J. Electrochem. Sci. Eng. 15(1) (2025) 2374; http://dx.doi.orq/10.5599/jese.2374

JESE

Open Access : : ISSN 1847-9286
www.jESE-online.org

Original scientific paper

Extended characteristic polynomial estimating the electro-
chemical behaviour of some 4-(azulen-1-yl)-2,6-divinylpyridine
derivatives

Eleonora-Mihaela Ungureanu?!, Amalia Stefaniu?, Raluca Isopescu?, Cornelia-Elena
Musina3, Magdalena-Rodica Bujduveanu® and Lorentz Jantschi*>"*

IDoctoral School of Chemical Engineering and Biotechnologies, National University of Science and
Technology POLITEHNICA, Bucharest, Romania

’National Institute of Chemical, Pharmaceutical Research and Development, Bucharest, Romania
3Faculty of Chemical Engineering and Biotechnologies, National University of Science and Technology
POLITEHNICA, Bucharest, Romania

4Department of Physics and Chemistry, Technical University of Cluj-Napoca, Romania

>Laboratory of Electrochemistry For Advanced Materials, Technical University of Cluj-Napoca, Cluj-
Napoca, Romania

Corresponding authors: “* lorentz.jantschi@chem.utcluj.ro; tel.: +4-0264-401-775
Received: June 5, 2024; Accepted: July 18, 2024; Published: July 26, 2024

Abstract

Six derivatives of 4-(azulen-1-yl)-2,6-divinylpyridine were the subject of experimental
determination of oxidation and reduction potentials being reported elsewhere. In this
paper, a computational study was employed in order to obtain a function of structure for
these potentials. The geometry was optimized at three theory levels (MMFF94, B3LYP and
MO06), and the following analysis was conducted with the separately saved optimum
geometry in each instance. Two families of molecular descriptors (FMPI and EChP) were
used to derive structure-based descriptors. Simple linear regressions were extracted with
the best of descriptors for each family and level of theory for both potentials. The study
revealed that the MMFF94 optimum geometries best explained the selected electro-
chemical properties. Furthermore, the EChP family of descriptors, much bigger than FMPI
(about 64 times), was able to better explain the connection between the structure and the
property. Once more, it has been shown that the eigenproblem has deep roots in
structural chemistry.
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Introduction

Substituting pyridine (CAS RN 110-86-1) leads to a key six-membered heterocyclic scaffold
(Figure 1), structurally related to benzene and having a conjugated system of six m electrons
delocalized over the ring.
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Figure 1. Pyridine scaffold

It occurs in natural compounds, drug molecules and vitamins, being a precursor of the synthesis
of larger molecules [1]. Pyridine derivatives have multiple uses. Figure 2 depicts, in increasing
complexity, some pyridine derivatives.
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Figure 2. Some pyridine derivatives

Nicotinic acid (CID 938, CsHsNO;, Figure 2a) is vitamin B3, an essential nutrient [2]; Pyridoxine
(CID 1054, CsH11NOs, Figure 2b) is vitamin B6, an important dietary supplement [3]; Fusaric acid (CID
3442, C10H13NO3, Figure 2c) is a wilting agent and antibiotic [4]; Davicil (CID 61579, CcH3ClsNO3S,
Figure 2d) is a fungicide and allergen [5]; Epibatidine (CID 854023, C11H13CIN,, Figure 2e) causes
numbness and paralysis and may cause respiratory arrest [6]; Nicoboxil (CID 14866, Ci12H17NOs3,
Figure 2f) is an analgesic effective on acute lower back pain [7]; Clonixin (CID 28718, C13H11CIN;0O>,
Figure 2g) is an anti-inflammatory, analgesic, antipyretic, platelet aggregation inhibitor [8]; Anabasa-
mine (CID 161313, Ci6H19Ns3, Figure 2h) is an inhibitor of acetylcholinesterase [9]; lastly, LG100268
(CID 3922, C24H29NO;, Figure 2i) is a potent rexinoid [10].

As exemplified in Figure 2, the physical properties and biological activities of pyridine-containing
compounds can be tuned by functional groups added to the scaffold. Of medical interest is the use
of pyridine derivatives for making potent drugs. Table 1 contains some representative examples for
medical use.
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Table 1. Some biomedical applications of pyridines derivatives

Activity Derivative(s) Ref.
Antibacterial Pyrazolo[3,4-b] Pyridine [11]
Antibiotic Streptonigrin [12]
Antidiabetic Glicaramide [13]
Antiestrogenic Tamoxifen analogue [14]
Antifungal Tetrahydroimidazo[1,2-a]pyridine [15]
Antimicrobial Imidazo[1,2-a]pyridine [16]
Antimycobacterial Isoniazid [17]
Antineuralgic Decumbenine B [18]
Antioxidant Imidazo[4,5-b]pyridines [19]
Antiparasitic Azamethiphos [20]
Antispasmodic Papaverine [21]
Antitubercular Ethionamide [22]
Antitumor Pyrrolo-pyridine benzamide [23]
Antiviral Indeno[1,2-b]pyridine [24]

On the other hand, if the chemical change is made into solutions, then it usually has a difference
of electrical potential associated, and electrochemical methods may provide further insights about
it, such as the mechanism of redox reaction, but can also be a powerful tool for the synthesis of new
compounds on a gram scale [25]. The mechanisms can be treacherous and may involve models with
a great deal of mathematics and numerical solving incorporated [26].

Materials and methods

Vinyl-pyridines
The 4-(azulen-1-yl)-2,6-divinylpyridine scaffold (see Figure 3) has been used to obtain and

characterize six derivatives (Table 2), where experimental oxidation (Es) and reduction (E.)
potentials were taken from [27].

Figure 3. The 4-(azulen-1-yl)-2,6-divinylpyridine template

Table 2. Templating of 4-(azulen-1-yl)-2,6-divinylpyridine derivatives

Figure R1 R, Rs R4 Rs Re Molecular formula E./V E./V
43 (0] CH3 H i-Pr H CH3 C32H29N02 0.318 -2.071
4b 0] H CHs H CHs CHs CsoH25NO, 0.487 -2.084
4c 0] H H H H H Cy7H19NO; 0.553 -1.854
4d S CHs H i-Pr H CHs C32H29NS; 0.338 -2.065
4e S H CHg H CHg CH3 C30H25N52 0.470 -2.090
4f S H H H H H C7H19NS, 0.567 -1.858
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Figure 4. 4-(azulen-1-yl)-2,6-divinylpyridine derivatives

Molecular descriptors families

Physical, chemical and biological activities of chemical compounds are related to one another in
a natural way since all molecules are constituted from atoms and the same forces keep the atoms
together in molecules. It is thus a supported idea to construct a pool of molecular descriptors that
are closely related and differ by only a choice in the construction. A series of such pools of
descriptors was reported (FPIF in Chapter 7 of [28]; MDF in [29]; MDFV in [30]; SAPF in [31]; SMPI
in [32], FMPI in [33]), and some notable results in the modeling of biological activities were
obtained [34-37]. A thesis [38] elaborates on the issue.

For convenience, Table 3 provides the coding of the FMPI.

Table 3. Templating of FMPI

Gene Lo Mo Ip Dy Ap Fc
Genome | R L E FI J NMDEPUGTUAIBT CDTETFGMNS
Code: FMPI = LOMOIDDM AP FC; Descriptors: 4536

The encodings from Table 3 correspond to:

e Fragmentation criteria (of the molecule) Fc with maximal fragments for Fc = M, with minimal
fragments for Fc = N, and with Szeged fragments for Fc=S;

e Atomic property Ap with (fragment’s) sum of atomic masses (in Da) for Ap = A, harmonic sum of
atomic numbers (Z) for Ap = B, with sum of cardinalities for Ar = C, with harmonic mean of solid
state density (in kg/m3) for Ap = D (see page 12 in [39]), with geometrical mean of electro-
negativities from revised Pauling scale for Ap = E (see page 16 in [39]), with average of the first
ionization energy (in kJ/mol) for Ap = F (see page 14 in [39]) and with power 2 mean (PM(p), p = 2)
of the melting point temperatures (K) for Ap = G (see page 10 in [39]);

e Distance metric Dy with (in between atoms) geometric (in nm) for Dv = G, topologic (in bonds)
for Dv = T, and weighted (by bond order) topologic for Dm = U; interaction descriptor Ip (built
with selected property and distance) with P;;D;; for Ip = E, with P;j/D;; for Ip = U, with P;; for
Ip = P and with Dj; for Ip = D;
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e Mean operation (averaging from multiple fragments of a molecule) Mo, with min.(M;;) for Mo = N,
max. (M) for Mo = M, 1/,5(Mi;) for Mo = |, 1/25(M;jM;;i) for Mo = J, 1/25(MijAd;j) for Mo = E,
/25 (MijM;iAd, ) for Mo = F;

e Linearization operator (adjusting the scale of the descriptor) Lo with f (x) = x for Lo = |, with
f(x)=x"1for Lo =R, and with f(x) = In x for Lo = L.

Extending the characteristic polynomial

The characteristic polynomial (ChP) was first expressed in the 18" century in order to char-
acterize the movement of planets [40]. Later, Hiickel’s method of molecular orbitals [41] was
the ChP first extension approximating the treatment of it electron systems in organic molecules.
An extended ChP (EChP) in a parameter (x in Equation (1)) can be associated with two particular
matrices (square, of size n; A and / in Equation (1)) through the evaluation of a determinant [42]:

EChP (x,1,A) < |xI-A]| (1)

In Equation (1), / should be a diagonal matrix (a matrix in which the entries outside the main
diagonal are all zero), while A should be the exact opposite (a matrix from which the entries of
the main diagonal were extracted). In this instance, / and A can be associated with an (edge) directed
and (vertex) labeled graph with no loops. The undirected and unlabeled graph is the case that
recovers the classical formula of the ChP (for instance, the one applied in [43]).

One should notice that the classical formula of the ChP is not well suited for modeling the
considered congeners (Figure 4) since different chemical elements are present (nitrogen, oxygen and
sulfur, in addition to carbon), while an EChP formula will take into consideration the atoms’ change.

For convenience, Table 4 provides the coding of the EChP. The encodings from Table 4
correspond to (see also [42] and [44]):

Table 4. Templating of EChP

Gene Lo IA Ac do d1, dz, d3
Genrome | R L ABCDEFGHU'tgcTGC-+ 0122314567829
Code: EChP = LolsAc(do.d1d2ds3); Descriptors: 288144

e Atomic identity, /a (variable / in Equation (1)), with A = A for atomic mass divided to 294.0
(atomic mass of Oganesson), A = B for cardinality (always 1), A = C for electrostatic charges (ESP
method [45]), A = D for solid-state density (in kg/m3, divided to 30000; see page 12 in [39]), A =
E for electronegativity (revised Pauling, divided to 4.00, see page 16 in [39]), A = F for first
ionization potential (in kJ/mol, /1312.0, see page 14 in [39]), A = G for melting point
temperature (in K, divided to 3820.0, see page 10 in [39]), and A = H for the number of attached
hydrogen atoms (divided to 4, the valence of a carbon atom);

e Connectivity parameter Ac (variable A in Equation (1)), with connectivity on adjacencies (classical
ChP, [A] [Ad], topological adjacency matrix) for C = t, connectivity on topological distances
(classical ChP, [A] [Di], topological distance matrix) for C =T, inverse of the geometrical distance
for C =G, and only for adjacent atoms for C = g, inverse of the conventional bond orders for C=c,
and inverse of the sum of conventional bond orders for C = C;

e Evaluation point (variable x in Equation (1)), expressed with four digits, as +0.d,d,d, , with ds, d>,
ds €10, 1, ..., 9%

e Linearization operator (adjusting the scale of the descriptor) Lo with f(x) = x for O = |, with
f(x) = x1 for O =R, and with f(x) = In x for O = L.
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Quantitative structure-property relationship studies

For a biologist, basic units of structure define the function of all living things [46]. Since 1868,
when Crum-Brown and Fraser argued about the existence of the relation between the physiological
action of a substance and its composition and constitution [47], much progress has been made.
Today, structure-property relationships may be considered the central dogma of chemistry [48].

A typical structure-property study (referred to as quantitative, quantitative structure-property
relationship (QSPR) to express its desired outcome, a relationship expressing the property as a
function of the structure) requires the collection of a series of compounds with known structure and
measured properties.

Certain inclusion criteria apply. Therefore, the presence of an extreme value [49] or an outlier [50]
in the series makes the derived relations unreliable, so the derivation of the structure-property rela-
tionships is desired to be obtained in the absence of those. The environment, such as water as a solute,
may influence dissociations and associations of ions [51], and chemical properties [26] are also
affected. Furthermore, it should be a clearly defined endpoint, an unambiguous algorithm to facilitate
the reproducibility of a built model, a defined applicability domain to determine the model space as-
sociated with reliable predictions, to employ appropriate measures of goodness-of-fit, robustness and
predictivity, and ideally, a mechanistic interpretation of the model in chemical structural terms [52].

One may argue that modeling of the 3D geometry is of the essence for estimating the biological
activities [53], while, for physical properties, feeding the models with topologies works well (take,
for instance log P [54]).

Two methods were employed: with FMPI (Table 3) and with EChP (Table 4), considering the
molecules' topology and geometry. As expected, the 3D model of the computed molecular
geometry depends on the selected computational model. Three models were subjected to analysis:
a mechanistic one (MMFF), an in vitro one (B3LYP), and a solvent-interacting one (M06 SM8). The
design of this experiment is depicted in Table 5.

Table 5. Molecular methods for optimal conformations

Design Molecular modeling method Ref.
Raw MMEF94 [55]
In vitro B3LYP 6-311G** [56]
In vivo MO06 6-31G* + SM8-water [57]

See Table 6 in Supplementary material of [56] for the reasons of choosing B3LYP

Using notation from [58], if f = f(x; b) depending on x as the random variable and having
b = (bj)15i<m as m population parameters) is the theoretical distribution function, then the likelihood
of the sample is f(xz;b)f(x2;b)...f(xn;b), and it is maximum when all its derivatives vanish. The
maximum likelihood estimation (MLE) method was used here.

Results and discussion

Modeling the oxidation and reduction potential of vynil-pyridines

There are six observation points for each electrochemical property in Table 3 (n = 6), which is, at
the minimum required to conduct an association analysis. However, in [59], it is pointed out that at
n < 8, both false positives and false negatives may appear if the association is used to do a classification
(which is not the case here). At the same time, other studies (including Google’s Al) suggest at least
n =10. A sample size calculation can be employed [60], but it is useful only when sampling is available.
Therefore, this deficiency must be alleviated by better testing the sample's quality.
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Outlier and extreme values analysis was conducted. Normal distribution (%) population para-
meters (u and o), associated with the sample for the given measurements of the properties, were
obtained using MLE and are given in Table 6. One should note that the usage of MLE, unlike the
method of central moments, does not reduce the number of degrees of freedom associated with the
sample [61].

Table 6. Gaussian distribution population parameters of the 4-(azulen-1-yl)- 2,6-divinylpyridine derivatives by
maximizing the likelihood for the samples from Table 2

Potential \Parameters u o
Oxidation (E,) 0.4555 0.10569
Reduction (E.) -2.0037 0.11474

u: mean; o: standard deviation; o%: variance

The results in Table 6 have been used to obtain the cumulative probabilities associated with each
observation. Table 7 contains these results.

Table 7. Cumulative probabilities (data in Table 2; parameters in Table 6)

i 1 2 3 4 5 6
Oxidation potentials (sorted data)

Xi 0.318 0.3380 0.47 0.487 0.5530 0.567

pi 0.0966 0.1331 0.5546 0.6172 0.8219 0.8543
Reduction potentials (sorted data)

Xi -2.09 -2.084 -2.071 -2.065 -1.858 -1.854

pi 0.226 0.242 0.2788 0.2966 0.8979 0.904

p; ZJ f(x;b)dx are the cumulative probabilities
X<X;

A series of order statistics was calculated. Table 8 contains these results. The analysis from Table
8 reveals that there are 99.4 % worse draws of a normal (%) sample than the sample of E, values
and 44.5 % worse draws of a normal (%) sample than the sample of Ec values. Both probabilities (p
values in boldface in Table 8) are greater than the conventional level of 5 %, so the assumption that
the samples of E; values and E. values are drawn from normal distributions (%) cannot be rejected.

Table 8. Order statistics on rejecting the hypothesis of samples normality

Statistic C™M Wu KS KV AD H1 gl TS FCS
k 1 2 3 4 5 6 7 8
Statistics and associated probabilities for the series of observed E, values
Value 0.36302 0.54199 0.05696 1.03250 0.05596 2.94610 0.40337 0.29957 2.44592
Dk 0.829 0.875 0.857 0.606 0.710 0.564 0.724 0.792 0.994
Statistics and associated probabilities for the series of observed E. values
Value 0.87742 0.90647 0.15756 1.47290 0.15358 2.93340 0.40400 0.29486 8.88016
Pk 0.422 0.304 0.373 0.096 0.089 0.575 0.722 0.818 0.445

FCs

8
FCS: Fisher’s chi-square statistic; ECS=-Iank; p

k=1

=1-CDF , (FCS, 8)
x

Modeling with raw geometries

Table 9 contains step-by-step results for modeling with SAPF and EChP using optimum geometries
from the MMFF94 molecular mechanics approach. One should note that the descriptors from EChP
are able to better explain both E; and E. electrochemical properties than the ones from FMPI (see
r’agj values in Table 9).

http://dx.doi.org/10.5599/jese.2374 7
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Table 9. Staged selection of the best descriptors for linear associations with the descriptors from raw geometries

Family Stage  For E, dataset For E. dataset Result

FMPI 1 2275 2275 Number of adapted descriptors
FMPI 2 2069 2198 Number of linearly associated descriptors
FMPI 2 LNUTGM INEGEM Best performing descriptors

FMPI 2 0.9894 0.9949 r* with above descriptors

EChP 1 265411 265411 Number of adapted descriptors
EchP 2 252120 243742 Number of linearly associated descriptors
EChP 2 RDCNO0940 LEGNO705 Best performing descriptors

EChP 2 0.9977 0.9996 r* with above descriptors

RDCN0940 = (EChP(-0.940; I, Ac))™%, LEGNO705 = In(EChP(-0.705; ¢, Ac)) in Equation (1) and Table 4

With MMFF94 obtained geometries, for the considered 4-(azulen-1-yl)-2,6-divinylpyridine
derivatives, from the EChP selected descriptors, it can be inferred that the solid-state density is
selected as the influential property for E, acting on the inverse of the sums of conventional bond
orders (I & Ip and A & Ac extending the ChP, see Equation 4.1 and Table 9). On the other hand, Ec is
expressed by the electronegativity acting on the inverse of the geometrical distance (/ ¢ leand A ¢ Ac
extending the ChP, see Equation 4.1 and Table 9). However, FMPI, with only 1.6 % of the size of EChP,
explains over 99 % of the variance in the E; and E. values and can be used as a first approximation
level, just as MMFF is used for molecular geometry. Going further with the analysis of the FMPI
selected descriptors, E, is related to the structure on a logarithmic scale (“L” letter in LNUTGM), while
E. is related on an identity scale (”1” letter in INEGEM), both E; and E. were seen through FMPI
perspective as localized properties (properties characterized by minimal fragments, usually single
atoms - “"N” as the second letter in LNUTGM and INEGEM descriptors’ names, see Table 9 and Table 3
encodings), interacting like a potential (property over distance “U” as third letter in the LNUTGM
name, see Table 9 and Table 3 encodings) and like a elastic force (property multiplied with the distance
”E” as third letter in the INEGEM name, see Table 9 and Table 3 encodings) respectively, being affected
mainly by the topology of the molecules ("T” as third letter in LNUTGM), and by the geometry ("G” as
third letter in INEGEM) respectively. The differences are not at the level of the fragmentation criteria
(for both Eq and E. is minimal, "M” as last letter in LNUTGM and INEGEM), but at the elemental
property relating the best (for E, is the melting point temperature, ”G” letter in LNUTGM, and for E. is
the electronegativity, “E” before last letter in INEGEM).

Table 10 lists the calculated values of the descriptors for each molecule from the set.

Table 10. Calculated values of the descriptors from raw geometries

Compounds from Figure

Descriptor Family 3 b ac d 4o o
LNUTGM FMPI Values estimating £, 7.326 7.367 7.392 7.326 7.367 7.393
INEGEM FMPI Values estimating E. 3.426 3.425 3.432 3.426 3.425 3.432

-10°RDCN0940 EChP Values estimating E;, 15.21 6.158 2.642 14.37 7.003 2.477
-10'LEGN0705 EChP Values estimating E. 3.608 3.677 2.775 3.581 3.685 2.781

10° and 10! are scaling factors; Conventionally slope and intercept from Table 11 have units of V; then here values are adimensional

One can notice that INEGEM descriptor from FMPI does not distinguish between Oxygen and
Sulphur (furan and thiophen rings in Figure 4), LNUTGM barely distinguishes between 4c and 4f,
while the EChP descriptors make the distinction (see the numeric values in the 4a, 4b, 4c group vs.
4d, 4e, 4f group in Table 10). The obtained linear models expressing E; and Ec as functions of
derivatives structure are provided in Table 11.
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Table 11. Models and associated statistics with the descriptors from raw geometries

Property Family Model Pr
E, FMPl y=-25.4433+ 3.51:0.45 LNUTGM 3x107°
E. EChP  y =0.606.0011 + 1.89:011 -10~7 -(EChP(=0.940:0.0005; I = D, Ac = C))™ 106
E. FMPl y=-118+10+ 33.8:3.0 INEGEM 6x107°
E. EChP y=-1.141.002 + 0.02640.01 -IN(EChP(-0.705:0.0005; /a = E, Ac = G)) 4x10°®

y ~lin(x), y € {Es, Ec}, x € FMPI or x € EChP, lin(x) € {cox, cix + c2}, co, €1, 2 € %°; slope and intercept have units of V

In both instances (for E; and E¢), with the use of the EChP approach, the precision of the models
is improved.

Modeling with in vitro geometries.

Table 12 contains step-by-step results of modeling with SAPF and EChP using optimum
geometries from B3LYP 6-311G** theory level.

Table 12. Staged selection of the best descriptors for linear associations with descriptors from in vitro geometries

Family Stage For E, dataset For E. dataset Result

FMPI 1 2218 2218 Number of adapted descriptors
FMPI 2 2049 2041 Number of linearly associated descriptors
FMPI 2 LNUTGM LNEGCM Best performing descriptors

FMPI 2 0.9894 0.9909 r’aqj with above descriptors

EChP 1 265750 265750 Number of adapted descriptors
EChP 2 247097 238368 Number of linearly associated descriptors
EChP 2 RDCN0940 ICtN0193 Best performing descriptors

EChP 2 0.9977 0.9995 r’aqj with above descriptors

RDCN0940 = (EChP(-0.940; /a = D, Ac = C))™, ICtN0193 = EChP(-0.193; /a = C, Ac = t) in Equation (1)

One should note that the descriptors from EChP are able to better explain both E; and E. electro-
chemical properties than the ones from FMPI (see r? values in Table 12).

With B3LYP obtained geometries, for the considered 4-(azulen-1-yl)-2,6-divinylpyridine derivatives,
from the EChP selected descriptors, can be inferred that the solid-state density is selected as the
influential property for E; acting on the inverse of the sums of conventional bond orders (/ < Ip and
A & Ac extending the ChP, see Equation (1) and Table 9). On the other hand, E. is expressed by the
electrostatic charges acting on adjacencies (/ ¢ Ic and A & ) extending the ChP, see Equation (1) and
Table 12).

Through the perspective of FMPI selected descriptors, E; and E. are related with the structure on
a logarithmic scale (”L” letter in LNUTGM and LNEGCM), both E; and E. were seen through FMPI
perspective as localized properties (properties characterized by minimal fragments, usually single
atoms - “N” as second letter in LNUTGM and LNEGCM descriptors names, see Table 9 and Table 3
encodings), interacting like a potential (property over distance - ”U” as third letter in LNUTGM name,
see Table 9 and Table 3 encodings) and like an elastic force (property multiplied with the distance -
"E” as third letter in LNEGCM name, see Table 9 and Table 3 encodings) respectively, being affected
mainly by the topology of the molecules ("T” as third letter in LNUTGM), and by the geometry (”G”
as third letter in LNEGCM) respectively. The differences are not at the level of the fragmentation
criteria (for both E; and E, it is minimal, "M” as last letter in LNUTGM and INEGEM) but at the
elemental property relating the best (for E, is the melting point temperature, “G” letter in LNUTGM,
and for E. is the cardinality (size of the fragment), ”"C” before last letter in LNEGCM).

Table 13 lists the calculated values of the descriptors for each molecule from the set.

http://dx.doi.org/10.5599/jese.2374 9
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Table 13. Calculated values of the descriptors from in vitro geometries

Descriptor Family Compound
4a 4b 4c ad de 4f
LNUTGM FMPI Values estimating E; 7.326 7.367 7.392 7.326 7.367 7.393
LNEGCM FMPI Values estimating E. 0.4065 0.4170 1.702 0.4064 0.4166 1.708
-10°RDCN0940 EChP Values estimating E; 15.21 6.158 2.642 14.37 7.003 2.477
-10°ICtN0193 EChP Values estimating E. 0.1515 1.054 -10.3 .1530 1.142 -10.1

10° and 10° are scaling factors; Conventionally slope and intercept from Table 14 have units of V; then here values are
adimensional

One can notice that the INEGEM descriptor from FMPI does not distinguish between oxygen and
sulphur (furan and thiophene rings in Figure 4), LNUTGM barely distinguishes between 4c and 4f,
while the EChP descriptors make the distinction (see the numeric values in the 4a, 4b, 4c group vs.
4d, 4e, 4f group in Table 13).

The obtained linear models expressing E; and E. depending on the structure of derivatives are
provided in Table 14.

Table 14. Models and associated statistics with the descriptors from in vitro geometries

Property  Family Model PF
E, FMPl  y=-25.4.33+ 3.514045 ‘LNUTGM 3x107°
Ea EChP y= 0.60610_011 + 1.8910_11'10_7'(EChP(—O.94O¢o,0005; ID, Ac))_l 10_6
E. FMPl  y=-2.15.002+ 0.1740.02 -\LNEGCM 2x107°
Ec EChP y= —2.06510_003 - 0.020510_0005 'EChP(—O.193io_0005; Ic, At) 6X10_8

y ~lin(x), y € {Es, Ec}, x € FMPI or x € EChP, lin(x) € {cox, cix + c2}, co, c1, c2 € R”; slope and intercept have units of V

In both instances (for E; and E), with the use of the EChP approach, the precision of the models
is improved.

Modeling with in vivo (water) geometries.

Table 15 contains step-by-step results of modeling with SAPF and EChP using optimum
geometries from MO06 6-31G* + SM8-water theory level.

Table 15. Staged selection of the best descriptors for linear associations

Family Stage  For E, dataset For E. dataset Result

FMPI 1 2220 2220 Number of adapted descriptors
FMPI 2 2050 2052 Number of linearly associated descriptors
FMPI 2 LNUTGM RNUTCM Best performing descriptors

FMPI 2 0.9894 0.9923 r’aqj with above descriptors

EChP 1 265964 265964 Number of adapted descriptors
EChP 2 251531 243044 Number of linearly associated descriptors
EChP 2 RDCNO0940 ICtNO176 Best performing descriptors

EChP 2 0.9977 0.9994 r’aqj with above descriptors

RDCN0940 = (EChP(-0.940; o, Ac))™%, ICtNO176 = EChP(-0.176; I, Ar) in Eq. 1

One should note that the descriptors from EChP are able to explain better than the ones from
FMPI, both E, and E. electrochemical properties (see r? values in Table 15).

With M06 6-31G* + SM8-water obtained geometries, for the considered 4-(azulen-1-yl)-2,6-
-divinyl-pyridine derivatives, the solid-state density is selected as the influential property for E,,
acting on the inverse of the sums of conventional bond orders (/ ¢ Ip and A ¢ Ac extending the ChP,
see Equation 4.1 and Table 9). On the other hand, E. is expressed by the electrostatic charges acting
on adjacencies (| <= Icand A < A:extending the ChP, see Equation and Table 15). However, FMPI,
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with only 1.6 % of the size of EChP, explains over 99 % of the variance in the E; and E. values and
can be used as a first approximation level, just as MMFF is used for molecular geometry. Going
further with the analysis of the FMPI selected descriptors, E, is related to the structure on a
logarithmic scale ("L” letter in LNUTGM) while E. is related on a reciprocal scale (“R” letter in
RNUTCM), both E; and Ec were seen through FMPI perspective as localized properties (properties
characterized by minimal fragments, usually single atoms - ”"N” as second letter in LNUTGM and
RNUTCM descriptors names, see Table 9 and Table 3 encodings), interacting like a potential
(property over distance - “U” as third letter), being affected mainly by the topology of the molecules
("T” as third letter). The differences are not at the level of the fragmentation criteria (for both E;,
and E. it is minimal, “M” as last letter in LNUTGM and RNUTCM), but at the elemental property
relating the best (for E, is the melting point temperature, ”G” letter in LNUTGM, and for E. it is the
cardinality (size of the fragment), “C” before last letter in RNUTCM).
Table 16 lists the calculated values of the descriptors for each molecule from the set.

Table 16. Calculated values of the descriptors from in vivo geometries

Descriptor Family Compdound

4a 4b 4c 4d de 4f
LNUTGM FMPI Values estimating E, 7326 7.367 7.392 7326 7.367 7.393
RNUTCM FMPI  Values estimating E. 1.000 1.000 0.7143 1.000 1.000 0.7143

-10°RDCN0940  EChP  Values estimating E, 15.21 6.158 2.642 1437 7.003 2.477
-10'ICtN0176 EChP  Values estimating E.  -0.7679 8.225 -104.0 -0.8165 8.454 -102.4

10° and 10* are scaling factors; Conventionally slope and intercept from Table 17 have units of V; then here values are
adimensional

One can notice that the best descriptors from FMPI do not distinguish between 4a and 4c and
between 4b and 4d, while EChP does.

The obtained linear models expressing E; and E. as functions of derivatives structure are provided
in Table 17.

Table 17. Models and associated statistics

Property  Family Model Pr
E, FMPI y =-25.4433+ 3.514045 -LNUTGM 3-107°
E, EChP y = 0.6060,011 + 1.89:0.11 -10~7-(EChP(~0.94040.0005; Ip, Ac))™* 1-10°
E. FMPI y = —=1.302+0,077 = 0.77510.085 ‘-RNUTCM 1-107°
EC EChP y= —2.069710,0038 + 0.020710,0006'ECh P(—O 176:0,0005,' Ic, At) 9'10_8

y ~lin(x), y € {Es, Ec}, x € FMPIl or x € EChP, lin(x) € {cox, cix + c2}, co, €1, c2 € R"; slope and intercept have units of V

In both instances (for E; and E¢), with the use of the EChP approach, the precision of the models
is improved.

Correlated correlations analysis

Correlated correlation analysis is intended to reveal the change in the information carried by a
model. The main supposition is that when changing a model, the same data was used to derive the
new model, such that the association in the paired data still exists. In a classical analysis, the
correlation coefficient between the experimental and the calculated is of interest. With two models:
Model 1, with y ~ lin(x1), ro1 = r(y, x1), and Model 2, with y ~ lin(x2), ro2 = r(y, x2), the calculation of
a third correlation coefficient, ri; = r(x1, x2), may provide the necessary information to reveal the
change in the information carried by y ~ lin(x1) model vs. y ~ lin(x2) model. Steiger [62] proposed
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the use of such a test. Its approach is used here. Equation (2) has been used (conventionally positive
correlations have been used, r < |r|):

S:[Zm_ro—l_zm"' fo j\/ 2(”—3)(1—';22)2 2 (2)
2(n-1-f1)) 20n=1-f))\2-3r" - p,(2—4r" +r"p,,)
where Zo1, Zo2, and Z1; are the Fisher’s Z transformations (Z(r) = 0.5(In(1 + r)/In(1 - r))) of the correlation
coefficients (ros, ro2, and ri2), ra = (ro1 + ro2)/2, p12 = (1-e%°12)/(1+e2°12), 012 = Z12 - 0.5r12/(n = 1 - f), and
where fi, f5, and fm = (f1 + f2)/2 are the degrees of freedom associated with the models. The probability
is calculated from Student’s t distribution with n — 2 degrees of freedom (ps = CDF«(|S|; n - 2)).
Correlated correlation analysis is a powerful test, and when the model is changed, probabilities
to gain a different model can be calculated. Thus, Table 18 contains the probabilities associated with
the changes in the models.

Table 18. Correlated correlation analysis distinguishing between the models

Fixed Changing y X1 X2 S p:(S; 2)
raw FMPI vs EChP E, LNUTGM RDCNO0940 1.32 0.3177
raw FMPI vs EChP E. RNUTAN LEGNO705 5.56 0.0309
vitro FMPI vs EChP E, LNUTGM RDCNO0940 1.32 0.3177
vitro FMPI vs EChP E. LNEGCM ICtN0193 2.52 0.1279
vivo FMPI vs EChP E, LNUTGM RDCNO0940 1.32 0.3177
vivo FMPI vs EChP E. RNUTCM ICtNO176 2.18 0.1611
EChP raw vs vitro E. LEGNO705 ICtNO193 0.19 0.8668
EChP raw vs vivo E. LEGNO705 ICtNO176 0.35 0.7598
EChP vitro vs vivo E. ICtNO193 ICtNO176 0.75 0.5315

Geometry - optimum from: raw - MMFF94; vitro - B3LYP 6-311G**; vivo - M06+Sm8-water 6-31G*;

structure descriptors - families: fragments based - FMPI; ChP extended - EChP;

electrochemical - potentials: Ea - oxidation; Ec - reduction; S: Steiger’s statistic calculated with Equaation (2)

(rox = rly, x1), roz2 = r(y, x2), ri2 = r(x1, x2)); pr: probability that the samples of the changing parameters to be drawn from
the same population; p«(S; 2) for RNUTAN vs LEGNO705 is statistically significant (< 5 %; in red color)

There are several models provided here (all statistically significant). Table 11 contains four models,
two each for the prediction of E; and E. with each family of descriptors. The first two models from
Table 11 are not statistically distinct one from the other (the probability of expressing the same
structural information is 31.77 %, see Table 18). The last two models from Table 11 are statistically
distinct from each other (the probability of expressing the same structural information is 3.09 %, see
Table 18) and are the only ones in distinction, according to the results from Table 8. Table 18 supports
the idea that LEGNO705 (expressing E. from files containing raw geometries), ICtNO193 (expressing Ec
from files containing in vitro geometries), and ICtN0176 (expressing E. from files containing in vivo
geometries) may essentially express the same information relating structure - reduction potential
since statistical significance has not been reached to distinguish between them. Furthermore, results
listed in Tables 11, 14, and 17 reveal that, when from files containing raw, in vitro and in vivo
geometries, E. is expressed with EChP descriptors, there is no change in the selection of the model
best expressing the association (that is the model containing RDCN0940 molecular descriptor).

There is no coincidence in the fact that an extended family of descriptors based on the char-
acteristic polynomial (EChP) performs better even than a fragmentation-based method (FMPI) in
relating the chemical structure with electrochemical properties (here, electrode potentials of
4-(azulen-1-yl)-2,6-divinylpyridine derivatives), since the roots of the eigenproblem run deep in
chemistry [63].
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Conclusions

The present study has shown a significant gain in the precision of expressing the QSPR model
coefficients when EChP descriptors are used instead of FMPI descriptors. At the same time, EChP
descriptors have a better resolution - they distinguish between all molecules from the dataset, while
the resolution of the best explanatory FMPI descriptors did not distinguish between furan and
thiophene rings, and this is a positive result.

The use of higher theory-level models in geometry optimization (from MMFF94 to B3LYP and
MO06 + Water SM8) did not obtain the expected gain in precision and/or resolution, which is a
negative result. In the case of EChP model of E,, the selected descriptor remained the same
(RDCNO0940) and its values remained unchanged, while in the case of the EChP model of E, the
selected descriptor has been changed (LEGNO705, to ICtNO193 and to ICtN0176), but not with a
supplementary precision or resolution. On the contrary, a slow loss of precision was the result
(r?> from 0.9996 to 0.9995, and to 0.9994; pr from 4x1078 to 6x1078, and to 9x1078).

MMFF94 geometries proved better suited to express the E; and Ec potentials from structure than
the selected B3LYP and MO6 upper theory level approaches. This is a positive result regarding
MMFF94 (one should notice that this is the default theory level in providing geometries of molecules
by PubChem), and perhaps supports the idea that selecting and using upper theory levels in
molecular geometry optimization requires much more care and suitability analysis than expected.

Correlated correlation analysis revealed an important fact. The EChP best model (containing the
LEGNO705 descriptor) is statistically distinct (evidence in Table 18), and better (evidence in Table 9)
than the FMPI best model (containing the INEGEM descriptor) in expressing structure-property
relationship for E..

Abbreviations

CASRN:  Chemical Abstracts service registry number
PubChem: http://pubchem.ncbi.nlm.nih.gov/ - chemical compounds search engine and database
online available

CID: PubChem compound identifier

FPIF: fragmental property index family

MDF: molecular descriptors family

SAPF: structural atomic property family

SMPI: Szeged matrix property indices

FMPI: fragmental matrix property indices

i-Pr: isopropyl

ChpP: characteristic polynomial

EChP: extended characteristic polynomial

QSPR: guantitative structure-property relationships

DFT: density functional theory

MLE: Maximum Likelihood Estimation

CDF: cumulative distribution function

PDF: probability density function

r: Pearson’s correlation coefficient [64]

r2adj: adjusted (from r) determination coefficient

X chi square distribution; PDF ,2(x; k) = x*/* ™2 27**(I"(k—2))™
N normal distribution; PDFw(x; b, 0) = o *(27) Y2et#/'/eo)
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v+1

-1 2

t: Student’s t distribution [65]; PDF¢(x; v) = (m/)”zl“(VTHj(F(ED (1+X—j 2
|4
R the set of real non-null numbers (R* =R\0)
MMFF: Merk molecular force field; MMFF94: 1994 version of MMFF [55]
B3LYP: Becke 3 parameter hybrid exchange functional and Lee-Yang-Par correlation functional
(66, 67]

MO06: Minnesota density functional introduced in [68]
SM8: solvation model applicable to all solvents introduced in [69]
PF: probability of a wrong model, calculated from Fisher’s F distribution [70]

Appendix: Generated data and data analysis

Compounds studied in the paper are not available in the PubChem database. We drawn their 2D
structures and build up their 3D models. Chemdraw files are available at:
http://lori.academicdirect.ro/data/C19H15N-d/Data_Chemdraw.zip.

The 3D geometries were build (with HyperChem v.8 Add H & Model Build menu option and module),
exported and optimized into Spartan (v. 14) software (using three theory levels, as described in the paper).
Further, structure-activity relationship search was conducted using two approaches (FMPI and EChP), as
described in the paper.

The subsequent analysis is available at:
http://lori.academicdirect.ro/data/C19H15N-d/Results MMFF94.zip (the analysis with MMFF94 optimum
geometries, big data file, over 30 MB),
http://lori.academicdirect.ro/data/C19H15N-d/Results MMFF94.zip (the analysis with B3LYP optimum
geometries, big data file, over 40 MB), and
http://lori.academicdirect.ro/data/C19H15N-d/Results MMFF94.zip (the analysis with MO06 optimum
geometries, big data file, about 40 MB).

For the reproducibility of the results, the programs are provided as well. Thus, the programs supporting
the study with EChP are available at:
http://lori.academicdirect.ro/data/C19H15N-d/Programs EChP.zip,
the programs supporting the study with FMPI are available at:
http://lori.academicdirect.ro/data/C19H15N-d/Programs FMPI.zip
and the programs filtering statistically the structure-based descriptors are available at:
http://lori.academicdirect.ro/data/C19H15N-d/Programs LR.zip.

One need to prepare (inspect and modify by necessity) the properties.asc file listing the experimenttal
properties in order to use the methodology on other dataset. Then the programs should be called in order.
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