. Figure 6 focuses on O 2p, atomic orbitals, but there
are also MOs built from O 2p, atomic orbitals (Figure 5B and
Figure 7B) that are Mébius aromatic: HOMO-15 and HOMO-14
with L, = 2; HOMO-10 and HOMO-9 with Ly = 4. In total, eight of
the 24 oxygen-based valence MOs are Mébius aromatic (HOMO-
15 through HOMO-8). The HOMO-17 (O 2p,) and HOMO-16 (O
2p,) are twist-free 1 MOs with L, = 0 and are thus Hiickel
aromatic.
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FIGURE 5

Oxygen-based valence molecular orbitals (IsoValue = 0.005 [e/
bohr®]°®) for geometry-optimized, planar Dg, SisOg (A) and for chiral,
saddle-shaped SigOg found in quartz silica (B). Bonding and anti-
bonding O-0O interactions are tabulated and contiguous nt

molecular orbitals are classified as either Huckel aromatic (L, = 0) or
Méobius aromatic (L, = 2 or 4).

Altogether, the SigOg ring of silica has ten total oxygen-based,
contiguous m MOs (Figure 5B, HOMO-17 through HOMO-8),
while the D¢, SigOg ring has only two (Figure 5A, HOMO-17 and
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Oxygen 2p,-based valence molecular orbitals (IsoValue = 0.005 [e/bohr®]°®) for geometry optimized, planar Dgp, SigOg (A) and for chiral, saddle-shaped
SigOg found in quartz silica (B). Bonding and anti-bonding O-O interactions are tabulated along with the atomic orbital contributions for the six O atoms (red).
Contiguous  molecular orbitals are classified as either Hiickel aromatic (L, = 0) or MGbius aromatic with two or four half-twists (L = 2 or 4). Oblique slices for
the silica SigOs HOMO-13 along each O-O axis reveal contiguous O 2p,~O 2p, m bonding interactions, resulting in Mobius aromaticity with Ly = 2 (C).
Oxygen-oxygen bond orders are negative for planar Dep, SisOg but positive for non-planar, silica-based SigOg and larger silica clusters (D).

HOMO-16). This difference largely explains the disparity in
bonding/anti-bonding O-O interactions and thus, the negative
O-0 bond orders for the planar SigOg ring (—0.05) and the positive
0O-0O bond orders (averaging 0.05) for the saddle-shaped SigOg ring
based on silica (Figure 6D). These long bond orders are larger for
the model silicate ring SicO;gH;, (averaging 0.22) and larger still
for the central ring of Si,3O,¢H4o (averaging 0.41). This molecular
orbital analysis attests that the long covalent O-O bonds within
quartz silica are significantly attributable to aromaticity, rendered
by alternoconjugation of the oxygen atoms via uninterrupted O
2py or O 2p, overlap. Moreover, this analysis claims Mobius
aromaticity is the most prevalent kind of aromaticity on Earth
since 25% of silica’s valence electrons belong to this category”.

Oxygen contributes (6 + 6)/(6 + 6+4) = 75% of silica’s valence electrons and
8 of the 24 oxygen-based valence MOs are Mdbius aromatic for the SigOg
model. Accordingly, 25% (= 75% x [8/24]) of silica’s valence electrons are
Mobius aromatic. Analogously, only 6% (= 75% x [2/24]) of silica’s valence
electrons are Huckel aromatic.
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2.4 Molecular orbital analysis of silica vs.
sulfur

a-Sulfur is a stable chalcogen allotrope that consists of Sg rings with
sulfur-sulfur bonding (Rettig and Trotter, 1987). Compared to the O-O
bonds of silica (average = 2.63 A), the S-S bonds are shorter (average =
2.05 A) and sulfur shares no electrons with an electropositive element.
Hence, the S-S Mulliken bond orders are typical of canonical single bonds,
ranging from 1.13 to 1.18. A valence molecular orbital analysis of cyclic Sg
(Figure 7A) reveals that its S-S bonds exist because of p atomic orbital
overlap and not s atomic orbital overlap—akin to the O-O bonds of the
silica SigOg ring. For the eight S 3s-based valence MOs, there are
32 bonding and 32 anti-bonding S-S interactions (be;; = 0%). For the
sixteen S 3p-based valence MOs, there are 128 bonding and 0 anti-bonding
S-S interactions (bes, = 100%). Collectively, be = 67%, allowing for net S-S
bonding. Furthermore, as shown in Figure 7A and Supplementary Figure
S5, ten of the sixteen 3p-based Sg MOs are aromatic, including: Hiickel
aromaticity for HOMO-12 (3py) and HOMO-7 (3p,), with L. = 0; Mcbius
aromaticity for HOMO-9 (3py), HOMO-8 (3p,), HOMO-6 (3p,), HOMO-
5 (3p,), HOMO-2 (3p,), and HOMO (3p,), with L = 2; and Mabius
aromaticity for HOMO-4 (3p,) and HOMO-3 (3py), with L = 4. Of the
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FIGURE 7

Analogous sulfur-based and oxygen-based valence molecular

orbitals (IsoValue = 0.005 [e/bohr®]°®) for a-sulfur Sg (A) and for SigOg
found in quartz silica (B). These molecular orbitals are built from
contiguous p orbitals with a bonding excess of bes, = 100% and

be,, = 100%, respectively, resulting in both Huckel (L, = 0) and Mobius
(Ly = 2 or 4) aromaticity. Their resemblance warrants equal expectations
for covalent S-S bonding in sulfur and covalent O-O bonding in silica.

24 valence MOs of Sg, eight are Mobius aromatic and two are Hiickel
aromatic—the same aromatic MO representation found in the silica SigOg
ring (Figure 7B). The chalcogen-chalcogen bonding in Sg has never been
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disputed. The chalcogen-chalcogen bonding in silica’s SigOg ring is equally
evident and valid, given the molecular orbital and bonding parallels
between Sg and the O ring embedded within silica.

2.5 Electron density analysis

The “longest O-O bond in any known molecule” was reported for
HOON, studied in a supersonic molecular beam. Its O-O distance was
measured to be 1.91 A (Jablonski, 2012; Crabtree et al., 2013; Chen
etal,,2016). A computational analysis (Figure 8A) shows its O-O bond
order is 0.41, its minimum O-O electron density (ED, core plus
valence) is 0.09 e/bohr®, and its minimum O-O ionization potential
(IP) is 14.1 V. This last parameter is an index of the MO energy, with
a greater IP implying greater MO stability and more bonding between
the atoms. The same computation (Figure 8B) for the terminal oxygen
atoms (2.16 A) of ozone (O3) (Hay et al., 1975) reveals a bond order of
0.59, a minimum O-O ED of 0.22 e/bohr’, and a minimum O-O IP of
25.5 ¢V. For an O-O bond (2.61 A) in the center of the Si29 cluster, the
same computation (Figure 8C) reveals a bond order of 0.63, a
minimum O-O ED of 0.05 e/bohr?, and a minimum O-O IP of
16.8 eV. Which one of these three long O-O bonds can claim the
most bonding? A bond order comparison suggests the least O-O
bonding in the canonical bond of HOON (0.41) and more O-O
bonding in the long, non-canonical bonds of ozone (0.59) and
silica (0.63).

Bonding can also be gauged by the valence electron density (e/bohr”)
along each O-O axis, as plotted in Figure 9A. Excluding core electron
density® the average valence electron density computes to VED,. =
0.46, 0.44, and 0.35 e/bohr’ for HOON, Os, and the Si21 cluster,
respectively. The valence electron density can also be parameterized
according to the area under the curves of Figure 9A. With units of
e/bohr* (= [e/bohr’] x [bohr]), this parameter measures valence
electron accumulation, being a projection viewed down the O-O
bond axis. This bond axis valence electron density projection
computes to VED,,o; = 1.63, 1.79, and 1.73 e/bohr?, respectively,
revealing the largest value for ozone, but the smallest value for
HOON. Consequently, there are more valence electrons along a
central O-O bond axis in Si21 than along that of HOON, indicating
a new longest O-O bond of 2.64 A belonging to quartz silica.

For comparison, analysis of a Si-O bond (1.61 A) in the center of
the Si29 cluster (Figure 8C) reveals a bond order of 0.63, a minimum
Si-O ED (core plus valence) of 0.15 e/bohr?, and a minimum Si-O IP
of 18.9 eV. For the Si2I cluster, the average Si-O valence electron
density of VED,,. = 0.33 e/bohr’ (Figure 9A) is similar to that
of its O-O bond (VED,,. = 0.35 e/bohr®)°. However, the shortness
of the Si-O bond renders a minimal projection parameter of only
VED 05 = 0.99 e/bohr?, which is markedly smaller than that of the long
0-0O bond of silica (1.73 e/bohr?). This difference can be further
visualized by the three-dimensional valence electron density surface

5 Valence bond path computations were performed with the Chemissian
software program via Spartan Output files for HOOH, Oz, and the Si5 and
Si21 silica clusters. See the Supplementary Material. Chemissian; version
4.67 www.chemissian.com.

6 As expected, this same analysis for the short, canonical O-O bond of ozone
(1.26 A) indicates metrics of greater bonding: Bond order = 1.44; minimum
O-0 ED = 0.47 e/bohr®; minimum O-O IP = 28.5 eV; VED,,. = 0.68 e/bohr?;
VEDpmin = 0.23 e/bohr®; and VED,q; = 1.60 e/bohr?.
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Computational analyses of HOON (A), ozone (B), and quartz silica (C) compare the O-O bond order, minimum O-O electron density (units of e/bohr?,
core plus valence), and minimum O-O ionization potential (units of eV). Two orthogonal contour maps are shown for the electron density and a single contour

map is shown for the ionization potential.

(IsoValue = 0.022 e/bohr®) of the Si5 cluster (SisO;4H;,), shown in
Figure 9B. There is a clear oxygen-oxygen valence bond path along the
0-O axis with a minimum valence electron density of VED,,;, =
0.025 e/bohr” at the midpoint of this long bond. However, there is no
corresponding silicon-oxygen valence bond path along the Si-O axis
since the VED,y;,, reaches 0.000 e/bohr® approximately 0.4 A from the
silicon atom—corresponding to the outer nodal sphere of the Si 3s
atomic orbital. This electron density analysis comports with the
Mulliken population analysis (orbital-based bond orders) and
further corroborates the supposition that silica’s valence electrons
are not confined to their canonical locations.

2.6 Mulliken bond orders vs subsequent
methods

Although Mulliken’s overlap population method “permits one to
identify chemically bonded atoms,” it does not provide integral bond
multiplicity values (corresponding to single, double, or triple bonds)
(Mayer, 2003) and it is accompanied by other various objections (Reed
et al., 1985). Historically, bond orders have been calculated via several
generalized methods, including those described by Mulliken (1955b),
Weinhold and Landis (2005), Wiberg (1968), Lowdin (1970), Mayer
(1983), and Bader (1990)—although “none of them is the “right” one.”
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(Lewars, 2008) A comprehensive comparison is beyond the scope
of this manuscript. However, a preliminary analysis demonstrates
that the Mulliken, Wiberg, and Mayer methods yield comparably large
0O-0 bond orders within silica clusters. These computed bond orders
vary by only +0.01 for a given silica cluster (see Supplementary Table
$32) (Gorelsky and Lever, 2001)”. Furthermore, multicenter oxygen-
based bond order indices have been computed and are proportional
to silica cluster size. For the large Si11-Si35 silica clusters, the 3-center
2-elecron (3c2e) bond order index ranges from Iooo = 0.319 to 0.383;
these values exceed that of Iggp = 0.253 computed for diborane (B,Hg)
as well as the theoretical” and computed value (Bochicchio et al., 1998)
of 8/27 = 0.296 for H;". For the same large clusters, the 4-center 2-
electron (4c2e) bond order index ranges from Inooo = 0.110 to 0.209;
although such 4-center bonds are rare (de Giambiagi et al., 1997;
Ponec and Mayer, 1997), these values mostly exceed that for B,
(Iggps = 0.118) (Sannigrahi and Kar, 1999) and the value of

7 Wiberg bond order, Mayer bond order, multicenter Mayer-type bond order
indices, and Mayer atomic valencies were calculated with the AOMix
software package via the Spartan Output files for various silica cluster
complexes. AOMix: Program for molecular orbital analysis. See the
Supplementary Material. Gorelsky, S. |. version 6.94. http://www.sg-
chem.net/.
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(A) Valence electron density along the O-O (or Si-O) bond axis

for silica (Si21 cluster), HOON, and ozone (Os). The average internuclear
valence electron density is VED,yerage, With units of e/bohr?. A
superior metric for valence electron accumulation along the bond

axis is the area under the curves, VEDgjection. With units of e/bohr?.
For silica, VEDpojection is greater for O-O (1.73 e/bohr?) than for O-Si
(0.99 e/bohr?). (B) A three-dimensional valence electron density surface
(IsoValue = 0.022 e/bohr?) for the Si5 cluster (SisO16H12) reveals an
oxygen-oxygen valence bond path (VEDq, = 0.025 e/bohr?), but no
such path for silicon-oxygen (VED,, = 0.000 e/bohr?).

Ioooo = 0.209 might be the largest 4c2e index reported to date. For
comparison, multicenter bonding involving oxygen and silicon is
uncommon within the silica clusters. There are no computed 3c2e
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Iosio values greater than 0.02 and only three clusters have 4c2e
Iosioo values greater than 0.01, ranging from 0.023 to 0.141. This
multicenter bonding analysis highlights the electron delocalization
among oxygen atoms at the expense of silicon atom participation.
An additional informative metric is the atomic valence (AV). For
silicic acid (SiI), the Mulliken and Mayer atomic valencies are
essentially canonical with Siyy = 4.33 and O,y = 2.05. However, in
accord with the valence electron apportionment reported in
Figure 3C, the Mulliken and Mayer atomic valencies invert for
large silica clusters reaching, for example, Sigy = 3.14 and O,y =
4.35 for Si29—confirming the high atomic valence of oxygen
markedly exceeding the canonical value of 2. The Lowdin
method routinely yields smaller O-O bond orders near 0.10,
invariant to the silica cluster size or the location within the
cluster. The Natural Bond Order (NBO) method fails with all
silica clusters because of their electronic delocalization
(Goodman and Sauers, 2007). The NBO method also cannot
determine long bond orders in the following molecules: the
terminal oxygen atoms of ozone (Hay et al, 1975); the
transannular  sp> hybridized carbons of norbornadiene
(Hoffmann et al., 1970); and the transannular sulfur atoms of
cyclic S4N, (Bridgeman et al., 2001). For silica, a substantial
Mulliken O-O bond order is required to accord with the
resonance scheme of Figure 2B (BO = 1/3). Without such long
covalent bonds, Earth’s most abundant material fails to have a
suitable resonance formulation. Not only did Mulliken deem his
method “a good measure of covalent bonding,” (Mulliken, 1955b)
he championed its “obvious” advantages for the interrogation of
resonance and delocalized structures (Mulliken, 1955a).

2.7 Mulliken bond orders vs. computational
methods and basis sets

Mulliken populations are often “unduly sensitive to basis set.”
(Reed et al., 1985) Table 1 reports the Mulliken bond order sensitivity
for the Si5, Sill, and Si2l silica clusters subjected to various
computational methods and basis sets. From the center of each
cluster, the four Si-O bond orders and the six O-O bond orders
are averaged to provide the values of Table 1. For the 6-311++G** basis
set (used throughout this study), the bond order results are largely
invariant to the computational method. Si-O bond orders are
substantially less than unity and O-O bond orders are substantially
greater than zero—converging as the cluster size increases and
mimicking the plot for B3LYP/6-311++G** in Figure 3B. For the
B3LYP method, basis set variation yields a broader range of bond
orders. Pople-style basis sets (6-. . .) substantiate the claim of oxygen-
oxygen bonding, although O-O bond orders (0.04-0.62) generally
decrease with increasing basis set size. Dunning-style basis sets (cc-. . .)
yield smaller O-O bond orders (0.00-0.30) and Ahlrichs/Weigend-
style basis sets (def2-. . .) yield the broadest range of O-O bond orders
(0.00-1.59). Note that the majority of computed Si-O bond orders are
significantly below unity, arguing against the simplistic Lewis structure
for silica having solely single Si-O bonds; negative Si-O bond orders
are possibly an artifact of small cluster size and/or an indication of
anti-bonding (Mulliken, 1955c). Without diffuse functionals in the
basis set (see Supplementary Table S30), the Si-O bond order is near
unity and the O-O bond order is near zero, yielding the simple Lewis
structure having no option for resonance.
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TABLE 1 Average computed Mulliken bond orders for the central SiO, unit within the Si5 (Sis0,6H12), Si17 (Si;1032H20), and Si21 (Siz;,0s¢Hsg) clusters. Four bond order
values are averaged for Si-O and six bond order values are averaged for 0-O. (Not all computations converged).

average Si-O bond order = (a+b+c+d)/4

average 0-O bond order = (e+f+g+h+i+j)/6

Si5

Metdod Basis set Si5

Si-O
B3LYP 6-311++G** 0.74
B3LYP-D3 6-311++G** 0:74
HF 6-311++G** 0.65
wB97X 6-311++G** 0.74
wB97X-D 6-311++G** 0.76
wBI7X-V 6-311++G** 0.82
MP2 6-311++G** 0.65
EDF2 6-311++G** 0.75
MO06-2X 6-311++G** 0.74
VV10 6-311++G** 0.79
B97-D2 6-311++G** 0.80
wB97X-V 6-311++G(2df,2p) 1.23
B3LYP 6-31+G -0.13
B3LYP 6-31++G** 0.01
B3LYP 6-311++G(2d,p) 0.37
B3LYP 6-311++G(2df,2p) 1.25
B3LYP 6-311++G(3df,2p) 1.06
B3LYP aug-cc-pVDZ -0.48
B3LYP aug-cc-pVIZ 0.41
B3LYP aug-cc-pvVQZ 0.43
B3LYP def2-SVPD -2.61
B3LYP def2-TZVPD 0.80
B3LYP def2-QZVPD 1.16

Si21¢
Sill Si21

0-0 Si-O 0-0 Si-O 0-0
0.28 0.80 0.36 0.68 0.46
0.28 0.80 0.36 0.68 0.46
0.33 0.77 0.41 0.63 0.50
0.26 0.80 0.34 0.70 0.42
0.27 0.83 0.35 0.71 0.44
0.23 0.91 0.30 0.78 0.38
0.33 0.78 0.41

0.27 0.81 0.36 0.68 0.46
0.27 0.75 0.35 0.59 0.46
0.25 0.81 0.33 0.67 0.43
0.27 0.89 0.34 0.73 0.44
0.10 1.38 0.16 1125 0.23
0.52 0.55 0.36 0.79 0.13
0.57 0.83 0.42 1.22 0.13
0.34 0.37 0.53 0.28 0.62
0.10 1.38 0.18 1.24 0.25
0.04 0.94 0.12

0.00 -0.27 0.06 —0.01 0.30
0.22 0.53 0.07

0.12

1.59 0.89 0.63 0.50 0.21
0.01 0.63 0.11

0.00

2.8 Computed oxygen-oxygen bond
dissociation energy for silica

If oxygen-oxygen bonding in silica is real, then perhaps an apt
computational analysis could reveal silica’s O-O bond dissociation
energy (BDE). Conventionally, the reaction of Figure 10A between
Si(OH), and 3 SiH, is an isodesmic (Ponomarev and Takhistov,
1997) and homodesmotic (Wheeler, 2012) reaction since 4 Si-O
bonds, 12 Si-H bonds, and 4 O-H bonds are maintained along with
no hybridization changes. Unconventionally, however, six long
0O-0 bonds in Si(OH), are broken to yield 4 molecules of HOSiH;
for which O-O bonding is not possible. The computed enthalpy of
this reaction is AH = +27.0 kcal/mol; dividing by six suggests a
geminal O-O BDE value of 4.5 kcal/mol. Concerns about hydrogen
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bonding within Si(OH), are eliminated by the reaction of
Figure 10B (also conventionally isodesmic and homodesmotic)
because it has no possibility of hydrogen bonding, but has a
similar reaction enthalpy of AH = +25.3 kcal/mol and an O-O
BDE value of 4.2 kcal/mol. Oxygen-oxygen BDE values for larger
silica clusters, Si6 and Si29, are computed via the conventionally
isodesmic reactions of Figures 10C, D. In both cases, the O-O BDE
values compute to 4.4 kcal/mol. Note that Si(OSiHj;),, the Si6
cluster, and the Si29 cluster possess siloxane oxygens (Si-O-Si)—thus
requiring the production of H3SiOSiH; to maintain the number and
kind of bonds. If there were no cooperative bonding among the
oxygen atoms of Si(OH)4, Si(OSiHj)4, or the silica clusters, then
these isodesmic reaction enthalpies (Figures 10A-D) should be zero.
However, the cooperative stabilization is substantial and the
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energetic cost for breaking a long O-O bond in silica averages to
4.4 kcal/mol.

Figure 10D illustrates the conventionally isodesmic deconstruction
of the Si29 cluster. The dendriform array of 174 O-O bonds stabilizing this
cluster engenders a new term to describe the pervasive O-O bonding that
supplements the conventional Si-O bonding: dendrivalent. The 8 bonds
emanating from a single oxygen atom (six to oxygen and two to silicon)
simultaneously depict the bonds of multiple resonance forms, none being
more than trivalent at oxygen (Figure 2B). This number of bonds will not
alarm anyone fluent in resonance formulations. Such multivalent bonding
is commonplace, as in the 6 bonds emanating from carbon in the resonance
hybrids of the carbonate dianion (3 sigma and 3 pi) or the 9 bonds
emanating from carbon in the resonance hybrids of polycyclic aromatic
hydrocarbons or graphite (3 sigma, 3 pi, and arguably 3 transannular bonds
of the Dewar benzene type (Sorella et al., 2014; Pauling and Wheland,
1933);® see Supplementary Figures S19-S21 for these multiple resonance
hybrids). Inspection of valence electron density surfaces for Si5 or Si21
reveals clear valence bond paths between oxygen and all six of its oxygen
neighbors (Figure 9B; Supplementary Figures S14-517). As noted above,
the outer spherical node of the Si 3s orbital precludes silicon-oxygen valence
bond paths (Figure 9, VED i, = 0.000 e/bohr?).

While silica employs more O-O valence electrons than Si-O
valence electrons according to Figure 3C, the greater O-O distance
ensures that the O-O BDE of 4.4 kcal/mol is much less than that of
Si-O, which computes to 114.2 kcal/mol according to the homolytic
bond cleavage of HO-SiH3, depicted in Figure 10E. Furthermore, this
solitary Si-O BDE in HO-SiH; can be used to predict the manifold Si-O
BDE in HO-Si(OH);, which should cost 114.2 kcal/mol plus three
times the aforementioned O-O BDE value since such a reaction
breaks one Si-O bond and three O-O bonds, as depicted in
Figure 10F. The prediction is [114.2 + 4.4 + 4.4 + 4.4] kcal/mol or
127.4 kcal/mol, which is very close to the enthalpy computed for the
homolytic bond cleavage of HO-Si(OH);, AH = +127.6 kcal/mol.

The similarity of these values indicates that a consistent and
predictive bond energy additivity scheme can be formulated by
proper inclusion of both long and short covalent bonds. For
example, the greater C-F bond strength in CF, (130.5 kcal/mol)
versus that in CH3F (109.9 kcal/mol) has been rationalized by
electronegativity and atomic charge effects (Lemal, 2004). However,
a bond energy additivity scheme, analogous to that for silica in
Figure 10, provides a simpler explanation. The computational
isodesmic reaction of CF, + 3 CH; — 4 CH;F has AH =
+39.4 kcal/mol (Figure 10G), suggesting an F-F BDE of 6.6 kcal/
mol since this reaction breaks six long (2.17 A), unconventional
F-F bonds. Separately, the manifold C-F BDE in F-CF;, which
represents one C-F bond and three F-F bonds, is predicted by
adding the experimental solitary C-F BDE in F-CHj to three F-F
BDE values: [109.9 + 6.6 + 6.6 + 6.6] kcal/mol = 129.7 kcal/mol. This
result is strikingly close to the experimental value of 130.5 kcal/mol
and does not invoke nebulous arguments about electronegativity/
atomic charge (Lemal, 2004), negative hyperconjugation (Hine, 1963;
Reed and von Ragué Schleyer, 1987), or Coulombic interactions
(Wiberg and Rablen, 1993), but elaborates on double bond/no-
bond resonance formulations (Dolbier et al., 1982) by adding six

8 Herein, the Mulliken bond order for the central transannular sigma bond
(Dewar type) computes to 0.07 for coronene or 011 for
hexabenzocoronene.
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Si(OH), + 3 SiH,—
4 HOSIH,

AH = +27.0 kcal/mol
0-0 BDE = 4.5 kcal/mol

Si(OSiH3), + 3 SiH,—/—
4 H;SiOSiH,4
AH = +25.3 kcal/mol

0-0 BDE = 4.2 kcal/mol
+2 g ) 4wv

SigO4gH, + 18 SiH,——
6 H;SiOSiH; + 12 HOSiH,
AH = +158.3 kcal/mol
0-0 BDE = 4.4 kcal/mol

+18 6W+12'.'_§\
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» 174 O-O
\ bonds + 87
'/“"‘./« :
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SiyOrgHag + 87 SiH, —
40 H,SiOSiH, + 36 HOSIH,
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manifold Si-O BDE = 114.2 + 4.4 + 4.4 + 4.4 = 127 .4 kcal/mol
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s&- * 3v§~ — 4&4%

FIGURE 10

The conventionally isodesmic deconstruction of various silica

clusters (A=D) reveals a substantial cooperative bonding energy that
suggests an O-O bond dissociation energy (BDE) of 4.4 kcal/mol. This
O-0 BDE, combined with the solitary Si-O BDE of reaction (E),

114.2 kcal/mol, predicts the manifold Si-O BDE of silicic acid (Si1) to be
127.4 kcal/mol; this value represents the homolytic cleavage of one Si-O
bond and three O-O bonds and matches the computed enthalpy of
homolytic reaction (F), AH = +127.6 kcal/mol. The isodesmic
deconstruction of CF4 (G) reveals cooperative F-F bonding in CF,4 of
39.4 kcal/mol, suggesting an F-F BDE of 6.6 kcal/mol.

CF,+3 CH, — 4 CH,F
AH = +39.4 kcal/mol
F-F BDE = 6.6 kcal/mol

new resonance hybrids, each with a long F-F bond, as in [F-C-F][F-F]
(explicitly drawn in Supplementary Figure S22). A valence molecular
orbital analysis corroborates the F-F bond in this unconventional
resonance hybrid for CF, since be,; = 0% and be,, = 39%, yielding a
composite bonding excess greater than zero at bep.p = 29%, which is
rather close to beg.o = 27% for the silicic acid model Si(OSi),
(Figure 4), or beo.o = 21% for silicic acid itself. To recapitulate:
CF, and silica clusters have a substantial excess of bonding versus anti-
bonding F-F or O-O interactions that mandate an F-F or O-O bond
dissociation energy of non-zero magnitude. While these long BDE
values are small compared to those of short bonds, there are six per
tetrahedron and thus, they stabilize CF, by 39.4 kcal/mol and silica
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FIGURE 11

Si component
15%, 19 valence e-

Si5 = Si[0Si(OH);],
100%, 128 valence e-

0-0 BO,ye(g) < 0.03
§i-0 BO,oq) = 0.95

BO <0.03

For the Si5 silica cluster, the computed valence electron density distribution with diffuse functionals (A) is nearly identical to that without diffuse
functionals (B), despite differential employment of the constituent oxygen and silicon atomic orbitals. This differential accounting of each electron’s orbital
origin results in non-canonical (A) or canonical (B) O-O and Si-O bond orders. Nonetheless, both computational methods show a spherical node between
silicon and oxygen, but a definitive accumulation of electron density between all geminal oxygens, resulting in a sphere of electron density (orange circle)

responsible for the cooperative bonding in silica.

clusters by 26.4 kcal/mol of SiO,—thereby augmenting the measured
strength of manifold C-F and Si-O bonds to values considerably
greater than those of solitary C-F and Si-O bonds.

2.9 Ball-and-stick model vs cooperative
sphere model

For silica, it is evident that silicon-oxygen bond dissociation energies
are cooperative (Figures 10E, F) and there are no valence bond paths
between oxygen and silicon because of an intervening nodal surface
(Figures 9A, B). Hence, a ball-and-stick bonding model—germane to
water, methane, and many other molecules—is too simplistic to
accurately describe the bonding in silica. For Si[OSi(OH)s]4 (the Si5
silica cluster), the oxygen and silicon contributions to the valence electron
density can be functionally separated into the 2D plots of Figure 11A°.

9 The valence electron density of Si5 was parsed to the oxygen valence
electron density component by setting all silicon and hydrogen
coefficients to zero in the Spartan Output (.txt) file prior to the Analyze
MO compositions function in Chemissian. The silicon valence electron
density component was similarly computed after setting all oxygen and
hydrogen coefficients to zero.
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Electron density from the silicon 3s and 3p atomic orbitals accumulates
about 0.8 A from silicon, coinciding with the midpoint of the geminal
O-O axes, where oxygen 2s and 2p atomic orbitals also accumulate
electron density. Thus, silicon and oxygen are perfectly matched to create
a sphere of electron density 0.8 A from silicon, about halfway along the
silicon-oxygen axes, which are 1.61 A long; Figure 11A locates this sphere
(in orange) just beyond the outer spherical node of the Si 3s atomic orbital,
which encircles silicon 0.4 A away (where VED = 0 in Figure 9A). Because
of this nodal surface, the silicon-oxygen bond of silica does not merit a
canonical line between the nuclei; instead, bonding is better defined by a
cooperative sphere model, where the valence electron density accumulates
in a spherical region 0.8 A from silicon and 0.8-1.3 A from oxygen.
Between each pairwise O-O interaction of the Si5 central silicate,
the valence electron density bond paths reach minima of 0.026, 0.026,
0.026, 0.026, 0.025, and 0.025 e/bohr’ (Figure 11A). Notably, the same
analysis computed without diffuse functionals (Figure 11B) yields the
exact same minima between each pairwise O-O interaction and
generates indistinguishable valence electron density 3D surfaces
and 2D plots. Both diffuse and non-diffuse computational methods
aspire to the same valence electron density distribution—with
equivalent accumulation of electron density between all geminal
oxygen atoms and a nodal surface between canonically bonded
silicon and oxygen atoms. However, the two computational
methods employ oxygen and silicon atomic orbitals differently to
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build the valence molecular orbitals. With diffuse functionals, the
valence molecular orbitals are 70% oxygen-based and 27% silicon-
based. This allocation is more balanced than the computation without
diffuse functionals, for which the valence molecular orbitals are 81%
oxygen-based and 15% silicon-based. (In both cases, about 3% of the
valence molecular orbitals are hydrogen-based.) A purely
canonical model intervenes with valence molecular orbitals that are
75% oxygen-based (96 e/128 e) and 16% silicon-based (20 /128 e).
Furthermore, with diffuse functionals, the oxygen component shows
significant overlap of the oxygen atomic orbitals (Figure 11A). This
results in substantially greater O-O bond orders prescribed by diffuse
functionals, averaging 0.28 for the six O-O bonds of the Si5 central
silicate, and commensurately smaller Si-O bond orders, averaging
0.74 for the four Si-O bonds of the Si5 central silicate. Without diffuse
functionals, the oxygen component shows minimal overlap of the
oxygen atomic orbitals (Figure 11B). This results in small O-O bond
orders near the canonical value of zero (all below the computational
threshold of 0.025) and Si-O bond orders near the canonical value of
1.0 (average = 0.95). Since the diffuse and confined computational
models allocate electrons differently to atomic orbitals, they differ in
the resultant bond orders. Nonetheless, the valence electron density is
unmistakably similar, as exhibited by the 3D and 2D valence electron
density plots of Figure 11 as well as the 1D plots of Figure 12 for the
Si21 silica cluster. Specifically, the VED, VED,y., and VED,,; along
0O-0 or O-Si axes are essentially invariant to the employment of diffuse
functionals. But, regardless of whether the computational model
includes or excludes diffuse functionals, more valence electrons
reside between oxygen atoms (VED,y = 0.35; VEDp,; = 1.73 or
1.72) than between silicon and oxygen atoms (VED,. = 0.33;
VED,o; = 0.99).

2.10 Overlap population density of states
analysis

Additional bonding insight for silica is provided by the valence
density of states map (Lu and Chen, 2012) shown in Figure 13. For a
central oxygen-oxygen interaction in the silica clusters Sil, Si5,
Sill, Sil5, Si2l, and Si25, the partial density of states (PDOS,
orange thin lines) is plotted as a function of molecular orbital
energy. Also plotted is the overlap population density of states
(OPDOS) (Hughbanks and Hoffmann, 1983), which reveals the
bonding states (positive) and anti-bonding states (negative) for a
series of molecular orbitals—in analogy to the crystal orbital
overlap population (COOP) (Grechnev et al., 2003) method
applicable to extended solids. Classical bonding models for silica
predict non-bonding or somewhat anti-bonding O-O interactions
and thus, OPDOS values near zero as a function of MO energy. The
generated O-O OPDOS curve for the Sil cluster (thick light blue
line) is relatively flat and indicates net anti-bonding, as measured
by the sub-unity cumulative OPDOS |bonding/anti-bonding|
quotient of 0.93. All extant bonding models predict similarly flat
OPDOS curves for any O-O interaction, in any silica cluster, of any
size. However, for clusters Si5 and larger, the curves are not flat and
the OPDOS |bonding/anti-bonding| quotient exceeds unity,
ranging from 2.42 to 4.42. For these larger clusters, the
cumulative O-O OPDOS bonding parameter is proportional to
the cluster size and the generated OPDOS curves are positive at
nearly all MO energy levels. For the largest cluster, Si25, the
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FIGURE 12

1D valence electron density (VED) plots along central O-O and

O-Si bond axes of the Si21 cluster for computations with diffuse
functionals (thick lines; 6-311++G**) and without diffuse functionals
(thin lines; 6-311G**). The curves are nearly coincident while the
VED,ye and VED,,; values are greater for O-O than for O-Si,
demonstrating a definitive excess of valence electrons employed for
oxygen-oxygen bonding—regardless of diffuse functional employment.

OPDOS curve closely tracks the PDOS curve and the cumulative
OPDOS value (0.088) reaches 43% of the cumulative PDOS value
(0.102 + 0.101).

In the molecular orbital region of —29 to —26 eV for all six clusters,
the OPDOS curves (Figure 13, thick blue lines) are both positive and
negative. This suggests that MOs built from O 2s atomic orbitals do
not provide substantial net bonding. However, in the molecular orbital
region of —18 to -8 eV, the OPDOS curves become increasingly positive
with increasing silica cluster size. This suggests that O 2p atomic orbital
overlap is largely responsible for the oxygen-oxygen bonding in silica.
Exemplary molecular orbitals are shown in Figure 13 for the Sil1I cluster.
Oxygen atom #1 and oxygen atom #2 have ¢ bonding interactions
via their 2s atomic orbitals in the HOMO-125, their 2p, atomic orbitals
in the HOMO-93, and their 2Py atomic orbitals in the HOMO-35.
Orthogonal cross sections of these MOs locate the accumulation
of electron density along the O-O axis. Importantly, the OPDOS
analysis shows that increasing cluster size augments the bonding for
the O 2p,—O 2pyy interactions (~12 to —8 eV) more than the O 2p,-O
2p, interactions (—18 to —12 eV).

What is the basis for this bonding augmentation? A detailed
OPDOS analysis of all six central O-O valence interactions in the
Si1-Si25 clusters (Table 2) reveals two effects. The first effect
concerns the number of bonding vs anti-bonding interactions.
Adding oxygen atoms to the periphery of a silica cluster
decreases the nodal density between oxygen atoms in the center
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FIGURE 13

Partial (PDOS, orange) and overlap population (OPDOS, blue) density of states map for a central oxygen-oxygen interaction in silica clusters Si1, Si5, Sil1,

Si15, Si21, and Si25. Conventional bonding models predict minimal O-O bonding or net O-O anti-bonding, as indicated for Si1 (|bonding/anti-bonding| < 1).
However, OPDOS computations reveal net bonding (|bonding/anti-bonding| > 1) for a central O-O of Si5 and larger clusters. The computational method is
DFT/B3LYP/6-311++G** and representative O#1-O#2 bonding molecular orbitals (HOMO-125, HOMO-93, and HOMO-35) for the Si11 cluster are
depicted with IsoValue = 0.01 [e/bohr®]>*—along with orthogonal cross sectional slices having the same wavefunction scale as that in Figure 4.

of the silica cluster. The nodal density is inversely related to the
OPDOS % bonding excess reported in Table 2. While the % bonding
excess is somewhat invariant to cluster size for the O 2s MOs
(—29 to 26 eV) and the O 2p, MOs (-18 to —12 eV), this parameter
increases correspondingly with cluster size for the O 2p,,, MOs
(12 to -8 eV)—from -38% to 26%—fully consistent with the
dominant growth of the OPDOS curve in the same region
(Figure 13). The second effect concerns the magnitude of the
bonding vs anti-bonding interactions. Adding oxygen atoms to
the periphery of a silica cluster increases the cumulative OPDOS
bonding parameter more than the cumulative anti-bonding
OPDOS parameter for the oxygen atoms in the center of the
silica cluster. Thus, the |bonding/anti-bonding| quotient steadily
increases from 0.76 to 2.42 with increasing cluster size (Table 2).
(Note that the |bonding/anti-bonding| quotient in Figure 13
represents only one of the six O-O interactions in the central
silicate unit of the clusters—all of which are averaged to yield the
values in Table 2.) It is clear that the oxygen-oxygen bonding
metrics of a silicate unit are sensitive to the number of peripheral
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silicate units. Assuredly, this effect tapers with cluster size, but the
trends all indicate considerable covalent O-O bonding in bulk
silica.

3 Conclusions and outlook

A molecular orbital analysis of a-quartz silica model complexes
reveals that oxygen valence electrons abandon their canonically
prescribed locations to form long covalent oxygen-oxygen bonds.
Oblique arrangements of the oxygen atoms minimize molecular
orbital nodes and maximize bonding interactions that are
2.61-2.64 A apart, yet have Mulliken bond orders reaching
0.63 and averaging 0.47. This nodal minimization is inherently
challenging for linear or planar molecules, but may prove
widespread among atoms arranged in three
dimensions—accomplished especially via p atomic orbitals.
Thereby, the geminal oxygen atoms of silica bond cooperatively

with a computed O-O bond dissociation energy of 4.4 kcal/mol
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TABLE 2 Bonding vs anti-bonding interactions for the six central silicate oxygen-oxygen pairs according to overlap population density of states (OPDOS) analysis for
silica clusters Si1-Si25.

cluster
# oxygen atoms 4 16 32 42 56 66
# valence MOs 16 64 128 168 224 264
# O-0O interactions (+& —) 96 384 768 1,008 1,344 1,584
# O-O bonding (+) 43 219 462 623 826 991
2s 16 63 118 153 188 248
2p, 12 60 129 163 218 245
2p, and 2py 15 96 215 307 420 498
# 0-O anti-bonding (-) 53 165 306 385 518 593
2s 8 33 74 99 148 148
2p, 12 36 63 89 118 151
2p, and 2p, 33 96 169 197 252 294
OPDOS % bonding excess -10 14 20 24 23 25
2s 33 31 23 21 12 25
2p, 0 25 34 29 30 24
2py and 2py -38 0 12 22 25 26
cumulative O-O OPDOS
cumulative bonding 0.003 0.015 0.024 0.037 0.067 0.079
cumulative anti-bonding —0.004 —0.008 —-0.013 -0.017 -0.030 -0.032
|bonding/anti-bonding| 0.76 1.85 1.78 2.17 226 242
average Mulliken O-O BO 0.05 0.28 0.36 0.38 0.46 0.46

when they are suitably arranged and interspersed with the
electropositive element silicon. Generally, as silica model
increase in size,

complexes canonical bonding paradigms

decrease in accuracy and resonance hybrids increase in
relevance. This comports with the original Hund-Mulliken
molecular orbital theory, which states that the “best MOs ...
spread at least to some slight extent over all atoms.” (Mulliken,
1970) For Pauling, the concept of resonance had “its most
important chemical applications” to “molecules to which no
satisfactory single structure in terms of single bonds, double
bonds, and triple bonds can be assigned.” (Pauling, 1946)
Indeed, the structure, bonding, and energetic stability of silica
cannot be fully understood without resonance hybrids involving
long oxygen-oxygen bonds. This covalent bonding likely exists
between other distant atoms and promises to impact the
understanding of many materials and processes.

The hybridization theory of Pauling (Pauling, 1930; Pauling,
1931) and Slater (Slater, 1931) compelled chemists to reconsider
the location of nearly all valence electrons. The curious bonding in
ferrocene (Fischer and Pfab, 1952; Wilkinson et al., 1952), with
multiple metal-carbon bonds, also provided a paradigm shift in our
understanding of bonding and the location of electrons; however,
this bonding arrangement pertains only to a class of esoteric, man-
made organometallic sandwich compounds. The bonding in
1973),
bonds, provided another paradigm shift in our understanding of
bonding arrangements in molecules; but this bonding motif is also

diborane (Lipscomb, with three-center two-electron

uncommon, primarily ascribed to a limited number of main group
and transition metal complexes (Longuet-Higgins and Roberts,
1955). The long covalent bond theory (LCBT) posited herein
signals a new paradigm shift in the location of the chemical
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bond. As evidenced by resonance formulations, bond orders
(Mulliken, Wiberg, Mayer), multicenter bond order indices (3-
center and 4-center), atomic valencies (Mulliken, Mayer),
orbitals (bonding > anti-bonding interactions),
bonding analogies, electron density calculations, valence bond

molecular

path calculations, overlap population density of states (OPDOS)
analysis, and bonding energetics, it is clear that Nature builds
materials with long covalent bonds—not just the short canonical
bonds introduced by Couper (1858) and Kekulé (1866) whose
primitive bonding model has somehow reigned over 160 years.
These long bonds underpin an explanation for the contorted, chiral
structure and energetic stability of a-quartz silica, wherein distant
oxygen-oxygen bonding supplements conventional bonding. This
bonding paradigm is abundant and pervasive since more than one-
third of the 10*’ valence electrons in the Earth’s crust are allocated
to long covalent bonds'®. Moreover, 10* crustal valence electrons
inhabit silica’s oxygen-based Mdbius aromatic orbitals—manifestly
the most prevalent sort of aromaticity. Astonishingly, LCBT
implicates the oxygen-oxygen bond as the most abundant bond
on Earth. While this study focuses on silica, future work will reveal
the prevalence, energetics, and importance of long covalent bonds
in a rather wide variety of materials—especially those with periodic
structures, including ice, biopolymers, bone, and superconducting
ceramics.

10 Silica constitutes 59% of the Earth's crust (Clarke and Washington, 1924) and
provides about 66% of crustal valence electrons. Since over half (52%) of
these electrons are spent on oxygen-oxygen bonding, over one-third of
crustal valence electrons participate in the long O-O covalent bonds of
silica.
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4 Experimental section

All calculations herein are performed with Spartan/Q-Chem
according to DFT/B3LYP/6-311++G**, except where noted in
Table 1, Figure 11B, and Figure 12 (Shao et al., 2015). Spartan
Output files were processed with AOMix: Program for Molecular
Orbital Analysis (version 6.94, written by S. I. Gorelsky)
(Gorelsky and Lever, 2001)” or with Chemissian (version 4.67,
written by L. Skripnikov)® to generate additional computational
metrics, as noted. OPDOS plots were computed with Multiwfn
(version 3.8, written by T. Lu and F. Chen) (Lu and Chen, 2012)
via Gaussian 09 formatted checkpoint files (Frisch et al., 2009).

Data availability statement

The original contributions presented in the study are included in
the article/Supplementary Material; further inquiries can be directed
to the corresponding author.

Author contributions

The author confirms being the sole contributor of this work and
has approved it for publication.

References

Bader, R. F. W. (1990). Atoms in molecules: A quantum theory. Oxford, UK: Oxford
University Press. https://global.oup.com/academic/product/atoms-in-molecules-
9780198558651.

Bochicchio, R. C., Ponec, R,, Lain, L., and Torre, A. (1998). On the physical meaning of
bond indices from the population analysis of higher order densities. J. Phys. Chem. A 102,
7176-7180. doi:10.1021/jp981816d

Bridgeman, A. J., Cavigliasso, G., Ireland, L. R., and Rothery, J. (2001). The Mayer
bond order as a tool in inorganic chemistry. J. Chem. Soc. Dalton Trans. 2001,
2095-2108. The transannular S-S Mayer bond order (2.67 A) in S4N, reportedly
ranges from 0.22 to 0.56, while its Mulliken bond order is herein computed to be 0.40.
do0i:10.1039/b102094n

Chen, S., Xu, Z., and Li, J. (2016). The observation of oxygen-oxygen interactions in ice.
New J. Phys. 18, 023052. A long “oxygen-oxygen interaction” in various pressurized ices
(2.5-2.7 A) has been proposed to explain vibrational spectra, but “a detailed mechanism is
still unclear.” doi:10.1088/1367-2630/18/2/023052

Clarke, F. W., and Washington, H. S. (1924). The composition of the Earth’s crust.
Washington, DC: USGS Professional Paper 127, Department of the Interior, United States
Geological Survey, U.S. Government Printing Office. doi:10.3133/pp127

Couper, A. S. (1858). Sur une nouvelle théorie chimique. Ann. Chim. Phys. 53, 469-489.
https://gallica.bnf.fr/ark:/12148/bpt6k34794n/f468.item.

Crabtree, K. N., Talipov, M. R., Martinez, O., Jr., O’Connor, G. D., Khursan, S. L.,
and McCarthy, M. C. (2013). Detection and structure of HOON: Microwave
spectroscopy reveals an O-O bond exceeding 1.9 A. Science 342, 1354-1357.
doi:10.1126/science.1244180

de Giambiagi, M. S., Giambiagi, M., and de Souza Fortes, M. (1997). Multicenter bonds,
bond valence and bond charge apportionment. J. Mol. Struct. (Theochem) 391, 141-150.
doi:10.1016/S0166-1280(96)04815-4

Dolbier, W. R,, Jr., Medinger, K. S., Greenberg, A., and Liebman, J. F. (1982). The
thermodynamic effect of fluorine as a substituent: Vinylic CF, and CFH and allylic CF,C.
Tetrahedron 38, 2415-2420. doi:10.1016/0040-4020(82)87020-8

Feynman, R. P. (1939). Forces in molecules. Phys. Rev. 56, 340-343. d0i:10.1103/
PhysRev.56.340

Fischer, E. O, and Pfab, W. (1952). Cyclopentadien-Metallkomplexe, ein neuer Typ
metallorganischer Verbindungen. Z. Naturforsch. B 7, 377-379. doi:10.1515/znb-1952-0701

Frisch, M. J., Trucks, G. W., Schlegel, H. B., Scuseria, G. E., Robb, M. A., Cheeseman,

J. R, et al. (2009). Gaussian 09, revision D.01. Wallingford CT: Gaussian, Inc. https://
gaussian.com/g09citation/.

Frontiers in Chemistry

10.3389/fchem.2023.1123322

Funding

This research was supported by the National Science Foundation
(CHE-1904768) and the University of Florida.

Conflict of interest

The author declares that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the authors and
do not necessarily represent those of their affiliated organizations, or those
of the publisher, the editors and the reviewers. Any product that may be
evaluated in this article, or claim that may be made by its manufacturer, is
not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fchem.2023.1123322/
full#supplementary-material

Garvie, L. A.]., Rez, P, Alvarez, J. R, Buseck, P. R,, Craven, A. ., and Brydson, R. (2000).
Bonding in alpha-quartz (SiO,): A view of the unoccupied states. Am. Mineral. 85,
732-738. doi:10.2138/am-2000-5-611

Gibbs, G. V., Wallace, A. F., Cox, D. F., Downs, R. T., Ross, N. L., and Rosso, K. M.
(2009). Bonded interactions in silica polymorphs, silicates, and siloxane molecules. Am.
Mineral. 94, 1085-1102. doi:10.2138/am.2009.3215

Goodman, L., and Sauers, R. R. (2007). Diffuse functions in natural bond orbital analysis.
J. Comput. Chem. 28, 269-275. doi:10.1002/jcc.20519

Gorelsky, S. L, and Lever, A. B. P. (2001). Electronic structure and spectra of
ruthenium diimine complexes by density functional theory and INDO/S.
Comparison of the two methods. J. Organomet. Chem. 635, 187-196. doi:10.1016/
$0022-328X(01)01079-8

Grechnev, A., Ahuja, R., and Eriksson, O. (2003). Balanced crystal orbital overlap
population—A tool for analysing chemical bonds in solids. J. Phys. Condens. Matter 15,
7751-7761. doi:10.1088/0953-8984/15/45/014

Hay, P. J,, Dunning, T. H., and Goddard, W. A,, III (1975). Configuration interaction
studies of O3 and O";. Ground and excited states. J. Chem. Phys. 62, 3912-3924. Ozone
reportedly has “weak bonding between the. .. terminal oxygen atoms.” doi:10.1063/1.
430306

Hine, J. (1963). Polar effects on rates and equilibria. VIII. Double bond-no bond
resonance. J. Am. Chem. Soc. 85, 3239-3244. doi:10.1021/ja00903a041

Hoffmann, R. (1963). An extended Huickel theory. I. Hydrocarbons. J. Chem. Phys. 39,
1397-1412. doi:10.1063/1.1734456

Hoffmann, R., Heilbronner, E., and Gleiter, R. (1970). Interaction of nonconjugated
double bonds. J. Am. Chem. Soc. 92, 706-707. An early version of alternoconjugation
described norbornadiene with alternating pi bonds (C2=C3 and C5=C6) and sp’
hybridized carbons (C1 and C4). Presently, a computational analysis of norbornadiene
indicates long carbon-carbon bonds (C2-C6 and C3-C5) with a length of 2.49 Aanda
Mulliken bond order of 0.19 via interaction of distant C 2p orbitals. doi:10.1021/
ja00706a051

Hoffmann, R. (1971). Interaction of orbitals through space and through bonds. Acc.
Chem. Res. 4, 1-9. doi:10.1021/ar50037a001

Hughbanks, T., and Hoffmann, R. (1983). Chains of trans-edge-sharing molybdenum
octahedra: Metal-metal bonding in extended systems. J. Am. Chem. Soc. 105, 3528-3537.
doi:10.1021/ja00349a027

Jablonski, M. (2012). Energetic and geometrical evidence of nonbonding character of some
intramolecular Halogen---Oxygen and other Y---Y interactions. J. Phys. Chem. A 116, 3753-3764.

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fchem.2023.1123322/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fchem.2023.1123322/full#supplementary-material
https://global.oup.com/academic/product/atoms-in-molecules-9780198558651
https://global.oup.com/academic/product/atoms-in-molecules-9780198558651
https://doi.org/10.1021/jp981816d
https://doi.org/10.1039/b102094n
https://doi.org/10.1088/1367-2630/18/2/023052
https://doi.org/10.3133/pp127
https://gallica.bnf.fr/ark:/12148/bpt6k34794n/f468.item
https://doi.org/10.1126/science.1244180
https://doi.org/10.1016/S0166-1280(96)04815-4
https://doi.org/10.1016/0040-4020(82)87020-8
https://doi.org/10.1103/PhysRev.56.340
https://doi.org/10.1103/PhysRev.56.340
https://doi.org/10.1515/znb-1952-0701
https://gaussian.com/g09citation/
https://gaussian.com/g09citation/
https://doi.org/10.2138/am-2000-5-611
https://doi.org/10.2138/am.2009.3215
https://doi.org/10.1002/jcc.20519
https://doi.org/10.1016/S0022-328X(01)01079-8
https://doi.org/10.1016/S0022-328X(01)01079-8
https://doi.org/10.1088/0953-8984/15/45/014
https://doi.org/10.1063/1.430306
https://doi.org/10.1063/1.430306
https://doi.org/10.1021/ja00903a041
https://doi.org/10.1063/1.1734456
https://doi.org/10.1021/ja00706a051
https://doi.org/10.1021/ja00706a051
https://doi.org/10.1021/ar50037a001
https://doi.org/10.1021/ja00349a027
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://doi.org/10.3389/fchem.2023.1123322

Miller

Longer oxygen-oxygen interactions in organic molecules (e.g., 2.71-2.90 A in HO-
(CR)3=0) were studied computationally, but deemed “most likely” repulsive and
presently are calculated to have small bond orders ranging from 0.03 to 0.06. doi:10.
1021/jp300993b

Janes, N., and Oldfield, E. (1986). Oxygen-17 NMR study of bonding in silicates:
The d-orbital controversy. J. Am. Chem. Soc. 108, 5743-5753. doi:10.1021/
12002792014

Kekulé, A. (1866). Lehrbuch der Organischen chemie. Second Edition. Erlangen: Verlag
von Ferdinand Enke. See page 496 for an early structure of benzene https://books.google.
com.ag/books?id=9KMEAAAAYAA]J.

Kirfel, A., and Eichhorn, K. (1990). Accurate structure analysis with synchrotron
radiation. The electron density in AL,O; and Cu,O. Acta Cryst. A46, 271-284. doi:10.
1107/S0108767389012596

Lemal, D. M. (2004). Perspective on fluorocarbon chemistry. J. Org. Chem. 69, 1-11.
doi:10.1021/j00302556

Levien, L., Prewitt, C. T., and Weidner, D. J. (1980). Structure and elastic properties of
quartz at pressure. Am. Mineral. 65,920-930. For all model complexes, silicon and oxygen
atoms are restricted to the atomic coordinates of a-quartz silica. https://pubs.
geoscienceworld.org/msa/ammin/article-abstract/65/9-10/920/41195.

Lewars, E. G. (2008). “Pyramidal carbon (chapter 2),” in Modeling marvels:
Computational anticipation of novel molecules (Netherlands: Springer Science+Business
Media B.V.), 13-29. doi:10.1007/978-1-4020-6973-4

Lipscomb, W. N. (1973). Three-center bonds in electron-deficient compounds. Localized
molecular orbital approach. Acc. Chem. Res. 6, 257-262. doi:10.1021/ar50068a001

Longuet-Higgins, H. C., and Roberts, M. D. V. (1955). The electronic structure of an
icosahedron of boron atoms. Proc. R. Soc. Lond. Ser. A 230, 110-119. doi:10.1098/rspa.
1955.0115

Léwdin, P.-O. (1970). On the nonorthogonality problem. Adv. Quantum Chem. 5,
185-199. d0i:10.1016/50065-3276(08)60339-1

Lu, T, and Chen, F. (2012). Multiwfn: A multifunctional wavefunction analyzer.
J. Comput. Chem. 33, 580-592. doi:10.1002/jcc.22885

Mayer, I. (2007). Bond order and valence indices: A personal account. J. Comput. Chem.
28, 204-221. doi:10.1002/jcc.20494

Mayer, 1. (1983). Charge, bond order and valence in the ab initio SCF theory. Chem.
Phys. Lett. 97, 270-274. d0i:10.1016/0009-2614(83)80005-0

Mayer, 1. (2003). Population analysis, bond orders, and valences (chapter 7) in Simple
theorems, proofs, and derivations in quantum chemistry. New York: Springer
Science+Business Media, 227-249. doi:10.1007/978-1-4757-6519-9

McNaught, A. D., and Wilkinson, A. (1997). IUPAC Gold Book definition for
homoconjugation: The overlap of two m-systems separated by a non-conjugating
group. IUPAC Compendium of Chemical Terminology. 2nd ed. Oxford: Blackwell
Scientific Publications. (the “Gold Book”). Compiled by McNaught, A. D
Wilkinson, A. Online version 2019, created by Chalk, S. J. https://goldbook.iupac.
org/terms/view/H02842.

Mulliken, R. S. (1955a). Electronic population analysis on LCAO-MO molecular
wave functions. II. Overlap populations, bond orders, and covalent bond energies.
J. Chem. Phys. 23, 1841-1846. Mulliken bond orders are more precisely termed
overlap populations. Mulliken stated that “the advantages of overlap populations
over bond orders as measures of resonance energy are obvious”. doi:10.1063/1.
1740589

Mulliken, R. S. (1955b). Electronic population analysis on LCAO-MO molecular wave
functions. I. J. Chem. Phys. 23, 1833-1840. doi:10.1063/1.1740588

Mulliken, R. S. (1955c¢). Electronic population analysis on LCAO-MO molecular
wave functions. IV. Bonding and antibonding in LCAO and valence-bond theories.
J. Chem. Phys. 23, 2343-2346. While negative bond orders have no physical
meaning, Mulliken interpreted negative overlap populations to signify anti-
bonding between atoms. Negative Mulliken bond orders generally translate to
Wiberg and Mayer bond orders of zero, as they do here for Dgj, SigOs. d0i:10.1063/1.
1741877

Mulliken, R. S. (1970). The path to molecular orbital theory. Pure Appl. Chem. 24,
203-216. doi:10.1351/pac197024010203

Newton, M. D., and Gibbs, G. V. (1980). Ab initio calculated geometries and charge
distributions for H4Si0,4 and HSi,0; compared with experimental values for silicates and
siloxanes. Phys. Chem. Miner. 6, 221-246. doi:10.1007/BF00309858

Noritake, F., and Kawamura, K. (2015). The nature of Si-O-Si bonding via
molecular orbital calculations. J. Comput. Chem. Jpn. 14, 124-130. doi:10.2477/
jccj.2015-0009

Pauling, L. (1930). “Eigenfunctions for chemical bonds,” in Linus Pauling, the Nature of
the Chemical Bond, A Documentary History. Special Collections & Archives Research
Center, Oregon State University Libraries. http://scarc.library.oregonstate.edu/coll/
pauling/bond/notes/sci3.002.2.html.

Pauling, L. (1952). Interatomic distances and bond character in the oxygen acids and
related substances. J. Phys. Chem. 56, 361-365. According to Pauling’s original equation
for partial ionic character = 1 - €99 doi:10.1021/j150495a016

Frontiers in Chemistry

10.3389/fchem.2023.1123322

Pauling, L. (1946). “Resonance,” in Linus Pauling, the Nature of the Chemical Bond, A
Documentary History, 5-6. Special Collections & Archives Research Center, Oregon State
University Libraries. http://scarc.library.oregonstate.edu/coll/pauling/bond/notes/1946a.
3.html.

Pauling, L. (1980). The nature of silicon-oxygen bonds. Am. Mineral. 65, 321-323.
https://pubs.geoscienceworld.org/msa/ammin/article-abstract/65/3-4/321/41136.

Pauling, L. (1960). The nature of the chemical bond. Third Edition. Ithaca, New York:
Cornell University Press, 12. https://books.google.com/books?id=L-
1K9HmKmUUC&pg=PA12.

Pauling, L. (1931). The nature of the chemical bond. Application of results
obtained from the quantum mechanics and from a theory of paramagnetic
susceptibility to the structure of molecules. J. Am. Chem. Soc. 53, 1367-1400.
do0i:10.1021/ja01355a027

Pauling, L., and Wheland, G. W. (1933). The nature of the chemical bond. V. The
quantum-mechanical calculation of the resonance energy of benzene and
naphthalene and the hydrocarbon free radicals. J. Chem. Phys. 1, 362-374. doi:10.
1063/1.1749304

Ponec, R., and Mayer, 1. (1997). Investigation of some properties of multicenter bond
indices. J. Phys. Chem. A 101, 1738-1741. doi:10.1021/jp962510e

Ponomareyv, D. A., and Takhistov, V. V. (1997). What are isodesmic reactions? J. Chem.
Educ. 74, 201-203. doi:10.1021/ed074p201

Rappaport, S. M., and Rzepa, H. S. (2008). Intrinsically chiral aromaticity. Rules
incorporating linking number, twist, and writhe for higher-twist Mobius annulenes.
J. Am. Chem. Soc. 130, 7613-7619. Because of opposite twisting directions, one MO
has Ly = +2 and one MO has L = -2. d0i:10.1021/ja710438;j

Reed, A. E., and von Ragué Schleyer, P. (1987). The anomeric effect with central atoms
other than carbon. 1. Strong interactions between nonbonded substituents in
polyfluorinated first- and second-row hydrides. J. Am. Chem. Soc. 109, 7362-7373.
doi:10.1021/ja00258a020

Reed, A. E., Weinstock, R. B., and Weinhold, F. (1985). Natural population analysis.
J. Chem. Phys. 83, 735-746. doi:10.1063/1.449486

Rettig, S.J., and Trotter, J. (1987). Refinement of the structure of orthorhombic sulfur, a-
Ss. Acta Cryst. C43, 2260-2262. doi:10.1107/S0108270187088152

Roberts, J. D., Webb, R. L., and McElhill, E. A. (1950). The electrical effect of the
trifluoromethyl group. J. Am. Chem. Soc. 72, 408-411. doi:10.1021/ja01157a111

Rzepa, H. S. (2005). Mébius aromaticity and delocalization. Chem. Rev. 105, 3697-3715.
d0i:10.1021/cr0300921

Sannigrahi, A. B., and Kar, T. (1999). Some remarks on multi-center bond index. Chem.
Phys. Lett. 299, 518-526. doi:10.1016/S0009-2614(98)01267-6

Segall, M. D., Shah, R,, Pickard, C. J., and Payne, M. C. (1996). Population analysis of
plane-wave electronic structure calculations of bulk materials. Phys. Rev. B 54,
16317-16320. doi:10.1103/PhysRevB.54.16317

Shao, Y., Gan, Z., Epifanovsky, E., Gilbert, A. T. B., Wormit, M., Kussmann, J., et al.
(2015). Advances in molecular quantum chemistry contained in the Q-Chem 4 program
package. Mol. Phys. 113, 184-215. doi:10.1080/00268976.2014.952696

Silvi, B., Savin, A., and Wagner, F. R. (1997). “The nature of silicon-oxygen bonds in
silica polymorphs,” in Modelling of minerals and silicated materials. Editors B. Silvi and
P. D’Arco (Dordrecht: Springer), Vol. 15. Topics in Molecular Organization and
Engineering. doi:10.1007/0-306-46933-2_7

Slater, J. C. (1931). Directed valence in polyatomic molecules. Phys. Rev. 37, 481-489.
doi:10.1103/PhysRev.37.481

Sorella, S., and Zen, A. (2014). “The new resonating valence bond method for ab-initio
electronic simulations,” in Many-electron approaches in physics, chemistry and
mathematics. Editors V. Bach and L. Delle Site (Switzerland: Springer International
Publishing), 377-392. doi:10.1007/978-3-319-06379-9_21

Torgunrud, J. L., Faria, A. J.,, and Miller, S. A. (2020). Thermodynamics of silica
depolymerization with alcohols. Polyhedron 187, 114562. A resonance energy of 16.0 kcal/
mol of SiO, has been estimated via computational hydrolysis of Si{OSi(OH);]4. doi:10.
1016/j.poly.2020.114562

Weinhold, F., and Landis, C. R. (2005). Valency and bonding: A natural bond orbital
donor-acceptor perspective. Cambridge: Cambridge University Press. doi:10.1017/
CB09780511614569

Wheeler, S. E. (2012). Homodesmotic reactions for thermochemistry. WIREs Comput.
Mol. Sci. 2, 204-220. doi:10.1002/wcms.72

Wiberg, K. B. (1968). Application of the Pople-Santry-Segal CNDO method to the
cyclopropylcarbinyl and cyclobutyl cation and to bicyclobutane. Tetrahedron 24,
1083-1096. doi:10.1016/0040-4020(68)88057-3

Wiberg, K. B., and Rablen, P. R. (1993). Origin of the stability of carbon
tetrafluoride: Negative hyperconjugation reexamined. J. Am. Chem. Soc. 115,
614-625. doi:10.1021/ja00055a034

Wilkinson, G., Rosenblum, M., Whiting, M. C., and Woodward, R. B. (1952). The
structure of iron biscyclopentadienyl. J. Am. Chem. Soc. 74, 2125-2126. doi:10.1021/
ja01128a527

frontiersin.org


https://doi.org/10.1021/jp300993b
https://doi.org/10.1021/jp300993b
https://doi.org/10.1021/ja00279a014
https://doi.org/10.1021/ja00279a014
https://books.google.com.ag/books?id=9KMEAAAAYAAJ
https://books.google.com.ag/books?id=9KMEAAAAYAAJ
https://doi.org/10.1107/S0108767389012596
https://doi.org/10.1107/S0108767389012596
https://doi.org/10.1021/jo0302556
https://pubs.geoscienceworld.org/msa/ammin/article-abstract/65/9-10/920/41195
https://pubs.geoscienceworld.org/msa/ammin/article-abstract/65/9-10/920/41195
https://doi.org/10.1007/978-1-4020-6973-4
https://doi.org/10.1021/ar50068a001
https://doi.org/10.1098/rspa.1955.0115
https://doi.org/10.1098/rspa.1955.0115
https://doi.org/10.1016/S0065-3276(08)60339-1
https://doi.org/10.1002/jcc.22885
https://doi.org/10.1002/jcc.20494
https://doi.org/10.1016/0009-2614(83)80005-0
https://doi.org/10.1007/978-1-4757-6519-9
https://goldbook.iupac.org/terms/view/H02842
https://goldbook.iupac.org/terms/view/H02842
https://doi.org/10.1063/1.1740589
https://doi.org/10.1063/1.1740589
https://doi.org/10.1063/1.1740588
https://doi.org/10.1063/1.1741877
https://doi.org/10.1063/1.1741877
https://doi.org/10.1351/pac197024010203
https://doi.org/10.1007/BF00309858
https://doi.org/10.2477/jccj.2015-0009
https://doi.org/10.2477/jccj.2015-0009
http://scarc.library.oregonstate.edu/coll/pauling/bond/notes/sci3.002.2.html
http://scarc.library.oregonstate.edu/coll/pauling/bond/notes/sci3.002.2.html
https://doi.org/10.1021/j150495a016
http://scarc.library.oregonstate.edu/coll/pauling/bond/notes/1946a.3.html
http://scarc.library.oregonstate.edu/coll/pauling/bond/notes/1946a.3.html
https://pubs.geoscienceworld.org/msa/ammin/article-abstract/65/3-4/321/41136
https://books.google.com/books?id=L-1K9HmKmUUC&pg=PA12
https://books.google.com/books?id=L-1K9HmKmUUC&pg=PA12
https://doi.org/10.1021/ja01355a027
https://doi.org/10.1063/1.1749304
https://doi.org/10.1063/1.1749304
https://doi.org/10.1021/jp962510e
https://doi.org/10.1021/ed074p201
https://doi.org/10.1021/ja710438j
https://doi.org/10.1021/ja00258a020
https://doi.org/10.1063/1.449486
https://doi.org/10.1107/S0108270187088152
https://doi.org/10.1021/ja01157a111
https://doi.org/10.1021/cr030092l
https://doi.org/10.1016/S0009-2614(98)01267-6
https://doi.org/10.1103/PhysRevB.54.16317
https://doi.org/10.1080/00268976.2014.952696
https://doi.org/10.1007/0-306-46933-2_7
https://doi.org/10.1103/PhysRev.37.481
https://doi.org/10.1007/978-3-319-06379-9_21
https://doi.org/10.1016/j.poly.2020.114562
https://doi.org/10.1016/j.poly.2020.114562
https://doi.org/10.1017/CBO9780511614569
https://doi.org/10.1017/CBO9780511614569
https://doi.org/10.1002/wcms.72
https://doi.org/10.1016/0040-4020(68)88057-3
https://doi.org/10.1021/ja00055a034
https://doi.org/10.1021/ja01128a527
https://doi.org/10.1021/ja01128a527
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://doi.org/10.3389/fchem.2023.1123322

& frontiers | Frontiers in Chemistry

’ @ Check for updates

OPEN ACCESS

EDITED BY
Minmin Xu,
Soochow University, China

REVIEWED BY
Xuechao Yu,

Chinese Academy of Sciences (CAS),
China

Laigui Hu,

Fudan University, China

*CORRESPONDENCE
Yassine Madoune,
madouneyassine00l@csu.edu.cn

These authors share first authorship

SPECIALTY SECTION
This article was submitted to Theoretical
and Computational Chemistry,

a section of the journal

Frontiers in Chemistry

RECEIVED 27 December 2022
ACCEPTED 22 February 2023
PUBLISHED 03 March 2023

CITATION

Madoune Y, Yang D, Ahmed Y,
Al-Makeen MM and Huang H (2023), PVD
growth of spiral pyramid-shaped WS, on
SiO,/Si driven by screw dislocations.
Front. Chem. 11:1132567.

doi: 10.3389/fchem.2023.1132567

COPYRIGHT
© 2023 Madoune, Yang, Ahmed, Al-
Makeen and Huang. This is an open-
access article distributed under the terms
of the Creative Commons Attribution
License (CC BY). The use, distribution or
reproduction in other forums is
permitted, provided the original author(s)
and the copyright owner(s) are credited
and that the original publication in this
journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Chemistry

Tvpe Original Research
PUBLISHED 03 March 2023
pol 10.3389/fchem.2023.1132567

PVD growth of spiral
pyramid-shaped WS, on SiO,/Si
driven by screw dislocations
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'Hunan Key Laboratory of Super-microstructure and Ultrafast Process, School of Physics and Electronics,
Central South University, Changsha, China, 2Department of Electrical and Computer Engineering,
University of Victoria, Victoria, BC, Canada

Atomically thin layered transition metal dichalcogenides (TMDs), such as MoS; and
WS,, have been getting much attention recently due to their interesting electronic
and optoelectronic properties. Especially, spiral TMDs provide a variety of
candidates for examining the light-matter interaction resulting from the broken
inversion symmetry, as well as the potential new utilization in functional
optoelectronic, electromagnetic and nanoelectronics devices. To realize their
potential device applications, it is desirable to achieve controlled growth of these
layered nanomaterials with a tunable stacking. Here, we demonstrate the Physical
Vapor Deposition (PVD) growth of spiral pyramid-shaped WS, with ~200 ym in
size and the interesting optical properties via AFM and Raman spectroscopy. By
controlling the precursors concentration and changing the initial nucleation rates
in PVD growth, WS, in different nanoarchitectures can be obtained. We discuss the
growth mechanism for these spiral-patterned WS, nanostructures based on the
screw dislocations. This study provides a simple, scalable approach of screw
dislocation-driven (SDD) growth of distinct TMD nanostructures with varying
morphologies, and stacking.

KEYWORDS

spiral patterns, tungsten disulfide, physical vapor deposition, Raman spectra, screw-
dislocation driven growth

Introduction

Two-dimensional (2D) layered transition metal dichalcogenides (TMDs) have emerged
as promising candidates for optoelectronic devices due to a plentiful choice of materials
(Mak et al., 2010) (Xiao et al., 2022) (Yang et al., 2017). Multilayer TMDs display unique
optoelectronic properties dependent on the layer number, such as a transition from the
indirect band gap in multilayer to the direct band gap in monolayer (Manzeli et al., 2017).
The different stacking modes also have critical effects on the properties of TMDs (Fan et al.,
2017; Sarma et al., 2019) (Ci et al., 2022). It appeared that polarization enhancement with two
petals along staggered stacking direction in 3R MoS, (Shi et al., 2017). The 3R-like TMDs few
layers and spiral structures also show high degree of SHG polarization at room temperature
due to the inversion symmetry breaking (Ma et al., 2021). Furthermore, bilayer or multilayer
TMDs materials with different twisted angles always exhibit a different interlayer coupling to
tune the properties of TMDs (Wang et al., 2019).

Spiral TMDs structures display more complex stacking than 2H stacking multilayer
structures such as continuously supertwisted stacking, richer physical, and chemical effects
(Cietal, 2022) (Tong et al., 2022). Screw dislocation is a typical line defect for the materials
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FIGURE 1

Controllable growth and Optical image of the Layer-By-Layer
Structures and Spiral Structures of WS, (A) Schematic Illustration of the
PVD experiment setup for TMD synthesis. The distribution of WS, from
the substrate of (A—C): Monolayers, Bilayers. A few layers, Layer-
By-Layer (LBL) and spiral structures. (B—D) The optical images of |
(monolayer), Il (@ mixture of bilayers and trilayer) and Il (few layers)
regions on substrate (A) (E-G) The optical images of | and Il
(multilayers) and Ill (layer by layer) regions on substrate (B) (H=J) The
optical images of | (single-spiral pattern), Il (double-spiral patterns)
and lll (multi-spiral patterns) regions on substrate (C).

and the growth driven by spiral dislocation is a classic crystal growth
mode at relatively low supersaturation (Cain et al., 2016) (Forticaux
etal, 2015) (Meng et al., 2013). Many methods have been developed
for the fabrication of spiral TMDs, including chemical vapor
deposition (CVD) and physical vapor deposition (PVD) (Barman
etal, 2019) (Wang et al., 2019) (Hao et al., 2016) (Fan et al., 2018).
The hybrid spiral-like MoS, crystals with distinctive electrostatic
properties have been synthesized through increasing the growth
temperature to 1,000°C by CVD method (Hao et al,, 2016). The
spiral WS, with non-linear optical effects, a high value of valley
polarization could be prepared by CVD using a mixture of WO; and
S as precursors (Barman et al., 2019) (Fan et al., 2017). Compared
with CVD method, PVD method is simpler, pollution-free as well as
can synthesize spiral TMDs which have higher hardness, better
thermal stability, and more stable chemical properties. The
controllable growth of layer by layer and spiral WS, with ~30 um
in size has been realized by PVD. It reveals that the number of screw
dislocations, orientation of new layer determine the morphologies,
and stacking behaviors of the complex spiral nanostructures
combined with SHG (Fan et al.,, 2018). However, it is difficult to
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synthesize high quality spiral WS, in specific areas, the size of spiral
WS, is too small obtained by these methods (~70 um), limiting their
applications on non-linear optical effects or electrocatalytic
hydrogen evolution, etc. It is still a significant challenge to
controllable fabrication for large area, and size of spiral TMDs.

Here, we report a controllable growth of large size (~200 um)
spiral patterned WS, with different stackings and elucidate their
formation mechanisms. By tuning PVD temperature and precursor
supersaturation, we demonstrated the controllable growth of layer
by layer (LBL) structure and a series of spiral structures including
single, double, and multi-spiral patterns. As the temperature
decreasing, the complexity of spiral structures gradually increases.
By related atomic force microscopy (AFM) with Raman
spectroscopy measurements, we reveal how multiple dislocations,
how the orientation of screw dislocations can affect the stacking
behaviors, and formation mechanisms of spiral WS,.

Materials and methods

To synthesize WS, nanoflakes, a ceramic boat filled with WS,
(ALDRICH, 99%) powder (0.4 g) was placed at the heating center of
a 2-inch quartz tube (2-inch diameter, 60 cm length), a three-piece
of Si0,/Si (300 nm, 1.5 x 1.5 cm) was placed at 6 cm(A),8 cm (B),
and 10 cm (C) downstream from the center of the tube furnace. N,
flow was passed into the reaction chamber at a rate of 300 sccm for
10 min to ensure a clean environment for sample synthesis
(anhydrous and oxygen-free environment). N, flow of 60 sccm
was applied from the source to the substrate during the heating
process (target temperature 1,180°C in 70 min) and held for 12 min,
then cooled down the PVD tube furnace. To ensure the temperature
difference, the three substrates were placed in different areas,
substrate A inside the tube with a temperature of 1,180°C,
substrate C at the end of the estuary, which is outside of the
oven chamber, with a temperature of 850°C-680°C, and the
substrate B in the middle of the estuary with a temperature of
920°C-980°C. A gradient in the temperature difference is illustrated
in Figure 1A the red color gradually changed from the middle to the
edge from dark to light as an indication of the temperature change.

Results and discussion

We design a PVD method to prepare monolayer (ML), few
layers (FL), layer by layer (LBL), and spiral WS,, as shown in
Figure 1A. The distances between substrates A, B, and C and
WS, powder (heating center) are 6cm, 8cm, and 10cm,
respectively, where the growth temperature can be controlled
well. The growth temperature of substrate A was 1,180°C which
was inside the tube, that of substrate C was ~680°C-850°C which was
at the end of the estuary, nearly outside the oven chamber, and that
of substrate B was ~920°C-980°C which was in the middle of the
estuary. Figures 1B-D show that many monolayers and a few layers
WS, were synthesized on substrate A with a high temperature
ranging from 1,100°C to 1,180°C. The region | of substrate A
displays the monolayer WS, with regular triangle and an average
size of 30 pm-40 um as shown in lower-left corner of Figure 1B. The
region Il of substrate A contains a mixture of bi/trilayer WS, with an
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average size of about 50 um-60 um (Figure 1C). The region Il of
substrate A, as shown in Figure 1D, contains multilayers with an
average size of about 70 um-90 um where the temperature in this
area reaches approximately 1,100°C, lower than the | region of
substrate A. Multilayers and LBL structures are synthesized on
substrate B with a temperature ranging from 920°C to 980°C, as
shown in Figures 1E-G. For substrate B, the number of layers
increases from multilayers in region I to AA or AB stacking in region
Il with an increase in size from 90 pm to 100 pm to 120 um-150 pm.
The LBL structures are synthesized in the region Ill on substrate B
with an estimated size of 180 um-220 pm, which suggests a flat
triangular top on a larger and thinner flake. As the temperature
decreasing further, the spiral patterns of WS, were observed on
substrate C. The structures in region I (Figure 1H) present a single
spiral pattern with an average size of ~220 um where the
temperature is approximately 850°C. Compared to region I,
region Il (Figure 1I) has double spiral patterns with temperatures
between 850°C and 680°C. The region Ill (Figure 1]) exhibits more
intricate multi-spiral patterns with a temperature near 680°C. The
average size of double spiral and multi-spiral patterns is ~200 pm.
Compared with LBL growth above, the size of WS, obtained by
spiral growth did not have an obvious difference with the decreasing
temperature.

We found that a monolayer is formed at a high temperature with
small sizes, that the sizes, the number of layers increase little by little
as the temperature decreases to form a LBL, and SDD structures in
the end (Morin et al., 2011). With the temperature decreasing, the
LBL and the size of spiral WS, reaches ~220 um with a total area
over 0.3 cm” x 0.3 cm’, larger than the largest obtained by CVD
techniques at low temperature (~70 um) (Yin et al., 2015) (Zhao and
Jin, 2020).

The PVD-deposited 2H-WS, nanoplates have a variety of
morphologies, including triangles, truncated triangles, hexagons,
etc (Figures 1B-]). The surface free energy of the relevant crystal
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face affects the development rate of the crystal face in 2D crystals,
where the surface free energy corresponds to the crystal’s edge free
energy. When the free energy is high, the crystal edge is exceedingly
unstable. At this point, the free electrons in the free state will be
swiftly absorbed to form the edge in a stable state of low free energy,
causing the edge of high free energy to develop fast and the edge of
low free energy to grow slowly (Park et al., 2017; Wang et al., 2018).
As a consequence of the fast growth behavior, the crystal face with
high free energy will ultimately get smaller or vanish. On the
contrary, the slow-growing crystal face will eventually become
the biggest (Li et al., 2018). As a result, the final crystal form will
be connected to the development rate of various kinds of edge
terminals, which is further influenced by the precursor volume ratio,
which directly influences the growth rate of distinct crystal planes.
We employed a constant flow in a quartz tube to retain the precursor
to establish a stable air flow environment, which guarantees that the
WS, vapor is thoroughly volatilized and evenly dispersed
throughout the reaction process. As a result, the concentration
distribution of WS, precursors (volatilization and diffusion) may
be regarded as the primary factor influencing the various form
morphologies (Yan et al.,, 2023).

Figure 2A shows the illustrations of LBL WS, structures. There
are many possible WS, stacking configurations but two of the most
important are the AB-stacking and the AA-stacking configurations,
as shown in Supplementary Figure S2B (Rudenko et al., 2021).
Figure 2B shows the SEM images of high-coverage LBL structures in
substrate B of region III with a size of 200 pm. Figure 2C shows that
the AFM image corresponds to the marked red square in Figure 2B,
which confirms the LBL growth of WS,. The line profile in Figure 2C
indicates that the height increases gradually from edge to center and
the height of each step is ~0.72 nm, consistent with monolayer WS,.
Figure 2D shows the Raman intensity mapping of E} 4 mode
(348 cm™). It can be observed that the Raman intensity of LBL
structure from the edge to the center first increases then starts to
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Screw dislocation growth of single spiral. (A) lllustrations of the single spiral structure (B) SEM image of single spiral structure of WS, (C) AFM images
corresponding the marked areas in SEM image. (D) Raman intensity mapping of Eég mode (350 cm™). (E,F) Intensity ratios and peak frequencies of WS,
Raman modes. (E) Frequencies of the (2LA, Eég,Alg) Raman modes as a function of thickness (different positions mean different thicknesses) for Aeye =
633. The error bars correspond to the standard deviations and Each point represents an average over six different positions (E) Thickness-dependent
intensity ratios of /fil.//*‘iq (E,F) of six points from edge to center, as marked in SEM image.

decrease, and the corresponding number of layers gradually
increases. The WS, Raman spectra related to the number layers
in Figure 2E confirm the above Raman intensity mapping results
(Zeng et al., 2013; Qian et al., 2018). The number layers of materials
and the intensity of incident light in the scattering process both
affect the Raman intensity as mentioned in previous reports (Shao
et al,, 2020) (Diep et al, 2019).The local electrical field will be
significantly less than the incident electrical field for thick WS,
materials, which is known as the local field effect for high reflective
index TMDCs. Therefore, a faint Raman signal will be seen in thick
WS, materials. Furthermore, the local field impact is minimal for
extremely thin WS, layers. As a result, there may be a maximum
Raman intensity at a certain height in WS,. According to a recent
study, the first few layers of WS, (bilayers to five layers) have the
largest Raman intensity which gradually decrease after the bulk
starts to form (Li et al., 2013).

Figure 2F shows that both A;, and E} , peaks position is not
shifted despite the thickness increases (the height of difference
between the first and the sixth points is ~24nm). This
solidification in the two modes is in good agreement with the
previous results for MoS, (Yan et al, 2015), and the higher
restoring strength brought on by the vdW interactions produced
between the layers. We observe that the error in calculating the
frequency shift of both the 2LA(M) and E} , modes rise due to their
close proximity. A clear frequency relationship with the number of
layers cannot be established since the change in frequency is of the
order of the error bar, which is also impacted by the fitting
procedure. A shift in dielectric screening with the number of
layers is also anticipated for WS, (Jin et al., 2010). Stronger
dielectric screening of the long-range coulomb interactions
between the effective charges in thicker samples may be the
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reason for the E} , mode’s anomalous behavior. We also looked
at how the number of layers affected the relative intensity of the
strongest Raman signals. With the number of layers increasing, there
are no discernible variations in the intensity ratio I B, 4,
(Berkdemir et al., 2013).

The anisotropic pyramidal growth is continued in this fashion
(formed) by self-perpetuating steps of SDD layers. Under mild
supersaturation circumstances, screw dislocations form step edges
(slipped planes) in the bottom layer (Daher et al., 2018). Because of
the large concentration of precursors, the unintentional rising of a
grain boundary caused by varying growth rates of multiple edge
terminations begins spiral growth, which is schematically shown as
step 1 in Figure 3A. The spiral development is also catalyzed by the
uneven surface of the substrate, which is created by the partial
etching of S;0,/S; using piranha and plasma treatment. The
unsaturated sulfur edges in the slipping plane operate as
nucleation sites for additional precursor atom addition, resulting
in the formation of the second layer on top of the bottom layer, as
illustrated in Figure 3A (steps 2, 3). The growth process continues up
to an interface or a nodal point, generating a spiral after the slip
plane is produced with vertically mismatched edges (Sarma et al.,
2019).

Figure 3B shows a typical SEM image of a single spiral WS, with
~220 pum, which indicates the atomically flat surface of WS,. The
zoom-in AFM image of the red square region of the SEM image is
shown in Figure 3C, revealing that each step height of a single spiral
of WS, is ~0.72 nm, consistent with the height of monolayer WS,,
with an estimated height of ~25 nm (from the edge to the center).
When the single spiral WS, is projected onto the 2D basal plane, the
layer size progressively decreases from the center to the edge, as
shown in Supplementary Figure S4. The low-left corner of
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Figure 3C; Supplementary Figure S5A as well as Supplementary
Figure S5B display AFM images of a single spiral, double spiral, and
multi-spiral with clear screw dislocation, respectively. The white
lines in Supplementary Figure S5 (near the dislocation center) of the
core serve as an example of the included angle, defined as the angle
between the traces of the many dislocation spirals that share a
common core. There may be two sets of included angles between
screw dislocation spirals based on the three-fold symmetry of the
monolayer TMD structure. The center structure of spiral nanoplates
stays as triangular spiral traces whether the included angles are just
(0°C, 360°C) or (120°C, 240°C), as shown in low-left corner of
Figure 3C; Supplementary Figure S5. In contrast, the center of
those spiral nanoplates shows hexagonal spiral traces when we
inspect the second set of included angles of (60°C, 180°C, and
300°C) (Shearer et al.,, 2017). It should be noted that multi-spiral
pattern nanostructures are far less often seen compared to single or
double-spiral pattern structures.

Figure 3D shows the Raman intensity (350 cm™) mapping of the
spiral structure, revealing a regular variety of EJ , intensities in the
region of single spiral WS, (Chen et al., 2017). Also, it can reveal that
they are multilayer flakes, which corresponds with AFM measurement
shown above. Figure 3E summarizes the single spiral WS, Raman
spectra as a function of the thickness, the Raman spectra was measured
six consecutive times at each of the 6 points indicated in Figure 3B to
calculate  the  error  bars of the Raman  shift:
[2LA (% 0.8cm™), B, (+ 0.4cm™), Ay (+ 0.3cm™)]. The
thicknesses, distances between the first and last point are ~25nm
and 150 pm, respectively, as shown in Supplementary Figure S4.

To determine the frequency dependence of the main WS, Raman
peaks (E} g and Ajg), we fitted several Lorentzian peaks to each
spectrum, as shown in Figure 3F. When the thickness increases, the
E; g)Alg modes exhibit minor redshift (Ci et al., 2022). The growing
restoring force brought on by vdW contacts that have been developed
between layers is compatible with the hardness of the A;, mode.
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However, the 2LM phonon mode also exhibits subtle blueshifts when
the thickness increases (Ci et al., 2022). In screw dislocation (single,
double, and multi-spiral patterns) WS, the proximity of 2LA (M) and
E} o increases the error in determining the frequency offset for both
modes. Especially since the number of layers is very large, it may reach
more than 30 layers at least (in this sample, the thickness is ~25 nm,
every layer ~0.72 nm). Due to the closeness of the layers to one another,
it is a challenge to establish a clear frequency dependence with number
of layers. (~71.6 nm shown in the inset of Figure 3C). A change in buffer
shifting is also expected with the number of layers in WS,. It may be
caused by enhanced and a stronger dielectric sifting of long-range or by
coulomb interactions between effective charges in bulk samples (Yin
et al, 2014). We also studied the relative intensities of the strongest
Raman peaks as a function of thicknesses (different points with different
numbers of layers). The most intense features in the Raman spectrum
correspond to the Ej 5 and A;; modes and the intensity ratio I EL, M4,
does not show major changes with the number of layers or thickness. It
has been generalized by observing different samples of single spiral
patterns (Supplementary Figure S6) (Berkdemir et al., 2013).

Figure 4A shows the Optical images of WS, bilayers with varying
twist angles of 2°C,10°C, 12°C, 20°C, 31°C, and 49°C. As a result of the
steric repulsion effect, the interlayer coupling in the randomly twisted
bilayer was lower than in LBL stacking (AA stacking) (Zhang et al.,
2020). Spin-orbit coupling would find a wider range of uses in angle-
dependent moiré excitons, spintronics, and valley electronics if the
twist angles were varied. It is depicted by the atomic structure
schematic of LBL, single spiral patterns hetero-bilayer WS, in a
2 x 2 x 1 supercell from a top perspective (Ghatak et al., 2020)
(lower panel), and side view (upper panel) in Figure 4B, respectively.
The variable interlayer coupling may be further confirmed by the twist
angle-dependent optical responses by accumulating Raman spectra at
different angles (Figure 4C). The characteristic peak intensities (E} g
and Aj,) of WS, in the Raman spectra steadily decrease
periodically as the twist angle increasing, showing that the
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mechanical coupling effect was typically less due to the stacking
angle in Figure 4D, E (Shao et al., 2020).

Interlayer coupling interactions of SDD (single spiral) differ in
randomly twisted bilayers compared to LBL due to the upper and
lower layers of multi-spiral pattern nanostructures being far less
often seen compared to single or double-spiral pattern structure
saving different arrangements of atoms. The majority of 2H-WS,
nanosheets with terraced or spiral structures are dispersed across the
substrate, according to the morphological information of 2H-WS,
nanosheets. So, the moiré superlattice from SDD stacking with
different twist angles can change the electronic structure of 2D
materials, giving them unusual transport properties like unusual
superconductivity and insulating behavior. The interlayer exciton
coupling can also be controlled, which makes it possible to study
moiré excitons, spintronics, and valley electronics of spin-orbit
coupling (Jin et al., 2019) (Seyler et al., 2019)

The optical images in Figures 5A, B show the onset of the
formation of the single helical pattern, and the LBL, respectively. It is
termed anisotropic growth as it is considered the defining feature of
growth almost without exception in which cells grow faster in one
direction than the other, which describes the condition when the
rates of growth are uneven in all directions (Figure 5A). In contrast,
when growth rates are the same in all directions, growth is isotropic
(LBL in Figure 5B). Figure 5C shows the model diagram of terraced
structure growth. The active adsorption atoms are shown by white
arrows, and the dislocation core (v.) depicts the axial growth rate,
which is governed by the nucleation rate of new atomic layers. Outer
edges (v,) denote the lateral growth rate, as determined by the rate at
which adsorbed atoms cling to the step’s edge (Yin et al., 2015). The
new surface layer progressively emerges throughout the growing
phase of a terraced construction as the new atomic layer slowly
nucleates on the top surface. Instead of a 1D structure growth, 2D
flakes do so because the growth rate of normal to the surface (R,,) is
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much slower than lateral step velocities (v;). When this situation
occurs repeatedly, layered terraced structures will grow layer by
layer. It has been discovered that the number of terraced nanosheets
would directly depend on the disparity between axial and lateral
development speeds. Furthermore, we translate the number of
terraced into the v./v, ratio, which represents the ratio of axial
and lateral growth rates. Furthermore, the nucleation rate of new
layers on the existing top layer determines the axial growth rate.
Only when the current top terraced reaches the critical size, the
nucleation of the new atomic layer occurs. Therefore, the axial
growth rate can be expressed as (Tersoff et al.,, 1994): v, = hRv,,
where h is the height of the freshly formed terraced and R, is the
crucial height of the top terraced at the time. According to the
variations in supersaturation in the furnace, the ratios of v./v, and
supersaturation have a linear relationship, meaning that the ratio of
v./V, rises as supersaturation rises, which also predicts an increase in
the number of terraced fields (Figure 5D). The concentration of
adsorption atoms may build up, but the energy barrier at the step’s
edge prevents this from happening; therefore, the nucleation of new
atoms must overcome this high energy barrier (Krishnamurthy
et al., 1993).Therefore, High supersaturation is crucial during the
growth process of terraced structures in order to encourage the
nucleation of new atomic layers and provide LBL the ability to grow
at a favorable crystal growth rate. When the substrate is heated to a
high temperature, spiral structures make up the majority of the
nanosheets. According to Figure 1A, the nanosheets display a
straightforward triangular spiral pattern, which indicates that in
contrast to the low-temperature region, the screw dislocation is
formed by first forming a step edge at the bottom of the growth
process as the nucleation position of a new layer. Then, by
continuously adsorbing the precursor atoms, results in the
growth of a second layer at the top of the bottom layer, which is
faster than that of the first layer.
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Furthermore, the spiral structures were developed using the SDD
growth mode, forming pyramid-shaped WS, flakes. The Burton-
Cabrera-Frank (BCF)
explanation for a number of these pyramidal growths that have

crystal growth hypothesis provides an

been observed in 1D and 2D nanomaterials (Burton et al., 1951)
(Fan et al, 2017), which states that the supersaturation of the local
growth environment controls the crystal growth process. The degree of
supersaturation is denoted as ¢ = In(c/c,), where c represents the local
precursor concentration and ¢, represents the equilibrium precursor
concentration. The furnace’s temperature profile has an impact on both
¢ and ¢, Particularly, the deposition reaction’s thermodynamic
equilibrium constant is largely governed by the local temperature,
determining the value of c¢o. The precursor’s heating temperature
and the precursor’s movement all dynamically affect the value of c.
The deposition temperature largely affects the local supersaturation,
which also affects the growth rate of nanostructures. In this theory, the
system’s supersaturation drives various growth modes, including LBL
and SDD growth (Woodruff, 2015). The nucleation will never be
homogenous if the deposition is done on different substrates. There
will always be certain defect sites that have a larger chemical potential
than the rest of the substrate, which are more active for crystal
development. The SDD growth mode is the most advantageous
mode of development at low supersaturation, which results in
spirally stacked WS, pyramidal structures. These self-replicating
steps of SDD layers continue the anisotropic pyramidal development
in this way. Step edges (slipped planes) are produced in the bottom layer
due to screw dislocations that arise under mild supersaturation
conditions. Due to the large concentration of precursors, spiral
development is started by the unintentional rising of a grain
boundary caused by the numerous edge terming.

According to the above hypothesis, the LBL structures of WS, tend to
develop at the high-temperature deposition zone with a high
supersaturation. In contrast, the spiral structures with screw
dislocations are more likely to occur at low-temperature deposition
zones with low supersaturation, where atoms may be added to the
spiral step edges. Different atomic configurations are found in the top and
bottom layers of the WS, spiral patterns, proving the existence of a
unique stacking sequence in spiral domains (Morin et al,, 2011; Sarma
et al, 2019). The two layers are aligned, and a lattice vector translates the
upper layer. The tungsten atom in the top layer is located in the middle of
the bottom layer hexagon (Figure 5E). (Zhang et al., 2014) (Ghatak et al,,
2020) Additionally, toward the lower temperature region, each spiral
nanostructure contains more screw dislocations than the straightforward
triangular single dislocation spirals that are more commonly found in
low-temperature region, suggesting that lower supersaturation condition
tends to induce more complex spiral structures that correspond to multi-
spiral pattern structures (Yin et al., 2015).

Conclusion

In summary, we report the regulated growth of SDD WS, nanoflakes
and disclosed the underlying growth mechanisms. Through controlling
the reaction temperature, different types of WS, growth such as LBL and
SDD growth modes can be obtained. LBL and spiral WS, with ~200 ym
in size was obtained at ~ 920°C and 850°C-680°C respectively. The
interlayer coupling was weaker in the randomly twisted bilayer and at
60°C stacking than at 0°C stacking (the interlayer coupling at 60°C
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stacking was much weaker than the random angles.) due to the steric
repulsion effect. SDD growth offers a straightforward, controllable
approach to construct TMD nanostructures of various morphologies,
and stackings. With a knowledge of the growth principles of stacked
TMD materials, we anticipate that the comprehension of stacked TMD
materials will provide attractive options for creating new materials for
innovative functional nanodevices.
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Computational pharmacology and chemistry of drug-like properties along with
pharmacokinetic studies have made it more amenable to decide or predict a
potential drug candidate. 4-Hydroxyisoleucine is a pharmacologically active
natural product with prominent antidiabetic properties. In this study,
ADMETLab 2.0 was used to determine its important drug-related properties. 4-
Hydroxyisoleucine is compliant with important drug-like physicochemical
properties and pharma giants’ drug-ability rules like Lipinski's, Pfizer, and
GlaxoSmithKline (GSK) rules. Pharmacokinetically, it has been predicted to have
satisfactory cell permeability. Blood—brain barrier permeation may add central
nervous system (CNS) effects, while a very slight probability of being
CYP2C9 substrate exists. None of the well-known toxicities were predicted in
silico, being congruent with wet lab results, except for a “very slight risk” for
respiratory toxicity predicted. The molecule is non ecotoxic as analyzed with
common indicators such as bioconcentration and LCsq for fathead minnow and
daphnia magna. The toxicity parameters identified 4-hydroxyisoleucine as non-
toxic to androgen receptors, PPAR-y, mitochondrial membrane receptor, heat
shock element, and p53. However, out of seven parameters, not even a single
toxicophore was found. The density functional theory (DFT) study provided
support to the findings obtained from drug-like property predictions. Hence, it
is a very logical approach to proceed further with a detailed pharmacokinetics and
drug development process for 4-hydroxyisoleucine.
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1 Introduction

4-Hydroxyisoleucine (4HIL) is an amino acid which has been
purified from Trigonella foenum-graecum (fenugreek seeds;
Fabaceae). Fenugreek is known for its antidiabetic properties in
traditional medicine (Fowden et al., 1973; Abou El-Soud et al., 2007).
4-Hydroxyisoleucine increases insulin secretion via a direct effect on
isolated islet cells both in rats and humans. The stimulating effect
was strictly glucose dependent. Furthermore, it was shown that the
insulinotropic effect is biphasic, without associated harm to other
islet cells (a and &-cells) and increase in insulin secretion by
increasing glucose concentration (Sauvaire et al., 1998). 4-
Hydroxyisoleucine reduces insulin resistance in the muscles and
the liver by the activation of insulin receptor substrate-associated
phosphoinositide-3 kinase activity. Reduction in body weight and
plasma triglyceride and total cholesterol levels resulted from
application of 4-hydroxyisoleucine. This plant-derived amino acid
offers an attractive package for the treatment of the metabolic
syndrome as a whole and also type 2 diabetes, obesity, and
dyslipidaemias (Jetté et al., 2000; Narender et al., 2006). Keeping
in mind the pharmacological importance of 4HIL, its efficacy needs
to be evaluated before it moves to trials and/or is dismissed.
Undesirable pharmacokinetic (PK) properties or unacceptable
toxicity are the main causes of the failure of drug candidates at
the clinical trial stage (Jia et al., 2020).

Since the concept of drug likeness was first proposed, it has
become an important consideration in the selection of compounds
with desirable bioavailability during the early phases of drug
discovery. Over the past decade, online resources have facilitated
drug-likeness studies in an economical and time-efficient manner.
Michael J. Waring and colleagues compiled and analyzed the
attrition of drug candidates from four pharma giants,
AstraZeneca, Eli Lilly and Company, GlaxoSmithKline, and
Pfizer. They reaffirmed that the control of physicochemical
properties identify a
compound of drug quality. Safety and toxicology are the largest
sources of failure within the data set. However, none of the

during structural optimization helps

physicochemical descriptors correlate with preclinical toxicology
outcomes (Waring et al., 2015).

While considering the various pharmacology effects in different
diseased conditions, we calculated various parameters related to
drug discovery for 4-hydroxyisoleucine using ADMETLab 2.0. in
order to predict the drug-like properties and safety profile and
thereby therapeutic potentials.

2 Methodology

Various virtual labs are authorized to share the pharmacokinetic
profile of pharmacologically active drug candidates such as
SwissADME (Daina et al, 2017), FAF-Drugs4 (Lagorce et al,
2017), ADMETIab (Xiong et al, 2021), admetSAR (Yang et al,
2019), pkCSM (Pires et al., 2015), and ProTox-II (Banerjee et al.,
2018). However, ADMETLab was selected because it provides
predictive spectrum of multiple drug-likeness parameters and
most of ADMET properties. The updated version, ADMETLab
2.0, has overpowered all known shortcomings of the older
version while keeping its valuable advantages.
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This virtual lab calculates 88 ADMET-related properties,
ie, 17 physicochemical parameters, 13 medicinal chemistry
properties, 23 ADME properties, 27 toxicity endpoints, and eight
toxicophore rules (751 substructures). ADMETLab 2.0 is freely
accessible at https://admetmesh.scbdd.com. The 2D structure of
4-hydroxyleucine was drawn in ADMETLab 2.0 (Table 1). The
user interface also offers string-based search. The search string for 4-
hydroxyisoleucine is CC(O)C(C)C(N)C (=0)0.

An oral bioavailability graph obtained from SwissADMET was
calculated using physicochemical characteristics. This graph uses six
parameters, ie., lipophilicity, insolubility, size, unsaturation,
polarity, and flexibility, and defines appropriate ranges for oral
bioavailability. The GI absorption (HIA), BBB penetration, and
being Pgp substrate were also predicted with SwissADMET. The
result is depicted as “boiled egg” having two areas: one for HIA
(white) and another for BBB penetration (yolk). The background is a
gray zone, indicating neither GI absorption nor BBB penetration.

The human ether-a-go-go-related gene (hERG) K* channels
blockade is linked with fatal cardiac arrhythmias. The hERG K*
channel blockade was predicted with both ADMETLab 2.0 and
pred-hERG 4.2. The pred-hERG 4.2, http://predherg.Jabmol.com.br,
is a web tool for early detection of presumable hERG blockers and
non-blockers, to predict cardiac toxicity.

DEFT studies were performed with Gaussian 16 software (Frisch
et al, 2016). We optimized the 4-hydroxyisoleucine molecule
without any symmetry constraints, checking different possible
isomers (vide infra), and then performed frequency calculations
to verify that the optimized structures were true energy minima. All
calculations were performed using the combination of the hybrid
density functional B3LYP (Axel, 1993) with the triple zeta split-
valence polarized basis set of Ahlrichs and co-workers Def2TZVP
(Weigend and Ahlrichs, 2005; Weigend, 2006); the approach is
furthermore referred to as B3LYP/Def2TZVP. We studied the 4-
hydroxyisoleucine both in the gas phase (vacuum) and with the
implicit effects from water (dielectric constant ¢ = 78.3553) as a
solvent taken into account. In the second type of calculations, we
used the self-reliable IEF-PCM approach (Tomasi et al., 2005) using
the UFF default model as implemented in Gaussian 16 software,
with the electrostatic scaling factor a = 1.0. The charge analysis was
performed using the natural bond orbital (NBO) method as
implemented in Gaussian 16 program (Reed et al., 1988), using
the B3LYP/Def2TZVP approach with the implicit water effects.
Frontier molecular orbitals (FMOs) and molecular electrostatic
potential (MEP) were computed at the B3LYP/Def2TZVP level
with the implicit water effects as well.

We consider the calculated structures of the seven isomers of 4-
hydroxyisoleucine, structural parameters for the lowest-lying
isomer, its NBO charges, FMOs, and MEP. Furthermore, we used
the values of the energies of the lowest-lying isomer, HOMO and
LUMO, to compute its global reactivity parameters (GRP)
(Geerlings et al., 2003; Chakraborty et al., 2013; Jorio et al., 2019)
(Eqs 1-6). Egs 1, 2 were used to calculate the values of the ionization
potential (IP) and electron affinity (EA):

IP = —Eyomos oy
EA = _ELUMO~ (2)

For global hardness # and electronegativity X values, we used
Eqs 3, 4:
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TABLE 1 Structure, IUPAC name, and SMILES notation of 4-hydroxyisoleucine.
Ligand 4-Hydroxyisoleucine
IUPAC

SMILES notation CC(O)C(C)C(N)C (=0)O

_ [IP-EA]  [Erumo — Enomol

= = (3)
2 2

_ [IP - EA)] _ [Erumo — Enomol
2 2

X (4)
Also, global electrophilicity w value was calculated by Eq. 5:
2

¢

=2 5

© = o (5)

where y = [E}“’W’w is the chemical potential of the system.
Finally, the global softness ¢ value was computed with Eq. 6:

0=— (6)

Open GL version of Molden 5.8.2 visualization program was
used for the visualization of the structures and FMOs (Schaftenaar
and Noordik, 2000), and Avogadro, version 1.1.1, was used to
visualize the MEP maps (Hanwell et al., 2012).

3 Results

ADMETLab 2.0 offers results in different formats, even in a
downloadable pdf format. The following parameters were predicted
for 4-HIL.

3.1 Physicochemical properties

The widely accepted physicochemical property guidelines are
the Lipinski’s rule of five (RO5), which is satisfied by an ideal drug
molecule. It offers a prediction of the drug likeness of a chemical
compound having a biological activity and designed for oral route of
administration. The molecular weight of 4-hydroxyisoleucine is
147.09 g/mol, which suitability for drug
development. This provides therapeutic convenience of its

reflects its oral

formulation as oral dosage form. The optimal range is
100-600 approximately. The molecular volume to van der Waals
volume ratio was calculated as 147.06. The number of hydrogen
bond acceptors (nHA; optimal: 0-12) is 4. The number of hydrogen
bond donors (nHD; optimal: 0~7) is also 4. 4-Hydroxyisoleucine has
three rotatable bonds only (optimal: 0~11).

There are no rings or cyclic groups in 4-HIL (optimal: 0-6).
There are four heteroatoms in 4-hydroxyisoleucine, which satisfy
the range 1~15 given by ADMETLab. There is no formal charge on

this molecule. A charge range of —4~4 is devised as standardized
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parameter for a drug candidate. The number of rigid bonds may
range from 0 to 30; 4HIL has a single rigid bond. This makes the
molecule flexible enough to achieve a stable conformation at its
target. In this continuity, the flexibility value is 3.0 obtained as ratio
of nRot/nRig. The molecule has three stereo centers which is
somewhat closer to the optimal value of <2. A stereo center
may achieve a different conformation at the active site. The
topological polar surface area (TPSA) for 4-hydroxyisoleucine
is 83.55.

The aqueous solubility (logS) is 0.06, falling within the range
of —4~0.5 log mol/L. LogP value is the Log of octanol/water partition
coefficient whose optimal range is 0~3. A higher logP value implies
greater lipophilicity, and this depends upon molecular size, polarity,
and hydrogen bonding. LogP value of 4-hydroxyisoleucine
is —2.63 which reflects its partition into water compartment. This
value is congruent to LogS value described previously. The value of
logP at normal physiological pH 7.4 is logD. For 4-hydroxyisoleucine
it is calculated as —0.93 just below the optimal range of 1~3.
Physicochemical properties are summarized in Table 2.

3.2 Medicinal chemistry

The QED score (quantitative estimate of drug-likeness) is 0.49,
which implies it is an unattractive molecule. An attractive drug has a
QED score of >0.67; for unattractive molecules, the score is 0.49~0.67,
while it is <0.34 for too complex molecules. The QED score is a drug-
likeness score based on the calculated physicochemical properties of
marketed oral drugs and published human data.

SAscore is implemented based on synthetic accessibility score,
which is an estimated ease of synthesis of a drug-like molecule.
Based on SAscore (3.59), 4-hydroxyisoleucine is easy to synthesize.
Drug-like molecules having SAscore of >6 are difficult to synthesize,
while those with a score of <6 are easy to synthesize. The Fsp® value
for 4-HIL is 0.83. Fsp? is the fraction or number of sp® carbon atoms
out of the total carbon count. This parameter reflects the carbon
saturation of molecules and characterizes the complexity of their
spatial structure. The suitable value defined by ADMETLab for Fsp®
is >0.42, with 4-hydroxyisoleucine being compliant.

The optimum MCE-18 score limit given by ADMETIlab
2.0 is >45. For 4-HIL MCE-18 score is 4.0, which is extremely
low. NP score reflects the natural product-likeness score. This score
ranges from —5 to 5; the higher the score, the higher the probability
of being a natural product. Natural products are more likely to be
safe, with reduced risk of toxicity. NP score for 4-hydroxyisoleucine
is 0.99, which is in this safe range.
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TABLE 2 Physicochemical properties and medicinal chemistry parameters of 4-hydroxy isoleucine calculated with ADMETLab 2.0.

Physicochemical properties

Medicinal chemistry

Parameter Parameter
Molecular weight 147.09 g/mol QED 0.49
van der Waals volume 147.06 SAscore 3.59
nHA 4 Fsp® 0.83
nHD 4 MCE-18 4.0
nRot 3 NP score 0.99
nRing 0 Lipinski rule Accepted
MaxRing 0 Pfizer rule Accepted
nHet 4 GSK rule Accepted
fChar 0 Golden Triangle Rejected
nRig 1 PAINS 0 alerts
Flexibility = nRot/nRig 3.0 ALARM NMR 0 alerts
Stereo centers 3 BMS 0 alerts
TPSA 83.55 A2 Chelator rule 0 alerts
logS 0.06 log mol/L
logP -2.63
logD -0.94

nHA, no. of hydrogen bond acceptors; nHD, no. of hydrogen bond donors; nRot, no. of rotatable bonds; nRing, no. of rings, MaxRing, no. of atoms in the biggest ring; nHet, no. of heteroatoms;
fChar, formal charge; nRig, no. of rigid bonds; TPSA, total polar surface area; logS, aqueous solubility; logP, octanol-water partition coefficient; logD, distribution coefficient; QED, quantitative

estimate of drug-likeness; SAscore, synthetic accessibility score; Fsp®, no. of sp>-hybridized carbon/total carbon count; MCE-18, medicinal chemistry evolution; NPscore, natural product-

likeness score; GSK, GlaxoSmithKline; and PAINS, pan assay interference compounds.

*Unless otherwise specified, unit of measurement is a number/score explained in the respective text.

ADMETLab 2.0 has described Lipinski’s rule as follows:
MW < 500, logP <5, Hacc <10, and Hdon <5. These
parameters are already described individually under
physicochemical properties. All these parameters are met by
4-HIL and thus the widely accepted Lipinski rule is satisfied.
In the case where two of these properties are out of range, there is
a possibility of poor absorption or permeability. Deviation of
only one property is allowed. 4-Hydroxyisoleucine also complies
with Pfizer’s rule, i.e., logP >3 and TPSA <75. Compounds which
satisfy the GSK rule may have a more favorable ADMET profile.
4-HIL concurs with GSK’s rule as well. The Golden Triangle rule
devises the range for two parameters as follows: 200 < MW <
50 and -2 < logD <5. Compounds satisfying this Golden Triangle
rule are more likely to have favorable ADMET profiles. As per
this criterion, 4-hydroxyisoleucine is rejected. However, ADMET
profiles are separately described later which possess desirable
pharmacokinetics.

4-HIL has zero PAINS alerts, and thus has been excluded from
frequent hitters, a-screen artifacts, and reactive compounds. 4-
Hydroxyisoleucine has no ALARM NMR alerts and is not a thiol
reactive compound. 4-Hydroxyisoleucine has no red alert for BMS
and the chelator rule and so is a desirable, non-reactive, and non-
chelating compound. Medicinal chemistry parameters are
summarized in Table 2.
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3.3 Pharmacokinetics

3.3.1 Absorption

Caco-2 cell lines (Caucasian colon adenocarcinoma) are still
widely used in absorption studies. The Caco-2 permeability score
obtained was —5.99 which is lower than the minimum optimal score
of -5.15 log unit. The Madin-Darby canine kidney (MDCK)
permeability score was 0.01 cm/s which is in the acceptable limit.
The standard scores for low permeability, medium permeability, and
high passive permeability are <2 x 107 cm/s, 2-20 x 107° cm/s,
and >20 x 107° cm/s, respectively.

4-Hydroxyisoleucine has a very low probability as Pgp inhibitor
as per its score of 0.01. Therefore, it is regarded as safe from having
significant drug interactions. For an inhibitor, the score is 1, while
0 score denotes a non-inhibitor. This output value exhibits the
probability of being a Pgp inhibitor. The probability of being Pgp
substrate is the lowest, as indicated by its score 0.05. For a Pgp
substrate, the score is 1, while for a non-substrate, the score is 0.

4-HIL is predicted to have low human intestinal absorption
(HIA <30%) as indicated by its HIA score, 0.09. The bioavailability
is predicted to be greater than 20% and 30% (F,p0, 0.004, F3p0,
0.002).

The oral bioavailability graph shown in Figure 1A is predicted with
the SwissADMET database. This graph is based on six physicochemical
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FIGURE 1

(A) Oral bioavailability graph from the SwissADME database; the pink zone is the physicochemical space for oral bioavailability, and the red line
defines oral bioavailability properties of 4-hydroxyisoleucine. (B) Predicted boiled-egg plot from the SwissADME database reveals human intestinal
absorption and not being Pgp substrate. LIPO: lipophilicity, POLAR: polarity, INSOLU: insolubility, INSATU: unsaturation, FLEX: flexibility, BBB:
blood-brain barrier, HIA: human intestinal absorption, PGP+: p-glycoprotein substrate, and PGP-: not a p-glycoprotein substrate.

TABLE 3 Pharmacokinetics of 4-Hydroxy isoleucine calculated with ADMETLab 2.0.

Parameter Value/probability Parameter Value/probability
Absorption Metabolism
Caco-2 permeability -5.99 CYP1A2 inhibitor 0.01
MDCK permeability 0.01 cm/s CYP1A2 substrate 0.06
Pgp inhibitor 0.01 CYP2C19 inhibitor 0.038
Pgp substrate 0.05 CYP2C19 substrate 0.10
HIA 0.09 CYP2C9 inhibitor 0.02
Faou 0.004 CYP2C9 substrate 0.49
Faon 0.002 CYP2D6 inhibitor 0.04
Distribution CYP2D6 substrate 0.19
PPB 6.73% CYP3A4 inhibitor 0.01
VD 0.46 L/kg CYP3A4 substrate 0.07
BBB penetration 0.83 Excretion
Fu 85.29% CL 7.26 mL/min/kg

Tin 0.68

Caco-2, Caucasian colon adenocarcinoma cell lines; MDCK, Madin-Darby canine kidney; Pgp, para-glycoprotein; HIA, human intestinal absorption; F, bioavailability; PPB, plasma protein
binding; VD, volume of distribution; BBB, blood-brain barrier; Fu, unbound fraction in plasma; CYP, cytochrome P450; CL, clearance; Ty,, half-life. *Unless otherwise specified, unit of

measurement is a probable score explained in the respective text.

characteristics, i.e., lipophilicity, size, polarity, insolubility, unsaturation,
and flexibility. The result of the compound 4-hydroxyisoleucine was
within these limits, demonstrating a favorable physio-chemical profile,
which is a prerequisite factor that must be monitored in pharmaceutical
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and clinical studies. The colored zone is the suitable physicochemical
space for oral bioavailability.

HIA and central nervous system (CNS) absorption needs to be
checked for every biomolecule before its formulation in the
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TABLE 4 Toxicity profile of 4-hydroxy isoleucine calculated with ADMETLab 2.0.

10.3389/fchem.2023.1145974

Parameter Probability

hERG blockers 0.01
H-HT 0.11

DILL 0.02

AMES toxicity 0.01
Rat oral acute toxicity 0.11
FDAMDD 0.01
Skin sensitization 0.11
Carcinogenicity 0.03
Eye corrosion 0.02
Eye irritation 0.07
Respiratory toxicity 0.45

hERG, human ether-a-go-go-related gene; H-HT, human hepatotoxicity; DILI, drug-induced liver injury; FDAMDD, FDA maximum daily dose.
*Unless otherwise specified, the unit of measurement is a probable score explained in the respective text.

pharmaceutical or clinical trials. The blood-brain barrier penetration is
essential only if the compound has a target in the CNS, but the inactive
compounds on the CNS must not intersect to avoid adverse effects. The
boiled-egg plot shows that 4-hydroxyisoleucine has a high
gastrointestinal absorption without BBB permeability, indicating low
occurrence for CNS side effects (Figure 1B).

3.3.2 Distribution

Plasma protein binding (PPB), unbound fraction in plasma (Fu),
volume of distribution (VD), and blood-brain barrier (BBB)
permeability were considered to study the distribution (Table 4).
The predicted PPB was 10.90%. The optimal range of PPB is <90%
because drugs which are high protein-bound may have a low
therapeutic index. The volume of distribution (VD) was
calculated as 0.39L/kg. The optimal
0.04-20 L/kg.  4-Hydroxyisoleucine has
blood-brain barrier penetration reflected by the score, 0.73. The
output value indicates the probability of being able to cross BBB. The

range for VD is

more tendency for

unbound fraction in plasma (Fu) was calculated as 87.84%. The
scores for low, middle, and high unbound plasma fraction are <5%,
5~20%, and >20%, respectively. This implies that more unbound
plasma fraction will be available for pharmacological action.

3.3.3 Metabolism
This
concentration perspective. The database defines the ligands’

parameter is important from the drug plasma
probability to inhibit the enzyme or not by its placement either
in category 1 (Inhibitor) or category 0 (non-inhibitor). Similarly, the
probability of being substrate for the enzyme is exhibited by the
score 1 or 0. Category 1 denotes the molecule is substrate, while
category 0 describes it to be non-substrate of the enzyme.
4-Hydroxyisoleucine is likely a non-inhibitor of CYP1A2 as
indicated by the assigned score 0.01. The CYP1A2 substrate score
obtained as 0.06 implies it is a non-substrate. The probability of
CYP2C19 inhibition and being CYP2C19 substrate is extremely low.
4-Hydroxyisoleucine appeared to be non-inhibitor of CYP2C9.
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However, very low probability exists for being CYP2C9 substrate.
Similarly, there is no incidence of CYP2D6 inhibition and being a
CYP2D6 substrate. 4-Hydroxyisoleucine is not deemed a
CYP3A4 inhibitor nor is it a substrate for CYP3A4.

3.3.4 Excretion

The clearance (CL) for 4-hydroxyisoleucine is calculated as
7.27 mL/min/kg which is a moderate clearance rate. If a drug has
a high clearance rate, its score will be > 15mL/min/kg; for a
moderate clearance rate, it will be 5-15 mL/min/kg; and for a
low clearance rate, it will be < 5 mL/min/kg. The half-life (T;/,)
value is 0.62, which reflects the probability of long half-life. The
database output value may be from category 1 (long half-life, >3 h)
or category O (short half-life, <3h). All the pharmacokinetic
parameters (absorption, distribution, metabolism, and excretion)
are summarized in Table 3.

3.4 Toxicity

The toxicity parameters verified by ADMETIab include
hERG blockade, drug-induced
liver injury, AMES toxicity, rat oral acute toxicity, FDA

human hepatotoxicity,
maximum daily dose, carcinogenicity, mutagenicity, skin
sensitization, eye corrosion, eye irritation, and respiratory
toxicity (Table 4).

The ADMETLab 2.0 score for hERG blocker is 0.01 which shows
the safety of 4-hydroxyisoleucine. The result was further in line with
Pred-hERG which defined 4-hydroxyisoleucine as non-cardiotoxic
with 90% confidence, as shown in Figure 2. The red dotted lines
defined the area which negatively contributes to hERG blockade,
while contour lines with intense green color represent a higher
positive contribution of an atom to hERG blockade. 4-
Hydroxyisoleucine is not human hepatotoxic (H-HT) as its score
is 0.11. Molecules falling in category 1 are hepatotoxic (H-HT
positive, +), while category 0 reflects non-hepatotoxic (H-HT
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FIGURE 2

In the probability map of hERG blockage (Pred-hERG web tool),

the red dotted lines reflect non-hERG blocker. Contour lines with
intense green color indicate a higher positive contribution of an atom
to hERG blockade.

negative, —). Similarly, there is low risk of drug-induced liver
injury (DILI), 0.02. Commonly, category 1 drugs have high risk
of DILI, while category 0 drugs have no risk of DILIL
Furthermore, Ames toxicity score also indicated safety of 4-
hydroxyisoleucine, evident from its score of 0.01. Category
1 drugs are classified as Ames positive (+, toxic), while
category 0 represents Ames negative (—, non-toxic). Finally,
the risk of oral toxicity is low. The rat oral acute toxicity
score is 0.11, which classifies 4-hydroxyisoleucine in category
0 (low-toxicity), as category 1 indicates high-toxicity.

4-Hydroxyisoleucine has the probability of being skin non-
sensitizer with a value of 0.11. Category 1 drugs are skin
sensitizers, while category 0 are non-sensitizers. The risk of
carcinogenicity (0.03) is lower, and the molecule is safe from
adverse reactions. Category 1 drugs are carcinogens, while
category 0 are non-carcinogens. A negligible risk of eye corrosion
is predicted as exhibited by its score, 0.02. Category 1 drugs are
corrosives, while category 0 drugs are non-corrosive to the eye. The
output value indicates the probability of being non-irritant to the
eye. The eye irritation score is 0.07. Category 1 drugs are irritants,
while category 0 drugs are non-irritants. Finally, the respiratory
toxicity score (0.45) declares borderline low probability to be free
from respiratory toxicity. Category 1 indicates respiratory
toxicants, and category 0 drugs are believed to be free from
respiratory toxicity.

3.5 Environmental toxicity

For a drug, it is also important to be non-toxic to the
ADMETLab defines
environmental toxicity indicators which are provided in Table 5.

environment. Therefore, some of the
The bioconcentration factor, 0.17, is in favor of 4-hydroxyisoleucine
non-ecotoxicity. The 50% growth inhibitory concentration (IGCs)
for Tetrahymena pyriformis is 2.43. For 96-h fathead minnow
(Pimephales promelas), the 50% lethal concentration LCsoFM of

4-hydroxyisoleucine is 2.92 (Dionne et al., 2021). The score for a 48-
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TABLE 5 Environmental toxicity of 4-hydroxyisoleucine calculated with
ADMETLab 2.0.

Parameter Value

Bioconcentration factors 0.167-log10 [(mg/L)/(1,000*MW)]

IGCsy Tetrahymena pyriformis 2.432 -logl0 [(mg/L)/(1,000*MW)]
LCs0FM (fathead minnow) 2.916 -logl0 [(mg/L)/(1,000*MW)]

LC5,DM daphnia magna 3.199 -logl10 [(mg/L)/(1,000*MW)]

IGCsg, 50% growth inhibitory concentration and LCsg, 50% lethal concentration.

h daphnia magna 50 percent lethal concentration (LCsoDM) for 4-
hydroxyisoleucine is 2.36.

3.6 Tox21 pathway

There is of 4-
hydroxyisoleucine binding to androgen receptor (NR-AR). The

probability, to a negligible extent,
output value is 0.05, indicating its safety toward genetic
instability. In another approach to test its safety, it is predicted
that 4-hydroxyisoleucine will not bind to androgen receptor ligand-
binding domain (NR-AR-LBD). Such a reduced probability is
exhibited from its lowest value 0.01.

With such a reduced probability (0.01), inactivity at aryl
hydrocarbon receptor is evidenced. No activity at NR-Aromatase
is predicted, as 0.01 is near to zero, which means inactive. However,
4-hydroxyisoleucine has a low probability to remain inactive at
binding to the estrogen receptor (0.42), while reduced affinity for
estrogen receptor ligand-binding domain exists (0.01). The
peroxisome proliferator-activated receptor gamma is also unlikely
to be affected by 4-hydroxyisoleucine, as the score is 0.01. 4-
Hydroxyisoleucine is not predicted to be an antioxidant response
element since the probability is negligible at 0.02. It is also unlikely to
interfere with the activity of ATPase family AAA domain-
containing protein 5 as predicted score is 0.01. Furthermore, it is
unlikely to activate the heat shock factor response element as the
score is 0.01. The score for non-modification of mitochondrial
membrane potential is 0.01. Finally, 4-hydroxyisoleucine also has
low probability (0.01) of affecting p53 (see Table 6).

3.7 Toxicophore rules

This parameter rules out the presence of a toxicophore,
causing severe adverse effects. The acute toxicity rule exhibit
zero alerts for acute toxicity during oral administration. The
molecule is safe from genotoxic carcinogenicity or mutagenicity.
Furthermore, 4-hydroxyisoleucine is clear of a non-genotoxic
carcinogenic mechanism as well, with zero alerts. No
and 4-
hydroxyisoleucine is expected to be free from skin irritation.

toxicophore was found for skin sensitization,
The molecule is not toxic to aquatic life, with zero alerts for the
aquatic toxicity rule (water toxicity). 4-Hydroxyisoleucine also
appears biodegradable as ADMETIab revealed zero alerts for the
non-biodegradable rule. 4-Hydroxyisoleucine has no enlistment

in SureChEMBL database, so it has zero alerts for the

frontiersin.org


https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://doi.org/10.3389/fchem.2023.1145974

Ahmad et al.

TABLE 6 Toxicity profile of 4-hydroxyisoleucine calculated with ADMETLab 2.0.

10.3389/fchem.2023.1145974

Parameter Probability

NR-AR 0.05
NR-AR-LBD 0.01
NR-AhR 0.01
NR-Aromatase 0.01
NR-ER 0.42
NR-ER-LBD 0.01
NR-PPAR gamma 0.01
SR-ARE 0.02
SR-ATADS5 0.01
SR-HSE 0.01
SR-MMP 0.01
SR-p53 0.01

NR-AR, androgen receptor; NR-AR-LBD, androgen receptor ligand-binding domain; NR-AhR, aryl hydrocarbon receptor; NR-ER, estrogen receptor, NR-ER-LBD, estrogen receptor ligand-

binding domain; NR-PPAR gamma, peroxisome proliferator-activated receptor gamma; SR-ARE, antioxidant response element; SR-ATAD5, ATPase family AAA domain-containing protein 5;

SR-HSE, heat shock factor response element; SR-MMP, mitochondrial membrane potential.

TABLE 7 Toxicophore based profile of 4-hydroxy isoleucine calculated with
ADMETLab 2.0.

Parameter Value

Acute toxicity rule 0 alerts
Genotoxic carcinogenicity rule 0 alerts
Non-genotoxic carcinogenicity rule 0 alerts
Skin sensitization rule 0 alerts
Aquatic toxicity rule 0 alerts
Non-biodegradable rule 0 alerts
SureChEMBL rule 0 alerts

SureChEMBL rule and is not classified as MedChem unfriendly
status (see Table 7).

3.8 DFT study results

In Figure 3, the optimized structures of seven isomers studied for
4-hydroxyisoleucine are shown, and Table 8 summarizes the
energies, relative energies, HOMO/LUMO energies, and HOMO/
LUMO energy gaps of these seven isomers. As can be seen from
Figure 3, the isomers differ from each other by orientations of 4-
hydroxy and amino groups and hydrogens of the carbonyl,
hydroxyl, and amino groups. The lowest-lying isomer 5
(Figure 3) has the carbonyl oxygen of the carboxyl group and
amino group located on the same molecule side and the 4-
hydroxy group located in the plane approximately perpendicular
to the carboxyl group, with hydrogen bonds formed between the 4-
hydroxy and amino groups and between the amino group and the
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carbonyl oxygen of the carboxyl group (see more detailed discussion
later). Furthermore, from Table 8, it follows that all six higher-lying
4-hydroxyisoleucine isomers are quite close in energy to the global
minimum isomer 5, being within 0.09 (isomer 3)-2.89 (isomer 7)
kcal/mol higher in energy. We focus on the more detailed
consideration of only the lowest-lying isomer 5. Further
consideration of Table 4 data shows that all seven isomers have
significant HOMO/LUMO gaps, 6.51-7.07 eV, with the isomer
5 having the HOMO/LUMO gap value 6.86 eV, the highest in
energy isomer 7 having the smallest HOMO/LUMO gap value,
6.51 eV, and the second lowest-lying isomer 3 having the largest
HOMO/LUMO gap value, 7.07 V.

Figure 4 presents the selected bond distances, A (Figure 4A),
NBO charges on the selected atoms (Figure 4B), FMOs (Figure 4C),
and MEP plot (Figure 4D) for the lowest-lying isomer 5. As
aforementioned, there are several intermolecular hydrogen
bonds in this isomer, between the 4-hydroxy group hydrogen
and amino group nitrogen (bond distance, 2.166 A), between
the amino group hydrogens and the carbonyl oxygen of the
carboxyl group (bond distances, 2.652 and 3.097 A), and within
the carboxyl group, 2.307 A. Thus, as can be seen, intra- and also
intermolecular hydrogen bonds can be formed by 4-
hydroxyisoleucine, which might explain the presence of several
isomers close in energy. Furthermore, NBO charge analysis
(Figure 4B) shows noticeable negative charges on the oxygens

and nitrogen of the molecular functional
groups, —0.625 to —0.835 e, along with noticeable positive
charges on the hydrogens of these functional groups,

0.372-0.503 e. These charges would explain the formation of
intramolecular hydrogen bonds along with intermolecular
interactions. The HOMO and LUMO plots (Figure 4C) show
that essentially the whole molecule contributes to FMOs, thus
being able to participate in potential processes of donating/
accepting  electrons. of the MEP plot

Finally, analysis
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Isomer 1 Isomer 2 Isomer 3 Isomer 4

Isomer 5 Isomer 6 Isomer 7

Structures of the seven studied isomers of the 4-hydroxyisoleucine optimized using the B3LYP/Def2TZVP method with the implicit effects of water.
Color coding: brown for C, red for O, light blue for N, and light gray for H.

TABLE 8 Energetics of the seven optimized isomers of 4-hydroxyisoleucine calculated using the B3LYP/Def2TZVP method with the implicit effects of water.

Isomer Eo + ZPEA.U. DE, kcal/mol E (HOMO/LUMO) DE (HOMO/LUMO), eV
AU.
1 -517.127629 -516.931358 251 -0.25518/-0.00954 6.68
2 ~517.127409 -516.930878 2.65 -0.25034/-0.00949 6.55
3 -517.131486 ~516.934972 0.09 ~0.26491/-0.00496 7.07
4 -517.128038 -516.931992 225 -0.25778/-0.01037 6.73
5 -517.131629 -516.934014 0.0 -0.26509/-0.01290 6.86
6 -517.130944 -516.933490 043 -0.25819/-0.01357 6.66
7 -517.127028 -516.930205 2.89 ~0.24850/-0.00925 6.51

(Figure 4D) shows accumulation of both negative (as indicated by
red color) and positive (as indicated by blue color) electrostatic
potential in the molecule. Negative MEP is accumulated on the
carboxyl oxygens and on the 4-hydroxy oxygen, whereas positive
MEP is accumulated on the amino group, carboxyl group
hydrogen, and 4-hydroxy group hydrogen. This implies that the
4-hydroxyisoleucine molecule can behave both as a nucleophilic
and electrophilic agent in chemical reactions. Also, these MEP
accumulations imply possibility of intermolecular interactions for
this compound.

Table 8 summarizes the values of the GRPs calculated according
to Eqs 1-6 (see Materials and Methods section).

Analysis of the GRP values in Table 9 shows the following. 1)
The 4-hydroxyisoleucine compound has quite a high IP value,
7.21 eV, but low EA value, 0.35eV. This implies that this
compound should be a poor electron donor and a relatively
poor electron acceptor, or, in other words, should be relatively
stable in redox processes, which is also supported by its
significant HOMO/LUMO gap value, 6.86 eV. 2) The global
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electronegativity X and global hardness # values of this
compound are quite noticeable, 3.78 and 3.43 eV, respectively,
which would imply that this compound might show electrophilic
behavior in chemical processes but also should be relatively non-
reactive and thus thermodynamically stable, which is also
supported by its large HOMO/LUMO gap and noticeable
value of its chemical potential, —=3.78 eV. 3) Furthermore, the
global softness of the compound has low value, 0.146 eV, which
supports the relatively low reactivity of the compound, and
global electrophilicity of the compound can be considered as
relatively noticeable, 2.083 eV, which would imply that this
compound might show electrophilic behavior in chemical
processes.

4 Discussion

The original rule of five (Lipinski’s RO5) dealt with orally active
compounds and had defined four simple physicochemical
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FIGURE 4

HOMO

Lowest-lying isomer 5 of 4-hydroxyisoleucine: selected bond distances, A (A), NBO charges on the selected atoms (B), FMOs (C), and MEP plot (D).

TABLE 9 Calculated GRPs for the isomer 5 (eV).

7.21 0.35 6.86 3.78 3.43

-3.78 0.146 2.083

parameters, i.e., molecular weight < 500, log p < 5 representing
hydrophobicity, H-bond donors <5, and H-bond acceptors <10.
These properties have been associated with 90% of the orally active
drugs that have achieved phase II clinical status (Lipinski, 2004). 4-
Hydroxyisoleucine is compliant with one of the most acceptable
drug-like parameters. Passing RO5 means acceptable aqueous
solubility along with intestinal permeability, which are the first
steps in oral bioavailability. The RO5 has found its importance
where medicinal and combinatorial chemistry produced thousands
of compounds with very poor physicochemical properties. However,
passing RO5 never guaranteed that a compound will be drug-like.
But if a compound fails, then a high probability of oral activity
problems exists.

The molecular weight of 4-hydroxyisoleucine is 147.09, which is
ideal for oral drug designing. The intrinsic molecular volume is
considered as a molecular descriptor in modeling physicochemical
properties and the biological activity. The molecular volume is one
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of the most common descriptors in quantitative structure-activity
relationship (QSAR) studies (Leahy, 1986; McGowan and Mellors,
1986; Consonni et al., 2002; Zhao et al,, 2003a). It is related to
different physicochemical properties and biological processes
including intestinal absorption and BBB penetration, to name a
few (Zhao et al., 2003b). The number of hydrogen bond acceptors
and donors are within the required strict limits. Oral drugs usually
have fewer H-bond acceptors, H-bond donors, and rotatable bonds
(Bitew et al., 2021).

The parameter of rotatable bond count is used as “drug filter.”
More than 10 rotatable bonds are associated with decreased rat oral
bioavailability (Veber et al., 2002). The mechanistic basis for this
“rotatable bond filter” is not clear, since its count does not relate to
the in vivo clearance rate in rats. However, the filter still remains
reasonable from a viewpoint of in vitro screening as ligand affinity
decreases at an average of 0.5 kcal for each two rotatable bonds
(Dashti et al., 2014). The number of aromatic and heteroaromatic
rings in a molecule has a relation with aqueous solubility,
lipophilicity, oral bioavailability, serum albumin binding,
CYP450 inhibition, and hERG inhibition. The fewer the aromatic
rings in an oral drug candidate, the greater is the developable
probability of a drug candidate. However, >3 aromatic rings in a
molecule are linked with poorer compound developability and an
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increased risk of knock out. Even within the defined lipophilicity
range, increasing aromatic rings lead to decreased aqueous solubility
(Ritchie and Macdonald, 2009).

Saturated heterocycles are metabolized at the position of
heteroatom or adjacent to it (Jean and Fotsch, 2012). The
heteroatom is sometimes beneficial in drug metabolism like
Redox
such as heteroatom dealkylation, hydroxylation,

nitrogen in 4-hydroxyisoleucine. reactions of drug
metabolism
heteroatom oxygenation, reduction, and dehydrogenation can yield
active metabolites. Rarely, even conjugation reactions can give rise to
an active metabolite (Obach, 2013). 4-Hydroxyisoleucine has a single
rigid bond. This makes the molecule flexible enough to achieve a
stable conformation at its target. The optimal range for drug-like
property, TPSA, is 0-140 A2, that of 4-Hydroxyisoleucine within
accurate limit (83.55A%). Molecules with a TPSA of >140 A?
would be poorly absorbed (<10% of the fraction absorbed), while a
TPSA of 60 A2 favors >90% absorption (Clark, 1999).

The calculation of QED score uses eight important properties
that were previously used to assess drug-likeness, i.e., molecular
weight, octanol-water partition coefficient (ALOGP), number of
H-bond donors, number of H-bond acceptors, molecular polar
surface area, number of rotatable bonds, number of aromatic
rings, and number of structural alerts (ALERTS). ALERTS is a
list of undesirable chemical features such as chemical reactivity or
perceived toxicity. Drugs with high QED scores achieve higher
absorption and bioavailability, have lower doses, fewer drug-drug
interaction warnings and P-glycoprotein interactions, and lower
absorption issues due to a food-related effect. Nonetheless, it is
surprising that high QED-scoring drugs have similarities to low-
scoring drugs with respect to plasma free fraction, the extent of gut-
wall metabolism, first-pass hepatic extraction/metabolism, volume
of distribution, clearance, elimination half-life, and frequency of
dosing (Ritchie and Macdonald, 2014). In this context, 4-
hydroxyisoleucine lies at the borderline of attractive and
unattractive molecules. Thus, this negligible amount of difference
may not provide an impetus for rejection.

Fsp? is the fraction of sp® carbon atoms. It is the number of sp*-
hybridized carbons out of the total carbon count which tells about
carbon saturation of molecules and characterizes the complexity of
their spatial structure (Lovering et al, 2009). Natural products
generally possess a higher fraction of sp’ than synthetic
compounds and so become a rich source of drugs (Jia et al,
2020). Yan and Gesteiger (2003) used it to characterize aliphatic
degrees of molecules and ultimately predict solubility (Yan and
Gasteiger, 2003). The optimum value of >0.42 for Fsp® is considered
a suitable value, and about 84% of marketed drugs meet this
criterion (Kombo et al., 2013). However, sp® content should be
increased within an appropriate range; higher Fsp® score does not
always assure higher performance and can increase the difficulty of
synthesis (Gerlach et al., 2019). However, critical discussions of Fsp®
scoring have helped in generating new potential descriptors, such as
MCE-18, which is discussed in the following paragraphs, and
calculated using the following equation (Wei et al., 2020).

MCE-18 = (AR + NAR + CHIRAL + SPIRO + sp3 + cyc — Aqei +5p°) X Q.

A simple sp’ index (number of sp’-hybridized carbon atoms)
can lead to a high rate of false-positive results, while the issue can be
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solved with MCE-18 descriptor. The composition, spatial geometry,
and complexity of chemical structures especially for state-of-the-art
molecules are not considered in sp’ index, as these special features
cannot be reflected using only the portion of sp>-hybridized carbons.
They focus on the nature and quality of sp*-rich frameworks rather
than sp® counts only (Ivanenkov et al., 2019).
4-Hydroxyisoleucine is a naturally derived molecule, and
therefore, MCE-18 may not be the only guide toward drug
discovery. MCE-18 is applied for the
pharmacological novelty and may help in designing new

assessment  of

potential chemical entities in modern drug design. This index is
also used for profiling HTS-focused libraries and prioritization of
molecules. Presumably, compounds with optimal MCE-18 values
have greater reliable IP positions. It is a tracer of medicinal
chemistry evolution and is used to assess the “distance” between
old and new chemistry. During the past 10 years, two of the top four
pharmaceutical companies have primarily focused on molecules
with MCE-18 values over 60, while the remaining two companies
have demonstrated less drug productivity but have reached similar
scores (Ivanenkov et al., 2019). The natural product score is
with  the
hydroxyisoleucine, namely, fenugreek seeds (Fowden et al., 1973).

congruent real-time natural source of 4-

4-Hydroxyisoleucine is compliant with the Lipinski rule, Pfizer
rule, and GSK rule. The parameters for the Pfizer rule are
logP >3 and TPSA <75. Compounds with higher log P (>3) and
low TPSA (<75) are more likely to be toxic. The most significant
work which describes the influence of molecular properties on
toxicological outcomes has led to the “3/75 rule.” This has been
devised by Pfizer from an analysis of exploratory or dose-finding
toxicology studies of 245 compounds. This approach defined that
compound with logP <3 and tPSA >75A2 are expected to be non-
toxic (Hughes et al., 2008; Waring et al., 2015). However, 4-
hydroxyisoleucine is non-toxic and classified as safe with the
Pfizer rule. The GSK rule suggests MW < 400 and logP <4
(Hann, 2011) which are well qualified by 4-hydroxyisoleucine.
The Golden Triangle aids in achieving metabolically stable and
permeable drug candidates. It is a visualization tool developed with
three parameters i.e., in vitro permeability, in vitro clearance, and
computational data (Johnson et al., 2009). However, the stability and
permeation of 4-hydroxyisoleucine is already demonstrated
(Gowtham et al., 2022). Thus, the predicted Golden Triangle
rejection may be ruled out here.

PAINS, ALARM NMR, BMS, and chelator rule are in favor of 4-
hydroxyisoleucine. Pan assay interference compounds have a
tendency to produce false-positive hits in high-throughput
screening. The mechanism of PAINS
understood. However,

activity is poorly
PAINS are associated with protein
reactivity and non-covalent interactions (Bolz et al, 2021).
ALARM NMR is critical to recognize reactive compounds that
should be prioritized for lead optimization. This has emerged as
a new filtering tool that can identify nuisance compounds and
ultimately improve the process of hit triage. It is a La assay to
detect reactive molecules by NMR by monitoring dithiothreitol-
dependent "*C chemical shift changes brought in the human La
antigen (Huth et al., 2005; Zega, 2017; Dahlin et al., 2018). Thiol
reactive compounds oxidize or form covalent adducts with thiol
groups of proteins. Therefore, ALARM NMR is a sensitive tool to
rapidly identify compounds with increased risk of side effects in
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humans, such as alcohol intolerance, reactive oxygen species
generation, and drug-drug interactions (Huth et al., 2007). The
BMS is an alert for mapping molecular promiscuity and
identification of undesirable and reactive compounds, while the
chelator rule reflects chelating compounds (Agrawal et al., 2010;
Yang et al.,, 2021).

Caco-2 cell lines are still widely used in absorption studies.
Sometime regarded as the “gold standard” technique, Caco-2 cells
are used to validate other absorption assays (Artursson et al., 2001;
Hidalgo, 2001; Ding et al, 2021; Murador et al, 2021). 4-
Caco-2  cell-predicted
permeability. However, a considerable chance of MDCK
permeability exists. The MDCK cell line is also used for
permeability screening in drug discovery (BOKULIC et al., 2022).
However, both ADMETLab 2.0 and SwissADME are in favor of
better gastrointestinal absorption and bioavailability, indicated by

Hydroxyisoleucine has a  lower

the boiled-egg plot as well. However, there are no permeability
results available from wet labs. 4-Hydroxyisoleucine is safe from
clinically significant drug interactions. The absorption and excretion
of Pgp substrate can be modified by its inducer/inhibitor, ultimately
paving the way for drug interaction (Yamazaki et al., 2019). A Pgp
inhibitor is more likely to have interactions (Telbisz et al., 2021;
Terrier et al., 2021). ADMETLab 2.0 and SwissADME declared it as
a non-Pgp substrate, diminishing the risk of potential drug
interactions and drug resistance mechanisms. Metabolic enzyme
inducers or inhibitors can increase or decrease the blood level of
another drug which is a substrate for the target enzyme. This can
lead to several pharmacokinetic drug interactions with CYP
inhibitors or inducers (Bolleddula, 2021; Lang et al., 2021). Only
a marginal chance of being CYP2CP substrate is predicted for 4-
hydroxyisoleucine. However, no other risk exists for a significant
drug interaction. To date, there are no studies available on 4-
hydroxyisoleucine-Pgp interactions. Studies on the metabolism of
4-hydroxy isoleucine are also desirable to establish a complete
pharmacokinetic profile.

Some of the pharmacokinetic
(10 mg/kg)
administration in Wistar rats using the ultra-performance liquid

parameters of  4-

hydroxyisoleucine were estimated after oral
chromatography-tandem mass spectrometry-based method. The
Vg4 was estimated as 3,123.59 + 355.86 mL/kg (Wadhwa et al,
2020), which is lower than that calculated by ADMETLab. The
clearance of 4-hydroxyisoleucine appeared to be 204.95 =+
23.97 mL/h/kg which is less than the rate determined by
ADMETLab. However, the t;,, 1083 +* 1.96h is almost
equivalent to that determined by ADMETLab (Wadhwa et al,
2020). The long half-life is congruent with the low clearance rate of
4-hydroxyisoleucine.

A drug with a moderate clearance rate and a better half-life may
provide dose flexibility and better patient compliance (Sleep et al.,
2013). Also, 4-hydroxy isoleucine is assumed to have a desirable
clearance rate and half-life. However, a risk of CNS unwanted effects
can be expected as 4-hydroxyisoleucine has the probability to be
BBB permeant according to ADMETLab 2.0. Contrary to this, the
boiled-egg plot predicted with SwissADME showed that it is non-
permeant across the BBB (Daina and Zoete, 2016).

While evaluating toxicity, not even a single risk was found for
hERG blockade, H-HT, DILI, Ames toxicity, rat oral acute toxicity,

skin sensitization, carcinogenicity, and ophthalmic toxicity. Cardiac
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arrhythmia is one of the most frequently encountered side effects
during drug discovery. This effect is related to inhibition of the
hERG cardiac potassium channel. Also, this is the reason regulatory
agencies such as US Food and Drug Administration (FDA) and
European Medicines Agency recommend early evaluation of hERG
toxicity (Garrido et al.,, 2020). Both ADMETLab 2.0 and Pred-hERG
defined 4-hydroxyisoleucine as non-hERG blocker, being safe from
cardiotoxicity. Hepatotoxicity is also highly responsible for
withdrawal of an approved drug from the market. Hepatotoxicity
accounts for >50% of acute liver failure cases as > 600 drugs are
associated with it (Williams, 2018). Drug-induced liver injury is one
of the leading factors of drug failure in clinical trials. Therefore, its
assessment of drug candidates is necessary in advance as an effective
strategy to decrease the drug attrition rate (He et al., 2019; Walker
et al., 2020). The Ames toxicity test is an indicator for assessing
mutagenic compounds’ potential and use bacteria for this assay. 4-
HIL is likely to be safe from these types of toxicities (Petkov et al.,
2021). However, the risk of respiratory toxicity has yet to be
determined.

Toxicity studies on 4-hydroxyisoleucine are scant; however,
studies on standardized extracts of its natural origin exist. Singh
et al. (2022) evaluated the toxicity of 4-hydroxyisoleucine using
human embryonic kidney cells (HEK-293) and healthy rats. The
viability of HEK-293 cells was not affected by 4-hydroxyisoleucine,
and no signs of toxicity were observed in healthy rats. Another study
by Swaroop et al. identified Trigonella foenum-graecum seed extract
(source of 4-Hydroxyisoleucine) as safe and efficacious. After
extensive acute oral toxicity, 28 days’ sub-chronic toxicity and
Ames’ bacterial reverse mutation assay, no toxicity was detected
(Swaroop et al., 2014).

Deshpande et al. observed IDMO1 (4-hydroxyisoleucine and
trigonelline-based standardized fenugreek seed extract) as safe
during acute and sub-chronic preclinical toxicity in rats without
mutagenicity or genotoxicity. Not a single mortality or treatment-
related adverse sign was noted during acute (<2000 mg/kg) and sub-
chronic (90-day repeated doses of 250/500/1,000 mg per kg body
weight with 28 days of recovery period). The oral median lethal dose
(LDsp) was >2,000 mg/kg during the acute oral toxicity study. A
non-observed adverse effect level was estimated at 500 mg/kg. The
Ames test did not exhibit any mutagenicity up to 5,000 pg/plate and
did not induce any structural chromosomal aberrations at < 50 mg/
culture (Deshpande et al., 2017).

A genotoxicity study of the fenugreek seed extract (<40% 4-
hydroxyisoleucine) was carried out via standard battery of tests such
as reverse mutation assay, mouse lymphoma forward mutation
assay, and mouse micronucleus assay. There was no genotoxicity
exhibited under the tested conditions (Flammang et al., 2004).

Bioconcentration represents the accumulation of chemicals in
organisms at higher concentration than its surrounding (Jambor
and Weisener, 2005). Bioconcentration factors are considered to
assess secondary poisoning potential and risks to human health via
the food chain. The factor is an estimate of the residual organic
chemicals used for ranking chemicals as possible hazards to the
environment (Gramatica and Papa, 2003). Similarly, the toxicity of
organic aromatic compounds is based on logarithm of 50% growth
inhibitory concentration (log (IGCs,-1)) of Tetrahymena pyriformis,
and fathead minnow which have extensive use in ecotoxicology and
environmental safety applications (Keshavarz et al, 2021). The
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environmental toxicity of 4-hydroxyisoleucine exhibited a higher
LCsp, favoring the evidence of being non-ecotoxic. But the most
acceptable evidence can be its origin as natural product, being part of
nature chemistry (Avalos-Soriano et al., 2016). In the same manner,
no risk of toxicity is predicted for androgen and estrogen receptors,
PPAR-y, heat shock element, mitochondrial membrane potential,
and p53 (Bova et al,, 2005; Ciocca et al.,, 2013; Khoo et al.,, 2014;
Barna et al., 2018; Wahl and Smiesko, 2018; Xi et al., 2020; Ciallella
etal,, 2021). Androgen-disruptors include all those chemicals which
interfere with the biosynthesis, metabolism, or its physiological
This
characteristic and poor growth and function of reproductive

action. results in an abnormal male development
tract. Since androgen is the main regulator, its disruptors can
harm reproductive developmental processes (Luccio-Camelo and
Prins, 2011). In the same manner, estrogen disruptors can harm the
female reproductive programming as the estrogen receptor is the
primary determinant of female characteristics (Tsakovska et al.,
2011). However, 4-hydroxyisoleucine is devoid of such toxicities and
is considered non-toxic.

Mitochondrial membrane potential is generated by proton pumps
and one of the essential components in the energy storage process. It is
kept stable, and little variations are allowed; however, long-lasting
disturbance may lead to adverse pathologies and loss of cell viability
(Zorova et al, 2018). 4-Hydroxyisoleucine is free from such
disruption of mitochondrial membrane potential. Similarly, genetic
toxicology is important for long-term carcinogenicity during the early
drug development process. This genotoxicity testing can identify the
potentially hazardous drug candidates which may be knocked out at
later stages of the drug development process (Custer and Sweder,
2008). However, ADMETLab recommends 4-hydroxyisoleucine as
non-carcinogenic and non-genotoxic.

As all these parameters are modifiers of normal human physiology,
and their disturbance leads to a red alert toxicity. Furthermore, none of
the toxicophores were found in 4-hydroxyisoleucine which may have led
to aquatic toxicity, skin sensitization, or created an acute toxicity
response. The molecule has proven to be biodegradable and is not
enlisted in the SureChEMBL database, implying medicinal chemistry
friendly status (Papadatos et al., 2016; Falaguera and Mestres, 2021). The
DFT study results provide certain support for the aforementioned
discussion. Thus, formation of intra- and intermolecular hydrogen
bonds by the 4-hydroxyisoleucine molecules, along with negative and
positive MEP accumulation and significant NBO charges, would imply
strong interactions with polar solvent molecules, including water, and
thus acceptable aqueous solubility of the compound. Also, this would
imply interaction of the 4-hydroxyisoleucine molecules with polar parts
of large organic molecules. Furthermore, the shown presence of a few
H-bond donors and acceptors would support the suggestion of the
potential of the compound as an oral drug. Moreover, formation of
several low-lying structural isomers confirms that the molecule is flexible
enough to achieve a stable conformation at its target. The 4-
hydroxyisoleucine stability shown by the GRP analysis supports its
long half-life and stability findings achieved by other approaches.

5 Conclusion

To determine the knockout of 4-hydroxyisoleucine, a detailed
ADMET profile was predicted via the ADMETLab 2.0 database.
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This molecule has satisfactory physicochemical properties and
medicinal chemistry. The pharmacokinetic profile is in the
favor of oral bioavailability, efficient distribution to all
tissues including the brain, and non-interruptive drug
metabolism, with moderate clearance and half-life. Some of
the actual PK parameters are almost comparable to in silico
values, but further detailed studies are desirable in the lab.
There is no risk of any toxicity predicted both in silico and
inside lab, except with low probability of respiratory toxicity
predicted. Even it is undesirable for this molecule to disturb
some of the most important receptors/targets such as gonadal
receptors, p53, heat shock factor, mitochondrial membrane
PPAR-y. The safe for the
environment, with agreeable lethal concentrations for some

of the most common indicators. Finally, not a single

potential, or molecule is

toxicophore alert was found for 4-hydroxyisoleucine. All
these properties suggest the drug ability of 4-hydroxy
isoleucine. DFT study results are in support of the findings
obtained by other methods.
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Introduction: Aptamers are valuable for bioassays, but aptamer-target binding is
susceptible to reaction conditions. In this study, we combined thermofluorimetric
analysis (TFA) and molecular dynamics (MD) simulations to optimize aptamer-
target binding, explore underlying mechanisms and select preferred aptamer.

Methods: Alpha-fetoprotein (AFP) aptamer AP273 (as the model) was incubated
with AFP under various experimental conditions, and melting curves were
measured in a real-time PCR system to select the optimal binding conditions.
The intermolecular interactions of AP273-AFP were analysed by MD simulations
with these conditions to reveal the underlying mechanisms. A comparative study
between AP273 and control aptamer AP-L3-4 was performed to validate the value
of combined TFA and MD simulation in selecting preferred aptamers.

Results: The optimal aptamer concentration and buffer system were easily
determined from the dF/dT peak characteristics and the melting temperature
(Tm) values on the melting curves of related TFA experiments, respectively. A high
Tm value was found in TFA experiments performed in buffer systems with low
metal ion strength. The molecular docking and MD simulation analyses revealed
the underlying mechanisms of the TFA results, i.e., the binding force and stability of
AP273 to AFP were affected by the number of binding sites, frequency and
distance of hydrogen bonds, and binding free energies; these factors varied in
different buffer and metal ion conditions. The comparative study showed that
AP273 was superior to the homologous aptamer AP-L3-4.

Conclusion: Combining TFA and MD simulation is efficient for optimizing the
reaction conditions, exploring underlying mechanisms, and selecting aptamers in
aptamer-target bioassays.

KEYWORDS

aptamers, thermofluorimetric analysis, molecular dynamics simulation, reaction
condition optimization, aptamer selection

114 frontiersin.org


https://www.frontiersin.org/articles/10.3389/fchem.2023.1144347/full
https://www.frontiersin.org/articles/10.3389/fchem.2023.1144347/full
https://www.frontiersin.org/articles/10.3389/fchem.2023.1144347/full
https://www.frontiersin.org/articles/10.3389/fchem.2023.1144347/full
https://www.frontiersin.org/articles/10.3389/fchem.2023.1144347/full
https://crossmark.crossref.org/dialog/?doi=10.3389/fchem.2023.1144347&domain=pdf&date_stamp=2023-05-09
mailto:tingwang@ncu.edu.cn
mailto:tingwang@ncu.edu.cn
mailto:khzhang@ncu.edu.cn
mailto:khzhang@ncu.edu.cn
https://doi.org/10.3389/fchem.2023.1144347
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org/journals/chemistry#editorial-board
https://www.frontiersin.org/journals/chemistry#editorial-board
https://doi.org/10.3389/fchem.2023.1144347

Zhang et al.

1 Introduction

Nucleic acid aptamers, which are artificial ligands of
biomolecules, are selected from synthetic random single-stranded
oligonucleotide libraries through systematic evolution of ligands by
exponential enrichment (SELEX) (Ellington and Szostak, 1990;
Tuerk and Gold, 1990; Wu et al., 2021). Aptamers have similar
binding properties to antibodies, but they are more stable and easier
to prepare and modify than antibodies. Therefore, aptamers are an
ideal tool for biomedical molecular detection and recognition (Zhu
etal, 2015; Emrani et al., 2016; Li et al., 2019). However, the binding
properties of aptamers to their targets are closely related to their
structures (Davydova et al., 2020), and the structures of aptamers are
sensitive to the conditions of the reaction system. Hence, the analysis
of the three-dimensional structures of aptamers and their
influencing factors is important for optimizing their binding
properties and for selecting preferred aptamers.

Traditionally, the structural analysis of aptamers mainly
depends on nuclear magnetic resonance (NMR) (Longhini et al.,
20165 Cai et al, 2018) and X-ray crystallography (Ruigrok et al.,
2012; Christina Schmidt et al., 2020), but universal application of
these methods is not possible due to expensive instruments and
complicated procedures. With the rapid development of artificial
intelligence technologies, molecular structure prediction based on
bioinformatics and molecular dynamics (MD) simulations is
increasingly recognized and applied (Douaki et al., 2022; Poolsup
etal,, 2023), because structural changes in aptamers (before and after
binding to their targets) can be rapidly analyzed without damaging
the aptamers, the effects of metal ions in the reaction system on the
interaction of aptamers and targets can be analyzed, and
information on the stability, binding energy, affinity, and
molecular mechanism of aptamer-target binding is provided
(Hayashi et al., 2014; Hilder and Hodgkiss, 2017; Cui et al,
2020). Through MD simulations, La Penna et al. (La Penna and
Chelli, 2018) found that Mg** and Na* could attach to the aptamer
surface to enhance the interaction between the amino acid residues
of protein targets and the nucleotides of aptamers; thus, Mg** and
Na* facilitated the stability of the binding compounds. Using MD
simulations, Vu et al. (Vu et al., 2018) identified the binding site of
platelet-derived growth factor-B (PDGF-B) with its specific aptamer,
and their binding force was mainly the electrostatic force between
the positively charged amino acid of the target and the negatively
charged phosphate backbone of the aptamer.

In general, it is necessary to select excellent aptamers from the
dozens of aptamers generated by SELEX for subsequent applications
(Darmostuk et al., 2015; Vu et al., 2018). Specificity and affinity
analyses are traditional methods for selecting aptamers, but these
methods are labor-intensive and often inflexible when used in
complex assay settings. Thermofluorimetric analysis (TFA) is a
method that can be used to evaluate aptamer-target binding and
distinguish bound and free aptamers in a convenient and rapid
manner. This method is based on the melting curve analysis in a
polymerase chain reaction (PCR) system (Hu and Easley, 2017), and
it can be used to optimize experimental conditions and select the
optimal aptamer in complex reaction systems. TFA has been applied
to quantify serum platelet-derived growth factor (PDGF), insulin,
and prothrombin based on aptamers (Hu et al., 2015; Kim et al.,
2015).
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Binding between a target and an aptamer is primarily governed
by the mutual adaptation of their conformations (the so-called “lock
and key” relationship) (Hayashi et al., 2014), and intermolecular
non-covalent bonds such as hydrogen bonds, -electrostatic
interaction, and van der Waals forces act as auxiliary factors in
the binding between aptamer and target (Shigdar, 2019; Morozov
etal., 2021), while there are also reports of aptamer and target being
bound via covalent bonds (Tivon et al., 2021; Tabuchi et al., 2022).
Metal ions can impact the tertiary structure of aptamers and their
ability to bind to targets through their charge distribution and
potential energy (Moccia et al., 2019). Therefore, it is necessary
to optimize the metal ion concentrations in binding buffers to
identify aptamers with a wider range of adaptability and high
specificity. Conventional methods for optimization are generally
based on multifactor, multilevel experiments, which are time-
consuming and sometimes yield unsatisfactory results (Cheng
et al,, 2003; Zhou et al.,, 2015). Thus, a simple, fast, and effective
method is needed to optimize the metal ions in the buffers.

The status of aptamer-target interactions can be simply and
rapidly observed through TFA, and aptamer structures and their
interactions with targets can be visually analyzed through MD
simulation. Thus, we speculated that by combining TFA and MD
simulations, the effects of buffers and metal ions on aptamer
structures and their interactions with targets can be easily
analyzed at both experimental and theoretical levels, which can
help to select optimal aptamers and optimize experimental
conditions. In the present study, the reported aptamer
AP273 against alpha-fetoprotein (AFP) (Dong et al, 2015) and
our screened aptamer AP-L3-4 against AFP-L3 were used as models
for validation, by which we attempted to provide a simple and
feasible method for
experimental conditions.

prioritizing aptamers and optimizing

2 Materials and methods

2.1 Determination of the optimal aptamer
concentration by TFA

Aptamers AP273 (5'-GTG ACG CTC CTA ACG CTG ACT
CAG GTG CAG TTC TCG ACT CGG TCT TGA TGT GGG TCC
TGT CCG TCC GAA CCA ATC-3') and AP-L3-4 (5'-ACC GAC
CGT GCT GGA CTC TGT CGA AAG GAT ACT GAG TAT TGA
GGG GCG TCA GGT GGA AGA GTA TGA GCG AGC GTIT
GCG-3') were synthesized (Sangon Biotech (Shanghai) Co., Ltd.)
and dissolved in ddH,O to prepare a 100 nM storage solution.
AP273 is an ssDNA aptamer against AFP selected using CE-SELEX
by Wu’s team (Dong et al., 2015); AP-L3-4 is an ssDNA aptamer
against AFP-L3 selected using SELEX in our previous work.

The optimal concentration of aptamer AP273 for binding with
AFP was determined by analysing the characteristics of the melting
curves generated by different concentrations of aptamer reacting
with a fixed concentration of AFP. Gradient concentrations of
aptamer working solutions (1.25, 2.5, 5.0, 10, 20, 40, and 80 nM)
were prepared by adding the typical buffer used in aptamer
screening (HEPES-Na 20 mmol/L, NaCl 120 mmol/L, KCl
4 mmol/L, 2 mmol/L MgCl,, 1 mmol/L CaCl,, pH 7.35). Human
recombinant AFP (Nearshore Protein Technology Ltd., Shanghai,
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TABLE 1 Concentrations of metal ions in buffers based on orthogonal design.

Metal ion concentration (mM)

Na* K* Ca*t

2 5 100 4 2.5
3 2 140 2 2.5
4 5 140 5 1
5 2 100 5 2
6 1 100 2 1
7 1 140 4 2
8 5 120 2 2
9 2 120 4 1

China) was dissolved in ddH,O to prepare a solution of 1.45 nM
(100 ng/mL). EvaGreen (20x) dye (Biotium, United States of
America) was diluted to 8x working solution using ddH,O
(EvaGreen is a nucleic acid fluorescent dye commonly used in
real-time PCR (Shoute and Loppnow, 2018).

The aptamer working solution was denatured in a metal bath at
95°C for 3 min and then immediately placed in an ice bath for 3 min.
Twenty microliters of the denatured solution was added to PCR
tubes, followed by the addition of 5 puL of 8x Evagreen working
solution and 5pL of human recombinant AFP solution. This
mixture was incubated for 30 min at room temperature and then
placed in a StepOnePlus™ real-time PCR system (Applied
Biosystems Inc., United States of America) to measure melting
curves (from 4°C to 80°C, with a 0.5°C rise every 10s and
fluorescence detection). These experiments were performed in
three duplicate tubes. An equal volume of the buffer solution
instead of the aptamer working solution was used as a blank control.

The melt region derivative data (dF/dT) of each tube was
exported from the PCR system. The average dF/dT value of the
three replicate tubes at each temperature point was calculated and
then corrected by subtracting the average dF/dT value of the three
blank control tubes. The dF/dT values were normalized (0-100). The
melting curves were plotted with the temperature as the X-axis and
the corrected or normalized dF/dT values as the Y-axis, and the
optimal concentration of the aptamer was determined based on the
melting temperature (Tm), peak height and peak area.

2.2 Determination of the optimal buffer
system by TFA

To determine the optimal buffer for the experiment, the
interaction of aptamer AP273 (at the optimal concentration
determined above) and AFP (1.45nM) was performed in three
buffers (20 mM HEPES, 10 mM PBS and 20 mM Tris-HCI, pH =
7.35-7.45) with constant metal ion concentrations (Na* 140 mM,
Mg** 2 mM, K* 4 mM, and Ca*>* 1 mM), and then the melting curves
were measured via TFA. The experimental procedure and
interpretation of the results were the same as described above.
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2.3 Determination of optimal metal ion
strength by TFA

The optimal metal ion strength for the experiment was also
determined via TFA. The concentration points of metal ions were set
according to the results reported in the literature as follows (Duan
et al.,, 2012; Kang et al., 2015; Wu et al., 2017; Chen et al., 2020a): 1,
2 and 5 mM for Mg**; 100, 120 and 140 mM for Na'; 2, 4 and 5 mM
for K*; and 1, 2 and 2.5 mM for Ca**. A 4-factor, 3-level orthogonal
test (with a fixed random seed number of 300) was designed to
determine the optimal concentration of metal ions. Based on the
orthogonal design, nine buffers with different concentrations of
metal ions were prepared using the optimal buffer system
determined in the previous step (Table 1). The concentrations of
aptamers and AFP and the experimental procedures were the same
as described above. In subsequent MD analysis, the buffers with the
optimal metal ion combination were selected according to the Tm
value, peak height and peak area.

2.4 Structure prediction, docking and MD
simulations of the aptamers to AFP

Structure prediction and docking of two aptamers and AFP
were performed by the following software: 1) The secondary
structure of the aptamers was predicted using the online
software Mfold (http://www.unafold.org/hybrid2.php) (Zuker,
2003). Aptamer structures with the minimum energy (the
lowest AG value) were selected. The ct. output formats (dot-
bracket notation) were used for the construction of the aptamer
3D structures (Garcia-Recio et al., 2016; Heiat et al., 2016; Subki
et al., 2020). 2) The tertiary structure of aptamers was predicted
by using online RNA Composer software on the basis of the
secondary structure of aptamers (https://rnacomposer.cs.put.
poznan.pl) (Popenda et al., 2012; Antczak et al., 2016). 3) The
nucleotide change for the aptamer was performed by using DS
(Biovia Discovery Studio) software (the uracil was changed to
thymine, and the ribose backbone was changed to deoxyribose)
(Chang et al,, 2020). 4) All-atom (AA) energy minimization
simulations of the aptamer were performed in a vacuum by
using software NAnoscale Molecular Dynamics (NAMD)
(Phillips et al., 2005) with the Visual Molecular Dynamics
(VMD) (Humphrey et al., 1996). 5) The 3D model of human
AFP was obtained from either the AlphaFoldDB website (https://
alphafold.ebi.ac.uk/) using code number AF-J3KMX3-F or the
PDBe-KB website (https://www.ebi.ac.uk/pdbe/pdbe-kb/
proteins/P02771) with the PDB code 7YIM (UniProt et al,
2023). 6) Molecular docking of the 3D structure of the
aptamer and AFP was performed online using ZDOCK 3.0.2
(https://zdock.umassmed.edu/) (Mintseris et al., 2007; Pierce
et al., 2011; Pierce et al., 2014). 7) The model with the highest
ZDOCK score (Wang et al,, 2019) was selected as the initial
structure for MD simulations, using Amber 18 software (Lee et al.
, 2020), in which the aptamer was assigned OL15 nucleic acid
force fields (Zgarbova et al., 2015) and the target molecule was
assigned ff14SB protein force fields (Tian et al., 2020). The
reaction system solvent cassette (Steinberg et al., 2019) was set
up according to the metal concentrations screened by the TFA
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experiment. 8) Docking, MD simulation results, hydrogen
bonding, and binding sites were visualized using PyMOL
software (The PyMOL Molecular Graphics System, Version 2.
0 Schrédinger, LLC) (Lill and Danielson, 2011). The optimal
buffer system was determined based on comprehensive analyses
of the simulations.

2.5 Binding characteristics of aptamers to
AFP under different ionic conditions

With optimal buffering conditions, TFA was performed for both
fixed and gradient concentrations of aptamers to verify their binding
characteristics to AFP. The experimental procedure and data
processing were the same as above, and the binding
characteristics of aptamers to AFP under various buffer systems
were analyzed according to the Tm value, peak height and peak area.

2.6 Comparisons between different
aptamers

In order to verify whether the combination of TFA and MD
simulations can distinguish different aptamers and identify the
optimal aptamer, the same experiments were performed with the
aptamer AP-L3-4. Differences in the binding of aptamers

10.3389/fchem.2023.1144347

AP273 and AP-L3-4 to AFP were compared, including the
binding site, the distance and frequency of hydrogen bonds,
binding energy, and binding characteristics for the gradient
concentrations of AFP.

3 Results

3.1 Optimal concentration of aptamers
determined by TFA

The melt curves of normalized dF/dT value and the heatmaps of
peak area for gradient concentrations of aptamers AP273 and AP-
L3-4 binding to AFP are shown in Figure 1. The free aptamer peak
(peak 1) of AP273 appeared at 2.5 nM and then rose with increasing
concentration and peaked at 10 nM, while the bound aptamer peak
(peak 2) almost peaked at 2.5 nM and then gradually decreased from
10 nM (Figure 1A). A similar trend was found in aptamer AP-L3-4,
but the free aptamer peak topped out and the bound aptamer peak
started to decrease earlier (both at 5 nM) (Figure 1B). The heatmaps
of the area under the peaks showed that the bound aptamer peak of
AP273 was stronger than that of AP-L3-4at the same aptamer
concentration, while the free aptamer peak was the opposite (Figures
1C, D). These findings suggest that TFA can exhibit concentration-
dependent changes in aptamer-target interactions and reflect
differences between aptamers.
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The results of refinement experiments for both aptamers at
concentrations of 1-5nM are shown in Figure 2. For AP273, the
bound aptamer peak (peak 2) appeared at the lowest concentration
(1 nM) and was maintained to the maximum concentration (5 nM),
and its free aptamer peak (peak 1) appeared at 3nM and
continuously rose (Figure 2A). A similar trend was observed in
AP-L3-4, although the free aptamer peak was more pronounced
(Figure 2B). The heatmaps of the area under peak showed that
AP273 had stronger bound aptamer peaks and weaker free aptamer
peaks compared with AP-L3-4 (Figures 2C, D). Considering the
need to detect different concentrations of AFP, we selected 4 nM as
the optimal concentration for subsequent experiments.

3.2 Optimal buffer system and ion
concentration for aptamer-target
interactions determined by TFA

The melting curves of AP273 (4nM) binding to AFP
(1.45nM) in three buffer systems (HEPES, PBS, Tris-HCI)
showed different Tm values (Figure 3A), of which the HEPES
buffer system had the largest Tm value and therefore was selected
as the optimal buffer system for subsequent experiments. The Tm
values of AP273 binding to AFP also varied in HEPES buffer
solutions (buffer 1-9) with various metal ion concentrations

10.3389/fchem.2023.1144347

(according to the orthogonal design) (Figure 3B), with the
lowest Tm value in buffer 4 and the highest Tm value in
buffer 6. The Tm value was higher in the buffer solution with
the lowest ionic strength (buffer 6) than in the buffer solution
with the highest ionic strength (buffer 4) (Figure 3C). Higher Tm
values indicate more stable binding between aptamers and
targets, and thus buffers 5, 6, and 9, which had higher Tm
values were selected as buffer solutions for the next molecular
dynamics analysis, and buffer 7 with the same concentration of
Mg** ions, was selected as the control buffer solution.

3.3 Secondary structure prediction of
AP273 and its free energy

Prediction of the secondary structure is required before the
tertiary structure of an aptamer can be determined. In the
prediction of secondary structures of aptamer AP273, it was
found that the amount and minimum free energy of secondary
structure varied with the concentrations of Na* and Mg** ions
(Figure 4). Increased concentrations of Mg>" ions led to fewer
predicted secondary structures. The concentration of Na* ions
did not affect the amount of secondary structure, but it
impacted the minimum free energy of the secondary
structure. Under the same concentration of Mg>* ions, higher
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concentrations of Na* ions led to lower free energy values. The
structure with the lowest value of AG (the most stable secondary
structure) was selected for subsequent prediction of the tertiary
structure.

3.4 Molecular dynamics simulation of the
interaction between AP273 and AFP

The docking models of AP273 and AFP were then subjected to
MD simulations in different buffer solutions (Figure 5). The results
of root mean square deviation (RMSD) (Figure 5A) and root mean
square fluctuation (RMSF) (Figure 5B) showed that the stability of
the complex of AP273 and AFP was the highest in buffer 9 and
higher than that in buffer 6. The comparisons of AP273, AFP and
their complex between buffer 6 and buffer 9 (Figures 5C, D)
exhibited that AFP had the highest stability and AP273 had the
lowest stability, and that the AP273-AFP complex was more stable in

buffer 9 than in buffer 6. These results suggest that the metal ions in
buffer systems can affect the stability of aptamer-target complexes.

The free energy of AP273 binding to AFP in various buffer solutions
was calculated by the MM/GBSA method (Rastelli et al., 2010; Hou
etal, 2011; Genheden and Ryde, 2015; Chen et al., 2020b) and is shown
in Table 2. As shown in Table 2, buffer 6 exhibited the largest binding
energy but not the best stability (Figure 5A), which is not consistent with
the results of TFA experiments, indicating that the binding force and
stability of aptamer-target are influenced by other complex
environmental factors, such as temperature and pH, etc.

The visualization of the MD simulation results provided
qualitative binding information between AP273 and AFP in
different buffer solutions (Figure 6), which indicated that the
binding sites and hydrogen bonds were different under various
buffer solutions and that metal ions were involved in the binding.

The hydrogen bonds in AP273 binding to AFP under four buffer
solutions were further quantified (Figures 7A, B). The results showed
that the frequency of hydrogen bonds was the lowest in buffer 9 and

2D
Mg 1 mM
Nat(mM) | 100 | 120 | 140 100 | 120 100 | 120 | 140 100 | 120 | 140 100 | 120 | 140
AG 471 | 485 | - 4.65 | -4.85 | 5.02 455 | -4.63 | -4.73 434 | -4.46 | -4.60 382 | 439 | 415
2D
oA
Mg 2 mM .
Na*(mM) 100 | 120 100 | 120 | 140 100 | 120 | 140 100 | 120 | 140
AG 5.09 | -522 | 540 | | 477 | -4.81 | -4.90 | | -4.65 | -4.73 | -4.86 421 | 432 | 448
2D V' 4
Mg 5 mM
g ~
Na*(mM) 100 | 120 100 | 120 | 140 100 | 120 | 140
AG 571 | 579 | 5.93 5.08 | 515 | -5.24 477 | 484 | -4.96

FIGURE 4

The secondary structure and free energy (AG) of AP273 predicted at differention concentrations. The colour figures: secondary structures of AP273.
Table: Na* concentration in the first row, AG value in the second row. Red arrow: the secondary structure selected for the prediction of tertiary structure.
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Molecular dynamics simulations of aptamer AP273 binding to AFP. (A) The root means square deviation (RMSD) of the complex of aptamer
AP273 and AFP (CPX) in various buffer solutions. (B) The root mean square fluctuation (RMSF) of residues during MD simulations in various buffer
solutions. (C) and (D) The RMSDs of CPX, AFP, and AP273 in buffer 6 and buffer 9.

TABLE 2 Binding free energies of AP273 and AFP predicted by MM/GBSA (kcal/mol).

Buffer 5 Buffer 6 Buffer 7 Buffer 9
AE,qy —243.4 -213.4 ~205.17 -223.32
AEqec 8,949.21 8,634.37 9,121.31 10,193.54
AGgs -8,763.83 -8,517.34 -8,989.8 ~10,041.84
AGsa -30.64 -27.03 -26.71 -28.68
AGhina -88.67 -123.4 ~100.37 ~100.31

AFP, alpha-fetoprotein; MM/GBSA, molecular mechanics generalized born surface area; AE, 4., van der Waals energy; AEe, electrostatic energy; AGgg, electrostatic contribution to solvation;

AGga, nonpolar contribution to solvation; AGy,ng, binding free energy.

the highest in buffer 6, and that the distance of hydrogen bonds was
similar in the four buffer solutions, suggesting that the hydrogen bond
frequency rather than hydrogen bond distance plays an important role
in the binding between AP273 and AFP. TFA experiments were
conducted under buffer 6 and buffer 9, and results showed that buffer
6 was more favorable than buffer 9 for AP273 to bind to AFP in terms
of bound aptamer ratio and linear correlation (Figure 7C).

3.5 Comparison between aptamers
AP273 and AP-L3-4

Comparative studies were performed between aptamers AP273 and
AP-13-4 to further verify whether the combination of TFA and MD
simulation could select the aptamer with better binding properties.

Frontiers in Chemistry

Compared with AP-L3-4, AP273 binding to AFP in MD simulations
had more binding sites (Figures 8A, B), a shorter hydrogen bond
distance, a higher hydrogen bond frequency, and less free energy
(Figure 8C). TFA results showed better linear correlation of
AP273 than AP-L3-4 for detecting gradient concentrations for AFP
(Figure 8D). These findings demonstrate that the binding property of
AP273 to AFP is superior to that of AP-L3-4, suggesting the theoretical
and experimental feasibility of combining TFA and MD simulation for
preferential aptamer selection.

4 Discussion

TFA analyzes the binding of aptamers to their target molecules
using melting curves. The free aptamer shows a smaller Tm value than
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that of the bound aptamer, so two peaks, peak 1 (the free aptamer peak)
and peak 2 (the bound aptamer peak), can be observed on the melting
curve of TFA (Kim et al.,, 2015; Mahmoud et al., 2019). In the present
study, distinct peak 1 and peak 2 appeared on the melting curves after
aptamers AP273 or AP-L3-4 were reacted with AFP, and the Tm value,
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peak height and peak area were different under various experimental
conditions. Using these indicators, the optimal experimental system and
the best aptamer can be determined, making TFA useful to optimize the
aptamer-target reaction system and to select preferred aptamers. The
Tm value of a bound aptamer peak is positively correlated with the
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stability of aptamer-target binding. In the present study, the Tm values
for peak 2 differed across the three buffer systems, with the highest value
in the HEPES buffer system, suggesting that the binding of AP273 to
AFP is more stable in the HEPES buffer system compared to the other
two buffer systems. This may be because HEPES is not prone to form
complexes with metal ions in the buffer system and thus exhibits a
better buffering effect (Ruzza et al., 2021). Using HEPES as the buffer
salt, nine buffer solutions with various metal ion concentrations
determined by orthogonal design were formulated for TFA
experiments to analyze the effects of metal ions on the binding of
AP273 to AFP. The Tm values of peak 2 were maximum in buffer 6
(with the lowest ionic strength) and minimum in buffer 4 (with the
highest ionic strength), indicating that the high ionic strength is
unfavorable for the binding of AP273 to AFP molecules. This is
consistent with previous reports that a buffer solution with relatively
low ionic strength is more appropriate for TFA experiments (Hayashi
et al, 2014) and that immobilization of aptamers under low ionic
strength conditions rather than conventional high ionic strength buffers
can greatly improve the performance of the E-AB sensor (Liu et al,
2021).

The metal ions of the buffer system are important in aptamer-target
binding. In the secondary structure prediction, we found that the
number of secondary structures of AP273 varied with the Mg** and
Na* concentrations and that the Mg** concentration was proportional
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to the free energy (absolute value of AG) of the aptamer secondary
structure. In MD simulations, we found that Mg®* and K* contributed
to hydrogen bonds at the binding site of the aptamer to the target
molecule (Figure 6B). Metal ions are mainly embedded in the helical
grooves of aptamer tertiary structures and affect the binding properties
of aptamers to the target molecules in different ways (McCluskey et al.,
2019). Metal ions can neutralize the negative charge of the phosphate
groups of aptamers to affect the amount of charge in aptamer structures,
hence affecting the structure of aptamers; in this context, Mg2+ affects
the flexibility of aptamers and the stability of aptamer-target
compounds (Zhang and Yadavalli, 2010). The aptamer structure is
unstable in the binding buffer without Mg*" (Zhao et al,, 2020), and
Mg** is important for stabilizing the two- and three-dimensional
structures of aptamers (Huang et al., 2013). In addition to Mg“, the
Na*, K* and pH value of a buffer system also have an effect on the
binding of aptamers to targets, and the optimization of them can
significantly improve the efficiency of aptamer sensors in detecting
targets (Hianik et al, 2007; Belleperche and DeRosa, 2018) and
significantly increase the sensitivity of aptamer sensors (Yang et al,
2022). The binding of thrombin to its aptamer also depends on pH and
electrolytes (Hianik et al., 2007). The pH value may affect the ssDNA
conformational changes and the electron transfer between the target
protein and the aptamer, which is related to the maintenance of the
three-dimensional conformation of the aptamer; and an increase in Na*

frontiersin.org


https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://doi.org/10.3389/fchem.2023.1144347

Zhang et al.

concentration leads to a weaker binding of thrombin to the aptamer,
possibly due to the shielding effect of Na* ions on the target. In addition,
many studies have confirmed that K* ions can stabilize the structure of
the aptamer, particularly for G-quadruplexes (Santos et al., 2022).

The stability and affinity of aptamer-target complexes involve
intermolecular covalent bonds, hydrogen bonds, electrostatic
interactions and van der Waals forces, in which hydrogen bonds
are one of the strongest non-covalent interactions, and the number
and distance of hydrogen bonds contribute to the affinity between
aptamers and target molecules (Sabri et al, 2019). In the MD
simulations, we found that more hydrogen bonds were formed in
the binding of AP273 to AFP in buffer 6 than in buffer 9, indicating a
stronger binding affinity between the two molecules in buffer 6.
However, the most stable binding of AP273 to AFP was found in
buffer 9 rather than buffer 6, where the hydrogen bonds were less
frequent but the aptamer-target binding sites were more numerous
and dispersed. This may suggest the stability is more related to the
binding sites of the aptamer and the target, while the affinity is more
related to the hydrogen bonds between the aptamer and the target.

In the comparative study of binding properties between aptamer
AP273 and aptamer AP-L3-4, we found that the binding properties
of AP273 were superior to those of AP-L3-4 in both TFA and MD
simulations, suggesting that the combination of TFA and MD
simulation can identify aptamers that exhibit better binding
characteristics among homologous aptamers.

Additionally, we found that the stability of AP273 binding to AFP
In TFA
experiments, the most stability was found in buffer 6, followed by
buffer 9, buffer 5 and buffer 7, while in MD simulations, the most
stability was observed in buffer 9, followed by buffer 6, buffer 7 and buffer
5. This may be due to subtle differences in experimental conditions
between MD simulations and TFA. The MD simulations were
performed under conditions of constant temperature (25°C), neutral

was inconsistent between TFA and MD simulations.

reaction environment, atmospheric pressure, aqueous metal ion solution,
and no buffer salt, while the TFA were performed under the HEPES
buffer system and constantly increasing temperature. Furthermore, it is
important to keep in mind the limitations of molecular simulation
methods. The results of MD are microscopic simulations and predictions
from large data sets; the prediction of aptamer 3D structure based only
on the sequence is still a very unreliable task, which has by no means
achieved the maturity of protein structure prediction. There is no
guarantee that the prediction of an aptamer structure is close to the
correct fold. Certainly, an all-atom energy minimization is not sufficient
to assess the stability of the predicted aptamer structure, let alone when
done in a vacuum.

5 Conclusion

In this study, the binding of aptamer AP273 to its target AFP was
analyzed by TFA and underlying molecular mechanisms were analyzed
through MD simulations. On the melting curve of TFA, the free and
bound AP273 peaks were clearly visible, and the binding status of
AP273 with AFP could be determined based on the peak-related
indicators (Tm value, height or area of the peaks, and the ratio of
the two peaks). These indicators varied with changes in aptamer-target
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ratio, buffer system and metal ionic strength, which can be useful for
optimizing experimental conditions. The analysis of MD simulation
showed that the affinity and stability of AP273 binding to AFP varied at
different metal ionic strengths, and the underlying mechanisms were
related to the difference in the hydrogen bond frequency and binding
sites. In the comparative study of AP273 and the control aptamer AP-
L3-4, the two aptamers were different in the peak-related indicators and
in hydrogen bonds and binding free energies, which are useful for the
preferential selection of aptamers. Although the stability of
AP273 binding to AFP was inconsistent between TFA and MD
simulation, the combination of the two methods provided dual
validation that was more intuitive than mere experimental results
and more convincing than mere theoretical analysis, and it will
facilitate the translational application of aptamers in bioassays.
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Open-shell molecules rarely fluoresce, due to their typically faster non-radiative
relaxation rates compared to closed-shell ones. Even rarer is the fluorescence
from states that have two more unpaired electrons than the open-shell ground
state, since they involve excitations from closed-shell orbitals to vacant-shell
orbitals, which are typically higher in energy compared to excitations from or out
of open-shell orbitals. States that are dominated by the former type of excitations
are known as tripdoublet states when they can be described as a triplet excitation
antiferromagnetically coupled to a doublet state, and their description by
unrestricted single-reference methods (e.g, U-TDDFT) is notoriously
inaccurate due to large spin contamination. In this work, we applied our spin-
adapted TDDFT method, X-TDDFT, and the efficient and accurate static-dynamic-
static second order perturbation theory (SDSPT2), to the study of the excited
states as well as their relaxation pathways of copper(ll) porphyrin; previous
experimental works suggested that the photoluminescence of some
substituted copper(ll) porphyrins originate from a tripdoublet state, formed by
atriplet ligand m — 7* excitation antiferromagnetically coupled with the unpaired d
electron. Our results demonstrated favorable agreement between the X-TDDFT,
SDSPT2 and experimental excitation energies, and revealed noticeable
improvements of X-TDDFT compared to U-TDDFT, not only for vertical
excitation energies but also for adiabatic energy differences. These suggest
that X-TDDFT is a reliable tool for the study of tripdoublet state fluorescence.
Intriguingly, we showed that the aforementioned tripdoublet state is only slightly
above the lowest doublet excited state and lies only slightly higher than the lowest
quartet state, which suggests that the tripdoublet of copper(ll) porphyrin is long-
lived enough to fluoresce due to a lack of efficient non-radiative relaxation
pathways; an explanation for this unusual state ordering is given. Indeed,
thermal vibration correlation function (TVCF)-based calculations of internal
conversion, intersystem crossing, and radiative transition rates confirm that
copper(ll) porphyrin emits thermally activated delayed fluorescence (TADF) and
a small amount of phosphorescence at low temperature (83 K), in accordance
with experiment. The present contribution is concluded by a few possible
approaches of designing new molecules that fluoresce from tripdoublet states.

KEYWORDS
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1 Introduction

Fluorescence, while ubiquitous in organic and organometallic
molecules, is in most cases observed in closed-shell systems. It is
well-known that introducing an open-shell impurity, such as
dioxygen (Schmidt, 2006), a stable organic radical (Green et al,,
1990) or a transition metal ion (Varnes et al., 1972), frequently
quenches the fluorescence of a closed-shell molecule (Evans, 1957).
One reason of this phenomenon is that the addition of an unpaired
electron to a system typically introduces additional low-lying
states, in particular charge transfer states that involve an
electron exciting from or out of the new open-shell orbital (O).
Moreover, while spin-conserving single excitations of a singlet
reference determinant from closed-shell (C) to vacant-shell (V)
orbitals, hereafter termed CV excitations following our previous
works (Li and Liu, 2010; Li et al., 2011; Li and Liu, 2011; Wang
etal., 2020), give rise to ncny singlet excited states and ncny triplet
excited states (where n¢ and ny are the number of closed-shell an
1/2 doublet
determinant one obtains 2ncny excitations that are mixtures of
doublets and quartets (the ‘I’? and ¥{ determinants in Figure I;
here orbitals without overbars denote « orbitals, and those with

vacant-shell orbitals, respectively), with an Mg

overbars denote 3 ones). They can be linearly combined to make
ncny pure doublet states, but the other linear combination remains
a mixture of doublet and quartet:

1 _
\Psingdoublet = W (\P;Z + \P?)’ (1)
1 _
Woixed = —= (W9 — ), 2
d \/E ( i 1) ( )

In spin-adapted TDDFT methods, the latter are spin-adapted to
give 2ncny pure doublet states and ncny quartet states, by mixing
-1/2
component of the reference determinant, ie., the ‘I’ft“
determinants in Figure 1 (Li and Liu, 2010; Li et al.,, 2011; Li and
Liu, 2011):

with the ncny spin flip-up excitations from the Mg

Reference state = CO excitation
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1 _ _
Frapaouier = 7 (-9 + w2 +297), 3)

L(\P;‘ -V, (4)

\I/quanet =

B

Note that both the “singdoublets” and “tripdoublets” are pure
doublet states. While the singdoublets Eq. 1 (which we called the
CV/(0) states in our previous works (Li and Liu, 2010; Li et al., 2011; Li
and Liu, 2011)) are direct analogs of singlet excited states out of a
singlet reference, the tripdoublets Eq. 3 (CV(1) states) do not have
analogs in closed-shell systems, and create extra spin-allowed non-
radiative relaxation pathways compared to when the reference
determinant is singlet. This further contributes to the short excited
state lifetimes of doublet systems. As a consequence, doublet
molecules (and open-shell molecules in general) are rarely fluorescent.

Still, there exist open-shell molecules that do fluoresce, which have
found applications in, e.g,, organic light-emitting diodes (OLEDs) (He
et al, 2019; Gao et al, 2023). However, their fluorescence usually
originates from an excited state that has only one unpaired electron,
i.e, a CO or OV excited state (where CO stands for a single excitation
from a closed-shell orbital to an open-shell one; similar for OV), instead
of a CV excited state. This can be partly rationalized by approximating
the excitation energies of the system by orbital energy differences.
Under this approximation, there is at least one CO state and one OV
state below any given CV state, since the lowest CV excitation energy is
the sum of the excitation energies of a CO state and an OV state
(Figure 1). Therefore, the lowest CV state tends to be a rather high
excited state of the system, and thus usually has more energetically
accessible non-radiative relaxation pathways than the low-lying CO and
OV states do, rendering fluorescence from CV states especially hard to
achieve. To counter this, one may try to inhibit the non-radiative
relaxation of the CV state to lower excited states. However, the sheer
number of non-radiative relaxation pathways that one would have to
inhibit poses a great challenge for designing an open-shell molecule that
fluoresces from a CV state. Alternatively, one may design a system
where the orbital energy difference approximation fails dramatically,
allowing the lowest CV state to become the first excited state, or only

a
¥
N

CV excitations
wcy ~ &g - &
~ wco t wov

> max(wco, ®ov)

Schematic depictions of closed-open (CO), open-vacant (OV), and closed-vacant (CV) excitations, and their approximate excitation energies as
predicted from restricted open-shell Kohn-Sham (ROKS) orbital energy differences.
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slightly higher than the first excited state. In this case, the fluorescence
from the CV state only needs to compete with the intersystem crossings
(ISCs) to the lowest quartet state(s) and the internal conversion (IC) to
the ground state and lower doublet excited state(s), which are the only
energy downhill non-radiative relaxation pathways available to the CV
state. In particular, note that when the CV excitations shown in Figure 1
linearly combine to give singdoublets, tripdoublets and quartets via Eqs
3, 4, there is an energy splitting that usually places the quartet below the
tripdoublet, and the tripdoublet below the singdoublet; while the former
is a consequence of Hund’s rule, the latter can be rationalized by
applying Hund’s rule after neglecting the coupling of the open-shell
orbital to the closed-shell and vacant-shell ones. This gives tripdoublets
a much greater chance than singdoublets for emitting fluorescence with
an appreciable quantum yield. Nevertheless, the singdoublet-
tripdoublet splitting appears to be small in general, compared to the
orbital energy difference that one would have to overcome, which can
amount to several eVs. Hence, even the fluorescence from tripdoublets
proves to be scarce.

The present paper represents a preliminary attempt to unveil some
of the factors that enable an open-shell molecule to fluoresce from a
tripdoublet state, via a case study of copper(Il) porphyrin complexes.
Copper(Il) porphyrin complexes (Figure 2), like most porphyrin
complexes, show two intense visible absorption bands near
390-420 nm and 520-580 nm (Gouterman, 1959; Eastwood and
Gouterman, 1969); they are conventionally termed the B and Q
bands, respectively. Eastwood and Gouterman (1969) studied the
luminescence of copper(Il) porphyrin molecules in the solid state by
exciting their Q bands, suggesting that the emission may originate from
one of the two low-lying 7 — 7* states, *T or *T (here the 2, 4 represent
the overall spin multiplicity of the complex, and T denotes that the
“local” spin multiplicity of the porphyrin ring is triplet). They speculated
that a rapid equilibrium may exist between the °T and “T states. The
equilibrium ratio of these two states is largely dependent on the energy
gap (AEpq) between them and the temperature, via the Boltzmann
distribution. The radiative transition from the *T state to the ground state
is spin-allowed, making it much faster than the phosphorescence from
the “T state. Thus, when AEp, is small and the temperature is high, the
experimentally observed rapid emission is predominantly from the °T

CuP CuOEP

FIGURE 2
Molecular structures of CuP, CUOEP and CuTPP.
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state. Conversely, when AEpq is large and the temperature is low, a slow
emission attributed to the phosphorescence of the *T state was observed
instead, due to the concentration of the *T state largely overwhelming
that of the °T state. Thus, molecules such as copper 2,3,7,8,12,13,17,18-
octaalkylporphyrin (CuOAP), which possess small AEp, values, exhibit
luminescence primarily in the form of fluorescence from the *T state at
5,10,15,20-
tetraphenylporphyrin (CuTPP) with a larger AEpq mainly undergoes

liquid nitrogen temperature, —whereas  copper
phosphorescence from the “T state at the same temperatures. The
unsubstituted copper porphyrin (CuP) is the most interesting of all,
as pure phosphorescence was observed at low temperatures (35 K),
which gradually gives way to fluorescence when the temperature was
elevated, eventually giving pure fluorescence at 143 K (Bohandy and
Kim, 1980). Similar results have been obtained by following works with
different techniques and/or solvents (Magde et al,, 1974; Kobayashi et al,,
2008).

The simple and intuitive picture has since been supplemented by
subsequent works, which also excited the B band, and proposed that
charge transfer (CT) states may play an important role in the
relaxation of the initial bright state to the essentially dark *T
state. Yan and Holten (1988) investigated the excited state
of CuTPP and CuOEP at different

temperatures and in different solvents, proposing possible

relaxation  processes

pathways involving intermediate states that are probably ligand-
to-metal CT (LMCT) states. This is supported by the gas-phase mass
spectrometry experiments by Ha-Thi et al. (2013), although the
CT
Understanding the excited-state relaxation pathways of copper

precise composition of the state remains uncertain.
porphyrins is crucial for gaining insights into their photophysical
processes and controlling their optical properties. In particular,
whether any other excited state(s) lie below the *T state may
have a profound influence on whether the °T state fluoresces or
not, as follows from Kasha’s rule. Meanwhile, the energy gap of the
*T and *T states is important for the relative concentration of the two
states, and therefore the relative intensities of fluorescence from the
*T state and the phosphorescence from the *T state, i.e., whether the
experimentally observed luminescence should be attributed to

fluorescence or phosphorescence, or both.
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Despite the importance of tripdoublet fluorescence and the long
history of experimental studies of copper porphyrins, accurate
computational studies of this system prove to be difficult, as
traditional unrestricted single-reference methods like U-TDDFT
suffer from severe spin contamination issues, leading to
systematically underestimated excitation energies. In particular,
tripdoublet states are the worst scenario for U-TDDFT, as when
the reference state itself is not spin-contaminated, the errors of the
U-TDDFT (§*) values reach the theoretical maximum of singly
excited states, i.e., 2, for tripdoublet states (Li and Liu, 2010; Li et al.,
2011; Li and Liu, 2011; Li and Liu, 2016a; Wang et al., 2020). While
multireference methods trivially solve the spin contamination
problems, it is notoriously difficult to obtain an accurate
description of the

metalloporphyrins, due to the complex interplay between static

multireference electronic  structure of
and dynamic correlation. In this study, we employed the
methods developed by our group, namely, X-TDDFT (Li and
Liu, 2011; Wang et al.,, 2020) and SDSPT2 (Liu and Hoffmann,
2014; Lei et

perturbation theory), to address these challenges and provide a

al., 2017) (static-dynamic-static second-order
rational description of the photophysical processes in CuP. As the
first rigorous spin-adapted TDDFT method (Li and Liu, 2011),
X-TDDFT gives spin-adapted excited states even when the reference
state is open-shell, thereby generally giving better excitation
energies, as well as better transition matrix elements involving
the excited states. The recent development of the analytic
gradient of X-TDDFT (Wang et al, 2020) allowed us to use
X-TDDFT for
seminumerical Hessian calculations as well. For vertical excitation

excited state geometry optimization and
calculations, we could afford to use SDSPT2, which also served as a

reference for benchmarking X-TDDFT and U-TDDEFT.

2 Computational details

All DFT, TDDFT, and SDSPT2 calculations were performed
using a development version of the Beijing Density Functional
(BDF) package (Liu et al., 1997; Liu et al., 2003; Liu et al., 2004a;
Liu et al., 2004b; Zhang et al., 2020). Geometry optimizations were
conducted using the PBEO (Adamo and Barone, 1999; Ernzerhof
and Scuseria, 1999) functional and x2¢c-SVPall (Pollak and Weigend,
2017) basis set in the gas phase, including Grimme’s D3 dispersion
correction (Grimme et al, 2010; Grimme et al, 2011), as
implemented in the BDF software; relativistic effects were
considered at the spin-free exact two component (sf-X2C) level
(Liu et al., 2003; Li et al., 2014b; Liu et al., 1995; Liu et al., 2004b; Liu
et al., 2004a). For transition metal complexes (especially when
excited states are considered), the choice of the optimum
functional may not be obvious. Herein, TDDFT calculations were
performed using four different functionals [BP86 (Perdew, 1986a;
Perdew, 1986b; Becke, 1988), B3LYP (Becke, 1993; Stephens et al.,
1994), PBEO and wB97X (Chai and Head-Gordon, 2008)] in
conjunction with the x2¢-TZVPall (Pollak and Weigend, 2017)
results
SDSPT2 and experimental results, and the PBEO functional was

basis set, followed by benchmarking the against
chosen based on its satisfactory and uniform accuracy (see Section
3.1 for details). The TDDFT/x2c-TZVPall energies differ from the

TDDFT/x2c-SVPall ones by within 0.04 eV for ligand excited states
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(*Ty, °Ty, 2Sy, *S,), within 0.14 eV for d-d excited states, and up to
0.29 eV for CT states. Based on this, we used TD-PBE0/x2c-SVPall
in all rate constant calculations that involve only the ligand excited
states; for rate constants that involve the d-d states (where even
TDDFT/x2c-TZVPall predicts wrong state orderings), we calculated
the adiabatic excitation energies of the corresponding states using
SDSPT2 vertical absorption energies plus the adiabatic/vertical
excitation energy differences calculated at the TD-PBE0/x2c-
SVPall level, and calculated all the other requisite quantities with
TD-PBEO/x2c-SVPall. The orbital diagrams were drawn and
visualized with VMD v.1.9.4 (Humphrey et al., 1996), using cube
files generated with the help of Multiwfn v.3.8(dev) (Lu and Chen,
2012).

The calculations of ISC rate constants were conducted by the
ESD module of the ORCA program, version 5.0.4 (Neese, 2012;
Neese, 2018; Neese et al., 2020; Neese, 2022), using the thermal
vibration correlation function (TVCF) method based on a
multimode harmonic oscillator model. Other rate constants
involved in the excited state relaxation process were calculated by
the MOMAP package, version 2022A (Peng et al., 2007; Niu et al.,
2008; Niu et al, 2020), again using the TVCF method and a
harmonic approximation of the potential energy surfaces. The
default parameters of the two programs were used in all TVCF
calculations, except for the “tmax” parameter in the MOMAP
calculations (which controls the propagation time of the TVCE),
which was set to 3,000 fs. For the *T; —2dd; IC rate constant, the
tmax = 3,000 fs calculation suffered from numerical instabilities, so
we chose to use tmax = 1,500 fs instead. All necessary transition
matrix elements, including the transition dipole moments, non-
adiabatic coupling matrix elements (NACMEs) (Li et al.,, 2014a; Li
and Liu, 2014; Wang et al, 2021), spin-orbit coupling matrix
elements (SOCMEs) (Li et al., 2013; Li et al.,, 2014a; Li et al,
2014b), as well as the seminumerical Hessians necessary for the
TVCEF calculations, were calculated by BDF. Note however that all
NACMEs were computed by U-TDDFT instead of X-TDDFT, since
the theory of X-TDDFT NACMEs has not been developed yet;
similarly, geometry optimization and frequency calculations of the
“T, state were performed at the unrestricted Kohn-Sham (UKS)
level, which is justified by the small spin contamination ({§*)
deviation < 0.1) of this state. The ALDAO noncollinear
exchange-correlation (XC) kernel (Li and Liu, 2012) was used in
all spin flip-up Tamm-Dancoff approximation (TDA) calculations
(i.e., calculation of quartet states from a doublet reference), which
has proven essential for obtaining correct spin state splittings (Li and
Liu, 2016b). Duschinsky rotation was considered whenever
applicable. The Herzberg-Teller effect was only considered while
calculating the radiative relaxation rates, but not the ISC rates, due to
program limitations; however this should not change the qualitative
conclusions of this paper, since all ISC processes whose Franck-
Condon contributions are negligible or zero are expected to
contribute negligibly to the photophysics of CuP. Although we
have implemented the interface for calculating the Herzberg-
Teller effect of phosphorescence by BDF and MOMAP, the
computation of the geometric derivatives of the doublet-quartet
transition dipole moments by finite differences proved to be
+1/2 and Mg = +3/2
microstates of the *T state mix strongly when the geometry is

numerically ill-behaved, as the Mg =

perturbed; note that this phenomenon seems to be related to the
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involvement of quartet states, since we have never observed similar
behavior in triplet phosphorescence rate calculations. We thus
estimated the total phosphorescence rate by assuming that the
ratios of the Franck-Condon and Herzberg-Teller rates are the
same for fluorescence and phosphorescence. This treatment is
justified by the observation that the geometries and vibrational
frequencies of the *T; and *T, states are very similar.For the
SDSPT2 calculations, we employed the x2c-TZVPall basis set for
the Cu and N atoms, and x2c-SVPall for the remaining atoms. The
active space of the SDSPT2 calculations was selected through the
iCAS (imposed automatic selection and localization of complete
active spaces) method (Lei et al., 2021) using x2c-SVPall for all
atoms, followed by projecting onto the aforementioned mixed basis,
and the orbitals were optimized using the iCISCF [iterative
configuration interaction (iCI)-based multiconfigurational self-
consistent field (SCF) theory] method (Guo et al.,, 2021), which
provided a reference wavefunction for the SDSPT2 calculation. An
active space of CAS (13, 14) was used in this study. The B-band,
Q-band and CT states involved in the excited state relaxation
process mainly involve the Cu 3d and 4d orbitals, plus the four
porphyrin 7 orbitals of the Gouterman four-orbital model
(Gouterman, 1959), making a minimal active space of CAS (13,
14). The chosen active space thus properly describes the primary
excited states of interest for investigation. Expanding the active
space further would result in unnecessary computational overhead
without providing additional insights. All SDSPT2 calculations
reported herein include the Pople correction.

3 Results and discussion
3.1 Absorption process

As is well-known, density functionals generally have difficulties
with simultaneously describing local excitation (LE) and CT states
with good accuracy. Since we could only afford to do the geometry
optimizations and frequency calculations under the DFT and
TDDEFT levels, a suitable functional that qualitatively reproduces
the SDSPT?2 excitation energies has to be chosen by comparing
the TDDFT vertical absorption energies of a few common
functionals with SDSPT2 data. B3LYP and PBEO are generally
common choices for the excited states of metalloporphyrins, and
BP86 is often used to optimize their ground-state structures. Pure
functionals usually tend to underestimate excitation energies, but
empirically, their description of the Q band (an LE state) is better
than many hybrid functionals, as will be confirmed by our
calculation results. As CT states are involved in the relaxation
process of the excited states of copper porphyrin, range-
separated hybrid functionals (which provide good descriptions
of CT states in general) may prove to be suitable as well. These
considerations gave a list of four representative functionals,
BP86, B3LYP, PBEO and wB97X, that were subjected to
benchmark calculations.

Different functionals display distinct behaviors for the excitation
energies of CuP compared to the results obtained from SDSPT?2, as
shown in Figure 3. The two characteristic absorption bands of the
porphyrin molecule correspond to the *S; (Q band) and *S, (B band)
states, which are the only bright states of most porphyrin complexes
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in the visible region. They are also the only excited states for which
accurate experimental vertical absorption energies are available: in
benzene they have been measured as 2.25 and 3.15 eV, respectively
(Eastwood and Gouterman, 1969). Moreover, the absorption energy
of the °T| state has been measured by fluorescence excitation spectra
experiments, but only for certain substituted porphyrins: for
example, the *T; absorption energy of CuEtio (Etio =
etioporphyrin I) was measured in n-octane as 1.81 eV, while the
emission energy from the same state in the same solvent was 1.79 eV
(Eastwood and Gouterman, 1969). Assuming that the Stokes shift of
the T, state is independent of the porphyrin substituents, and
combined with the experimental emission energy of the T state of
CuP in the same solvent (1.88 eV) (Eastwood and Gouterman,
1969), we obtain an estimate of the experimental °T; absorption
energy of CuP as 1.90 eV. Gratifyingly, the SDSPT2 excitation
energies of all three states agree with the experimental values to
within 0.3 eV, which is typical of the accuracy of SDSPT2 (Song
et al,, 2022) and confirms the suitability of SDSPT2 as a benchmark
reference for CuP. The B3LYP functional performs better for the two
bright states °S; and *S, than the other functionals (Figure 3), with
results closer to the SDSPT2 calculations, suggesting its suitability
for localized excitations in the porphyrin system. However, it (as
well as the pure functional BP86) performs poorly in describing the
dark charge transfer (CT) states, significantly underestimating their
energies, as expected. In contrast, the range-separated functional
wB97X shows better agreement with the CT states compared to
SDSPT2 results, but its description of the %S, state is rather poor,
with energies notably higher than the SDSPT2 results. The
PBEO functional represents a compromise between the two
classes of functionals and provides more accurate overall
descriptions of the LE and CT states, giving results closer to the
SDSPT?2 calculations. In particular, PBEO gives the best predictions
of all the d-d excitation energies, although a significant
overestimation is still seen for the lowest d-d state, 2dd,.
Considering the overall performance in describing different
states, we chose to use PBEO for the remaining part of the
present study.

The %S, and °S, states are almost spin-adapted states with
minimal spin contamination, even at the U-TDDFT Ilevel
(Table 1), since they are dominated by singdoublet excitations.
As shown in Figure 3, both X-TDDFT and U-TDDEFT provide
similar descriptions for these two states; note however that
functionals with large amounts of HF exchange generally
overestimate the excitation energies of these two states, especially
*S,. At the TDDFT levels, the CT states are dominated by CO-type
excitations (from 7 to 3d,2_,2), which are also spin-adapted. Both
U-TDDFT and X-TDDFT show comparable performance in
describing the CT states. However, both methods display large
errors compared to SDSPT2 for the CT states. Table 1 presents
the excitation energies and the corresponding dominant excited
state compositions, computed at the ground state structure of CuP.
It can be observed that the CT states are predominantly composed of
double excitations, which cannot be described by the present
TDDEFT calculations. Despite this, functionals with large amounts
of HF exchange still perform notably better, as is generally expected
for CT states. The *T; and *T, states correspond to tripdoublet
excitations (from 7 to 7*), and they suffer from significant spin
contamination at the U-TDDFT level, since instead of pure doublets,
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TABLE 1 The SDSPT2/x2c-TZVPall(Cu,N)/x2c-SVPall(C,H) excitation energies (in eV) computed at the sf-X2C-PBE0/x2c-SVPall ground state structure of CuP, along

with the corresponding excited state compositions.

State AE A(S?) Dominant transitions
2d4d, 1.85 0.0019 3d,, — 3d,_, 88.0%
2dd, 2.02 0.0022 3d/3d,. — 3d,2 87.8%
2dd, 2.13 0.0016 3d: — 3de_, 88.0%
T, 2.19 1.9994 7(az,) — n"(eg) 87.1%
°T, 232 1.9968 nar) — 7*(ey) 86.7%
S 2.43 0.0031 n(ay,) — m(ey) 56.9%, n(az,) — m*(eg) 36.1%
S, 341 0.0115 (az,) — m(eg) 52.5%, m(ay,) — m*(e,) 31.8%
2CT, 331 0.0066 [m(a1,) — Cu 3d,2y2(byy) + Cu 3d,./3d).(e,) — 7*(e,)] 65.6%
n(ay,) — Cu 3d,2_ 2 (byg) 25.8%
2CT, 351 0.0086 [7(az,)/m(az,) — Cu 3d,2_y2(byg) + Cu 3d,./3d,.(e,) — 7*(eg)] 61.7%
7(az,) — Cu 3d,2_ 2 (byg) 21.6%

A(S?): difference of the excited state’s (S*) value with the ground state (S*), computed at the U-TD-PBE0/x2¢c-TZVPall level. Transitions in square brackets represent double excitations.
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U-TDDFT can only describe these tripdoublet states as a heavy
mixture of doublets and quartets, e.g.:

\P(ZTI)U—TDDFT - \g\y (ZTI)X—TDDFT
2 y
+ \g‘l’(“Tl,Ms = 1/2) PP, (5)

As follows from Eqs 2-4. U-TDDFT thus systematically
underestimates the excitation energies of the *T; and °T,
states, since the energies of quartets are in general lower than
the corresponding tripdoublets, as discussed in the Introduction.
In Section 3.3 we will also see that part of the underestimation is
due to the failure of U-TDDFT to reproduce the energy
degeneracy of W (*T;, Mg = 1/2) and ¥ (*Ty, Mg = 3/2). On the
other hand, X-TDDFT avoids spin contamination through
implicitly incorporating extra double excitations necessary for
spin-adapting the tripdoublet states (Eq. 3), and therefore
performs systematically better than U-TDDFT for all the
functionals studied herein. The improvements of the excitation
energies (~0.05 eV) may seem small, but have profound influences
on the magnitude and even the sign of the *T,-*T, gap, and
therefore on the ratio of fluorescence and phosphorescence
emission, as will be detailed in Section 3.3. Finally, X-TDDFT
also improves upon the U-TDDFT excitation energies of the d-d
excited states, despite that the latter are almost free from spin
contamination.Already from the calculated absorption energies,
one can draw some conclusions about the photophysical processes
of CuP. The vertical absorption energy differences between the
T, and °S; states, as well as between the 2S,, ?CT; and *CT), states,
are very small (0.1-0.2 eV). Therefore, once CuP is excited to the
bright S, state by visible light, the molecule is expected to
undergo a cascade of ultrafast IC processes, all the way till the
doublet state, *T;. While the fate of the °S, state is not immediately
obvious from the excitation energies, it is well-known that the S,
states of porphyrin complexes typically undergo ultrafast IC to the
S, state on the hundred fs to 1 ps timescale (Brim et al., 2019),
suggesting that the S, state of CuP will also quickly relax to the
*T, state via S, even without the presence of *CT ; the presence
of 2CT, creates a further intermediate energy level between *S;
and °S, and is expected to accelerate the IC further. The
availability of an ultrafast IC cascade also means the ISC from
these high-lying excited states are probably unimportant,
especially considering that copper is a relatively light element.
These findings are in qualitative agreement with the experimental
observation that the °S, states of substituted copper(Il)
porphyrins relax to the *T; states in gas phase through a two-
step process via the intermediacy of a CT state, with time
constants 65 fs and 350-2,000 fs, respectively, depending on the
substituents (Ha-Thi et al., 2013); the fact that the CT —>T, IC is
slower than the 2S, — CT IC is consistent with the trend of our
calculated energy gaps. In solution, the *S; state of Cu(II)
protoporphyrin IX dimethyl ester was known to relax to T,
within 8 ps (Kobayashi et al., 2008), and for CuTPP as well as
CuOEP the same relaxation was also found to occur within the
picosecond timescale (Magde et al., 1974). Recently, the decay
rates of the 2S; state were measured as 50 fs and 80 fs for CuTPP
and CuOEP, respectively, in cyclohexane (Bram et al., 2019). The
’S; state lifetime of CuP itself was also estimated, although
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indirectly from the natural width of the 0-0 peak of the Q
band, as 30 fs (Noort et al.,, 1976). Quantitative computation of
these IC rates is however beyond the scope of the paper, as the
narrow energy gaps and possible involvement of conical
intersections probably necessitate nonadiabatic molecular
dynamics simulations. Nevertheless, a S, —?CT, —?2S,/°T,
—?T, IC pathway can still be tentatively proposed based on
the energy ordering alone. Besides, there are also three d-d
excited states with energies slightly lower (within 0.34 eV) than
the *T, state. There is thus the possibility that the *T, state may
further relax to either one of these three d-d states, which we will
return to later. Finally, it is worth noting that the use of the
accurate SDSPT2 method, as opposed to TDDFT, is crucial for
obtaining a reliable estimate of the qualitative trend of the excited
state energies. BP86 predicts that the CT states lie below the *T
states, leading to a qualitatively wrong IC pathway; wB97X, on the
other hand, grossly overestimates the energy of *S, and would
underestimate its tendency to undergo IC to the CT states
(Figure 3). While B3LYP and PBEO predict reasonable excited
state orderings, they still underestimate the energies of the CT
states due to the presence of double excitation contributions,
which cannot be correctly described under the adiabatic TDDFT
framework.

3.2 Analysis of the equilibrium geometry of
the 2T, state

Since all higher lying excited states are predicted to convert to
*T, over a short timescale, to study the luminescence of CuP [and
probably also other Cu(II) porphyrin complexes bearing alkyl or aryl
substituents, given that these substituents do not change excitation
energies drastically (Eastwood and Gouterman, 1969)], it should
suffice to study the radiative and non-radiative processes starting
from the *T, state. Unlike the three *dd states, whose Franck-
Condon emissions are symmetry forbidden, the emission from
the *T; state is symmetry allowed, and existing experimental
results unequivocally point to a ligand state luminescence, rather
than luminescence from a d-d excited state. Therefore, accurately
predicting the equilibrium geometry of the *T, state is crucial for
subsequent studies.

Some selected bond lengths for the optimized ground state and
excited state structures are provided in Table 2. The difference in
ground state bond lengths between the UKS and ROKS methods is
extremely small ( <0.0001 A), as can be seen from their root mean
square deviation (RMSD), which can be attributed to the extremely
small UKS spin contamination of the ground state of CuP
({S*)ppro = 0.7532). The doubly degenerate T, state, which
belongs to the doubly degenerate E, irreducible representation
(irrep) under the Dy, group, undergoes Jahn-Teller distortion to
give a D,), structure, where two of the opposing Cu-N bonds are
elongated but the corresponding pyrrole rings remain almost intact,
while the other two Cu-N bonds are almost unchanged but the
corresponding pyrrole rings exhibit noticeable deformation. The
U-TDDFT and X-TDDFT bond lengths of the *T} state show larger
deviations than the UKS and ROKS ground state ones, with the
largest deviation exceeding 0.001 A [the C-C (mn) bond], which is
also reflected in the RMSD values.

However, the structure
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TABLE 2 The equilibrium bond lengths (in A) of the ground state (°S,) and the first doublet excited state (*T,) of the CuP molecule.

C-C (st)?
UKS
%Sy ‘ 2.0148 1.3652 1.3881 1.4410 ‘ 1.3611
U-TDDFT
T, ‘ 2.0190 1.3683 1.4155 1.4145 ‘ 1.3885
‘ 2.0416 1.3674 1.3842 1.4447 ‘ 13584
ROKS
%Sy ‘ 2.0148 1.3652 1.3881 1.4410 ‘ 13612
X-TDDFT
T, ‘ 2.0198 1.3681 1.4152 1.4149 ‘ 1.3886
‘ 2.0413 1.3668 1.3853 1.4442 ‘ 1.3590
RMSD® ‘ 0.00002
RMSD* 0.00102

“See Figure 2 for the labeling of atoms.

The RMSD (A) between the optimized S, state structures obtained using UKS and ROKS.

“The RMSD (A) between the optimized °T, state structures obtained using U-TDDFT and X-TDDFT.

differences are still small on an absolute scale. This suggests that
the coupling of the unpaired Cu(Il) d electron and the porphyrin
triplet is weak, so that a reasonable tripdoublet state geometry
is obtained even if this coupling is described qualitatively
in U-TDDFT). previous
benchmark studies on small molecules (where the coupling

incorrectly (as By contrast, our
between unpaired electrons is much larger) revealed that
X-TDDFT improves the U-TDDFT bond lengths by 0.01-0.05 A
on average, depending on the functional and the molecule (Li and
Liu, 2011; Wang et al., 2020).

3.3 Relaxation processes of the °T; state

As revealed by the above analyses, the relaxation process from
high-lying excited states to the °T; state is rapid, and the only
energetically accessible relaxation pathways are the radiative
(fluorescence) and non-radiative (IC) relaxations from *T, to the
ground state *S, the IC from °T to one of the lower *dd states, as
well as the ISC from °T; to *T,. The *T, state can furthermore
convert back to the *T state through reverse ISC (RISC), or relax to
the ground state via radiative (phosphorescence) or non-radiative
(ISC) pathways (Figure 4). While the RISC from *T to the *dd states
is also possible, they are expected to be much slower than the spin-
allowed °T; —°dd IC processes, and are therefore neglected in the
present study.

Before we discuss the quantitative values of transition rates, we
first analyze the relevant electronic states from the viewpoint of
point group symmetry. The equilibrium structures of the >T; and *T,
states are both distorted owing to the Jahn-Teller effect, and possess
only D, symmetry, compared to the Dy, symmetry of the ground
state equilibrium structure. The implications are two-fold: the
double degeneracy of the "Ti(n = 2 or 4) state at the Dy,
geometry (where they both belong to the E, irrep) is lifted to
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give two adiabatic states, hereafter termed the "T(1) and "T(2)
states, respectively, where "T;(1) is the state with the lower energy;
and the potential energy surface of the "T;(1) state has two
chemically equivalent D,;, minima, "T;(1)(X) and "T;(1)(Y),
where different pairs of Cu-N bonds are lengthened and
shortened (see the schematic depictions in Figure 4). Although
"Ti(1)(X) and "T;(1)(Y) are on the same adiabatic potential
energy surface, their electronic wavefunctions represent different
diabatic states, as they belong to the B;, and B,,, irreps, respectively.
The "T;(1)(X) structure is diabatically connected to "T(2)(Y)
(i.e., the "T|(2) state at the equilibrium structure of "T(1)(Y))
via a Dy, conical intersection, while "T;(1)(Y) is diabatically
connected to "T,(2)(X) via the same conical intersection. Thus,
the "T1(2)(X) and "T;(2)(Y) states are expected to undergo ultrafast
IC from the Dy, conical intersection, to give the "T;(1)(Y) and
"T1(1)(X) states as the main products, respectively. The direct
transition from "T;(2) to states other than "T;(1) can therefore
be neglected. From the irreps of the electronic states, we conclude
that certain ISC transitions are forbidden by spatial symmetry.
These include the transitions between *T;(1)(X) and *T;(1)(X),
between *T;(1)(Y) and *T;(1)(Y), and between any one of the
“T1(1) structures and 2S,. All IC and radiative transitions, plus
the ISC transitions between *T;(1)(X) and *T;(1)(Y) as well as
between *T;(1)(Y) and *T;(1)(X), are symmetry allowed. While
symmetry forbidden ISC processes can still gain non-zero rates
from the Herzberg-Teller effect, we deem that the rates are not large
enough to have any noticeable consequences. On one hand, the two
symmetry forbidden ISC pathways between the *T(1) and *T,(1)
states are overshadowed by the two symmetry allowed ones, so that
the total ISC rate between *T;(1) and *T;(1) is undoubtedly
determined by the latter alone. The ISC from *T,(1) to *S,, on
the other hand, has to compete with the IC process from *T (1) to
*Sy in order to affect the quantum yield or the dominant relaxation
pathway of the system noticeably, but the latter process is both spin-
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FIGURE 4

Radiative and non-radiative relaxation pathways of the *T; state. Both the ?T; and “T; states are splitted by the Jahn-Teller effect to give two adiabatic
states, labeled (1) and (2). Each of the (1) states have two equivalent D, equilibrium structures, labeled (X) and (Y). The (2) states do not have equilibrium
structures and are connected with the corresponding (1) states via conical intersections. The X-TDA(doublet)/U-TDA(quartet) adiabatic excitation
energies of the (1) states, as well as the energies of the (2) states at the equilibrium geometries of their corresponding (1) states, are shown on the left.

The transition rates are calculated at 83 K in the gas phase. The forward and reverse ISC rates between 2T;(1)(X) and “T4(1)(Y) are equal to those between
2T (1Y) and *T1(1)(X) by symmetry, but the former ISC processes are omitted for clarity. Transition rates that are obviously equal by symmetry reasons are
shown only once. Transitions out of the ?dds state are not shown since the quantum yield of the ?dds state is expected to be negligible based on the small

2T, —2dds IC rate.

allowed and spatial symmetry-allowed, while the former is
forbidden in both aspects. We therefore neglect all ISC rates
whose Franck-Condon contributions are zero by spatial symmetry.

We then calculated the rate constants for all transitions between
Ty, *T; and *S, whose rates are non-negligible, by the TVCF
method. The rates (Figure 4) were calculated at 83K, the
temperature used in the quantum yield studies of Eastwood and
Gouterman (1969); the latter studies gave a luminescence quantum
yield of 0.09, in a solvent mixture of diethyl ether, isopentane,
dimethylformamide and ethanol. The accurate treatment of
solvation effects is however complicated and beyond the scope of
the paper, so that all transition rates were computed in the gas phase.
Our calculated kigc from °T) to “T (2.36 x 10%™") is slightly smaller
than the total IC rate from *T; to Sy as well as to the three *dd states
(4.27 x 10%7"), suggesting that treating the *T; and *T, states as a
rapid equilibrium [as in, e.g., Ake and Gouterman (1969) and
Bohandy and Kim (1980)] is not justified at least in the gas
phase. The IC from °T; to *dd; is two orders of magnitudes
slower than other non-radiative relaxation pathways of °T;, and
is therefore not considered viable in the remaining discussions. At
83 K, the RISC from “T; to *T} is 11% of the forward ISC rate. Both
rates are in favorable agreement with the experimental values of
Cu(Il) protoporphyrin IX dimethyl ester in benzene, kjgc = 1.6 x
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10°s7" and kpisc = 5.6 x 10%7", at room temperature (Kobayashi
et al., 2008). Our computed ISC and RISC rates give a *T;-to-*T,
equilibrium concentration ratio of 1:9.0 when all IC processes are
neglected, but our kinetic simulation shows that the steady state
concentration ratio is 1:50.7 when the latter are considered, further
illustrating that treating the *T,-*T, interconversion as a fast
equilibrium can lead to noticeable error. Nevertheless, the
fluorescence rate of *T still exceeds the phosphorescence rate of
“T, by three orders of magnitude, which more than compensates for
the low steady state concentration of *T;. Similar conclusions could
be derived from the rates reported in Ake and Gouterman (1969)
(3.6 x 10°s™" and 83 x 107's™", respectively), calculated from
semiempirical exchange and SOC integrals and experimental
absorption oscillator strengths, which agree surprisingly well with
the rates that we obtained here. Kinetic simulation suggests that
99.2% of the total luminescence at this temperature is contributed by
fluorescence, and only 0.8% is due to phosphorescence. This can be
compared with the experimental finding by Bohandy and Kim
(1980) that the phosphorescence of CuP at 86 K is observable as
a minor 0-0 peak besides the 0-0 fluorescence peak, with a
fluorescence to phosphorescence ratio of about 5:1 to 10:1 [as
estimated from Figure 5 of Bohandy and Kim (1980)]; however
note that this study was performed in a triphenylene solid matrix.
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The total luminescence quantum yield is predicted by our kinetic
simulations to be 5.3 x 107, four orders of magnitude smaller than the
experimental quantum yield (0.09) in solution. We believe one possible
reason is that the *T,~*T; gap of CuP is larger in solution than in the gas
phase. This can already be seen from the experimental °T,~*T, 0-0 gaps
of CuP in solid matrices with different polarities: the 0-0 gap was
measured in polymethylmethacrylate as 500 cm™ (Smith and
Gouterman, 1968), but 310-320cm™ in n-octane (Noort et al,
1976) and 267 cm™ in triphenylene (Bohandy and Kim, 1980).
Therefore, the 0-0 gap in the gas phase is probably smaller than
267 cm™, and indeed, our X-TDA calculations predict an adiabatic
’T,-*T; gap of 92cm™ in the gas phase. The larger °T,~*T; gap in
solution compared to the gas phase is expected to introduce a
Boltzmann factor of exp(—(Eso — Egas)/RT) to kgisc, while
changing the other rates negligibly. Setting E. = 267 cm™ and
Eg = 92cm™, we obtain a solution phase krisc of 9.02 x 10%7,
from which kinetic simulations give a fluorescence-phosphorescence
ratio of 8.6:1, in quantitative agreement with experiment (Bohandy and
Kim, 1980). Setting E,,; = 500 cm™" [as appropriate for the polar solvent
used in Eastwood and Gouterman (1969)] gives kgisc = 1.60 x 10,
and a total luminescence quantum yield of 4.0 x 107 with 13%
contribution from fluorescence and 87% from phosphorescence. The
remaining discrepancy (~x2200) of the experimental and calculated
quantum yields can be attributed to the restriction of the molecular
vibrations of CuP by the low temperature (and thus viscous) solvent,
which is expected to suppress the IC process significantly.

Interestingly, U-TDA completely fails to reproduce the
qualitative picture of Figure 4 and predicts a *T;-*T; adiabatic
gap of the wrong sign (—276 cm™"), violating Hund’s rule. At first
sight, this may seem surprising: since the U-TDA “tripdoublet state”
is a mixture of the true tripdoublet state and the quartet state, the
U-TDA °T, energy should lie in between the energies of the true °T,
state and the “T, state, which means that the U-TDA *T,-*T, gap
should be smaller than the X-TDA gap but still have the correct sign.
However, the U-TDA °T; state is contaminated by the Mg = 1/2
component of the *T; state (Eq. 5), while a spin flip-up U-TDA
calculation of the “T) state gives its Mg = 3/2 component. The two
spin components obviously have the same energy in the exact non-
relativistic theory and in all rigorous spin-adapted methods, but not
in U-TDA, even when the ground state is not spin-contaminated (Li
and Liu, 2012; Li and Liu, 2016b). This shows that the restoration of
the degeneracy of spin multiplets by the random phase
approximation (RPA) correction in X-TDA (Li and Liu, 2011)
indeed leads to qualitative improvement of the excitation
energies, instead of being merely a solution to a conceptual
problem. It also shows that estimating the tripdoublet energy by
extrapolating from the energies of the spin-contaminated
tripdoublet and the quartet by, e.g., the Yamaguchi method (Soda
et al., 2000) does not necessarily give a qualitatively correct estimate
of the spin-pure tripdoublet energy. The inverted doublet-quartet
gap introduces qualitative defects to the computed photophysics of
CuP. Already when the doublet-quartet gap is zero, the Boltzmann
factor is expected to raise the kpysc to 9.24 x 107s™", reducing the
ratio of phosphorescence in the total luminescence to 0.11%. Further
raising the quartet to reproduce the U-TDA doublet-quartet gap will
reduce the ke to 1.42 x 10°7', which reduces the ratio of
phosphorescence to 0.0007%. These values are obviously in much
worse agreement with the experiments (Bohandy and Kim, 1980).
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Finally, we briefly comment on the luminescence lifetimes. The
luminescence of CuP is known to decay non-exponentially (Smith
and Gouterman, 1968), so its luminescence lifetime can only be
approximately determined. The luminescence lifetime of CuP has
been determined as 400 ps (Smith and Gouterman, 1968) at 80 K in
polymethylmethacrylate, and a biexponential decay with lifetimes
155 and 750 ys was reported (Eastwood and Gouterman, 1969) at
78 K in methylphthalylethylglycolate. The same references also
reported that the luminescence lifetimes of CuOEP and CuTPP
are also within the 50-800us range. However, in a room
temperature toluene solution the luminescence lifetimes of
CuOEP and CuTPP were reported to be 115 and 30ns,
respectively (Liu et al., 1995), and a few nanoseconds in the gas
phase (Ha-Thi et al., 2013). If we define the luminescence lifetime as
the time needed for 1-1/e = 63.2% of the luminescence to be emitted,
then kinetic simulations from our X-TDDEFT rate constants give a gas-
phase luminescence lifetime of 5.7 ns at 83 K, which is much shorter
than the low-temperature condensed phase results, but in reasonable
agreement with the room-temperature solution phase and especially
the gas-phase experimental results. However, using the ISC and RISC
rate constants consistent with the U-TDA doublet-quartet gap, one
obtains a lifetime of 2.4 ns, differing noticeably from the X-TDDFT
result. Thus, our results suggest that X-TDDFT/X-TDA gives non-
negligible corrections upon the luminescence lifetime of U-TDDFT/
U-TDA, and also confirm that the discrepancy of the experimental
and calculated quantum yields is probably due to suppression of the
IC of *T by the low temperature solvent.

3.4 Discussions

As mentioned in the Introduction, the simple orbital energy
difference model based on a restricted open-shell determinant
(Figure 1) predicts that the excitation energy of the lowest
tripdoublet of any doublet molecule is at least the sum of the
excitation energies of the first two excited states (as long as the
ROKS ground state satisfies the aufbau rule). It therefore comes as a
surprise that the lowest tripdoublet state of CuP (°T)) is only barely
higher than the lowest excited state (*dd,) by 0.34 eV (Table 1), even
though the ROKS ground state of CuP is indeed an aufbau state
(Figure 5). This suggests a failure of the ROKS orbital energy
difference model.

To understand why the ROKS orbital energies fail qualitatively
for describing the excited state ordering of CuP, despite that the
X-TDDFT method (which uses the ROKS determinant as the
reference state) still gives reasonable excitation energies as
compared to SDSPT2, we note that the a and  Fock matrices
of an ROKS calculation are in general not diagonal under the
canonical molecular orbital (CMO) basis. Only the unified
coupling operator R, assembled from blocks of the CMO Fock
matrices,

%(Fchx + Fccﬁ) Fcop %(ch + ch;z)

1
R= Focg 3 (FOOa + Fooﬁ) Fova » (6)

% (FVCu + Fvcﬁ) Fyou % (FVVu + Fvv;;)
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FIGURE 5

ROKS and UKS orbital energies of CuP at the X-TDDFT and
U-TDDFT 2T, equilibrium geometries, respectively, computed at the
sf-X2C-PBEO/x2c-SVPall level of theory.

Is diagonal (Hirao and Nakatsuji, 1973). Note that herein we
have used the Guest-Saunders parameterization (Guest and
Saunders, 1974) of the diagonal blocks of R, which is the default
choice of the BDF program, although our qualitative conclusions are
unaffected by choosing other parameterizations. However, the
leading term of the X-TDDFT calculation is not simply given by
the eigenvalue differences of R,

ia’a,jb‘r = 8016ij8ub (Rua - Rii)) (7)
but rather from the « and  Fock matrices themselves via

Aiucr,jbf = 50‘[(8ijFabrf - (Suijia)- (8)

Here i, a represent occupied CMOs, j, b virtual CMOs, and o, 7
spin indices. For the diagonal matrix element of an arbitrary single
excitation, Eqs 7, 8 differ by the following term:

1
Aiuo,iaa - Aicga,ian = E ((Fuaa - Fauo') - (Fiin - Fiia')), (9)

where ¢ is the opposite spin of 0. For a general hybrid functional, the
Fock matrix element differences in Eq. 9 are given by (where p is an
arbitrary CMO, ¢, is the proportion of HF exchange, and v is the
XC potential)

Fppp = Fppa = cx (ptlpt) + (V;Cpﬁ - V)};a)’ (10)

Assuming, for the sake of simplicity, that there is only one open-
shell orbital ¢ in the reference state. Assuming that the XC potential
behaves similarly as the exact exchange potential, the difference Eq.
10 is positive, and should usually be the largest when p = t, while
being small when p is spatially far from t. The corollary is that the
orbital energy difference approximation Eq. 7 should agree well with
the X-TDDFT leading term Eq. 8 for CV excitations (where the
difference is proportional to the small exchange integral (pt|pt)), but
underestimate the excitation energies of CO and OV excitations by a
correction proportional to the large (#f|tt) integral.
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The underestimation of CO and OV excitation energies by
ROKS orbital energy differences opens up the possibility of
engineering a system to break the w;, = w; + w, constraint
inherent in the ROKS orbital energy difference model, and make
the tripdoublet state the lowest excited state or only slightly higher
than the lowest excited state. Possible approaches include:

1. Increase the difference Eq. 9 for the CO and OV states, while
keeping it small for the lowest CV state, so that all CO and OV
states are pushed above the lowest CV state. This is most easily
done by making the open-shell orbital t very compact, which
naturally leads to a larger F,z — Fy, (due to a larger (tt|tt)) but a
smaller Fypp — Fppeo p € {i, a} (due to a small absolute overlap
between the p and t orbitals).

2. Reduce the orbital energy gap between the highest doubly
occupied orbital and the lowest unoccupied orbital, which also
helps to reduce the excitation energy of the lowest CV state.
However, a too small orbital energy gap will favor the IC of the
tripdoublet to the ground state, which may quench the
fluorescence of the tripdoublet. As already mentioned in
Section 3.3, the IC rate of CuP is already large enough to
make CuP only barely fluorescent (quantum yield <107) in
the gas phase, and a viscous solvent seems to be required to
suppress the IC contribution and make the fluorescence stronger.

Now, it becomes evident that CuP fits the above design
principles very well. The unpaired electron in the ground state of
CuP is on the Cu 3d,:_,» orbital (Figure 6), which is spatially
localized. Moreover, the Cu dez,yz orbital occupies a different
part of the molecule than the ligand 7 and 7* orbitals, which
results in a small absolute overlap between the orbitals and helps
to reduce the effect of Eq. 9 on the CV excitation energies. To
quantitatively assess the effect of Eq. 9 on the CO and OV excitation
energies, we note that the X-TDDFT leading term Eq. 8 is nothing
but the UKS orbital energy difference, if the shape differences of the
UKS and ROKS orbitals are neglected. Therefore, we have plotted
the UKS orbital energies of CuP in Figure 5 as well. Intriguingly, the
a Cu 3d,2_,2 orbital now lies below the porphyrin 7(a;,,) and 7(a,,)
orbitals, while the B Cu 3d,2_,> orbital lies above the porphyrin
m*(eg) orbitals. Therefore, the differences of UKS orbital energies
predict that the lowest excited states of CuP are the CV states obtained
from exciting an electron from 7(ay,,) and 7(a,,) to 7r*(e,). This is not
only consistent with our U-TD-PBEO excitation energies, but also the
X-TD-PBEQO results (save for the S, state, which is higher than *CT,
computed at the respective levels of theory), despite that the latter
method is spin-adapted. Note also that although the (#|#f) integral
leads to a huge splitting between the & and  Cu 3d,:_,» orbitals, the
splitting is only barely enough for the UKS orbital energy differences to
predict a tripdoublet first excited state: if the f Cu 3d,>_,2 orbital were
just 0.2 eV lower, one would predict that the CO-type CT excitation
7(az,) — Cu 3d,2_2 is lower than the lowest tripdoublet 7(a;,) —
m*(eg). Alternatively, one may say that the HOMO-LUMO gap of the
porphyrin ligand is barely narrow enough to fit within the energy
window between the & and f Cu 3d,:_,» orbitals, which clearly
illustrates the importance of using a narrow-gap ligand for
designing systems with a low-lying tripdoublet excited state.

Besides, we note that our SDSPT2 vertical absorption energy
results suggest that three d-d excited states, *dd,;, *dd, and *dds, lie
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LUMO (e)

FIGURE 6

LUMO+1 (e,)

ROKS frontier molecular orbitals of CuP, computed at the sf-X2C-PBEO/x2c-SVPall level of theory.

barely below the *T; state, although the actual energy ordering of
*dd; and °T cannot be said with full certainty. This means that CuP
undergoes anti-Kasha fluorescence, which (as mentioned in the
Introduction) is difficult to achieve especially for open-shell
molecules. The *dd states are very close in energy to the *T,
state, strongly favoring an ultrafast IC process, while the *dd
states themselves relax radiationlessly to the ground state on the
hundred picosecond timescale, mainly through the cascade *dd,
—?dd; —?S, (Figure 4). In reality, however, our calculations suggest
a *T; —°dd, IC rate of only 2.00 x 10% ™" (with other *T; —*dd IC
processes even slower), which although competitive with the *T,
—7S, IC rate, is very small for an IC process with an adiabatic gap of
only 0.42 eV (the estimated SDSPT2 adiabatic excitation energies of
the ?dd;, *dd,, *dds; and *T, being 1.66, 1.90, 2.06 and 2.08 eV,
respectively). The reason is that the *T; and *dd states differ by a
double excitation, while the nuclear derivative operator in the
NACMEs is a one-electron operator, making the IC forbidden to
first order. Moreover, to transform the *T; state to any of the *dd
states, one has to perform an LMCT excitation as well as an MLCT
excitation (from a 7%(e,) to a Cu 3d,2_ )2, and from 8 Cu 3d,,/3d.../
3d,./3d.> to B n(a,,)), both of which involve occupied/virtual orbital
pairs with poor overlap. Therefore, the drastically different natures
of the ligand-centered °T; state and the metal-centered *dd states
effectively prevented the quenching of the luminescence by the *dd
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states, despite that the °T; and *dd states are extremely close in
energy.

To conclude this section, we briefly note that even making the first
doublet excited state a tripdoublet state still does not guarantee the
realization of tripdoublet fluorescence. Two remaining potential
obstacles are (1) the IC of the tripdoublet state to the ground state
and (2) the ISC of the tripdoublet to the lowest quartet state (which is
almost always lower than the lowest tripdoublet state owing to Hund’s
rule). Both can be inhibited by making the molecule rigid, which is
indeed satisfied by the porphyrin ligand in CuP. Alternatively, if the ISC
from the first quartet state to the ground state is slow (as is the case of
CuP, thanks to the spatial symmetry selection rules), and the gap
between the first doublet and the first quartet is comparable to the
thermal energy kT at the current temperature, then the quartet state can
undergo RISC to regenerate the tripdoublet state, which can then
fluoresce. This is well-known as the thermally activated delayed
fluorescence (TADF) mechanism (Parker and Hatchard, 1961; Endo
et al, 2011; Yang et al, 2017), although existing TADF molecules
typically fluoresce from singlets and use a triplet “reservoir state” to
achieve delayed fluorescence. In order for the TADF mechanism to
outcompete the phosphorescence from the first quartet state, both the
phosphorescence rate and the doublet-quartet gap have to be small.
While the low phosphorescence rate of CuP can be explained by the fact
that copper is a relatively light element, the small *T,~*T; gap of CuP

frontiersin.org


https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://doi.org/10.3389/fchem.2023.1259016

Wang et al.

can be attributed to the distributions of the frontier orbitals of CuP.
Recall that the X-TDDFT gap between a tripdoublet excitation Eq. 3
and the associated quartet excitation Eq. 4 is exactly given by the X-RPA
gap (Li and Liu, 2011), which is equal to% ((itlit) + (ta|ta)). However,
both of the two integrals are small for the *T; and “T, states of CuP,
since the orbitals i and a reside on the ligand while ¢ is localized near the
metal atom (Figure 6). Such a clean spatial separation of the metal and
ligand CMOs (despite the close proximity of the metal and the ligand)
can further be attributed to the fact that the Cu 3d,>_,> orbital has a
different irrep than those of the ligand 77 and 7* orbitals, preventing the
delocalization of the open-shell orbital to the 7 system of the porphyrin
ligand; while the Cu 3d,2_,» orbital can still delocalize through the o
bonds of the ligand, the delocalization is of limited extent due to the
rather local electronic structures of typical ¢ bonds (Figure 6).
Incidentally, the only other class of tripdoublet-fluorescing
metalloporphyrins that we are aware of, ie, vanadium(IV) oxo
porphyrin complexes (Ake and Gouterman, 1969; Gouterman et al,
1970), are characterized by a single unpaired electron in the 3d,,, orbital,
whose mixing with the ligand 7 and 7* orbitals is also hindered by
symmetry mismatches. Whether this can be extended to a general
strategy of designing molecules that fluoresce from tripdoublet states (or
more generally, molecules that possess small doublet-quartet gaps) will
be explored in the future. Finally, we briefly note that the design of
doublet molecules with TADF and/or phosphorescence is also an
interesting subject and deserves attention in its own right.

4 Conclusion

Fluorescence of open-shell molecules from tripdoublet states is a
rare and underexplored phenomenon, for which traditional excited
state methods such as U-TDDFT are unreliable due to severe spin
contamination. In this work, we employed the high-precision method
SDSPT2 to obtain accurate excitation energies of the CuP molecule,
which suggests that the bright states obtained by light absorption relax
to a low-lying doublet state, *T, via a cascade of ultrafast IC processes,
in agreement with experiments. *T} is a tripdoublet state composed of
a triplet ligand state antiferromagnetically coupled with the unpaired
electron of Cu(Il), and contrary to predictions from ROKS orbital
energy differences, the only excited states lower than *T; are the d-d
excited states 2dd;, *dd, and *dds, and the nonradiative relaxations
from T to the *dd states are slower than expected from their energy
gaps, due to the large differences in excited state compositions. Using
the SDSPT?2 results as a benchmark, we found that the X-TDDFT
method provides a more accurate description of the *T, state (which
exhibits considerable spin contamination) compared to U-TDDFT,
while for the CO excitations, U-TDDFT and X-TDDFT show similar
performance.

In addition to vertical absorption calculations and structural
analyses, we conducted a detailed analysis of the relaxation rate
constants of the excited states of CuP. Our results suggest that, in
the gas phase and at low temperature (83 K), CuP emits
fluorescence from the lowest tripdoublet state *T, with a very
small quantum vyield (~107°), and the contribution of
phosphorescence is negligible. These results complement the
experimental results in solution phase and solid matrix, which
gave a lower but still greater than unity fluorescence-to-
phosphorescence ratio and a much higher luminescence
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quantum yield. The discrepancies are nicely explained by a
solvent-dependent *T|-*T; gap and the viscosity of the solvent.
Furthermore, we confirm the presence of an equilibrium between
the first doublet state *T, and the first quartet state *T, the latter
of which functions as a reservoir of the *T state, although the
steady state concentration ratio of these two states deviates
noticeably from their equilibrium constant. CuP therefore
represents an interesting example of a TADF molecule that
doublet-doublet
instead of the much more common singlet-singlet pathway.

emits fluorescence through a transition,
Notably, U-TDA predicts a doublet-quartet gap of the wrong
sign, due to the spin contamination of the doublet state as well as
the breaking of the spin multiplet degeneracy of the quartet state.
Although the error is small (< 0.05eV), it translates to a large
error in the luminescence lifetime and (even more) the
contribution of phosphorescence to the total luminescence.
This again highlights the importance of using spin-adapted
approaches in the study of open-shell systems, even when the
excitation energy errors of unrestricted methods are small.

Based on the computational results, we proposed a few possible
approaches that can be used to design new doublet molecules that
fluoresce from tripdoublets: 1) keep the open-shell orbital of the
molecule spatially compact, to open up a gap between the « and f
UKS orbital energies of the open-shell orbital; 2) make the gap
between the highest doubly occupied orbital and the lowest vacant
orbital small enough so that both orbitals fit into the gap between the «
and f3 open-shell orbitals, but not overly small as to encourage IC of
the lowest tripdoublet state to the ground state; 3) make the molecule
rigid to minimize unwanted non-radiative relaxation processes; 4)
avoid introducing heavy elements in order to suppress unwanted ISC
and phosphorescence processes; 5) localize the open-shell orbital and
the frontier 77/7* orbitals onto different molecular fragments, and (if
possible) make them belong to different irreps, to minimize the
doublet-quartet gap; and 6) when the presence of doublet excited
states below the tripdoublet is unavoidable, make those states differ
significantly in composition from the tripdoublet state, to avoid the
quenching of tripdoublet fluorescence by excited state-excited state
IC. We hope that the present work will facilitate the discovery of novel
molecules that fluoresce from tripdoublet states. Moreover, we expect
that the success of the X-TDDFT and SDSPT2 methods will
encourage the use of these two methods in the excited state studies
of other systems.
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A novel Ce(lll) complex with the triazole ligand 2b, which presents four H-bonded
sites with amino acids of the MMP-2 receptor, was synthesized. The experimental
IR and Raman spectra of this Ce(lll) complex were well-interpreted based on their
comparison to the theoretical scaled spectra using the scaling equations
determined by two procedures and four density functional theory (DFT) levels.
Therefore, the structure predicted for the synthesized Ce(lll) complex was clearly
characterized and confirmed. The potential antioxidant action of this complex
was compared with the analogous La(lll) complex, and it was found that the
coordination of ligand 2b with Ce(lll) improves the ligand’s ability to participate in
single-electron transfer (SET), as observed in the ABTS* assay, and this complex
seems to scavenge the stable radical much more actively compared to its La(lll)
counterpart. Additionally, interactions with potassium superoxide and sodium
hypochlorite indicate a high pro-oxidant behavior of the complex. The effects of
different ligands on the geometric parameters, atomic charges, and molecular
properties of the Ce(lll) complex were analyzed at four DFT levels, and several
relationships were clearly established. These relationships can facilitate the
selection of new ligands with improved properties in the design of novel
lanthanide—triazole carboxylate complexes with promising biological activity.
The ligand size increase in the complexes facilitates the electronic transfer of
negative charge, and the low HOMO (highest occupied molecular orbital)-LUMO
(lowest unoccupied molecular orbital) energy gap indicates a large reactivity and
low energy for their excitation.

cerium(lll) complex, 1,2,3-triazoles, antioxidant activity, structural relationships,
infrared, Raman
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1 Introduction

Coordination compounds with rare earth elements are being
extensively developed for medical use (Goswami and Kostova, 2022;
Lewandowski et al., 2005), especially as promising candidates for
anticancer therapeutics (Fricker, 2006; Musib et al., 2023; Zhang
et al,, 2023). Lanthanide (Ln) complexes with a number of drugs
(hymecromone, umbellipherone, mendiaxon, warfarin, coumachlor,
and niffcoumar) have demonstrated cytotoxicity against the HL-60
myeloid cell line in preclinical studies (Chundawat et al., 2021). The
lanthanide-texaphyrin complexes have advanced into clinical trials
(Evens, 2004; Mody et al., 2001).

Special interest appears in the cerium complexes, which have
been reported to have important pharmaceutical properties. For
example, the cerium-humic acid complex has bacteriostatic
potency, inhibiting the growth of several dangerous bacterial
(Zhang et al, 2000),
cerium-quercetin complexes exhibit toxic effects against both

strains cerium-curcumin  and
breast and melanoma cancer cells used in photodynamic therapy
(PDT) (Hosseinzadeh et al., 2021), cerium-ofloxacin and 2,2'-
bipyridine complexes show antimicrobial and anticancer activities
against breast and colon cell lines (Abd El-Hamid et al., 2019), and
azamacrocyclic—cerium complexes promote the hydrolysis of the
phosphodiester bond of supercoiled DNA (Feng et al,, 2013). In
addition, series of cerium(III) bipyridyl, phenanthroline, and related
complexes have been reported with in vitro activity against cancer
cell lines (Fricker, 2006). Despite the important properties of cerium
complexes, they have received far less attention than lanthanum
complexes, which is one of the reasons for their investigations in the
present study.

The coordination chemistry of the lanthanoid metals is of
interest in a variety of fields, such as molecular magnetic
materials, catalysts, luminescent thermometers, or MRI contrast
agents in bioimaging, nonlinear optics, and up-conversion materials
(Biinzli, 2015; Li and Yan, 2020; Omodara et al., 2019; Zhang et al,,
2021; Zhao et al., 2021), and the selection of a specific ligand for this
coordination is an important and difficult task.

Ln(III) ions tend to form stable chemical bonds with organic
compounds containing oxygen, nitrogen, or sulfur atoms (O, N, and
S). Among the N-donor ligands, preferred heterocycles for Ln
complexation are pyridine, pyrazole, tetrazole, and oxazole. There
are well-known Ln(III) complexes with terpyridine, coumarin,
acridine, porphyrin, quercetin, 1,10-phenanthroline, and
2006). Neutral N-1-substituted 1,2,3-
triazoles have not been applied extensively as coordination units

benzotiazole (Fricker,

for Ln-complex formation because their binding affinities are not
strong enough to overcome affinities with anions such as NO5~, F~,
Cl', and Br~ (Juwarker et al, 2009) or the hydration enthalpy of
Ln(III) ions (Guo et al., 2023). 2-Substituted-1,2,3-triazoles have
a more symmetrical electronic distribution that could not stabilize
such constructions. However, the triazole core is quite attractive as it
is biocompatible and tends to endow molecules with a broad profile
of biological activities and diverse pharmacophore properties
(Agalave et al., 2011; Bonandi et al., 2017; Bozorov et al.,, 2019;
Giroud et al, 2018; Keri et al, 2015; Li et al, 2018; Zhang
et al., 2009).

Triazoles are of particular interest to modern medicine for
several reasons. In addition to having significant dipole moments,
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they are characterized by high stability in terms of redox reactions
and hydrolysis. Nitrogen atoms in the structure can also participate
in hydrogen bond formation, thus enhancing solubility (Dheer et al.,
2017). The facility of the triazole ring to form these H-bonds is
considered the main reason for its ability to enhance binding to
target molecules (Raic-Malic and Mescic, 2015; Kumar et al., 2013;
Saini and Dwivedi, 2013). Moreover, in a variety of studies (Slavova
et al,, 2020), triazoles have been utilized as linkers. Particularly, the
triazole ring is not just a passive linker, and it contributes to
biological activity by binding to target molecules via H-bonding
and dipole interactions (Kolb and Sharpless, 2003). When combined
with another compound, it can produce new biological effects,
increasing the activity of molecules (Slavova et al, 2020). In
terms of mechanisms of action, triazole-containing molecules can
act as plant gibberellin inhibitors, carbonic anhydrase inhibitors,
competitive inhibitors of para-aminobenzoic acid, cellular
microtubule stabilizers, nucleoside analogs, etc.

Since there are many examples that have demonstrated the
synergetic biological effect due to coordination with transition
metals or lanthanides (Slavova et al., 2020; Gil-Moles and
Concepcion Gimeno, 2024; Podolski-Reni¢ et al., 2024; Adhikari
et al., 2024; Alcolea Palafox et al., 2023a), the 1,2,3-isomer has been
selected because it has been shown to have the best properties
(Agalave et al, 2011; Bonandi et al., 2017; Bozorov et al., 2019;
Giroud et al., 2018; Slavova et al., 2020; Hrimla et al., 2021) as a
ligand and is suitable to coordinate with the Ce(III) ion. In order to
overcome the possible problem of instability of the desired complex,
we employed a well-known approach based on attaching the side
substituents and functionalities to heterocycles with the additional
nucleophilic centers (Zafar et al., 2023; Hussain Sumrra et al., 2020).

To facilitate the coordination of the triazole ring with the Ce(III)
ion, this was carried out through the carboxylate group at C4 (C9 in
Figure 1) of the triazole ring. In addition, aryl and pyrrolidine groups
were bonded to the triazole ring to provide liposolubility to facilitate
cell penetration. A chlorine atom was also attached to the aryl group,
constituting the 2-(4-chlorophenyl)-5-(pyrrolidin-1-yl)-2H-1,2,3-
triazole-4-carboxylate ligand. This triazole ligand has been
labeled as 2b (sodium salt) and 2b’ (its anionic form) (Alcolea
Palafox etal., 2023b), and such notation will be used here. The ligand
2b has been previously studied from the structural, spectroscopic,
and molecular docking points of view (Alcolea Palafox et al., 2023b;
Safronov et al., 2023; Palafox et al., 2023). The cerium cation is now
coordinated with this ligand via the carboxylate groups, linked in a
three-dimensional coordination complex, as shown in Figure 1. This
arrangement is similar to that corresponding to the La(III) complex
first obtained by us (Alcolea Palafox et al., 2023a), as well as in
complexes of other carboxylic acid derivatives (Zhao et al., 2021).
The in vitro behavior of this new complex toward a wide range of
RS-generating model systems revealed potential therapeutic
applications as hydroxyl scavengers and potential pro-oxidants
(Alcolea Palafox et al., 2023a; Alcolea Palafox et al., 2023b).

Because the most accurate of the quantum chemical methods are
still too expensive to apply in routine research, density functional
theory (DFT) has emerged during the past decades as a powerful
methodology for the simulation of chemical systems. DFT methods
are less computationally demanding than other theoretical methods
with a similar accuracy, or even better in some cases, such as the
theoretical prediction of vibrational spectra (Palafox, 2018). They
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M06-2X/Cep-4g

A ? B
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FIGURE 1

Mo06-2X/Cep-4g
E =-534.578590 AU (G =-534.696255 AU)

CAM-B3LYP/Cep-4g: E'=--534.128881 AU (G=-534.247505 AU)

Front and lateral views of the optimized structure of four Ce(lll) complexes at the CAM-B3LYP/Cep-4g and M06-2X/Cep-4g levels with the
following ligands: acetate (A-complex), 1,2,3-triazole-4-carboxylate (B-complex), 2-(4-chlorophenyl)-2H-1,2,3-triazole-4-carboxylate (C-complex),
and 2-(4-chlorophenyl)-5-(pyrrolidin-1-yl)-2H-1,2,3-triazole-4-carboxylate (2b’ ligand) (Ce (2b')s complex). The labeling of the most characteristic
atoms, the total energy of the system (E) including zero-point correction, and the Gibbs free energy (G), as well as several bond length values, are

also included. 1 AU = 2625.5 kd/mol.

are being able to include electron correlation in the calculations at a
fraction of time of post-Hartree-Fock methodologies. Therefore,
these DFT methods have a widespread application and are becoming
increasingly popular.

Among the multiple applications of DFT methods, one based on
the molecular docking approach has been used against SARS-CoV-2

Frontiers in Chemistry

(Subbiah et al., 2022) and promising drug targets for cancer (Noreen
et al., 2023; Sert et al., 2020). However, our interest in the present
manuscript is related to the interpretation of the spectra, which have
been developed specifically over the last decade. Although they have
been used for the assignment of the UV/vis (Sert et al., 2020; Hassan
et al,, 2023; Barim and Akman, 2022) and 'H and "*C NMR spectra
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(Sert et al., 2020; Rajaraman et al., 2022), in the present work, we
focus our attention only on the IR and Raman vibrational spectra
(Dodoo et al., 2023; Evangalin et al., 2018; Singh et al., 2023).
Vibrational spectroscopy is one of the most powerful techniques for
the characterization of medium-sized molecules. An accurate
interpretation of vibrational experimental spectra using DFT
methods is essential in many fields of chemistry and has become
an important part of spectrochemical and quantum chemical
investigations (Palafox, 2018; Alcolea Palafox, 2017).

However, the proper assignment of spectra is often not
straightforward, and a large overestimation of the calculated
vibrational wavenumbers is expected. This overestimation (which
may be due to many different factors that are usually not even
considered in the theory, such as anharmonicity, errors in the
computed geometry, Fermi resonance, and solvent effects) can be
significantly reduced with the use of transferable empirical
parameters for the calculated wavenumbers. The use of suitable
DFT quantum-chemical methods and scaling procedures
remarkably reduces the risk in the assignment and can accurately
determine the contribution of different modes in an observed band.
Now, these procedures appear to be extensively used in the journals
of vibrational spectroscopy, and we applied them in this study.

Now, the two main aims of the current investigation are as
follows: 1) the first aim was to synthesize and characterize a newly
synthesized cerium(III) complex of the 2-(4-chlorophenyl)-5-
(pyrrolidin-1-yl)-2H-1,2,3-triazole-4- carboxylate (2b’) ligand and
study its potential antioxidant activity. This ligand appears to be of
great interest as it presents H-bonded sites with the matrix
metalloproteinase-2 (MMP-2) receptor (Palafox et al., 2023), which
is one of the main models for angiogenesis and tumor development
(Jezierska and Motyl, 2009). The product develops as an amorphous
precipitate and does not provide crystals suitable for X-ray molecular
structure determination. Since the crystal structure data on this newly
synthesized Ce (2b’); coordination complex are not available, in such
cases, theoretical calculations are very informative and useful.
Moreover, theoretical approaches for the determination of
geometrical parameters, vibrational frequencies with accurate
scaling procedures, hydrogen bond strengths, model metal(III)-
ligand bonding, and conformation of the molecular structure
proposed at a high level of theory are very helpful for extracting
these theoretical

approaches were carried out in this study, and they helped predict

reliable structural information. Therefore,
correctly the metal coordination polyhedron of the studied complex.

The potential antioxidant activity of the Ce(III) complex was
assessed utilizing multiple reactive species (RS)-generating model
systems. Therefore, the impact of the Ce(III) complex on the
physiologically ~important radicals (two different

experiments), superoxide radical ions, and hypochlorite ions was

hydroxyl

investigated. Potential mechanisms of action—single-electron
transfer (SET) and hydrogen atom transfer (HAT)— will be
elucidated  with the aid of the 2,2'-azino-bis(3-
ethylbenzothiazoline-6-sulfonic) free radical (ABTS™) and 2,2-
diphenyl-1-picrylhydrazyl radical (DPPH’) assays. The complex’s
behavior in these model systems at the highest concentration tested
was compared to a well-established positive control: 6-hydroxy-
2,5,7,8-tetramethylchroman-2-carboxylic acid (Trolox) (Goswami
and Kostova, 2022). 2) Another aim was to reveal the impact of
structural fragments on the features of the geometry and electronic
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structure of the triazole complex. For this purpose, three simpler
complexes, namely, A- (acetate), B- (1,2,3-triazole-4-carboxylate),
and C- (2-(4-chlorophenyl)-2H-1,2,3-triazole-4-carboxylate), were
visualized and used as models for quantum mechanical chemical
calculations (Figure 1). Therefore, new relationships with different
ligands were established to find better properties, which will
facilitate the selection of new ligands for further design of new
complexes with improved properties.

2 Materials and methods

2.1 Materials

All compounds used were of pro analysis grade from Sigma-
Aldrich. Ethanol (95%) and bi-distilled water were utilized for the
preparation of the solution. Trichloroacetic acid (TCA), thiobarbituric
acid (TBA), and K-Na-phosphate buffered saline (PBS) solutions
were required for the deoxyribose degradation assay, according to that
reported in Alcolea Palafox et al. (2023a). 3-(4,5-Dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide (MTT) was required, as well as
other reagents for the Fenton reaction MTT assay. Participation in
hydrogen atom transfer (HAT) reactions was elucidated following the
protocols (Kedare and Singh, 2011; Molyneux, 2004). The
participation of the Ce(III) complex in single-electron transfer
(SET) reactions was determined according to that reported in Erel
(2004a) and Erel (2004b). Luminol-dependent chemiluminescence
(LDCL) was utilized to assess scavenging of (O,~) radicals.

2.2 Experiment

The Ce(IlI) complex was synthesized from Merck’s
Ce(NO3);-6H,0 salt (99%) and the 2b ligand (Safronov et al,
2023). The procedure is similar to that followed in the synthesis
of the La (2b’); complex (Alcolea Palafox et al., 2023a). The chemical
composition of the newly obtained Ce(III) complex was
characterized via elemental analysis. The binding mode in the
Ce(III) complex was confirmed via vibrational spectroscopy. The
synthesized Ce (2b’); complex was investigated as KBr pellet at
room temperature for the IR spectrum, which was plotted in the
3,900-400 cm™ IFS25 FTIR
spectrophotometer. The Raman spectrum was registered in the

region utilizing a Bruker
4,000-0-cm ™ range using a Horiba Jobin Yvon’s spectrometer.

UV-vis spectra were recorded using a Shimadzu UV-
1601 spectrophotometer. For LDCL measurements, an LKB
1251 luminometer (Bio-Orbit, Turku, Finland) was set at 37°C
and connected to an IT-type computer via a serial interface.
Three samples have been tested in each concentration. Averages
and standard deviations were calculated. Relative changes within the
limits of experimental errors were not discussed.

2.3 Methods

Stock solutions of the investigated ligand 2b (1107 M) and its
complex Ce (2b'); (1-10™* M) were prepared using bi-distilled water. In
order to test the molarities of 1-10™° M or lower, these solutions were
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further diluted as necessary. A 110> M stock solution of Trolox in PBS
was prepared. The activity of the cerium complex was compared to that
of Trolox at the highest concentration tested (3-10° M).

For each tested molarity, three replicates were run, each
representing an individual datapoint. Average values and standard
deviations were calculated. The impact of the tested compounds on
the RS-generating model systems was statistically verified via one-way
ANOVA, followed by the Bonferroni post-test. Differences with p <
0.05 were considered statistically significant. Relative changes within
the limits of the experimental error were not discussed.

2.3.1 Deoxyribose degradation assay

Hydroxyl radicals (OH') were generated via UV-induced water
radiolysis (Burns and Sims, 1981) through a modified protocol
(Halliwell et al., 1987). The TBA assay was applied to assess the
degradation of 2-deoxyribose (2-DR) to malondialdehyde (MDA).
The 2-DR degradation degree is calculated as radical-scavenging
activity (RSA) by Equation 1:

Acontrol - (Asa.mple - Ablank)

Acontrol

RSA, % = - 100, (1)

where “control” sample excludes the Ce(III) complex. “Sample”
is composed of 2-DR (0.5 mL) + Ce(III) complex solution + PBS (up
to 5 mL). This 5-mL sample was irradiated using UV, and TBA and
TCA were added following the procedure described in Alcolea
Palafox et al. (2023a).

The in vitro scavenging activity of the sodium salt of the ligand
(2b') and its La(IIT) complex in the presence of several free radical-
generating model systems was discussed in Alcolea Palafox et al.
(2023a). Herein, the behavior of 2b and its Ce(IIT) complex on RS,
generated by six model systems, is revealed and compared to that of
the respective La(III) complex.

2.3.2 ABTS, DPPH, and Fenton reaction MTT assays

Three types of samples, namely, “blank,” “control,” and
“sample,” were tested using the kinetic function of the apparatus
with the lag time of 10 s and measuring time of 600 s. In each sample
composition, 1.0 mL is the total volume in ABTS, whereas it is
2.0 mL in DPPH and MTT assays. Results are presented as RSA,
which is similar to the 2-deoxyribose degradation assay, as shown
in Table 1.

ABTS: Prior to experimentation, two reagents (R1 and R2) are
prepared (Erel, 2004a), where R1 is Na-acetate buffer with pH = 5.8,
while R2 is composed of ABTS dissolved in Na-acetate buffer with
pH = 3.8, along with the addition of H,0, to form ABTS™ radical.
Absorbance was determined at 660 nm.

DPPH: It was performed according to literature data (Kedare
and Singh, 2011; Molyneux, 2004; Chrzczanowicz et al., 2008), and
where DPPH' absorbance changes were measured at A = 517 nm.

MTT: The reduction in MTT to formazan by Fenton-generated
OH' was investigated. Ascorbic acid increases the formation of OH'.
Formazan production causes an increase in the absorbance at
A =578 nm.

2.3.3 LDCL in the presence of KO, or NaClO

With KO, the “control” composition (1.0 mL) contains luminol
(0.05 mL) + KO, (0.05 mL) + PBS. The “sample” composition
(1.0 mL) contains the Ce(III) complex + luminol (0.05 mL) + KO,
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TABLE 1 Fenton reaction with ABTS, DPPH, and MTT assay sample
compositions. Values are in mL.

Assay Reagent Blank  Control = Sample
ABTS Tested compound 0.1 - 0.1
R1 0.86 0.86 0.86
R2 - 0.04 0.04
Bi-distilled water 0.04 0.1
DPPH Tested compound 0.2 - 0.2
DPPH - 1.8 1.8
Ethanol 1.8
Bi-distilled water - 0.2
MTT Tested compound 0.2 - 0.2
MTT 0.2 0.2 0.2
Fe**/H,0,/Na,-EDTA - 0.1 0.1
Ascorbic acid - 0.1 0.1
Bi-distilled water up to 2.0 to 2.0 to 2.0

(0.05 mL) + PBS. The kinetic mode of the apparatus was utilized.
Measurements are taken with 2-s delay from the total of 10 s. Data
are presented as the CL-SI index by Equation 2:

sample

CL-SI,% = - 100. (2)

control

In the absence of KO,, the background signal has been
withdrawn from all data recorded.

With NaClO, the “control” composition (1.0 mL) contains
NaClO (0.15 mL) + luminol (0.05 mL) + PBS. The “sample”
composition (1.0 mL) contains Ce(III) complex + luminol
(0.05 mL) + NaClO (0.15 mL) + PBS. The background signal is
recorded in the absence of hypochlorite and is withdrawn from all
data recorded. Data are also shown as the CL-SI index.

2.4 Computational details

Four theoretical levels were used for the optimization of all
Ce(III) complexes. Density functional theory (DFT) methods
(Seminario and Politzer, 1995) were chosen for this purpose
since they have provided accurate vibrational wavenumber values
in biomolecules that are in good agreement with the experimental
values and in better agreement compared to those determined by the
MP2 method (Palafox, 2018). Among these DFT methods, the
Minnesota M06-2X functional was the most preferred because it
is one of the best meta-generalized gradient functionals to analyze
dispersion bound in large systems (Riley and Hobza, 2011; Riley
et al,, 2010), especially in biomolecules with non-covalent weak
interactions, like those included in the present work. Moreover, this
method has also shown a large applicability in chemistry (Zhao and
Truhlar, 2011).

The B3LYP functional has been chosen second because it has
yielded excellent results in the computation of the IR and Raman
wavenumbers of biomolecules and is better than other DFT methods
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SCHEME 1

Synthesis of the Ce(lll) complex.

(Palafox, 2018; Alcolea Palafox, 2000). In particular, with the Ce(III)
ion, it performs slightly better than other hybrid functionals
(Kullgren et al., 2010). However, the B3LYP functional alone is
not appropriate for reproducing systems with non-covalent weak
interactions, like those observed with our complexes; therefore, the
spectra obtained differ from the experimental spectra. For this
reason, the D3-B3LYP and the CAM-B3LYP methods (Yanai
et al., 2004), which combine the hybrid qualities of B3LYP and
the long-range correction (Tawada et al., 2004), were also used to
improve the calculated structural parameters. The Cep-4g basis
set is the only set that appears available in the Gaussian-16
program package for cerium (Frisch et al., 2016). Although it
is a very small basis set, the vibration spectra obtained with this
basis set can be well correlated with the experimental spectra, and
therefore, a good characterization of the synthesized Ce (2b');
complex was carried out. Even with the smaller Ce(III) complexes
labeled as A, B, and C as shown in Figure I, the three DFT
methods required a charge +1 on the whole system. With the
neutral charge 0 on the system, the DFT methods used in the
Gaussian-16 program package does not run, indicating an
inconsistency in the ground state calculations (multiplicity =
1). The authors consider this unusual since the three positive
charges on the Ce ion are compensated by three 2b’ anions.
Notably, this could be due to the default of the Cep-4g basis
for the Ce ion. Despite the fact that the effect on the organic
ligands is very slight and their calculated spectra are in accordance
with the experimental spectra, various Ce(III) and Ce(IV)
complexes with organic molecules have been reported
(Chundawat et al., 2021; Evens, 2004; Das et al., 2014; Levin
et al,, 2016). The UNIX version of the Gaussian-16 program with
standard parameters was operated in the Brigit super-computer of
the Complutense University of Madrid.

All optimized complexes showed positive wavenumbers,
indicating a minimum in the potential energy surface. For this
task, harmonic wavenumber computations were performed at the
same level of the corresponding optimization process.

2.4.1 Scaling the wavenumbers

The calculated wavenumbers by the theoretical DFT methods
appear overestimated due to different reasons (Alcolea Palafox,
2019). To correct this overestimation, different scaling procedures
have been reported for each specific method and basis set (Alcolea
Palafox, 2000; Alcolea Palafox, 2019), obtaining a noticeable
improvement in the wavenumbers. To get an accurate
assignment of the experimental bands, the scaling is the normal
procedure followed by the authors. Among the different procedures

available, the linear scaling equation (LSE) (Equations 3-6) and
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polynomic scaling equation (PSE) (Equations 7-10) procedures
appear as the most appropriate, and therefore, they were used in
the present study. The specific equations utilized here for the four
levels of computation are as follows:

LSE procedure: v*@' = 195.7 + 0.8706 v**! at B3LYP / Cep-4glevel,
3)
vl =194.0 + 0.8714 v at D3-B3LYP /Cep-4glevel,  (4)

vl = 184.0 + 0.8646 v at CAM-B3LYP /Cep-4glevel,  (5)
vl = 185.0 + 0.8613 v at M06-2X / Cep-4glevel, (6)
PSE procedure: v = 90.6 + 1.0305 v**! - 0.0000403
. (vCal )2 at B3LYP / Cep-4glevel,  (7)
vl =927 +1.0253 v - 0.0000388
. (v“‘1 )2 at D3-B3LYP/Cep-4g level, (8)
vl = 78,7 +1.0216 v - 0.0000390
. (v‘:al )2 at CAM-B3LYP / Cep-4glevel, 9)
vl = 78.0 + 1,0204 v - 0.0000394
. (v°"‘l )2 at M06-2X/ Cep-4glevel.

3 Results and discussion

The N-2-aryl-triazole ligand 2b was prepared according to the
procedures reported in the literature (Alcolea Palafox et al., 2023a;
Safronov et al., 2023; Palafox et al., 2023). The complex Ce (2b'); was
synthesized by the interaction of triazole sodium salt 2b with
Ce(NO3);5-6H,O at a molar ratio of 3:1 in the water solution
(Scheme 1) with a yield of 85% and characterized via elemental
analysis and vibrational spectroscopy.

The elemental analysis of the Ce(III) complex of 2-(4-
chlorophenyl)-5-(pyrrolidin-1-yl)-2H-1,2,3-triazole-4-carboxylic
acid: (% calculated/found): Ce (2b");  2H,O: C: 44.61/45.02; H: 4.00/
3.78; N: 16.01/15.68; and H,O: 3.43/3.98; Ce: 13.35/12.95, where
2b' = Cy3H,,N,0,CL.

The binding mode of the ligand to Ce(III) ions was elucidated by
recording the IR and Raman spectra of the complex, as compared
with those of the free ligand and the theoretical predictions. The
vibrational fundamentals from the IR and Raman spectra were
analyzed by comparing these modes with literature sources in
combination with the results derived from DFT calculations
(ie., and their
scattering activities) for the ligand and Ce(III) complex.

harmonic vibrational wavenumbers Raman
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TABLE 2 Several selected optimized geometrical parameters calculated with different DFT methods and the Cep-4g basis set in the Ce(lll) complexes shown in Figure 1. Bond lengths (r) are in A, and bond angles and

dihedral angles () are in degrees. The data were from ligand /.

A complex

B complex

C complex

1 (Co-Cyy) 1.657 1.648 1.638 1.587 1.581 1.575 1.583 1.577 1.571 1576 1.570 1.563 1.556
r (C=0,,) 1.434 1.423 1413 1.434 1.422 1.410 1.436 1.423 1.413 1.437 1.437 1.425 1.415
r (C=0,3) 1.434 1.423 1.412 1.435 1.423 1.414 1.436 1.423 1.413 1.442 1.441 1.433 1.425
1 (Ce-Op,) 2.287 2.256 2.248 2.290 2.260 2.261 2288 2.257 2253 2.304 2292 2264 2.260
r (Ce-Oy3) 2.286 2.255 2253 2282 2.251 2.240 2.281 2.251 2245 2275 2272 2.231 2.224
£(Co-Cyy = Opy) 1237 1239 123.4 122.2 122.4 122.0 122.1 1224 1217 1259 125.4 126.6 1255
£(0=C=0) 1125 112.1 1132 114.2 1138 114.8 1142 113.7 114.8 1137 1139 1127 113.8
£(C=0,,-Ce) 92.3 92.3 91.9 90.9 91.0 90.3 90,9 91.1 90.5 90.9 90.8 911 90.4
£(C=0,3-Ce) 92.3 92.4 91.7 91.2 91.4 91.0 91.2 91.3 90.8 91.9 91.5 922 91.6
£(01,-Ce-0'13) 153.9 1553 100.5 1543 155.5 100.5 153.8 1553 101.7 152.4 1533 154.8 99.7
£(043-Ce-0"},) 1022 100.8 102.1 102.7 101.2 100.1 103.1 101.3 100.4 104.5 103.4 101.6 99.9
£(Cy1=0,-0",-C'y)) 57.6 60.6 -98.1 56.9 60.5 -98.8 55.9 59.8 -99.1 56.4 59.6 61.7 -103.5
£(Co=Cyy C'3=Cly) -0.1 -0.2 0.5 0.2 0.0 1.8 0.0 0.0 2.7 -0.2 -1.1 0.0 -18.0
£(C'g=C'yy C"11-C") 0.1 0.3 -0.5 2.1 2.6 0.2 0.0 0.1 1.0 -0.1 ~-1.1 -0.1 16.7
£(Cyy+-Ce- C'yy) 120.1 1202 119.6 120.2 120.2 1189 119,9 120.1 120.1 120.0 119.9 119.8 1203
£(C'Ce C")) 120.0 119.6 120.2 119.0 119.0 120.9 120.1 120.0 119.7 119.8 119.8 119.9 118.8
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TABLE 3 Atomic polar tensor charges calculated with different DFT methods and the Cep-4g basis set in the Ce(lll) complexes shown in Figure 1. The ligand
APT values are only shown.

A complex B complex C complex Ce(2b')z

Atom B3LYP CAM-B3LYP M06-2X B3LYP CAM-B3LYP M06-2X B3LYP CAM-B3LYP M06-2X B3LYP D3-B3LYP CAM-B3LYP  MOo6-

2X
Ce 2.366 2.814 2,752 2.982 3.464 3.436 3.657 4.147 4.117 2.844 3.056 4.457 4.494
N, ~0.596 ~0.608  -0.625 —0.210 ~0440  -0.383  —0.058 ~0.109 ~0466  —0.430
N, -0.013 -0018  -0.031 -0.111 -0076 = -0.105 = —0.099 ~0.109 -0.124  -0.133
Cs ~0.071 ~0.090  -0.079 0021 ~0.093  —0.072 | 0444 0.453 059  0.610
Co —0.450 -0.461 -0.512 —0.682 —0.664 -0.695 —1.065 —1.042 -1.100 = -1.048 —-1.096 -1.342 -1.392
Nio - 0253 0.262 0276 = 0335 0.443 0472 0.105 0.157 0411 0426
Ch | 0830 0.831 0810 1459 1.446 1441 1954 1.871 1900 1458 1.591 2071 2134
O, 0733 ~0819 | -0794 -0921 ~0.995 0989 -1205 ~1241  -1.260 0909 ~0.974 -1323  -1363
Oy -0.747 ~0.823  —0.797 0937 ~1011  -0992  -1.167 -1224  -1201  -0925 ~1.001 ~1.380  -1413

3.1 Molecular structure of the
cerium complex

The cerium(III) ion, similar to other lanthanide ions, appears to
coordinate well with oxygen atoms rather than nitrogen atoms
(Peica et al., 2006). This could be due to the large flexibility of
the carboxylic oxygens, which facilitates bonding with Ce*".
Therefore, the starting geometry to be optimized was that with
the Ce(III) ion coordinated through the COO™ group with three
ligands. For simplicity, as shown at the bottom of Figure 1, the total
energy (E), which includes the ZPE (zero-point vibrational energy)
correction, and the Gibbs energy (G) value were only shown for the
Ce (2b'); complex and with the CAM-B3LYP and M06-2X methods.
Because the optimized structure by the B3LYP and D3-B3LYP
methods appears noticeably distorted, they are included in
Supplementary Figures S1, S2. This distortion is due to the lack
of long-range interactions of B3LYP for stabilizing the complex to a
symmetric arrangement.

In the complex formation with the cerium ion, the CO bonds of
the ligands are lengthened, as compared to the free form or in a dimer
form (Alcolea Palafox et al., 2023b), which causes a slight shortening
of the Cy—C;; bond length. This feature in the triazole ring leads to a
decrease in the N, = Cg and Cy = N}, double-bond character (an
increase in their bond lengths) and shortening of the neighbor N,-N;,
and Cg-Nj, bonds. It is noted that the lengthening of these bond
lengths leads to more rotated triazole substituents, and thus, they can
interact more easily with other ligands, especially through the
pyrrolidine ring. Therefore, with cerium binding, the triazole ring
bonds and angles are slightly modified, which consequently results in
the modification of their molecular properties.

Different ligands have little impact on the almost symmetric
arrangement with the Ce(III) ion, as shown in Figure 1. Therefore,
all methods and complexes place these ligands at angles
(CyyCeC'y; and C'y-Ce-C"1)) very close to 120.0° and with
very little rotation, with Cy-C;,+-C';;-C’g and C'o-C';;--C";-C"y
torsional angles close to 0°, with the exception of the calculated
values in the Ce (2b'); complex by the M06-2X method, —18.0° and
16.7°, respectively. As expected, the main differences appear in the
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coordination distances between the carboxylate oxygens and Ce(III)
ion, which significantly affects the neighboring O-C,; (slightly, for
example, 1.434, 1.434, 1.436, and 1.437 A) and (more prominently:
1.657, 1.587, 1.583, and 1.576 A) C,;-C, bond lengths. These
differences are presented in Table 2, which includes several
selected optimized geometrical parameters in one of the ligands
(labeled as I) at three DFT levels. The notation used for labeling the
atoms is from that reported in the 2b’ ligand (Safronov et al., 2023).
Large differences also appear among the three DFT levels used, with
the values by CAM-B3LYP closer to M06-2X than to B3LYP.

The optimized structure of the aryl ring in complexes C- and Ce
(2b")3 is full planar at all three DFT levels used. It is almost coplanar
with the triazole ring, with the Cs-C4-N4-Nj, torsional angle of
ca. —0.4" in the C complex and slightly larger due to the effect of the
pyrrolidine ring in the Ce (2b’); complex, —4.7° by B3LYP and —2.3°
by M06-2X. Similar values are also observed in the isolated ligands of
C and Ce (2b)3, which indicates a very small impact of the Ce(III)
ion in this coplanarity.

The triazole ring is also full planar in B and C complexes at all
three DFT levels and with torsional angle values lower than 0.5° in
Ce (2b');. By contrast, the pyrrolidine substituent appears out-of-
plane, as expected, and out-of-coplanarity with the triazole ring
plane, Cy-Cg-N4-Cjg = —20.2° by M06-2X and 16.6° by CAM-
B3LYP. However, this value is noticeably lower than that calculated
in the 2b ligand alone by the M06-2X method, —40.3". This can be
explained by the strong intramolecular H-bond O;,--H;s between
the carboxylate oxygen O;, and the pyrrolidine hydrogen His,
1.711 A vs. 2.605 A in the Ce (2b'); complex. This H-bond
forces the rotation of the pyrrolidine ring.

In the Ce (2b"); complex, the C,; carbon atom appears slightly
rotated related to the triazole ring plane, with this rotation being
slightly lesser with O, than with O,3. Therefore, the torsional angle
Cg-Cy-C=0, with Oy, has a smaller value of —1.7° by M06-2X (4.8"
by CAM-B3LYP) vs that with O3, Ny(-Co-C=0,; of —8.2° (8.9° by
CAM-B3LYP). This difference is due to a weak intramolecular
H-bond O,,-Hy, 2605 A by M06-2X (2.332 A by CAM-
B3LYP), but it has not been observed in complexes B and C
which lack the pyrrolidine ring. Therefore, in complexes B and
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Relationships established at the B3LYP/Cep-4g, CAM-B3LYP/Cep-4g, and M06-2X/Cep-4g levels between the positive calculated atomic APT
charge on the ceriumioninthe A, B, C, and Ce (2b’)s complexes with (A) the atomic charge on Os5, (B) the atomic charge on O3, (C) the atomic charge on
C11, (D) the atomic charge on C9, (E) the C9-C11 bond length, and (F) relationship established at the CAM-B3LYP/Lanl2dz and M06-2X/Lanl2dz levels
between the atomic APT charge on the lanthanum ion and the atomic charge on Oq,.

C, the carboxylate group appears coplanar to the triazole ring plane
and with the same N;(-Cy-C=0;3 and Cg-Cy-C=0;, torsional angle
values of —0.2°. This intramolecular H-bond in the Ce (2b’),
complex is also the main reason for the difference in Ce-O;, and
Ce-0;3 coordination distance values, especially in the C-O;, and
C-0,3 bond lengths. They are different in the Ce (2b"); complex but
same in A, B, and C complexes.

Different ligands also have little influence on the calculated bond
angles, such as C=0,,-Ce (90.3" by M06-2X in the B complex and
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90.4° in the Ce (2b’); complex), the C=0,;-Ce angle (91.0" in the B
complex and 91.6° in the Ce (2b’); complex), as well as the OCO,
0,,-Ce-0'}3, and O,3-Ce-0'}, angles, with differences lower than
2°, as shown in Table 2.

Significant differences are observed if we compare complexes Ce
(2b"); and La (2b');, published previously by Alcolea Palafox et al.
(2023a). For example, the lengths of the C-O and C-C bonds
surrounding the metal cation in the cerium complex are
noticeably shorter (approximately 7%-13% by M06-2X), whereas
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TABLE 4 Molecular properties and global chemical reactivity descriptors (eV) calculated at different DFT levels in the Ce(lll) complexes.

Molecular A complex B complex C complex Ce(2b');
property
CAM-  MO06- CAM-  MO06- CAM-  MO06- D3- CAM-
B3LYP 2X B3LYP 2X B3LYP 2X B3LYP B3LYP
Rotational constants 0.575 0.582 0.133 0.135 0.023 0.028 0.018 0.018 0.018 0.019
(GHz): A
B 0.572 0.582 0.129 0.131 0.023 0.020 0.018 0.018 0.018 0.017
C 0328 0331 0.070 0.071 0013 0.012 0011 0.011 0011 0.011
C, (cal/mol-K) 517 53.6 86.8 83.8 163.8 162.4 2315 231.0 2259 2241
1343 142.9 188.4 181.6 297.1 296.2 387.8 388.5 383.0 379.4
S (cal/mol-K)

Dipole moment (debye) 0.098 0.130 0.040 0.036 5416 2571 11523 10916 10.604 5.193
HOMO -0.553 ~0.565 -0512 -0.513 -0.423 ~0.421 -0.342 ~0.344 -0.390 -0.390
LUMO -0.290 -0.350 -0.288 -0.346 -0.279 -0.337 -0.306 -0.305 -0.239 -0.296

E, 0263 0214 0224 0.167 0.144 0.083 0.107 0.039 0.151 0.093
1P 0.553 0.565 0512 0513 0423 0421 0342 0344 0390 0.390
EA 0.290 0.350 0.288 0.346 0.279 0337 0306 0.305 0239 0.296
X 0421 0.457 0.400 0.430 0351 0379 0324 0324 0315 0343
n 0131 0.107 0.112 0.083 0.072 0.042 0018 0.019 0.076 0.047
S 0.066 0.054 0.056 0.042 0.036 0.021 0.009 0.009 0.038 0.023

the La**~O bonds are noticeably shorter (approximately 10%-11%).
These differences in the spatial structures of the complexes may
affect their behavior in biological systems and the magnitude or
selectivity of their biological effects.

3.2 APT atomic charges and relationships
established

In the complexes under the theoretical study, the oxygen atoms
have the highest negative charge, as expected, making them appear to
be the most reactive. Due to their high reactivity, it is also expected
that they would play a key role in the H-bonding of these complexes to
amino acids of the cancer cell proteins. N; and Ny, nitrogen atoms
also have a large negative charge, although lower than that of the
oxygen atoms, and therefore, these atoms are also expected to
participate in the biological activity of the synthesized complexes
under the investigation. N nitrogen has a very small negative charge,
and Njo has a small positive charge. Thus, these nitrogen atoms
should be less active in potential interactions with biological targets.

Cg and C;; carbon atoms have a high positive charge due to the
fact that they are bonded with highly negatively charged atoms. In
the calculations performed, the Ce(III) ion appears positively
charged around 3-4e depending on the DFT method used and
complex studied, as shown in Table 3. It is smaller by B3LYP
(between 2.3e and 3.7e) and larger by CAM-B3LYP and M06-2X
methods (between 2.4e and 4.5¢). CAM-B3LYP and MO06-2X
methods yield similar results. From A to Ce (2b’); complexes,
the cerium charge is increased. This could be explained by a
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better charge distribution on the cerium ion in larger ligands
than in smaller ligands, such as in A complex.

The charge of the Ce(III) ion has a large influence on the bond
lengths and atomic charges in the A-, B-, C-, and Ce (2b);
complexes, and therefore, several relationships can be well-
established by the B3LYP, CAM-B3LYP, and M06-2X methods,
as shown in Figure 2. For instance, an increase in the positive
calculated atomic APT charge on the cerium atom shows good linear
relationship to an incremental increase in the negative charge on Oy,
and O;; atoms, as shown in Figures 2A,B. The magnitude of the
electronic charge lost by the Ce(III) ion is almost the same as that
transferred to both O;, and O;;. Increasing the ligand size appears to
facilitate this negative electron transfer. Calculations show a large
change in the A complex when the triazole ring is inserted
(B-complex) and a notable increase with the additional insertion
of the aryl ring (C complex). The addition of the pyrrolidine ring
increases that electron transfer only a little. B3LYP differs in this
point. The values by CAM-B3LYP and M06-2X methods are very
close, deviating somewhat from those calculated by the B3LYP
method. These increased deviations are presented in Figures
2C-E. Moreover, B3LYP shows large discrepancies in the
calculated values for the Ce (2b’), complex, and for this reason,
the results obtained by B3LYP were not discussed in the
present study.

The increase in the negative charge on the oxygen atoms leads to
a similar increase in the positive charge on the C;; atom, as shown in
Figure 2C. Consequently, the atomic charge on Cy is negative and
increased, as shown in Figure 2D. These features show the facility for
electron transfer in the presented complexes.

frontiersin.org


https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://doi.org/10.3389/fchem.2024.1450106

Palafox et al. 10.3389/fchem.2024.1450106
0,24 -
0,35 - = e (b) Ce(2b)
L] am-|
Ce(2b), ~ v M06-2X
N >
2 0,40 >
e = -0,28 A
> &
g s Ce(2b
S .045- £ . e(2b)
= )
g S o324 Ce(2b),
-0,50 - =)
5 -0.50 =
=
= B3LYP
0,551 & e Cam-B3LYP -0,36 -
v MO6-2X
-0,60 T v T T T T T 1 : g ) !
25 3,0 3,5 4,0 45 2,5 3,0 35 4,0 45
Charge on Ce Charge on Ce
Ce(2b)
3
20,04 - . C (C)
S C
2 0,08 B
&
2 A
5 012+ Ce(2b),
9
=
= 0,16 -
o
<
S -0,20
z = B3LYP
> <l ® Cam-B3LYP
Rl A _— v Mo6-2X
o
T T T T T
25 3,0 35 4,0 45
Charge on Ce
FIGURE 3

Relationships between the positive calculated atomic APT on the cerium ion in the A, B, C, and Ce (2b’)s complexes using the B3LYP, CAM-B3LYP,
and M06-2X methods with (A) the HOMO energy orbital, (B) the LUMO energy orbital, and (C) the (HOMO-LUMO) energy difference.

The charge variation in the cerium ion was also related to the
Cy—Cy; bond length, as shown in Figure 2E. Although this relation is
not linear, there is a relationship between both parameters. In
general, the charge variation in the ligand atoms leads to changes
in the geometrical parameters. Supplementary Figure S3 shows
several relationships with the increase in the cerium charge,
leading to an increase in the Ce-O;, and C=0O;, bond lengths
and a decrease in Ce—Oy3. The relationships plotted in Figure 2 have
also been observed with the lanthanum ion (Alcolea Palafox et al.,
2023a). For example, the relationship calculated with the better
Lanl2dz basis set between the atomic APT charge on the lanthanum
ion and the atomic charge on Oy, is shown in Figure 2F. A larger
increase is observed in the positive charge value on the central
cerium cation and atom C;; with the increase of the negative charge
in Cy, Oy,, and O,; in comparison with La cations.

3.3 Molecular properties

Several parameters, such as rotational constants, heat capacity at
constant volume, dipole moments, molecular orbitals, and other
global chemical descriptors in the A, B, C, and Ce (2b)5 complexes,
have been determined and are presented in Table 4. The large
symmetry obtained in the optimized complexes leads to values of the
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rotational constant similar in A, B, and C. Very small differences are
observed in its calculation by the four DFT methods used. Its value
decreases with the increase in the systems’ complexity, i.e., from A to
Ce (2b")s.

The constant volume heat capacity (C,) value differs slightly
between the DFT methods used, being slightly higher with CAM-
B3LYP compared to M06-2X, with the exception of the A complex.
As expected, its value markedly increases with system complexity.
Entropy (S) values also increase with the system complexity,
although to a lesser extent.

Dipole moment values indicate an almost null water solubility in
A and B complexes but a remarkable increase when the aryl and
pyrrolidine rings are inserted in the ligands, complexes C and Ce
(2b")3. In these C and Ce (2b’); complexes, the calculated value by
MO06-2X is almost half that by the three other DFT methods.

HOMO (highest occupied molecular orbital) and LUMO
(lowest unoccupied molecular orbital) values have also been
determined. Their values slightly decrease as system complexity
increases, and they appear in a linear relationship with the atomic
charge on the Ce ion, with the exception of the Ce (2b’); complex
values, as shown in Figures 3A,B.

The M06-2X and CAM-B3LYP methods calculate almost the
same HOMO energy orbital value but differ largely in the LUMO
value. With these computed energies, the global chemical reactivity
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TABLE 5 Calculated, scaled, and experimental wavenumbers (v, cm™) in the Ce (2b’); complex by CAM-B3LYP and M06-2X methods. Relative infrared intensity (A) in %, relative Raman intensity (S) in %, and Raman
depolarization ratios for plane (DP) and unpolarized incident light (DU). For each vibration of the tetramer, the wavenumber with the highest IR intensity is indicated in bold style and that with the highest Raman
intensity is indicated in italic style. The relative IR and Raman intensities were only shown for these wavenumbers. DP and DU values were from the most intense Raman line. The number of the ring mode corresponds
to Wilson's notation (Varsanyi, 1974).

Calculated by CAM-B3LYP scaled Experiment Characterization by CAM-B3LYP
A IR Raman
3324, 3323, 3323 47 1 0.70 0.82 3057 3043 2968.1 s 20b, v(C5-H) in aryl (100)
3312, 3312, 3312 4 3 0.64 0.78 3048 3034 7b, v(C6-H) in aryl (100)
3303, 3303, 3303 13 0 0.75 0.86 3040 3028 20a, v(C2-H) in aryl (100)
3211, 3211, 3211 5 3 0.01 0.02 2960 2957 28721 m vs (C-H) in C15H, in pyrrolidine (100)
1664, 1660, 1660 56 35 0.09 0.16 1623 1671 1577.2 br, vs v(Cg-Ny4) (45) + v (CC) (34)
1644, 1644, 1644 0 0 0.22 0.36 1605 1653 8b, v(C=C) in aryl (89)
1635, 1635, 1635 0 92 0.18 0.31 1598 1645 1595.0 vs 8a, v(C=C) in aryl (82)
1558, 1525, 1525 97 100 0.75 0.86 1503 1546 1500.1 s 1504.5 s Va5 (COO) + V(Cy-Cyy) + V(C4N) + 19a,v(CC,CH)
1475, 1464, 1464 100 60 0.04 0.08 1450 1491 1484.4 vs 19a,v(CC,CH) + v(Co-Cy;) + v(triazole)
1385, 1383, 1383 7 7 0.04 0.07 1380 1417 1418.0 w Vas (NNN, CN) + 19a, v(CC)(35) + v (COO)
1362, 1362, 1362 2 1 0.75 0.86 1362 1398 1398.3 m 19b, v(CC)(85)
1347, 1339, 1339 26 12 0.10 0.18 1342 1377 1372.2 vs 1376.8 vs Vs (COO) + v(triazole) + 3,8(CH) + §(pyrrolidine)
1337, 1336, 1336 7 16 0.05 0.09 1339 1374 vs (COO) (49) + d(pyrrolidine) + v(triazole)
1306, 1305, 1305 6 1 0.75 0.86 1312 1345 1343.1 s 8 (C-H) in pyrrolidine +v,, (COO)
1303, 1301, 1301 3 19 0.75 0.86 1309 1342 Vas (COyy) + 3, 8(C-H) aryl + (triazole)
1259, 1248, 1248 40 3 0.35 0.52 1263 1293 1301.8 vs v(triazole) + v,s (CO,3) + I'(pyrrolidine)
1238, 1234, 1233 41 7 0.75 0.86 1250 1279 1285.1 s Vs (CO13) + v(C-N) triazole + T'(pyrrolidine)
1216, 1215, 1215 3 3 0.75 0.86 1234 1262 v(COy,) + V(C-N) triazole + §(C-H) in aryl
1189, 1188, 1188 1 0 0.75 0.86 1211 1237 1246.8 m 8, (C-H) in pyrrolidine
1163, 1163, 1163 1 0 0.75 0.86 1190 1214 1218.1 m Yas (C-H) in pyrrolidine
1131, 1130, 1130 3 1 0.75 0.86 1161 1183 11783 m Yas (C=H) in pyrrolidine + v, (NNN)
1112, 1109, 1109 9 2 0.75 0.86 1143 1164 11715 w vs (COO) + v(NCCN) + y, (CC,CH)
1011, 1010, 1010 4 1 0.75 0.86 1057 1071 1091.2 vs 1089.9 m v(triazole) + v(C-CL) + v, (COO) + 18a, §(CC,CH)
956, 956, 956 0 0 0.73 0.84 1011 1020 1011.9 m 1012.8 w Yas (CC,CH) in pyrrolidine
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TABLE 5 (Continued) Calculated, scaled, and experimental wavenumbers (v, cm™) in the Ce (2b’); complex by CAM-B3LYP and M06-2X methods. Relative infrared intensity (A) in %, relative Raman intensity (S) in %, and
Raman depolarization ratios for plane (DP) and unpolarized incident light (DU). For each vibration of the tetramer, the wavenumber with the highest IR intensity is indicated in bold style and that with the highest
Raman intensity is indicated in italic style. The relative IR and Raman intensities were only shown for these wavenumbers. DP and DU values were from the most intense Raman line. The number of the ring mode
corresponds to Wilson's notation (Varsanyi, 1974).

Calculated by CAM-B3LYP Experiment Characterization by CAM-B3LYP
IR Raman
932, 931, 931 1 0 0.09 0.16 989 996 969.1 vs V,s (triazole) + v, (COO) + y(CC,CH)
887, 887, 887 0 4 0.02 0.04 951 954 y(CC) pyrrolidine + v,, (NNN)
840, 839, 839 4 22 0.04 0.08 909 908 9143 w 9702 s Va5 (NNN) + 12, 8(CCC) in aryl
742, 742, 742 9 0 » 0.75 0.86 826 815 857 w-m 17b, y(C-H) in aryl
713, 709, 709 4 11 0.07 0.13 797 783 829.9 vs Ys (COO) + v(triazole) + y(CC) pyrrolidine
567, 557, 557 12 2 0.75 0.86 666 636 654 m y(triazole) + 8,, (COO) + 4, y(CCC)
555, 554, 554 4 1 0.75 0.86 663 633 647.1 m I(triazole) + 8, (COO) + 4, yCCC)
474, 474, 473 16 2 0.05 0.10 594 554 509.0 m 8,5 (COO) + d(triazole) + §(CC) in aryl
371, 371, 369 4 0 0.75 0.85 505 452 466.9 m v(aryl, C-CL) + 8(COO) + d(triazole)
Calculated by M06-2X Scaled Experiment Characterization by M06-2X
A
3326, 3326, 3325 37 1 3050 3036 2968.1 s 7b, v(Cs-H) in aryl (100)
3314, 3314, 3313 3 1 3039 3027 20b, v(Cs-H) in aryl (100)
3308, 3308, 3307 15 0 3034 3022 20a, v(C,-H) in aryl (100)
3223, 3223, 3223 6 5 2961 2957 2872.1 m vs (C-H) in C15H, pyrrolidine (100)
1702, 1700, 1698 46 20 1649 1699 1577.2 br, vs V(Cg-N4) + v, (NNN, NC) in triazole
1652, 1651, 1651 0 1 1607 1655 8b, v(C=C) in aryl (93)
1646, 1646, 1645 1 100 1603 1651 1595.0 vs 8a, v(C=C) in aryl (93)
1584, 1550, 1549 100 73 1520 1565 1500.1 s 1504.5 s Vas (COO) +v(Cy-Cyy) + v (CCN) triazole + v(Cy-Ny)
1493, 1482, 1481 94 98 1461 1503 1484.4 vs 193, v(CC, CH) + v(C4~N,) + v(Co-Cy)
1407, 1405, 1405 5 10 1395 1434 1418.0 w Vas (NNN) in triazole +19a, v(CC) in aryl
1378, 1378, 1378 2 0 1372 1409 1398.3 m 19b, v(CC,CH) in aryl
1358, 1357, 1352 28 9 1349 1386 13722 vs 1376.8 vs Vs (COO) + v, (Co-Ny) triazole +19b, v(CC,CH) in aryl
1345, 1344, 1344 8 19 1343 1378 Vas (NNN) + v, (COO) + 19a,v(CC) + §(CC) pyrrolidine
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TABLE 5 (Continued) Calculated, scaled, and experimental wavenumbers (v, cm™) in the Ce (2b’); complex by CAM-B3LYP and M06-2X methods. Relative infrared intensity (A) in %, relative Raman intensity (S) in %, and
Raman depolarization ratios for plane (DP) and unpolarized incident light (DU). For each vibration of the tetramer, the wavenumber with the highest IR intensity is indicated in bold style and that with the highest
Raman intensity is indicated in italic style. The relative IR and Raman intensities were only shown for these wavenumbers. DP and DU values were from the most intense Raman line. The number of the ring mode
corresponds to Wilson's notation (Varsanyi, 1974).
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Calculated by M06-2X Scaled Experiment Characterization by M06-2X
Raman

1330, 1325, 1325 2 14 1326 1361 Vas (COO)+v,, (triazole) +v,s (CNC) pyrrolidine +19a,v(CC)
1309, 1308, 1308 0 4 1312 1345 1343.1 s 8 (C-H) in pyrrolidine + vy (NNN)
1283, 1274, 1269 81 11 1278 1309 1301.8 vs v(triazole) (45)+v(CO,3)(40)+ &, (CC,CH) pyrrolidine (12)
1242, 1242, 1241 1 4 1255 1285 1285.1 s Vas (CO12) + v (CoNN) triazole + §; (CC,CH) in pyrrolidine
1193, 1192, 1192 1 1 1212 1238 1246.8 m 8 (C-H) in pyrrolidine
1168, 1166, 1166 5 1 1189 1214 12181 m Yas (C-H) in pyrrolidine +3, 8(CH) + v, (NNN)
1134, 1132, 1131 8 1 1159 1182 vs (COO) + v(triazole) + 8,, (C-H) in pyrrolidine
1119, 1119, 1118 1 1 1149 1170 11783 m 11715 w Yas (C-H) in pyrrolidine + v, (triazole)
1027, 1025, 1025 4 1 1068 1083 1091.2 vs 1089.9 m Vs (NNN) + v(C-CL) + 18a, §(C-H) in aryl

959, 958, 958 0 1 1010 1019 1011.9 m 1012.8 w Yas (CC, CH) in pyrrolidine

945, 944, 944 3 1 998 1006 Vas (NCo—Cs) + 8,5 (CC, CH) in pyrrolidine

921, 920, 920 3 1 977 983 969.1 vs Vos (NNN) + 18a, 8(C-H) in aryl

851, 851, 851 2 19 918 918 970.2 s Vas (NNN)(36) + 12, §(CCC) in aryl

751, 750, 750 7 0 831 821 857 w-m 17b, y (C-H) in aryl

725, 724, 723 3 10 808 795 829.9 vs ys (COO) + y(CC, CH) pyrrolidine +8(triazole)

575, 573, 573 0 1 680 652 654 m y(triazole) + y,s (COO) + 8b, §(CCC) in aryl

572, 565, 564 11 2 671 641 647.1 m T'(triazole) + y,s (COO)

478, 476, 475 16 2 594 554 509.0 m 8,5 (COO) + d(triazole) + 8(CC) in aryl

372, 370, 363 4 1 498 443 466.9 m V(aryl, C-CL) + 8, (COO) + &(triazole)
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descriptors  were determined, which facilitates a better
understanding of the stability and reactivity of the four Ce(III)
complexes studied in the present work. The energy gap (Eg) between
HOMO and LUMO frontier orbitals (HOMO-LUMO gap) appears
as one of the meaningful characteristics of molecules, and it
facilitates the characterization of chemical reactivity and kinetic
stability. By all methods, the Eg value was linearly related to the Ce
atomic charge (Figure 3C) and it decreases as the complexity of the
system increases, with the exception of the Ce (2b'); complex that
has a similar value to the C complex. A high Eg value shows that the
molecule (or complex system) is less polarizable, which is generally
related to low chemical reactivity and hence - high kinetic stability.
Since the Eg values decrease with the increase in system complexity
and the lowest value appears in the C complex, it means that this C
complex is more reactive than Ce (2b’);, with the A complex being
the most stable one. The pyrrolidine ligand appears to slightly
reduce the reactivity of the Ce (2b'); complex.

The low Eg values obtained in the Ce (2b’); and C complexes
with the four DFT methods used reveal their noticeable chemical
reactivity, and, therefore, small energies are required for excitation.

With the HOMO and LUMO energies, several global chemical
reactivity descriptors were calculated according to the following
well-known formulas (Equations 11-15):

IP = - Exomos (11)

EA = -Erumos (12)

X = - (Enomo + Erumo) /2, (13)

N = (Erumo - Enomo) /2, (14)
1

S=-n. 15

2N (15)

Due to the large reactivity of the Ce (2b’); complex, its computed
ionization potential (IP) value appears slightly lowered with the four
DFT methods used. It is noted that the calculations by CAM-B3LYP
and M06-2X methods lead to the same value, 0.390 eV, remaining
very close to those determined by B3LYP and D3-B3LYP methods.
Compared to the other Ce(III) complexes (A, B and C), these values
are the lowest, increasing as complexity decreases (the Ce atomic
charge decreases).

Electron affinity (EA) appears to be noticeably lower than IP,
and it slightly increases in the complexes as complexity decreases, as
expected. The M06-2X method predicts higher values than the
CAM-B3LYP method. The low electronegativity (x) observed is
in agreement with neutral complexes, and it slightly increases as
complexity decreases. The chemical hardness (1) and global softness
(S) values indicate the opposition of a system to an alteration in its
number of electrons. These values are low in the investigated
complexes, and they slightly increase as complexity decreases.
When the values of 1 are low, the system (or the complex system
in our case) is named soft; when they are high, the system is
identified as hard. Therefore, according to the low values
obtained in our complexes, they are soft systems, with small gaps
and an easily modified electron density.

In addition, the significant difference should be noted in the
global chemical reactivity descriptors of the complex Ce (2b'); and
the same complex with La®, the La (2b');. For instance, all level
results showed an increase in the dipole moment of the cerium
complex. Such a deviation in properties can lead to different
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biological behavior and both qualitative and quantitative

differences in their interaction with biological targets.

3.4 Vibrational analysis

The confirmation of the proposed molecular structure of the
synthesized complex Ce (2b'); was achieved through a detailed
analysis of the calculated and experimental IR and Raman spectra.
For this purpose, a first theoretical-experimental comparison of the
full IR spectra in the 3,750-400 cm™ range has been carried out, and
it is shown in Supplementary Figure S4 with the scaled values
obtained by the four DFT levels used. The same comparison but
with the Raman spectra and in the 3,750-0 cm ™" range is included in
Supplementary Figure S5. The identification and characterization of
all vibrations in the 3,500-400 cm™* range is collected in
Supplementary Table S1 for the calculations with the CAM-
B3LYP method, while the results with the M06-2X method are
included in Supplementary Table S2. All values correspond to the
most stable conformer, with the arrangement of the ligands shown
in Figure 1. Because these tables are too long, a resume is included in
Table 5, including only the frequencies with high IR or Raman
intensities, as well as those characteristics of the complex. Table 5 is
divided into two parts corresponding to the results by the CAM-
B3LYP and M06-2X methods.

3.4.1 General comparison of the IR and
Raman spectra

In the first comparison of the scaled IR spectra with the
experimental spectra plotted in Supplementary Figure S4, the
following observations are pointed:

(i) A good agreement between the scaled theoretical spectra
with the experimental spectra has been noted. In particular,
the scaled strongest vibrations have their corresponding
vibrations in the experimental spectrum. This feature
confirms the scaling carried out on the calculated
wavenumbers; therefore, the applied theoretical methods
appear appropriate. Thus, in general, the assignments
proposed could be considered true, identifying most of the
computed modes in their normal ranges.

(i) A very broad and strong band centered at 3400.8 cm™ has
been observed in the experimental spectrum. Judging by its
position and broad intensity, it can be only assigned to the
O-H stretching v mode corresponding to water molecules
strongly H-bonded to the nitrogen and oxygen atoms of the
three 2b’ ligands in the Ce (2b’); complex. These water
molecules were not included in our optimized theoretical
complex due to the fact that in previous studies with La(III)
complexes, the water molecules only slightly affected the
carboxylate group, the other groups remaining unaffected
(Peica et al., 2006). This hydration appears due to the spatial
arrangement of the ligands in the complex, which leaves
cavities that can be occupied by water molecules. As
expected, this band is not observed in the Raman spectrum.

(iii) Another broad but very strong experimental IR band is
observed at 15772 cm™.
interpreted as a result of the additional contribution of

Its large broadening can be
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FIGURE 4

Comparison of the scaled IR spectra with the BZLYP, CAM-B3LYP, and M06-2X methods by the PSE procedure with the experimental spectrum in

the 3750-2600 cm™ range.

the in-plane bending §(OH) mode of these hydrated water
the of this band
corresponding to the Cg-N;; and C-C stretching, as

molecules to main assignment
shown in Table 5.
(iv) A noticeable resemblance between the scaled spectra
obtained by the D3-B3LYP, CAM-B3LYP, and M06-2X
methods that include long-range correction has been
observed, while that by B3LYP differs noticeably. As
compared to the experimental spectrum, the two best
methods are CAM-B3LYP and MO06-2X, and for this

reason, their spectra were analyzed in detail and are
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in Table 5. In this the
wavenumbers by CAM-B3LYP appear slightly more
accurate than by M06-2X. This is why CAM-B3LYP has
been mainly utilized in the experimental spectra assignment.
The coordination of the 2b’ ligands to the Ce(Ill) ion
remarkably modified the IR and Raman spectra. The
spectra appear to differ from those obtained with the 2b’

included analysis, scaled

V)
ligand anion alone (Alcolea Palafox et al., 2023a).
The same analysis has been carried out using the Raman spectra,

as shown in Supplementary Figure S5. In this case, the scaled spectra
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FIGURE 5

Comparison of the scaled IR spectra at three different levels by the PSE procedure with the experimental spectrum in the 1800-1000-cm™* range.

show large differences among the DFT methods. CAM-B3LYP and
MO06-2X methods again seem to be more accurate with bands
showing good with the bands.
experimental spectrum appears with
noticeable background noise, which complicates the detection

agreement experimental

Unfortunately, the

and further analysis of all weak lines, making this comparison
difficult. The appearance of a broad Raman line with medium

intensity at 73.1 cm™' was observed in the experimental

Frontiers in Chemistry

spectrum, which has not been detected in the theoretical spectra.
Due to this feature, it was not shown in Table 5.

3.4.2 Specific comparison of the IR and
Raman spectra

For a comprehensive and specific comparison of the distinct
scaled and experimental frequencies, the spectra were divided into
three ranges. In the IR spectra, these ranges were 3750-2600 cm™
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Comparison of the scaled IR spectra at three different levels by the PSE procedure with the experimental spectrum in the 1000-400-cm™ range.

(Figure 4), 1800-1000 c¢cm™' (Figure 5), and 1000-400 cm™
(Figure 6). In the Raman spectrum, the comparison was only
carried out in the 1800-800-cm™" range, as shown in Figure 7, in
which the Raman lines can be clearly identified, because of the
noticeable background noise of the experimental spectrum. In these
figures, for simplicity, only the assignment of strong and
characteristic vibrational modes was included. For the final
assignment of the experimental bands, characterization obtained
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by the different DFT methods was considered, as well as the
assignment reported in related molecules.

For this purpose, a resume with the most characteristic
frequencies determined in the Ce (2b’); complex with the CAM-
B3LYP and M06-2X methods is shown in Table 5. The first column
presents the three computed frequencies for each mode related to
the three 2b’ ligands of the complex. Of these three frequencies, the
frequency with higher computed IR intensity was typed in bold style,
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FIGURE 7

Comparison in the 1800-800-cm™ range of the scaled Raman spectrum by the PSE procedure and at three different levels with the

experimental spectrum.

whereas the frequency with higher Raman intensity was typed in italic
style. This notation was not used if the intensity of these three
wavenumbers is similar or very weak. The second and third
list the IR intensities (%)
corresponding to the frequencies of the first column typed in bold
style and in italic style, respectively. These relative intensities were

columns relative and Raman
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determined by normalizing each computed data to the strongest
intensity of the spectrum. In the CAM-B3LYP method was included
two new columns, the fourth and fifth, with the Raman depolarization
ratios for plane (DP) and unpolarized incident light (DU), respectively.

The values included correspond to the wavenumbers typed in
italic style in the first column. The scaled wavenumbers by the LSE
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or PSE procedures were listed in the next two columns. For
simplicity, only the wavenumbers typed in bold style are
included as scaled values in these two columns. The observed
experimental IR and Raman bands with their corresponding
intensities were collected in the next two columns, respectively.
Finally, the last column shows the principal characterization of the
computed wavenumbers determined by the CAM-B3LYP (first part
of the Table) and M06-2X (second part of the Table) methods. The
% contribution (PEDs) of the distinct modes to a calculated
wavenumber was added only in few cases.

The main purpose of this vibrational study is the identification
and characterization of the synthesized Ce (2b'); coordination
complex. For this reason, the main focus was on the most
characteristic modes and the strongest IR and Raman bands, in
order to validate the structure that was planned and optimized in
Figure 1. Since the spectra with the CAM-B3LYP method seem to be
the most precise, their frequencies have been mainly used for
discussion. In specific cases, the scaled values obtained by the
M06-2X method were also discussed. For simplicity, the scaled
values obtained through the PSE scaling procedure were mainly
used in the discussion due to their slightly better agreement with
experimental results than those with the LSE procedure.

The analysis and assignment of different vibrational modes have
been carried out under the following sections: 1) the COO™ group
modes, 2) the triazole ring modes, and 3) the aryl ring modes. Due to
the low quality of the Raman spectra, the vibrational modes with the
Ce(III) ion were not detected in the experimental spectrum, and
therefore, they were not discussed in the present work.

3.4.2.1 The carboxylate COO™ group modes

The vibrations of this group appear to be of great interest
because it has been found (Palafox et al., 2023) that the ligand is
fixed to the amino acid chain of the receptor through this group. In
solid state samples (Sokrates, 2004), the asymmetric v, (COO")
mode of the carboxylate group appears as a strong IR band in the
1600-1560 cm ™' range, while the vy (COO™) mode appears at lower
wavenumbers, although the spectrum of this region is complicated
due to intermolecular H-bonding. In the 2b ligand alone, v, (COO")
stretching has been scaled at 1713 cm ™" with very strong IR intensity
(Palafox et al., 2023). Nevertheless, in the Ce (2b’); complex, a
noticeable red shift to lower values is expected due to the remarkably
longer C-O bonds used to form the six O-Ce coordination bonds.
In the CAM-B3LYP method, a large contribution of the
asymmetric v,; (COO™) mode was identified in the calculated
wavenumber at 1525 cm™ (scaled at 1503 cm™'via the LSE
procedure) with very strong IR intensity, the second strongest
of the spectrum, in very good agreement with the experimentally
strong IR band at 1500.1 cm™" and with the strong Raman line at
1504.5 cm™. This feature was also observed with the M06-2X
method, appearing scaled at 1520 cm™" by LSE, which is in good
agreement with the experimental spectrum. Large contributions of
the asymmetric stretching vibrations v,s (CO;p;) and v, (CO;3)
were also identified in the scaled wavenumbers by CAM-B3LYP at
1342, 1293, 1279, and 1262 cm™, which are in good agreement
with the experimentally very strong IR band at 1301.8 cm™ and
with the strong band at 1285.1 cm™'. The MO06-2X method
confirms these assignments in the scaled values at 1309 and
1285 cm™', respectively.
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The largest contribution of the symmetric vy (COO™) mode was
found in the calculated wavenumber at 1336 cm™ (scaled at
1374 cm™" via the PSE procedure), which is consistent with that
found in the 1420-1400-cm ' range in solid-state samples of related
compounds (Sokrates, 2004). A large contribution of the asymmetric
stretching vibration v, (COO™) was clearly identified by CAM-
B3LYP in the scaled wavenumber by PSE at 1377 cm™' with
strong IR intensity and medium Raman intensity, which is in
excellent agreement with the very strong bands at 1372.3 (IR)
and 1376.8 cm™ (Raman). The M06-2X method confirms this

assignment with scaled wavenumbers at 1386 and 1378 cm ™.

3.4.2.2 Triazole ring modes

The triazole group vibrations are also of great interest as their
nitrogen atoms appear to be weakly H-bonded to the amino acids of
the receptor (Palafox et al,, 2023). The geometry and vibrational
frequencies of the 1,2,3-triazole ring in different triazoles have
already been studied (Aziz et al., 2014; El-Azhary et al, 1998;
Tornkvist et al., 1991), and our computations and experimental
results are in good agreement with them. Therefore, for simplicity,
the analysis of different vibrations of this group has only been
focused in the assignment of the strongest bands.

NNN modes: The v, (NNN) stretching was characterized by
CAM-B3LYP as strongly coupled with the 19a aryl mode in the
!, which is in

good agreement with the weak experimental IR band at 1418.0 cm ™.

scaled frequency with weak IR intensity at 1417 cm™

The results by M06-2X are in good agreement with this assignment
with a scaled wavenumber at 1434 cm™ and also with weak IR
intensity. Due to the large background noise of the experimental
Raman spectrum, the weak lines predicted for this mode were not
clearly identified.

Other triazole ring stretching modes with asymmetric character
and strongly coupled with other modes were identified in the scaled
wavenumbers at 996 and 908 cm ™" and are related to the very strong
experimental IR band at 969.1 cm™" and weak band at 914.3 cm™,
respectively. In the experimental Raman spectrum, this mode
appears as a strong line at 970.2 cm™ in accordance with the
medium intensity vibration predicted by M06-2X and CAM-
B3LYP methods. D3-B3LYP dramatically fails in its prediction, as
well as in other bands, and for this reason, their values were not
considered. The Raman line detected at 1012.8 cm™ was also
assigned to this mode.

The symmetric stretching vi (NNN) mode was identified at
lower wavenumbers and strongly coupled with the symmetric vq
(COO7) mode, as well as with other ring modes. It was predicted by
CAM-B3LYP with medium-strong IR intensity at 1377 cm™ and
corresponds to the very strong IR band at 1372.2 cm™. The very

! can be

strong experimental Raman line observed at 1376.8 cm™
assigned to this mode or to the neighbor scaled wavenumber at
1374 cm™. A similar scaled wavenumber at 1378 cm™ was calculated
by the M06-2X method. In the 2b ligand alone (isolated state), it has
been scaled at 1360 cm™ and assigned to the experimental IR band at
1340.5 cm™' (Palafox and Rastogi, 2013).

Cs-N,, modes: The stretching mode has been scaled via the LSE
procedure with CAM-B3LYP at 1623 cm™ with strong IR intensity,
and it corresponds to the very strong and broad band observed in the
experimental IR spectrum at 1577.2 cm™'. This difference in the
wavenumbers and the broadening of the experimental IR band can

frontiersin.org


https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://doi.org/10.3389/fchem.2024.1450106

Palafox et al.

(a) 2-Deoxyribose Degradation
60.0 1
—=—2b
N —e— Ce(2b"),
;:):“ 4004  —~—La(2b),
&~
20.0
0.0 i
T T T T T
1.0x10¢  3.0x10° 1.0x10°  3.0x10° 1.0x10°*
(C) ABTS Assay 0
20.0 2%
N '
B —o—Ce(2b'),
= —A— La(2b),
& 10.0
0.0 -
LI LER LAEL) I L L] B R |
1.0x10°  3.0x10° 1.0x10%  3.0x10° 1.0x10°
Molarity, mol/L
FIGURE 8

10.3389/fchem.2024.1450106

(b) DPPH Assay
2 (P
< 107 [ Laeb),
2 X Ce(2b'),
5- %S —hl—’ﬁ § 1
0 """"I""""I"“""I
3A0x106 1.0x10° 3.0x10° 1.0x10*
(d) ERNY N
-50 o
2
3 a0l [
&~ [ La@b),
X Ce(2b),
-150 4
MTT-Formazan Assay
T T T i B T
3.0x10° 1.0x10° 3.0x10° 1.0x10*

Molarity, mol/L

Impact of 2b, Ce (2b')3, and La (2b)s on (A) 2-deoxyribose degradation, (B) DPPH®, (C) DPPH®, and (D) MTT-formazan transformation by Fenton-
generated OH®. Data = mean + StDev, p < 0.05, N = 3. A higher result means higher scavenging activity.

be due to the contribution of the § (O-H) mode corresponding to the
hydrated water molecules. This assignment was in agreement to that
found by M06-2X in the scaled wavenumber at 1649 cm™ by the LSE
procedure. This stretching mode was identified in the isolated 2b
ligand in the scaled wavenumber at 1556 cm™ (Palafox et al., 2023),
which is in good agreement with the experimental bands with
medium intensities at 1543.9 cm™ (IR) and 1550.6 cm™ (Raman).
3.4.2.3 Aryl ring modes

The aryl and the pyrrolidine groups appear to provide
liposolubility to the complex, facilitating its membrane cell
crossing, and in addition, the aryl group establishes m-n and
ni-alkyl interactions, stabilizing the ligand binding to the amino
acids of the receptor (Palafox et al., 2023). For this reason, the
vibrations of this aryl group are analyzed in the present study. For
the assignments of the ring modes, the Varsanyi notation
(Varsanyi, 1974) for a 1,4-disubstituted benzene derivative was
followed. Therefore, the substituent modes of the aryl ring for
stretching vibrations correspond to 7a and 13 modes, for in-plane
vibrations to 9b and 15 modes, and for out-of-plane vibrations to
10b and 11 modes. In particular, the C4-N4 bond is represented
by 13, 15, and 10b modes, while the C-CL bond is represented by
7a, 9b, and 11 modes. In a chloro-substituted benzene derivative
(Palafox and Rastogi, 2013), mode 7a v(C-CL) was found at
359 cm!, mode 9b 8(C-CL) at 310 cm™', and mode 11
y(C-CL) at 93 cm™.
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The assignments of many of the remaining ring modes are
shown in Table 1S and do not need further analysis; thus, interest
was directed only to the strongest vibrations in order to confirm the
structure of the synthesized complex.

The aromatic C-H stretching modes appear mainly in the
3200-2950 cm™
PED) with weak or very weak IR and Raman intensities. Thus, only
mode 20b with a scaled value by the PSE procedure at 3043 cm™
correlated with the experimental IR band with strong intensity at
2968.1 cm™.
wavenumber found in an isolated 2b ligand (Palafox et al., 2023),

region theoretically as almost pure modes (100%

This wavenumber is exactly the same as the

which can be explained by the negligible effect of the Ce(III) ion on
the far aryl ring.

The aromatic C-C stretching vibrations, modes 8a and 8b,
appear as nearly pure modes but with %PED of approximately
90%. Through the CAM-B3LYP method, mode 8a was scaled by the
LSE procedure at 1598 cm™ with practically null IR intensity, but
being the second vibration with the highest Raman intensity, which
is in excellent agreement with the very strong Raman line at
15950 cm™'. A similar scaled wavenumber at 1603 cm™ is
predicted by M06-2X. Mode 8b was calculated by both DFT
methods with practically null IR and Raman intensities, and
therefore, it has not been detected in the experimental spectra.

Mode 19a was calculated by both DFT methods with very strong

') which is in excellent

agreement with the experimental strong IR band at 1484.4 cm™.

IR and Raman intensities at 1491 cm~
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Mode 19b was scaled at 1398 cm™" with weak IR and very weak
Raman intensities, which is in agreement with the experimental IR
band with medium intensity detected at 1398.3 cm™.

3.5 Free radical-scavenging activity

Oxidative stress (OS) is a physiological state associated with an
imbalance between the production and elimination of reactive
species in a living organism. In terms of human health, OS is
generally associated with the development of a number of
pathologies (Hajam et al., 2022). However, there are some cases
in which OS is beneficial, particularly in cancer treatment (Van
Loenhout et al.,, 2020), immunological response (Lauridsen, 2019),
and/or pharmacological treatment (Albesa et al., 2004) of microbial
diseases. Lanthanide ions and their coordination compounds are
known for their antimicrobial (Cota et al., 2019; Wakabayashi et al.,
2016) and anticancer properties (Patyal et al., 2023), which are
associated with their luminescent properties (Zhang et al., 2023)
and ionic mimicry, particularly toward iron (Todorov et al., 2019).
Herein, the interaction between the novel complex Ce (2b’); and two
hydroxyl radical generating model systems that involve UV-induced
water radiolysis (Burns and Sims, 1981) and the physiologically
significant Fenton reaction (Levin et al, 2016) is reported.
Hydroxyl radicals are highly aggressive reactive species that tend
to “attack” double bonds in biomolecules, causing lipid peroxidation
and radical chain reactions and, therefore, can ultimately inflict a
variety of pathologies in living organisms (Negre-Salvayre et al.,
2010). 2,2~ Azino-bis(3-ethylbenzothiazoline-6-sulfonic) free radical
(ABTS™) and 2,2-diphenyl-1-picrylhydrazyl radical (DPPH) assays
were additionally performed to evaluate the ability of Ce (2b'); to
scavenge radicals by single-electron transfer (SET) and hydrogen
atom transfer (HAT) reactions, respectively. The radical-scavenging
activities of the sodium salt 2b and its La(IIT) complex, La (2b');, have
previously been reported (Alcolea Palafox et al, 2023a) and are
presented together with the new results for Ce (2b'); in order to
observe the impact (if any) of the type of coordination center on
radical-scavenging activity.

3.5.1 Impact of Ce (2b’); on 2-deoxyribose
degradation

The impact of the Ce(IlI) complex on 2-deoxyribose
degradation as a result of UV-induced water radiolysis is
presented in Figure 8A. The observed effect with Ce (2b); is
concentration-dependent, as is the case with the previously
reported 2b and La (2b’);. At concentrations below 1-10™° M, the
activity of the complex is very mild (RSA<5%). At 1.10> M and
higher, the cerium complex is more active than the ligand in the
same concentration. At 3.10° M, Ce (2b’); and La (2b’); have
similar activity (RSA = 46 + 4% and 54 * 5%, respectively). The
observed impact of the coordination center in this model system
appeared to be very mild, with both complexes exhibiting similar
activity within the tested range of molarities.

3.5.2 Impact of Ce (2b’)s on a model system
containing the stable radical DPPH

The ability of Ce (2b’); to exchange hydrogen with DPPH' is
presented in Figure 8B. Previous experiments have shown that
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the ligand 2b and the complex La (2b’); manifest very mild
activity in this model system - RSA<5% at even the highest
concentration with the effect decreasing to 0 at 3-10°° M and
lower. The case of Ce (2b'); is very similar. At 3.10° M, this
complex has RSA = 52 * 0.5%. The effect decreases in a
concentration-dependent manner to 1.5% + 0.4% at 3-107°.
DPPH' is scavenged by HAT, which is similar to OH (Galano,
2015). However, its relatively large size may be implicated in the
observed low activity in this model system when compared to the
2-deoxyribose degradation model. Ce (2b'); is more active than
2b at three times higher molarity, a sign that Ce(III) possibly
influences the distribution of electron density within the
coordinated ligands, increasing the activity of hydrogen atoms
that, in turn, could interact with DPPH".

3.5.3 Impact of Ce (2b)s on a model system
containing the stable radical ABTS*

The ability of the novel complex to participate in electron-
exchange reactions with ABTS™ is shown in Figure 8C. A
concentration-dependent impact is observed with RSA
increasing from 0.24 + 0.44% at 1-10° M to 23 + 1% at
3-10° M. At the same molarities, the activity of Ce (2b'); is
higher than that of 2b and even the lanthanum(III) counterpart at
3-107° M or more. The activity of the Ce(III) complex tends to be
higher than that of 2b at three times higher concentration. At the
highest tested molarity (3-10~> M) Ce (2b’); has RSA = 23 + 1%,
which is higher compared to 9 + 1% for La (2b’); (3-107° M) and
16.9 + 0.7% for the ligand 2b (1-10~* M). Unlike La(III), the
complexation of 2b with Ce(III) seems to promote electron-
exchange with ABTS™ rather than suppress it.

3.5.4 Impact of Ce (2b'); on MTT-formazan
transformation triggered by Fenton reaction-
derived hydroxyl radicals

The Fenton reaction is a clinically significant chemical
process (Kell, 2009) that
catalyzed production of hydroxyl radicals from H,O,. OH' are

involves the transition metal-
highly reactive species that tend to attack molecular sites with
conjugated double bonds, causing molecular fragmentation, lipid
peroxidation, and generation of malondialdehyde-like products.
Since both the Fenton reaction and water radiolysis produce OH;,
similar activity in both model systems would also be expected.
This, however, is not the case for Ce (2b')s, which is consistent
with previously published observations with 2b and La (2b');.
Results are presented in Figure 8D.

Previous observations demonstrate that in this model system,
the ligand 2b is inert at 3.-107° M or less. At 1.10™* M, it actually
increases MTT-formazan formation to a significant degree
(RSA = -115 + 72%), a sign of pro-oxidant action. At
3.10° M, Ce (2b'); also seems to act as a pro-oxidant
(RSA = =79 + 4%), which is similar to the previously reported
La (2b'); (RSA = — 68 + 23%). This effect decreases in a
concentration-dependent manner. At 1.10° M, Ce (2b);
seems to behave as a slightly more potent prooxidant
compared to La (2b'); (RSA = -39 + 3% and 9.0 + 10.9%
respectively). Ce (2b’); seems to act as a more potent
prooxidant than 2b at concentrations 3-10° M and lower. At
3.10° M 1.107° M, it MTT-formazan

and increases
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transformation to a greater extent than the ligand 2b at three
times greater molarity.

3.5.5 Chemiluminometric assays: Impact of Ce
(2b")3 on LDCL in the presence of KO, and NaOCl
In previous work Alcolea Palafox et al. (2023a), the effects of
2b and La (2b’); on LDCL are reported in the presence of NaOCl
and KO,. The ligand and its La (III) complex behaved as weak
pro-oxidants in the presence of superoxide. In the NaOCI model
system, the ligand seems to show a tendency to behave as a mild
concentration-dependent antioxidant (CL-SI = 64 + 40%), while
the La(IIT) complex behaved as a pro-oxidant (CL-SI = 186 + 6%,
3.10° M). The methodologies involved dissolving the
compounds in 100-200 pL of DMSO and further diluting to
10 mL of distilled water. In order to maintain experimental
conditions as close to physiological conditions as possible, the
experiments were repeated, this time without the application of
DMSO, a compound known for its antioxidant activity. The
results of the 2b and La (2b’); experiments (without DMSO),
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Interaction of the 2b ligand and Ce (2b’)s and La (2b’)s complexes
with (A) KO, and (B) hypochlorite. Data = mean + StDev, p < 0.05, N =
3. A lower result means higher scavenging activity.

Frontiers in Chemistry

10.3389/fchem.2024.1450106

as well as the research on Ce (2b');, using the updated protocol
are shown below.

The superoxide ion is an oxygen radical that is produced in the
human body by one-electron reduction of oxygen. It also
participates in the body’s defense against pathogens and in a
multitude of cell signaling pathways (Che et al., 2016; Trist et al.,
2021). The ability of the ligand 2b, La (2b’);, and Ce (2b'); to
scavenge KO,-derived superoxide is presented in Figure 9A.

All three compounds are almost inert at 3-10°° M or lower. As
molarities increase, LDCL in the presence of 2b and La (2b');
increases up to CL-SI = 205 + 6% for 2b at 1.10* M and CL-
SI = 136 + 8% for La (2b’); at 3-10™ M, a sign of a the pro-oxidant
effect. Conversely, Ce (2b'); at 3-10™ M scavenges superoxide with
CL-SI = 69 + 3%.

Hypochlorous acid is part of the human body’s immune defense
2006), of the
myeloperoxidase. It acts as a strong, oxidizing, non-specific

(Pattison and Davies, a product enzyme
bactericide, associated with multiple pathologies (Strzepa et al.,
2017). The impact of 2b, La (2b’);, and Ce (2b’); on LDCL in
the presence of sodium hypochlorite is presented in Figure 9B. All
three compounds behave as significant pro-oxidants. At 1-10™* M, 2b
has CL-SI = 140 + 2% and at 3-10° M La (2b’); has CL-SI = 161 +
2%. At the highest tested molarities, the effect of the La(IIT) complex
(at 3-10° M) is higher than that of the ligand at three times the
concentration (1-10™* M). Considering that each complex bears
three ligands, it seems that the La(III) ion potentiates the pro-
oxidant behavior of 2b in this model system. Most striking are the
results of the cerium complex. Pro-oxidant behavior is observed at
molarities as low as 1:1077 M (CL-SI = 115 + 1%), increasing in a
concentration-dependent manner to as high as CL-SI = 656 + 21%
at 3-107° M.

3.5.6 Comparison between the activity of Ce (2b')3
and Trolox

A well-established positive control (Trolox) was tested at
3:10 M in order to compare its activity with the activity of the
cerium complex at the same molarity. As Trolox does not dissolve
well in bi-distilled water, PBS (pH = 7.45) was utilized to produce a
clear 1-107° M stock solution. Since ferric ions form a precipitate in
PBS, Trolox could not be tested in the Fenton reaction model
system. Results obtained from the spectrophotometric assays are
presented in Figure 10.

Compared to Trolox, the cerium complex manifests
significantly lower DPPH scavenging activity (RSA = 52.2 +
1.4% versus 5.2 * 0.2%). A similar trend is observed in the
ABTS assay: RSA = 75.1 + 1.8% for Trolox and RSA = 234 +
1.1% for Ce (2b’);. Those results contrast with observations from
the 2-deoxyribose degradation assay. OH" scavenging activity of
the complex in this model system is much higher than that of the
positive control RSA = 46.3 + 3.7% (complex) versus RSA = 13.0 +
1.1% (Trolox).

At 3-10° M, the cerium complex performs as a moderate
scavenger of superoxide in the KO, model system (CL-SI = 69 +
3%). At the same molarity, Trolox behaves as a much stronger
scavenger (CL-SI = 25 + 2%). When it comes to interaction with
NaOCl, Ce (2b); behaves as a very potent pro-oxidant CL-SI =
656 * 21%, while Trolox almost totally extinguishes LDCL CL-
SI =15+ 0.1%.
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Activity Comparison with Trolox

7 [ Ce(2b),
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FIGURE 10
Comparison between Ce (2b')z and Trolox at 3-107° M in the
DPPH, ABTS, and 2-deoxyribose (2-DR) model systems. Data =

mean + StDev, p < 0.05, N = 3. A higher result means higher
scavenging activity.

4 Summary and conclusion

A novel rare-earth metal ion complex with a biologically active
ligand was synthesized, and its structure, electronic properties, and
antioxidant activity were carefully studied by the experimental
methods and quantum-mechanical calculations. The composition
and structure of the tri-coordinated complex of Ce’" and 2-(4-
chlorophenyl)-5-(pyrrolidin-1-yl)-2H-1,2,3-triazole-4-carboxylate
were determined using elemental analysis and spectral data. The
structural features of Ce (2b'); and global chemical reactivity
descriptors were revealed based on quantum chemical
calculations using four DFT levels in comparison with three
other models of cerium complexes.

The influence of different ligands on the charge and molecular
properties of the Ce(III) complex was analyzed, and established
and global reactivity descriptors were determined and
demonstrated: 1) the better charge distribution on the cerium
ion in larger systems; 2) the HOMO-LUMO gap value linearly
decreases as system complexity increases with the exception of C
complex that has a similar value to Ce (2b');. The low energy value
indicates a large reactivity and low energy for excitation. 3) The
analysis of the experimental and calculated IR and Raman spectra
supported the proposed structure of the obtained Ce(III) complex.
For the analysis of these spectra, detailed comparisons were
carried out using mainly the M06-2X, CAM-B3LYP, and D3-
B3LYP methods, obtaining the best results with the CAM-
B3LYP method.

The complex Ce (2b); scavenges hydroxyl radicals, generated by
UV-induced water radiolysis to a greater extent than the positive
control Trolox at 3-10~° M. In this particular model system the type
of coordination center, La(III) or Ce(IIl), has a very mild impact on
activity. In line with previous observations on 2b and La (2b')s, the
ability of Ce (2b'); to participate in HAT with DPPH is very limited.
These results, starkly contrasting with the results derived from the 2-
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deoxyribose degradation assay, suggest that the low DPPH-scavenging
activity may be due to steric hindrance rather than the low hydrogen-
donating capacity of the complex. Coordination with Ce(III) seems to
improve the ligand’s ability to participate in SET, as observed in the
ABTS™ assay. Ce (2b'); seems to scavenge the stable radical much more
actively compared to its La(III) counterpart (almost threefold higher
RSA values). In this case, we can comfortably deduce that the electron-
exchanging capacity is significantly impacted by the type of metal ion,
which is coordinated with 2b. Ce (2b’)5 reaffirms previous observations
that 2b and its lanthanide complexes tend to behave as pro-oxidants in
the presence of the clinically significant Fenton reaction. A
concentration-dependent increase in MTT-formazan formation was
observed with Ce (2b’);, which is similar to La (2b’);. Ionic mimicry
allows lanthanide ions to competitively replace iron from biomolecules
(e.g, iron-dependent enzymes), impairing their functions and
therefore, exhibiting chemotherapeutic effects. This would also cause
an increase in “free” iron that can yield toxic OH' via the Fenton
reaction. On top of that, the abovementioned reaction seems to be
enhanced in the presence of the ligand 2b both in free form and as a
component of a complex. Unlike the pro-oxidant 2b and its La(III)
complex, Ce (2b'); acts as an antioxidant in the presence of KO,. A very
strong pro-oxidant effect of the Ce(III) complex is observed in the
presence of sodium hypochlorite, an RS that serves as a component of
the body’s immune defense against xenobiotics. The present research
introduces to the reader a second biologically active lanthanide
complex with 2b. Both La(IIl) and Ce(III) complexes manifest
interesting biological behavior, serving as antioxidants in some
model systems and as antioxidants in others. Additionally, the type
of the lanthanide coordination center (in this case Ce** instead of La**)
was associated with a change in biological behavior, which is observed
prominently in the ABTS, KO,, and NaOCl assays. The most logical
next steps were left for further research, which involve investigations
on other lanthanide complexes of 2b, selecting those with most
prominent activities and consequently testing them against
bacterial/cancer cell lines. The results presented herein could lay a
additional,
with  promising

solid foundation for the synthesis of novel
carboxylate

biological activity. For this task, the relationships established could

lanthanide-triazole complexes
facilitate the selection of new ligands with improved properties in this
design of new complexes.
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