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Abstract
Semicarbazone is a molecule with a group R'R*C=N-NR*-C(=0)-NR*R’.

The oxygen atom has two free electron pairs; each nitrogen atom has one free electron pair. These free electron pairs are
potential sites of coordination. The simplest molecule in this series is the semicarbazone which the formula is
H,C=N-NH-C(=O)NH,. By replacing the oxygen atom by a sulfur atom is obtained a thiosemicarbazone. Some
semicarbazones, such as nitrofurazone, and some thiosemicarbazones are known to have many properties: antiviral,
antibacterial, antitrypanosomal, anticonvulsant, antitumor, anticancer. They are usually mediated by an association with
copper or iron.

Indeed transition metal complexes with given chemical structures are useful alternatives in the treatment of certain
diseases since coordination of active ingredients deeply modifies both the physiological properties of metals and ligands
in the meaning of overall improvement of these properties.

The present work focuses on quantum study of the complexation of semicarbazone and its methylated derivatives. The
purpose of this study is to determine the most favorable coordination site of each of these ligands. It was found that the
oxygen atom appears more favorable to the coordination of semicarbazones.

Complexes of these ligands with the Zn (IT) were modeled. The calculations were made by the method DFT / B3LYP
with the orbital basis 6-31G (d, p).

Keywords: coordination compounds, semicarbazones, DET/ B3LYP, 6-31G (d,p) basis set
1. Introduction

The study at the molecular level of the interaction between metals and bioligands (proteins, nucleic acids, their
fragments, and other substances contained in the organism) is topical (Knouniats, 1990) (Williams, 1975) (Yatsimirskit,
1976) (Kembal, 1975). The bioinorganic chemistry which is currently in full swing is concerned, inter alias, with the
coordination of trace elements with organic ligands. The results of these studies find their applications in various fields
of science and technology such as medicine, agriculture, environmental protection, catalysis.

In fact, the coordination of bioligands profoundly modifies both the physiological properties of metals and those of
ligands with an overall improvement in the activity of the pure ligand or of the complexing metal salt (Azizov, 1969)
(Biichel, Moretto et al. 2000) (Béuerlein, Arias et al. 2007) (Béuerlein, Kawasaki et al., 2007) (Béuerlein, Frankel et
al.2007) (Andersen, 1999) (Wong & Giandomenico, 1999) (Shaw 1999), (Caravan & Ellison, 1999).

Semicarbazones (SCZ) are molecules having a group R'R*C=N-NR*-C(=0)-NR*R’, thus having donor atoms (N and O)
capable of forming bonds with complexing metals. They are of particular interest as ligands. Semicarbazones are
derivatives of aldehydes or ketones. They are formed by condensation of these compounds with a semicarbazide as
shown by the reaction: H,NNHC(=O)NH, + RC(=0)R*— RR*C=NNHC(=0)NH, + H,0

where R is a hydrogen atom (if it is an aldehyde) or an alkyl group (if it is a ketone). The simplest molecule of this series
is the semicarbazone of formula H,C=N-NH-C(=O)NH,. Certain semicarbazones, such as nitrofurazone, and certain
thiosemicarbazones are known for their antiviral, antibacterial, antitrypanosomal (antiparasitic), anticonvulsive,
anti-tumor, anti-cancer, etc. activities, generally mediated by a binding with copper or iron (Picot, 2008) (Sakirigui et al.,
2011) (Kenneth, 1999).
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The present work deals with a quantum study of the complexation of semicarbazone and its methylated derivatives. The
aim of this study is to determine the most favorable coordination site for each of these ligands and to provide some
insights into the complex geometry without which metabolic issues cannot be addressed. The coordination indicators
(ICs) used in the studies are: interatomic bond lengths, atomic charges, boundary orbital structures and indexes of
electrophilic superdelocalisability.

2. Materials and Methods

The present work, which is a theoretical study of the complexation of semicarbazone and its methylated derivatives,
was carried out by quantum chemical calculations. These calculations were carried out using the density functional
theory (DFT) method with the functional B3LYP. The calculation basis set was 6-31g (d, p). The software used to
perform the calculations is the Gaussian 03 and 09 (Frisch et al. 1998). The used computer was a Samsung intel® core
132.4 GHz; the indexes of electrophilic superdelocalisability of the atoms were determined by the D-Cent-QSAR
program (Gomez-Jeria, 2014). The different figures were made by the software Gauss view and by Chem Draw ultra 8.
After studying the possibility of complexation of the different ligands with respect to criteria such as geometric
parameters, atomic charges, HOMO components and the indexes of électrophilic superdelocalisability (IESD) of the
atoms, we have modeled the formation of their respective complexes with zinc chloride (II).

We have tried to elucidate the type of hybridization of Zn (II) and consequently the shape of the complex. The ligands
which have been the subject of the present study are semicarbazone and its methylated derivatives. Studies were
performed at 25°C and 1 atm.

3. Results and Discussion
3.1 Study about the Ligands

This study allowed predicts the coordinatating sites of ligands by analysis of some system parameters known as
coordinating indexes (CI). These IC was the geometric data, the atomic charges, the frontier orbitals, the energetic data,
the atomic indexes of superdelolalisability. These data allow to explain the bond formation between donor and acceptor
atoms. Figure 1 shows the molecules of the studied in this work semicarbazones (SCZs).
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a) Semicarbazone (SCZ), b) Z-Ethanalsemicarbazone ¢) E-Ethanalsemicarbazone
AG =-318,62 hartree or -8669.87 eV (Z-EtSCZ), (E-EtSCZ),
AG =-357,92 hartree or -9739,25 eV AG =-357.92 hartree or -9739.25

9
h(xiv ‘Q;V??
9 9
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d) 2-methylsemicarbazone e) 4-methylsemicarbazone

(2-MSC2), (4-MSC2),
AG =-357,91 hartree or -9738,98 €V \; = .357 91 hartree or -9738,98 eV

Figure 1. Calculated, on DET/B3LYP level, geometries of the studied semicarbazones at 25°C and their energies
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It is important to note that the more complete values of AG are -357.919752 hartree for the Z-Ethanalsemicarbazone and
-357.924990 hartree for E-Ethanalsemicarbazone. The value -357.92 hartree which appears under these two isomers is
written in the authors' concern to stop at two digits after the decimal point. So there is no question of thinking that the
two isomers have the same stability.

3.1.1 Geometric Analysis

The table 1 contains some geometric data of the studied ligands. Analysing SCZs molécules we notice that bond lengths
N'C* and N°C* are equal to about 1.39A. This value is intermediate between 1.47 A (C-N length) and 1.27 A (C=N
length) (Mason, 1961) (Potapov & Tatarintchik, 2008) (Sakurai, Yoshikawa, Yasui, 2008). In other hand we found that
C*0’ bonds are about 1.22 A long, it correspond to a double C=0 bond. These observations suggest that the double
C=0 bond interacts with the free © electronic pairs of N' and N° nitrogen atoms while a part of electronic pairs clouds
off O atom compenses the electronic defect, which issued from this conjugation, at the level of C=O double bond.
That's why its length has not varied.

Table 1. Geometric parameters of investigated SCZs, *Exp.= experimental values

Parameters SCzZ Z-EtSCZ E-EtSCZ 2-MSCZ 4-MSCZ  xp (Mason, 1961) (Potapov & Tatarintchik,
008) (Sakurai, Yoshikawa & Yasui, 2008)*

Lengths (A)
N'ct 1.39 1.39 1.39 1.39 1.38 C-N—1.47 ;: C=N—1.27
C*N°® 1.39 1.40 1.39 1.39 1.40 C-N—1.47; C=N—1.27
NONS® 1.37 1.41 1.38 1.38 1.37 N-N—1.40; N=N—1.23
NéC? 1.28 1.28 1.28 1.28 1.28 C-N—147; C=N—1.27
c'o? 1.22 1.22 1.22 1.22 1.22 C-0—1.43 ; C=0—1.21
c’ct - 1.50 1.50 - 145 clctt
Nec! - - - 1.46 -
Angles (°)
N'c*O’ 122.78 123.21 122.52 121.35 123.3
NIC*NG 112.49 112.03 112.47 114.41 112.53
O’C*N® 124.72 124.75 125.00 124.18 124.17
C'NONE 129.23 120.89 128.91 125.88 129.13
NeNSC? 121.15 117.04 120.77 122.97 121.33
NécocH - 129.92 118.30 - -
N4cec! - - - 121.54 119.51

N4C1C11
Dihedrals(°)
N!C*O°N® 178.14 178.69 178.51 177.13 178.93
N'C'NON® -17470  -162.11 -170.99 175.19 -173.96
O’C*N°N® 3.60 16.71 7.64 -7.52 5.07
CNONSC? -10.77 -64.71 -17.11 2.99 -12.00
NeNECocH - -3.25 -179.17 1.02 -171.92

N6C4N1C11

The N°N® bond length of which about 1.37, is a single bond while the N*C’bond (1.28 A) is a double one (Mason, 1961)
(Potapov & Tatarintchik, 2008) (Sakurai, Yoshikawa & Yasui, 2008).

The sum of the bond angles arround C* atom equals 360° and the dihédral N'C*O°N® is about 180° ; this means that the
three bonds (and the tree atoms) which are arround C* are in the same plane. Consequently the clouds of the 7 free
electronic pairs of N' et N® and that of 1 C=0 have a same orientation, so it is a confirmation that they forms
conjugation bonds N'C*, N°C* and C*O. This electronic pairs delocalization is not favorable to a coordination trough the
N' and N°nitrogen atoms. Thus we can tell that the bond lengths as CI are not favorable to coordination with a metal
ion trough the N' and N; contrarly that indice is favorable to coordination trough O and N* because their free electronic
pairs are quasi no delocalized (Douglas & Anthony, 1993).

3.1.2 Atomic Charges Analysis

The table 2 corresponds to the atomic charges of the investigated ligands. In these ligands one notice that the atomic
charges of N!, N° et O° are about -0,7 a.u.; the N® atoms carry rather positive charges (0.086 ; 0.035; 0.077 et 0.105 a.u.
respectivly for SCZ, Z-EtSCZ, E-EtSCZ, 2-MSCZ and 4-MSCZ). Thus the charge as CI is not favorable to a
coordination though N°®. Although the N' and N°® atoms are negatively charged, the coordination through them is
disadvantaged by their rather positive environment; in fact H*, H’, H” et C'' carry high positive charges (about 0.2 a.u.
for hydrogen atoms and 0.3 a.u. for C'") capable of repelling the coordination cation. These reasons assume that the
charge is favorable for the coordination of the semicarbazones via the oxygen atom.
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Table 2. Atomic charges (a.u.)

SCZ Z-BtSCZ E-EtSCZ 2MSCZ 4MSCZ
N' -0.734 -0.723 -0.75 -0.705 -0.773
N° -0.659 -0.591 -0.689 -0.699 -0.658
N® 0.086 -0.138 0.035 0.077 0.105
o’ -0.724 -0.717 -0.732 -0.752 -0.778
ct 1.279 1.261 1.298 1.243 1.3
c’ 0.045 0.285 0.188 0.025 0.035
H>  ou 0.205 0.205 0.203 0.202 0.373
ch
5§ 0.217 0.215 0.214 0.217 0.181
H ou 021 0.185 0.182 0.328 0.19
cN

3.1.3 Frontier Orbitals Analysis

The table 3 shows some energetic values of studied SCZs. One notice that the HOMO et HOMO-1 are respectively of
-6,5 eV et -7 eV; these molecular orbitals are dominated respectively by the p, atomic orbital of N® and the p, atomic
orbital of O. According to this analysis, the frontier orbitals indicate that the coordinating favorable sites of studied

SCZs in this investigation work are N° nitrogen atom and O.

Table 3. Energetic values of the investigated SCZs

Orbitals SCZ Z-EtSCZ E-EtSCZ
Energies dominant atomic Energies dominant atomic Energies dominant atomic
(eV) orbitals (eV) orbitals (eV) orbitals
HOMO-1 -6,85 (0] -7,08 O px(0,74) -6,73 O
px (0.72) px(0,72)
HOMO -6,66 N°pz (0.78) -6,29 N° pz(0,74) -6,35 N¢
pz(0.76)
Sites O and N° O and N° O and N°
favorables
Orbitals 2MSCZ, 4MSCZ ZnCl,,
Energies dominant atomic Energies dominant atomic Energies dominant atomic
(eV) orbitals (eV) orbitals (eV) orbitals
HOMO-1 -6,72 Op (0,71) -6,69 O px (0,67) - -
HOMO 6,35 N®pz (0.82) -6,52 N®pz (0.77) - -
LUMO - - - - -2,18 Zn s(2,01)
LUMO+1 - - - - -0,82 Zn py(1,5)
Sites O and N° O and N° -
favorables

3.1.4 Atomic Indexes of Electropphilic Superdelocalisability (IESD) Analysis

The main IESDs are shown in the table 4. We can notice that all these indexes are negatives.
Table 4. IESD values of studied SCZs atoms

Atoms IESD, eV
SCZ Z-EtSCZ E-EtSCZ 2MSCZ 4MSCZ

N! -0.449 -0.453 -0.454 -0.452 -0.450
N° -0.418 -0.436 -0.426 -0.418 -0.424
NS -0.459 -0.479 -0.476 -0.464 -0.463
(o} -0.603 -0.611 -0.611 -0.616 -0.612
ct -0.234 -0.241 -0.237 -0.237 -0..234
c -0.354 -0.326 -0.338 -0.359 -0.358
H? 0.049  -0.050 -0.050 -0.049 -
H3 -0.048 -0.049 -0.049 -0.049 -0.234
H’ -0.048 -0.050 -0.049 - -0.049
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The atomic index of electrophilic superdelocalizability is an magnitude which shows the capacity of given specie to
attract a electrophile system. The coordination is thought to be more likely at the level of the atom with the most
negative IESD (Gomez-Jeria, 2014). Thus the table 5 revels that oxygen atom. (-0,6eV) is the more favorable
coordination site for all studied ligands. It is followed by the trigonal nitrogen atom N* (about 0,46eV).

3.1.5 Recapitulative Analysis

In the table 5 you can read, at the intersection of each ligand with each CI, the atom through which coordination can
occur during a complexation process.

Table 5. Recapitulative analysis, * BL= Bond lengths, ** AC= Atomic charges
molecules SCZ E-EtSCZ E-EtSCZ 2MSCZ 4MSCZ

Cl
BL* o,N* O,N® o, N8 o, N® o, N®
AC** 0 0 0 0 0
HOMO O,N° O,N° 0o, N°® O, N° O, N°
ISDE 0 0 0 0 0

It can be seen that all the Cls considered are favorable for the coordination of the studied semicarbazones via the
oxygen atom. Coordination through N® or N° is less likely. No CI is favorable for coordination of semicarbazones,
object of the present study, by N'.

These results should be confirmed by modeling the complexes of these molecules.

The choice in the present study is focused on zinc (II), a trace element that is very present in the treatment of various
pathologies. Its electronic structure is 1s22s*2p®3s*3p° 4s°3d'%4p”. Zinc (IT) generally gives tetrahedral complexes close
to the Td point group. This is understandable when one observes its electronic structure: the orbital s, py, py and p, are
vacant and are capable of sp® hybridization. The sp’ hybrid orbitals point to the tops of a tetrahedron. The orbital p of
atoms recognized as favorable for the coordination of the ligands studied are capable to overlap with these sp® orbitals.

3.2 Modeling of Coordination Compounds
3.2.1 Modeling

Semicarbazone complexes ZnCl,.Ligand were modeled. They are ZnCl,.SCZ, ZnCl,.Z-EtSCZ, ZnCl,.E-EtSCZ,
ZnCl,.2MSCZ and ZnCl,.4MSCZ. Their structures and geometic parameters are shown respectively in the figure 2a and
the table 7a. They are some chelates having tetrahedral stucture. The coordination with the complexing atom took place
via the oxygen atom (the length of Zn-O equals about 2 A) and the trigonal nitrogen atom of the ligand (length of
Zn-N8 equals about 2 A) forming a pentagonal ring, which is known to be more stable than if the coordination was
established by N° instead of N* since the cycle tension would be, in this case, higher. These results are consistent with
the literature data (Douglas, West & Anthony, 1993) (Alomar., 2012).

Semicarbazone complexes ZnCl,.2Ligand (ZnCl,.2SCZ, ZnCl,.2 (Z-EtSCZ), ZnCl,.2(E-EtSCZ), ZnCl,.2(2MSCZ) et
ZnCl,.2(4MSCZ)) were modeled too. These complexes have tetrahedral structure too. Their structures are shown in
figure 2b and, in the table 6b, are recorded some of their geometric data. It is found that the interatomic distances ZnO
are of the order 2 A, length of the Zn-O bond according to the data of the literature (Kuevi, 1992); there is no ZnN link.
It can be deduced that the molecules of the semicarbazones that are the subject of the present works, in the proportion
Zn / ligand = ', have entered into coordination via the oxygen atom.

From all the foregoing it emerges that the combination of the analysis of interatomic distances, atomic charges,
electrostatic potentials, atomic indices of superdelocalizabilty and the frontier orbitals of the ligands constitute a fairly
effective means of studying the coordination of semicarbazones. An energetic study of the complexation processes
made it possible to assess the stability of the coordination compounds of these ligands with Zn (II).
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Table 6a. Some geometric data of the modelised complexes ZnCl,.Ligand

ZnCl,.SCZ ZnCl,.E-EtSCZ ZnCl,.Z-EtSCZ ZnCl,.2MSCZ ZnCl,.4MSCZ
Distances (A)
Zn-0° 2.09 2,09 2,09 2,07 2,08
Zn-N! 4,17 4,17 4,17 4,15 4,16
Zn-N° 2,94 2,93 2,94 2,97 2,94
Zn-N® 2,19 2,17 2,17 2,17 2,19
Zn-CI" 2,19 2,19 2,19 2,19 2,19
Zn-C1* 2,19 2,19 2,19 2,19 2,19
Dihedrals (°)
O°C'NON® -0,57 2,77 2,74 8,34 2,79
NICNON® 178,23 176,42 176,44 -177,65 176,79
C'NONSC? -175,08 -174,72 -174,75 -179,33 -176,23
NeNSCoc! - 0,12 0,12 3,07 -
ZnOC*N! 177,54 -179,35 -179,37 169,91 -176,99
ZnOC*N® -3,73 -0,22 -0,24 -12,17 2,55

Table 6b. Some geometric data of the modelised complexes ZnCl,.2Ligand
ZnCl,.2SCZ ZnCl,.2E-EtSCZ ZnCl,.2Z-EtSCZ ZnCl,.2(2MSCZ) ZnCl,.2(4MSCZ)

Distances (A)

Zn-O° 2.00 1.99 1.99 2.00 2.00
Zn-0" 2.00 1.99 1.99 2.00 2.00
Zn-N' 3.40 3.40 3.42 3.40 3.36
Zn-N" 3.40 3.40 3.42 3.40 3.36
Zn-N° 421 4.14 422 421 422
Zn-N?° 421 4.14 422 421 422
Zn-N® 4.84 4.71 4.72 4.84 4.86
Zn-N? 4.84 4.71 4.72 4.84 4.86
Zn-C1" 2.20 2.22 221 2.20 2.20
Zn-C1™ 2.31 2.30 2.31 2.31 2.33
Diedrals (°)

O C*N°N® 0.51 9.24 16.5 0.51 -0.13
NICNON® -177.32 -169.08 -162.74 -177.32 -179.31
CNONEC? -19.61 -45.39 -70.01 -19.61 -14.82
NeNECOCH - 179.82 2.8 -5.76 -4.27
ZnOC*N! -25.36 -38.20 -20.57 -25.36 -19.56
ZnOC*N® 156.97 143.59 160.24 156.97 161.31
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Figure 2a. Structures of the modelised complexes ZnCl,.Ligand
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ZnCly(SCZ), ZnCL(E-EtSCZ),
Dichlorodisemicarbazonezinc(II) DichlorodiE-ethanalsemicarbazonezinc(II)
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Figure 2b. Structures of the modelised complexes ZnCl,.2Ligand
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3.2.2 Energy Study

The study of the energy of coordination between ligands and zinc (II) chloride was used to assess the stability of the
coordination bond. Le table 8 present shows energy values.

AG= Free enthalpy of the species

AGoor= Free enthalpy of coordination

AG o0rd=AGcomplexe — (AGiigand T AGznci2) 0U AGeoord™=AG complexe — (2AGiigand + AGznci2)
AH= Enthalpy of the species

AH_o0r¢= Enthalpy of coordination

AH coord=AHcomptexe — (AHiigand + AHzac12) 0u AHcoore=AHcomplexe — (2AH igang + AHzncr)

Table 7. Some energies of the studied systems

AH, eV AH_oora. €V AG, eV AGoorg. €V Type de processus
ZnCl, -73458,28 - -73459,09 - -
SCZ -8669,06 - -8669,87 - -
E-EtSCZ -9738,17 - -9739,25 - -
Z-EtSCZ -9738,17 - -9739,25 - -
2MSCZ -9737,89 - -9738,98 - -
4MSCZ -9737,89 - -9738,98 - -
Complexes ZnCly.Ligand
ZnCl,.SCZ -82128,70 -1,35 -82130,33 -1,37 Exothermic and Spontaneous
ZnCl,.E-EtSCZ -83197,80 -1,35 -83199.,71 -1,37 Exothermic and Spontaneous
ZnCl,.Z-EtSCZ -83198.,07 -1,62 -83199.,71 -1,37 Exothermic and Spontaneous
ZnCl,.2MSCZ -83197,53 -1,36 -83199,16 -1,09 Exothermic and Spontaneous
ZnCl,. 4AMSCZ -83197,53 -1,36 83199,16 -1,09 Exothermic and Spontaneous
Complexes ZnCly.2Ligand
ZnCl1,.2SCZ -90798,57 -2,17 -90800,47 -1,64 Exothermic and Spontaneous
ZnCl,.2(E-EtSCZ) -92937,06 -2,44 -92939,23 -1,64 Exothermic and Spontaneous
ZnCl,.2(Z-EtSCZ) -92937,33 -2,71 -92939,23 -1,64 Exothermic and Spontaneous
ZnCl,.2(2MSCZ) -92936,24 -2,18 -92938.42 -1,37 Exothermic and Spontaneous
ZnCl,.2(4MSCZ) -92936,24 -2,18 -92938.42 -1,37 Exothermic and Spontaneous

The negative values of the free enthalpies of coordination show that the coordination of the studied semicarbazones is
spontaneous process. The enthalpies are negative, so the process concerning the ligands is exothermic.

From the both conformers of ethanalsemicarbazone one obtains the same chelate; instead the Z-ETSCZ was
transformed, during the complexation, into the E- form to avoid congstion with the ZnCl, system. The value -1.62 eV
obtained in the column of the enthalpies of coordination for the complex Z-ETSCZ would be the sum of the
coordination enthalpy of this complex and the reorganization energy of the Z-ETSCZ molecule to E-ETSCZ one.

It should be noted that the introduction of the methyl group in semicarbazone did not involve any significant
modification of the properties.

4. Conclusion

The present works constitute a theoretical study of the coordination of the molecules of some semicarbazones. These
were semicarbazone, E-ethanalsemicarbazone, Z-ethanalsemicarbazone, 2-methylsemicarbazone,
4-methylsemicarbazone. This has been possible through the analysis of coordination indicators such as bond lengths,
atomic charges, electrostatic atom potentials, boundary orbitals, and atomic electrophilic superdelocalizability indexes.

The results from our calculations showed that these molecules are able to form complexes with metal ions. Zn”"is one
of those ions. It has been found that the most favorable coordination site is the oxygen atom for these semicarbazones
followed by the trigonal nitrogen atom. The methyl group in semicarbazone did not involve any significant modification
of the properties.

The complexes obtained with Zinc (II) provided by the zinc (II) chloride are of the proportion Zn / ligand equal to 1/1
and 1/2. The central element, Zn (II), has a tetrahedral structure in all the complexes obtained. The vertices of the
tetrahedra are occupied by two chlorine atoms and two oxygen atoms for the 1/2 structures; in the 1/1 structures, the
vertices of the tetrahedron are occupied by the two Cl atoms, the O atom and the trigonal N atom of the ligand. The
complexes of the proportion Zn / ligand equal to 1/1 are chelates resulting from the coordination of the ligands via the O
and Ntrigonal atoms thus forming a five-membered ring.

All complexation processes were spontaneous and exothermic under the study conditions of 25 © C and one atmosphere.
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Abstract

The aim of this educational work is targeting chemistry students and interested instructors. The presented work will
analyze the mass spectrum of butyl butyrate (butyl butanoate). The analysis will concentrate on the mechanisms showing
how the characteristic fragments are formed. The mechanisms discussed in this paper include a-cleavage, B-cleavage,
McLafferty Rearrangements, first and second proton transfer, a double proton transfer.

Keywords: o-cleavage, B-cleavage, McLafferty Rearrangement, base peak, butyl butanoate, proton transfer, double
proton transfer, MS spectrophotometer

1. Introduction

Butyl butyrate is the second compound to be discussed in a series of MS spectral analysis of organic compounds. The MS
spectra for a-lonone and B-lonone were analyzed earlier (Walwil, 2017). The intended analysis of MS spectra will cover,
besides the current analysis, ester, and the earlier one, ketone, ionones, all other classes includes carboxylic acids,
aldehydes, amides, amines, alcohols, ethers, etc. Butyl butyrate was chosen for analysis since its mass spectrum shows
many characteristic signals and their analysis is straightforward and easy to follow.

The current work will provide a thorough analysis of the EI-MS spectrum of one flavor aroma compound butyl butyrate.
The fragmentation mechanisms of all major peaks will comprehensively be analyzed (Yang, Minkler, Hoppel, & Tserng,
2000).

Butyl butanoate is the [UPAC name for butyl butyrate. It is an aroma ester found in various kinds of fruits such as berries,
strawberry, apple and banana. Butyl butyrate is used industrially as sweet flavors for pineapple which is important for
food and beverages industries.

The most common methods for preparing esters are esterification and transesterification (Varma & Madros, 2008). Butyl
butyrate can be synthesized by reacting butanoic acid with n-butanol in the presence of an acid catalyst.

O O
/\)I\OH t N"0hH H,50, /\)I\O/\/\ (Esterification)
Butanoic acid 1-Butanol Butyl butanoate
(0] (0]
/\)J\ N N ~ " 0H i /\)J\O/\ + " "on (Transesterification)
Butyl butanoate Ethanol Ethyl butanoate

Since alkanoyl chlorides are readily made from the corresponding acids by using either thionyl chloride or phosphorous
tri or pentachloride, then, the sequence R;CO,H = R;COCI = R;CO,R is found to be a better method for esterification.
This method is faster and avoids the troubles associated with the equilibrium of acid-catalyzed formation (Loudon, 2002)
(Clark, 2015).
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0] O
/\)I\OH S0, o > oH /\)I\O/\/\

Butanoyl chloride

In contrast to all spectroscopic machines, mass spectrometry involves no absorption of electromagnetic radiation. Mass
spectrometry is one of the most important techniques for determining molecular masses. The objective here is the study of
the mechanisms of how the characteristic fragments of butyl butanoate are formed and how it can be applied to structure
elucidation. In a mass spectrometer, a sample of butyl butyrate will be vaporized in a vacuum and bombarded with an
electron beam of high energy (around 70 electron volts); the results will knock an electron off of the molecules and break
them into smaller fragments, charged and neutral ones (Solomons, & Fryhle, Organic Chemistry).

2. Spectral Analysis

According to Figure 1, the main characteristic peaks of butyl butanoate observed are at m/z = 116, 101, 89, 8§, 73, 71,
61, 60, 57, 56, 43, and 29; the numbers indicated on the signals represent the mass of ions of the corresponding charged
fragments. The peaks at m/z =15, 29, 43, 57, and 71 are known as cluster peaks (fragments). Note that the main peak,
the molecular ion peak, is missing; this is expected for some esters, especially those esters of alcohols larger than four
carbon atoms (the carbonyl oxygen R group). The absence of the molecular ion, M, peak indicates that it is somewhat
unstable and fragments too quickly to be observed. The ion fragment requires around 5 x 10~ seconds to reach the
detector and for a signal to be observed (Pavia, Lampman, Kriz, & Vyvyan, Introduction to Spectroscopy).

100 — 71
P
80 O
CsH 160
8 MW = 144.21
ks
=60 43
= 56
2 =
':T: 40 —
=%
29
o] 57
60
3 101
88 116
II | ||| ?1 I ll
o +rtt+roreeeeree - e e et e e e e
10 20 30 40 50 60 70 80 90 100 110

m/z

Figure 1. EI-MS of Butyl butanoate
3. The Structures of the Major Fragment Ions

Once the gaseous molecules of the studied compound are bombarded with a beam of high-energetic electron, a valence
electron from the gas-phase molecules will be dislodged leaving them with positive charges and unshared electrons
(M™); the charged ones will further break into smaller fragments. Table 1 represents the major characteristic ion
fragments (Vollhardt, & Schore, Organic Chemistry/Structure and Function):
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Table 1. The structure and the weight of the main fragment ions for butyl butanoate

Fragment m/z Fragment m'z

o} d
u Ul b
J \ 144
o
OH
0 )\"’
k/“\q J A\ - OH, 61
Q

o> 6H2
¥ )\
)\ S He o) 60
O
o OH
m\” ‘ \ 101 )\-4 60
0 OH
OH / \ 57
i+
I\/4 4 o
H
" NG 43

OH
k/g * S
o ) 43

5 /A 73 CH; =CH," 29

4. Spectral Mechanism

The EI, electron ionization, is the ion source used in the study. An electron will be knocked off of the vaporized sample of
butyl butanoate when bombarded with a beam of high-energetic electrons (usually 70 eV, or about 1600 Kcal/mol) leading
to the formation of a radical-positively charged ion called the molecular ion, M", as shown below.

high -energy O
=144.21 g/mol electro M

G WAL G WAt W

Usually and for most organic compounds, the molecular ions break down into fragments due to the high energy
imparted on them in the ionization chamber. The butyl butanoate molecular ions or the corresponding fragments may
fractionate in different characteristic ways, a neutral and a charged fragments. The MS spectrum for butyl butanoate
showed many characteristic peaks due to one or more of these mechanisms: McLafferty Rearrangement, a-cleavage, or
B-cleavage, or y- Proton Transfer Processes (Solomons, & Fryhle, Organic Chemistry).

\\/”\J_\+e(e") QJ\J_\ QJ\J_\ (Eq. 1)

high -energy
= 144. 21 g/mol electro (M) M/Z = 144
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H ot +e
0 M oM
@k McLafferty )\ N Z
>, O Rearangement (0]
M/Z = 144 M/Z =116

kggoko J_\ oc—cleavage m\o J_\ N P

M/Z = 144 M/Z =101

) \ y—proton proton (+_OH [ —\ Resonance OH\> )
transfer to

M/Z = 144 M/Z = 144 M/Z = 144
OH .
2" proton transfer T\
E > + + /
McLafferty Rearrangement OH
M/Z =89

u A(E)Y \ McLafferty k/ﬁ
o N B

Rearangement
M/Z = 144 M/Z = 88
o :0
+
QQ , \ B—cleavage U| N o [\
o M/Z =173
M/Z =144
6) , \ o—cleavage o -/ \
QQ/\' - | + ©
© M/Z =171
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H
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I~ —>y )\ * //
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+e H +
O?Lf) \ McLaff P
Ity
I e atterly )\ N
)\O Rearangement o) I \ (Eq. 9a)
M/Z=116 M/Z — 60
i OH
O McLafferty )\
N S Rearangement OH * I \ (Eq. 9b)
M/Z =88 M/Z = 60
o o
C / \ B—cleavage k/g
w()\ o - 0 (Eq. 10)
M/Z = 144 M/Z =57

H
P - =
_—proton _ B cleavage
o B “transfer k/tl(\ k/g (Eq. 11)
o
M/Z = 144 M/Z = 144 M/Z =56

o) ol
B—cleavage | NG
\\Q}\O J_\ 2 “\o J_\ + (Eq.12a)

M/Z = 144 M/Z =43
H
OH
> (o
McLaff
G MeLalterly ) + AN (Eq. 12b)
Rearangement
M/Z=171 M/Z =43

5. Discussion

Regarding the butyl butyrate’s mass spectrum, the molecular ion peak is not observed which indicates that it was fragmented
before it got to the detector, meaning that it could not live the 5 x 10~ of a second fraction required to get processed.

Bond Cleavages of molecules in the EI-Mass Spectrophotometer will lead to charged and neutral fractions. Those
cleavages which considered characteristic cleavages inflected on butyl butyrate are: a-cleavage, f-cleavage (known as
inductive cleavage), McLafferty Rearrangement, a proton transfer and a double proton transfer.

Only the ionized fragments can be detected and leads to singlet peaks as a function of their abundance to m/z ratio. The
height of a peak, its intensity, depends on the number of ions formed; the most abundant ions will give rise to the tallest
peak called the base peak. Usually the highest m/z ratio signal of the spectrum is the molecular ion, M", if appears, not to
confuse with the isotopic peaks, M + 1 and M + 2. Usually the isotopic peaks are in much smaller intensity relative to the
M peak (Walwil, 2017).

For the analysis of the target molecule spectrum, I chose the sequential analyses of the mechanisms in correspondence to
the formation of the heaviest fragment ions, Eql, to the lightest, Eq12. The butyl butanoate molecular ions undergo
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McLafferty rearrangements and a-cleavage, the most common fragmentation usually occurs, to form the
positively-charged radical moiety at ms/z = 116 along with ethylene and the acylium ion at m/z = 101 along with propyl
radical respectively. (Eq. 2 & Eq. 3)

A double proton transfer of the molecular ion leads to a butenyl radical and the corresponding diol-like fragment ion of
weight m/z = 89. As indicated in equation 4, the first ¥-proton transfer leads to the oxonium intermediate which is
resonance stabilized, followed by a second ¥-proton transfer (McLafferty-like rearrangement). (Eq. 4)

A second McLafferty rearrangement takes place on the side of the carbonyl oxygen R group of the molecular ion, the
butyl attached to the carbonyl oxygen, to form butenyl radical and the fragment ion at m/z = 88. (Eq. 5)

Through B-cleavage (inductive cleavage), the carbonyl carbon-oxygen bonds break leading to the loss of acylium radical
and the formation of the oxonium cation at m/z = 73. (Eq. 6)

Through a-cleavage of the molecular ion, the carbonyl carbon-oxygen bonds break readily because the resulting acylium
carbocation at m/z = 71 is resonance stabilized which leads to the most abundant fragment ions. (Eq. 7)

The fragmented ions of m/z = 89 undergo another fragmentation through McLafferty rearrangements to form the
positively-charged ions at m/z = 61. (Eq. 8)

Usually, the fragment ions themselves might break into a second or a third mode of fragmentations. Both of the followings
represent the second mode of fragmentation and they are in the type of McLafferty Rearrangements. Although their
contributions to the corresponding peak intensity is weak, but it’s worth presenting since it is considered characteristics.
Both fragment ions at m/z = 116 and 88 undergo McLafferty rearrangements to form the corresponding fragment ions at
ms/z = 60 and 60 respectively. (Eq. 9a and 9b)

Furthermore, the carbon-oxygen bonds of the molecular ions break inductively (through B-cleavage) to form the butyl
cation at m/z = 57. (Eq. 10)

A y-proton-transfer of the ester’s alkyl moiety of the molecular ions followed by B-cleavages results in the loss of the
diol-like moiety and the formation of butyl radical cation at m/z = 56. (Eq. 11)

Both B —cleavages of the molecular ions, M*, of the carbonyl carbon-carbon and McLafferty rearrangements of the fragment
ions at m/z =71 lead to the formation of the positively-charged ions at ms/z = 43 and 43 respectively. (Eq. 12a & 12b)

6. Conclusion

The novelty of this work, as an educational work, is that the EI-MS spectrum of butyl butanoate is analyzed thoroughly.
No other source found where all characteristic fragment ions mechanistically discussed thoroughly.

As known, the mode of fragmentation is characteristic and hence predictable. For butyl butyrate the mechanisms involved
in the analysis were a-cleavage, B-cleavage, McLafferty Rearrangements, first and second proton transfer. There are more
modes that will be discussed in further studies such as Two-Proton Cleavage and Retro Diels-Alder Cleavage. The next
study will cover the MS spectra of butanamide and methyl 2-methylbutanoate.
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Abstract

The recent introduction of skeletal numbers has made it much easier to analyze and categorize a wide range of many
chemical clusters. In the process, it has been found that a large number of transition metal clusters with and without
ligands are capped and do possess closo nuclear clusters. On the basis of the nuclear index, the clusters have been
categorized into groups. The categorization of the clusters will greatly assist in promoting deeper understanding and the
synthesis of novel clusters and their applications. A simple concept of graph theory of capping clusters has been
introduced.

Keywords: graphs, categorization, capping, index, clusters, numbers, series, ligands, distribution, valence, numerical,
groups, period

1. Introduction

The recently published excellent article by Alan Welch outlines the historical development of chemical clusters (Welch,
2013).The major highlights include STYX numbers (Lipscomb, 1963), Wade’s rules (Wade, 1971, 1976), Mingo’s rules
(Mingos, 1972, 1984, 1987), Rudolph’s symmetry correlation system (Rudolph, 1976) and Jemmis research group work
(Jemmis, 2005, 2006, 2008) among others. The current 4n series method being utilized to analyze clusters was
developed by the identification of a simple pattern within clusters (Kiremire, 2014, 2015, 2016). The method regards all
clusters comprising of skeletal elements from the main group and transition metals as interrelated and can be
categorized by the 4n series method. The method uses skeletal numbers to analyze and categorize clusters (Kiremire,
20164, 2016b, 2017a, 2017b, 2017¢).

2. Results and Discussions
2.1 Brief Background

The early research on clusters pointed to the possibility of explaining boranes using numbers (Lipscomb, 1963),
Jemmis” MNO numbers (Jemmis, 2008), topological numbers (Teo et al, 1984), and cluster shapes numbers (Fehlner
and Halet, 2007) (18-monomer, 34-dimer, 48-trimer, 60-tetrahedron, and so on). The existence of cluster series was also
detected and implied through the work of Wade (Wade, 1976), Mingos (Mingos, 1987) and the correlation of cluster
symmetries by Rudolph (Rudolph, 1976). This is confirmed by the current work of applying skeletal numbers derived
from the 4n series method (Kiremire, 2015b) which clearly indicate the existence of a whole vast universe of clusters
linking up naked metallic elements to metal carbonyls (Kiremire, 2016b), metalloboranes (Kiremire, 2016¢), Zintyl ions
(Kiremire, 2016d), carboranes and other heteroboranes, boranes, and main group element clusters (Kiremire, 2017c).
Using the skeletal numbers, a cluster comprising of a mono-skeletal element to a giant one of several hundred skeletal
elements can readily be decomposed and represented by a single number now referred to as a cluster number Kor
[K(n)parameter] (Kiremire, 2017b). The method can be broken into the following simple steps of analysis summarized
in Scheme 1(SC-1). Further simplification is shown in Scheme 2(SC-2).
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Identify skeletal elements

CLUSTER FORMULA - and ligands of the formula
Assign skeletal numbers
‘ positive to skeletal elements and
Add them together < negative to ligands
Cluster K value > K(n) parameter

T~ Series cluster

formula, S= 4n+q

Categorization
of cluster formula

Tentative ligand
distribution to raw
skeletal structure

Cluster

valence electrons:

Ve =4n+q or Ve = 14n+q or
adjusted formula for

mixed skeletal elements

Assignment
of tentative raw isomeric&/
skeletal structure

SC-1. Simple step for categorizing a cluster using skeletal numbers

CLUSTER — SKELETAL ELEMENTS + LIGANDS —— K = Kn)

l L l PARAMETER
CLUSTER
POSITIVE NEGATNVE NUMBER
SKELETAL NUMBERS SKELETAL
FROM THE APENDICES NUMBERS

n = number of skeletal elements in a cluster

FP = FUNDAMENTAL PRINCIPLE
SC-2. Simplified principle for calculating the cluster number K
3. Outline of Cluster Analysis
3.1 Construction of a Cluster
e The FORMULA of a cluster is categorized first using skeletal numbers. For capped clusters the series S = 4n+q
(9=0).
o Ifthe cluster is a capped one, the type of CLOSO nucleus is deduced from the series formula, S =4n+q.

e The CLOSO nucleus is then sketched according to its K value determined from the CLOSO SERIES, S = 4n+2,
and K =2n-1.
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e  The number of capping elements are deduced from the overall cluster formula (capped cluster).

e The capping elements are added to the nuclear geometry each with 3 linkages as the capping mono-skeletal
fragment has S = 4n-2 and K =2n-1 =2(1)-(-1) =3.

e Verify to ensure the K value of the constructed structure is the same as that originally calculated from the
parent formula [to ensure goodness of fit of the cluster].

e  Using the skeletal number of each element and considering each linkage behaving as a hydrogen ligand (since
le is involved as a donation), the K value of the skeletal element in the skeletal structure is calculated for each
element.

e The K value for an individual skeletal element obtained for the raw skeletal structure, represents the number of
ligands to be attached to that skeletal element.

e  Once the ligands have been distributed according to the skeletal numbers obtained for each skeletal element,
the framework is referred to as a raw skeletal structure. Ideally, the individual skeletal element obeys the noble
gas configuration. The cluster formula derived from the raw skeletal structure will then correspond to the
original cluster formula. The sum of the ligands added to the skeletal structure will be equal to the number of
ligands including the charges (if present), in the parent cluster formula (the goodness of fit).

These concepts will be demonstrated in the examples of the chemical clusters Ex-1 to Ex-6. The series method is a good
guide to construct isomeric skeletal shapes in agreement with 18 or 8 electron rules. The fine details of the structures
can be established by X-ray structural analysis. For ease of structural drawing and ligand distribution, it is better and
easier to leave them in the RAW SKELETAL FORMS. The concept of ‘raw skeletal form” has recently been introduced
(Kiremire, 2017c¢).

The principle for calculating the cluster parameter, K(n) as derived from the series method (Kiremire, 2016b), can be
summarized as shown in the fundamental principle in SC-2.

EVERY 1 ELECTRON (le) DONATED BY LIGAND, K =-0.5.

Examples: H(K = - 0.5), CO[K = 2(-0.5) = -1], Cp[K = -5(0.5) = -2.5], PR3(K = 2(-0.5) = -1] and C,H,[K = 2(-0.5) =
-1], negative charge[1~, K = -0.5] and positive charge[ 1", K = 0.5].

3.2 Graph Theory of Clusters Based upon Series

The concept of graph theory of chemical clusters is based upon the K(n) parameter of the cluster. It simply means the
distribution of K skeletal linkages and their corresponding valences to n skeletal elements according to the law of 4n
series in a precise manner. Let us take a few examples as illustrations.

Ex-1 OSS(CO)16
(a) Using 14n fragments: F = Oss5(CO),c = 5[0s(CO);]+CO

Each of the 5 fragments [Os(CO);] has 8+3(2) = 14 valence electron content. The additional CO ligand simply provides
an additional 2 electrons. Clearly, the overall valence electron content of the cluster can be expressed as Ve = S =
14n+2(n=5); Ve = cluster valence electron content and S = cluster series. The S symbol is introduced as many other
clusters obey the same law of series. If we substitute n =5 in Ve = 14n+2, we get Ve= 14(5) +2 = 72. This can be
verified by substituting the valence electrons of the cluster elements and ligands VF = 5[8] +16(2) = 72. By analyzing
many clusters, it was discovered that the skeletal linkages of the skeletal elements is given by another simple formula K
= 2n-1 when S = 14n+2. Therefore the skeletal linkages K = 2n-1 = 2(5)-1 = 9. This means that the 5 skeletal osmium
elements in Oss(CO);¢ are bound by 9 skeletal linkages. A cluster parameter for this was introduced as K(n) = 9(5). We
know that this cluster has a trigonal bipyramid (Ds},) skeletal shape, hence, a sketch of 5 elements joined by 9 linkages
to mimic a trigonal bipyramid shape can be drawn as shown in Figure 1. It was also discovered that the main group
clusters follow the series, S = 4n+q. However there is an isolobal relationship 14n+q between 4n+q and hence S = 4n+q
formula works very well for all types of clusters and has been adopted for application to all the clusters (Kiremire,
2016b) except when the number of cluster valence electrons are being calculated when S = 14n+q is retained for
transition metals clusters.
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2
1 The osmium 1and 3 will have to
@® =0s share i CO in order to obey
the 18 electron rule.

Figure 1 The skeletal sketch of Oss(CO)e

LIGAMND DISTRIBUTION Os{K=56V=10),COK=-1)

The skeletal elements have been numbered. Each of the lines to a skeletal element can be

regarded as donating 1 electron to the skeletal element under consideration. Let us focus on the
skeletal element number one. We can use the skeletal number of osmium K =5 as obtained

from appendix 2.

K1=5-3(0.5) = 3.5 . That there are 3.5 electron pairs needed by osmium 1 after obtaining 3 electrons
from skeletal linkages. Since a CO ligand is a 2 electron donor, then it means that osmium 1 will need
35 CO ligands in arder for it to obey the 18 electron rule. Other K values of the skeletal elements can
similarly be calculated.

K2 = 5-4{0.5) = 5-2=3_ This means osmium 2 which has 4 linkages supphying (4)electrons to it, wil
need 3 CO ligands in order to obey the 18 electron rule.

KIi=K1=35K4=K2=3;and K6 = K2=3_ltis now easy to distribute the 16 CO ligands to the
skeletal frameworkin Figure 1. A circle has been added as a gquide to draw anice sketch of CO
ligands.

Figure 1. The skeletal sketch of Oss(CO)y
(b) Calculating K using skeletal numbers: Os( K =5), CO(K =-1)

For Oss(CO);4, K = 5[5]-16(1) = 9. This calculation is based on the observation from series that the skeletal elements
act as providers of skeletal number values some of which are utilized by the ligands in a cluster. It is based on the
observation that for every ONE electron donated the skeletal number value decreases by 0.5. Thus, 1H( K = -0.5) when
acting as a ligand while a CO(K = - 1) since it is a 2 electron donor. The K value can be utilized to calculate the q value
in the series S = 4n+q. Thus, K =2n- %2 q=2(5)-1/q=9, 2q=1 and q = 2. The cluster belongs to the series S =
4n+2 as derived earlier. The use of skeletal numbers to derive the cluster number, K is much faster than using the cluster
fragments. The method used in Ex-1(b) has been applied in most of the cluster categorizations in this paper.

3.3 The Double Meaning of K(n) Parameter

This concept will be discussed further in this paper. We have seen that K(n) = 9(5) in Oss(CO);¢ cluster represents 9
linkages to bind 5 skeletal osmium skeletal elements and in so doing figure is obtained. However, after scrutinizing the
series deeper, K also represents the SHORTAGE of the number of the electron pairs needed to ensure that every skeletal
element attains the Nobel gas configuration. Let us use this same cluster to demonstrate this concept.

055(CO);5 + 9CO—085(CO)5— 5[0s(CO)s]

As we know [Os(CO);] fragment obeys the 18 electron rule. Alternatively, the 9 electron pairs could be added directly
to the cluster.

Os5(CO);6 + 9(2¢) — Os5(CO);6 *~—4[0s(CO); ] + 1[0s(CO) "]
In this alternative option, both [Os(CO);*~] and [Os(CO),* "] fragments obey the 18 electron rule.
3.4 Capping Clusters

Let use the VERTICAL series as a reference. The scheme for linking up series are given in Table 1. The capping series
begin when the cluster series becomes S = 4n+0 and Kp = C'C[Mx]. The C' symbol means the cluster is mono-capped.
The inner symbol [Mx] in the capping cluster represents a cluster nucleus which belongs to the CLOSO series S= 4n+2.
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Table 1. Capping series scheme

SERIES, S=4n+g + CAPPING, Kp-=C C[M-x]q NAMEY
4n-40+ 2n+20+ cHoe -

4n-38+ Zn+19+ CHCe -

4n-36+ Zn+18+ Ccloce -

4n-34+ 2n+17+ Clace -

4n-32+ 2n+16+ clice 3 -

4n-30+ Zn+15+ Clece -

An-28+ Zn+14+ Ci5ce -

4n-26+ Zn+13+ ClAce -

An-24+ Zn+12+ Cclice -

4n-22+ Zn+11+ Cclice -

4n-20+ Zn+10+ clice -

An-18+ Zn+9+ clice -

An-16+ 2n+8+ Cice -

An-14+ 2n+7+ Cice OCTACAPY
4n-12+ Zn+6+ Ccice HEPTACAPY
An-10+ 2n+5+ Ccice HEXACAPY
4p-g+ 2n+ds cice PENTACAPY
Ap-g+ 2n+3+ cice TETRACAPY
4p-44 2n+24 cice TRICAPY
4p-24 Zn+1+ cice BICAPY
An+0+ 2n-0+ clee MONOCAPS
An+24 2n-14 cice CLOSOW
An+ds 2n-24 Clce NIDO+
An+6+ 2n-3+4 C2ce ARACHNOY
An+B+ 2n-44 C3ce HYPHOY
An+10+ 2n-54 Cice KLADOY

Ex-2 Oss5(CO);g: Skeletal numbers: Os(K =5, V= 10), CO(K = -1); Os¢(CO),5: K= 6[5]-18 = 12; n = 6, K(n) = 12(6), S
= 4n+0, Kp = C'C[MS5]; Ve = 14n+0 = 14(6)+0 = 84, VF = 6[8]+18(2) = 84. Since the skeletal number of osmium K = 5,
its valence V = 10. The K = 5 means that the osmium element has a shortage of 5 electron pairs in order for it to obey
the 18 electron rule. That is why osmium can form the complex Os(CO)s or OsH;o[OsHg"] (Yvon, 2004).

The symbol Kp = C'C[M5] means that the cluster is a mono-capped trigonal bipyramid. This is sketched in Figure 2.

® - Capping Os

Os

Figure 2 Sketch of skeletal shape of Oss(CO)1s

Ex-3 Rug(CO),3": Using skeletal numbers, Ru(K = 5, V = 10), CO(K = -1), (-1e)(K = -0.5); K = 9[5]-23-1 =21,n=9,
K(n) =21(9), S = 4n-6, Kp = C*C[M5]; Ve = 14n-6 =14(9)-6 = 120,

VF = 9[8] +23(2)+2 =120. The capping symbol Kp = C*C[M5] means it is a tetra-capped trigonal bipyramid. This shape

is sketched in Figure 3.
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Ex-3 Rug(CO)23*  S=4n-6, Kp = C*C[M5]
K =9[5]-23-1 =21, n =9, K(n) = 21(9), S = 4n-6

Skeletal numbers: Ru(K =5,V = 10), CO(K = -1), (-1)(K=-0.5)

K(n) = 21(9)

@ =0s

® - Capping Os

Figure 3 Sketch of skeletal shape of tetra-capped trigonalbipyramid.

A short-cut for extracting the K value from a cluster formula is given in SC-3.
K=2n-(1/2)q; (1/2)q =2n-K, q =2[2n-K] and S =4n+q
K(n)

2n-K 2n

g=2[2n-K] ——> S=4n+q

SHORT-CUT DERIVATION OF SERIES FROM K(n) PARAMETER

SC-3

Ex-4 Pd;(CO)30L4¢: Skeletal numbers, Pd(K =4, V = 8), CO(K = -1), L(K = -1); for the cluster, K =30[4]-30-10 =80;
K(n) = 80(30), S = 4n-40;Kp = C*'C[M9]. This capping symbol can be verified numerically. Thus, K = 21(3)+2(9)-1 =
80; or the flow of K(n) numbers: 80(30), 77(29), 74(28), 71(27),68(26), 65(25), 62(24), 59(23), 56(22), 53(21), 50(20),
47(19), 44(18), 41(17), 38(16), 35(15), 32(14), 29(13), 26(12), 23(11), 20(10) and 17(9). The K(n) = 17(9) is for the
nucleus [M9] which belongs to the CLOSO SERIES, S = 4n+2 and K= 2n-1 = 2(9)-1 = 17.The capping involves an
electron valence content fragment of 12. In this case of the palladium cluster, the [Pd(CO)] is the right fragment [Ve =
10+2 = 12] while in osmium clusters it is [Os(CO),] fragment [Ve = 8+2(2) = 12]. The series formula for such a
fragment is S = 14n-2 or S = 4n-2 and K = 2n+1 which is numerically equal to K =2(1) +1 = 3. Thus, the K value
changes by AK = £3. We can also verify the cluster valence electrons, for the cluster Pd;o(CO);30L1g,Ve = 14n-40 =
14(30)-40 = 380 using the series formula; VF = 30[10]+30(2)+10(2) = 380 using the cluster formula. A sketch of the
skeletal graph is shown in Figure 4. The number of skeletal linkages = 3[7x3] +17 {from[M9]] nucleus} = 80. A seven
sided ring (figure) was arbitrarily used since it is a multiple of 21 — the number of capping elements. Hence, we will get
3 rings comprising 21 skeletal elements around the nucleus of 9 skeletal elements. The final sketch of the cluster
Pd;o(CO);30L 10 is shown in Figure 4.
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Ex-4 Pd3o(CO)soLl10: K(n) = 80(30); S = 4n-40, Kp = C2'C[M9]

‘ @ = capping Pd

./K @ = [M9] Nucleus

AN

/

Figure 4 The skeletal graph of Pdso(CO)solL10 cluster

If we focus on the inner ring (circle) of Figure 4, there are 7 lines linked to the nucleus. This is followed by another 7
linkages to the 7 skeletal elements themselves. Then the internal periphery linkages of one to the next jumping the
middle one, gives another 7 linkages. Thus, in total, we have 21 linkages from the inner “circle”. The next circle also
contributes to another set of 21 linkages. The last circle gives the last 21 linkages. Thus, the gross total of capping
linkages is 21(3) = 63. Then the CLOSO NUCLEUS is nine skeletal elements [M9], which gives us K = 2n-1 =2(9)-1 =
17. This means that the total linkages of the cluster as sketched in the isomeric Figure 4 will be 63+17 = 80. This is an
example of one form of representation of the graph of the cluster Pd;,(CO)3oL;o. The cluster Pd;o(CO)y6L1o can be
treated in the same manner as Pd;o(CO);oL. Its graph is shown in Figure 5.
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Ex-5 Pd0(CO)zsL10: K = 30[4]-26-10 = 84, n = 30, K(n) = 84(30), S = 4n-48, Kp = C25C[M5]
Skeletal numbers: Pd(K = 4), CO(K = -1), L( K = -1)

This is a cluster with a trigonal bipyramid nucleus surrounded by 25 skeletal elements.
Ve = 14n-48 = 14(30)-48 = 372, VF= 30[10]+26(2)+10(2) =372

/’//
-
.
o / @ =[M5] nucleus
fRYi
QO =capping Pd
Y
-, )
/ N

Figure 5 The sketch of the skeletal graph of Pdz0(CO)zsL10

The number of skeletal linkages = 5[5x3] from ‘rings’ +9 from the trigonal bipyramid = 84. For every ring around the
nucleus, there are 15 linkages. Since there are 5 rings , then there will be a total of 15x5 = 75. Since the inner nucleus
obeys the closo series S = 4n+2, then K = 2n-1 = 2(5)-1 = 9. The grand total is 75+9 = 84. In order to test the concept of
ligand distribution in Figure 5, we can make a simple calculation on the outer Pd skeletal element and they are all
similar. The palladium skeletal number is 4 (appendix 2). Since there are 5 skeletal linkages to it, that means it is
already receiving 2.5 electron pairs internally from the skeletal linkages. The deficit of the electron pairs will be
provided by the ligands. Hence, K = 4-5(0.5) = 1.5. This means that each of the Pd skeletal elements in the outermost
ring will need 1.5 CO ligands. A similar calculation can be done for each of the inner rings. The cluster Pd;y(CO)xL
was obtained from literature (Mednikov and Dahl, 2010).
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Ex-6 PHAULYE": K= 1[41+8[3.91-8+1 = 25, K(n) = 25(9). S=4n-14, Kp = C*CIM-1]
Skeletal numbers: PtK =4,V = 8), AulK =35V =7), LK =-1), (+1)(K = 0.5)

M-I, K =2n-1=2{1}-1=1  Pt(K=4, V=8), Au(K=35V=7)

FROM SHAPE, LINKAGES =8+8+8-+K[N 1]
=24+1=25

K(n) = 26(9)

Ligand distribution

K1=3525=1 K5=3 59 5-1 KO =dd=( [DEAL SHAPE, Dsn

K2=3.525=1 KE=2 52 5=1 Ve= 14n-14=14(9)-14= 112

K3=3525=1  17-3 5051 CHECK, FROM CLUSTER FORMULA

K4=3.5-2.5=1 KT=3 52 5=1 VF =1M01+8M111+8(2)-2=112
KB=3.52 5=1

Figure 6 The skeletal structure of Pt{Aul)s2+

In Ex-6, the series method predicts that the platinum golden cluster will have a single nuclear skeletal atom [M1]
surrounded by 8 other skeletal elements, Kp =C*C[M1]. This has been found to be the case and the Pt is in the nucleus
while 8 Au skeletal elements occupy the periphery. This is sketched in Figure 6. Since the cluster is small, one ring of
C® can readily be utilized to sketch its graph. The number of skeletal linkages = 8x3 + [M1] linkages. Surprisingly, even
the one skeletal nuclear element obeys the CLOSO series formula, S = 4n+2 and K = 2n-1 = 2(1)-1 = 1. This means the
single skeletal nuclear element is entitled to 1 skeletal linkage. Hence, the TOTAL number of skeletal linkages = 24+1 =
25. What is also interesting is that there are 5 linkages to each periphery Au skeletal element. Since the Au element has
a K value of 3.5, then the shortfall on the periphery element is K = 3.5-2.5 = 1. This means each of the 8 periphery Au
elements is allowed to accommodate ONE ligand in order for it to obey the 18 electron rule, hence the predominance of
[AuL] fragments (Mingos, 1884) in the golden clusters. In summary the graph theory of series involves the construction
of skeletal structures in such a way that the skeletal elements (n) are linked in a mathematical precision with the
corresponding k skeletal linkages as derived from the cluster formula. In other words, the K(n) parameter of a cluster
must obey the ‘goodness of fit” principle. The concepts that have been revealed in examples Ex-1 to Ex-6 have been
applied as closely as possible in the rest of the clusters in this paper.

3.5 More Examples to Illustrate the Categorization of Clusters Using 4n Series Method

The examples have been arranged according to nuclearity index.
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DIATOMIC (N2) MOLECULES AND SKELETAL NUMBERS

K(n)  1(2)
H + H ——> Ho —> H——H N21
K=05 K=05 K=05+05=1 K=1
1(1) 2(2)
o) + e) E — (o)) > O—0 N22
K1+1=2 _
K=1 K=1 K=2
3(2)
K=3
K=15+15=3
K=15 K=15 40
2(1) _ p—
c + c — > G > C=C N24
_ _ K=4
K=2 K=2 K=2+2=4 3(2)
C + o —> CO > C—O N25
K=2 K=1 K=2+1=3 K=3

B, [K = 2.5, V= 2(2.5)] = 5 = skeletal linkages

3H
B > BHj3
K=25 -0.5x3=-1.5 K1
BHs + BHs 5  BuHs
K=1 K=1 K=2

_K:_/O o———éz N26
:>B_6_B\o(— —

K(n) = 2(2)

REARRANGED STRUCTURE
OBEYS 8 ELECTRON RULE

RAW SKELETAL
STRUCTURE-OBEYS THE VALENCE RULE
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N27  AuRh(H)Ls*: K = 1[3.5]+1[4.5]-0.5-6+0.5 = 2
n=1+1=2,K(n)=2(2), K=2n-(1/2)qg = 2= 2(2)- (1/2)q, g = 4; S = 4n+q = 4n+4
Ve = 14n+4 = 14(2)+4 = 32; VF = 1[11]+1[9]+1+6(2)-1 = 32
Ve = CLUSTER VALENCE ELECTRONS FROM SERIES FORMULA
VF = CLUSTER VALENCE ELECTRONS FROM CLUSTER FORMULA

Skeletal numbers: Au(K =3.5), Rh(K = 4.5), H(K = -0.5), L( K = -1), +1(K = 0.5)

K(n) = 2(2) I
AUT—_——Rnh e P — e
1 2 l lh\.
K1= 1[3.5]+0.5-1 = 3
K2 =1[4.5]-1 = 3.5

Y

N27

® =L=PRs @ =H
N4 CLUSTERS

Ta SYMMETRY

Qo =-p
P = K=6  Kn=64)
K=15x4=6
PK=15V=2{(18)=3
= 3 skeletal linkages Skeletal shape of Ps

H (K = 0.5) N41

;o ——— = CH

K=2 K=2-05=15
W =2(1.58) =3 = 3 skeletal linkages
V=2(2)=4

= 4 skeletal inkages

Hence, CH = P interms of K value and skeletal linkages orvalences. Hence, . P ,_J:J___ CH

Ta SYMMETRY

@ =CH
P, ————= (CHy ————————
K=6  K{n)=6(4)

Possible isomeric skeletal shape of CaHe
M42
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Skeletal numbers: Ir(K = 4.5, V=9), CO(K = -1)
ra(CON2: —— 411 COY] —> 4j4.5-3=15] —> 4[15] —> 6

Ts SYMMETRY i
K(n) = 6(4)

K(n) = 6(4)

Ideal skeletal shape of Ir4(CO)12

N43

I
N44 Pts(ac)s; ac = CH3COO, K= 4[4]-8(1.5) = 4; K(n) = 4(4), S = 4n+8,
Ve = 14n+8 = 14(4)+8 = 64; VF =4[10]+8[3] = 64 Skeletal numbers: Pt(K = 4, V=8), ac(K =- 1.5)

Kp=C3C[M7] <——— S =4n+8 S = 4n+2 ——> Kp = C°C[M7]

n=4
-6 = 3(-2)
q=8§—————> =2

n=4 n+4+3=7

CHECK: [M7]; S = 4n+2, K = 2n-1 = 2(7)-1 = 13, K(n) = 13(7)

K(n) SERIES: 13(7), 10(6), 7(5), 4(4); thus, the cluster 4(4) is 3 steps below the
CLOSO REFERENCE.[M7].

The ideal shape is a square.
K(n) = 4(4)

<— |deal shape of N44

N44
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N45 ResHs(CO)1s: K =4[5.5]-2-16 = 4; K(n) = 4(4), K =2n-(1/2)q =4, n=4, g=8,
S =4n+q = 4n+8(ARACHNO FAMLY)

Skeletal numbers: Re(K =5.5, V= 11), HK =-0.5), CO(K = -1)
Fs =4n+8 =[BH](4)+8H=BsH12 RAW ISOMERIC SKELETAL SHAPE OF Re4Hs(CO)16

Q
Fc =4n+8 =[C](4)+8H =CaHs 9

Fos = 14n+8=[0s(C0O)3](4)+4CO=
0s4(C0O)12+4C0O = Os4(CO)16

K(n) = 4(4)

Ligand distribution )

K1=55-1= 4.5

K2=K1=4.5

K3=K1=4.5 @R @ =co 9 =H
K4=K1=4.5

Cluster interconversions using series
Ve =14n+8 =14(4)+8 = 64
Ve = cluster valence electrons

Frn = 14n+8 =[Rh(H)(CO)2](4)+4CO=
=Rh4Hs(CO)s+4CO =Rh4(CO)2(CO)s+4CO=Rh4(CO)14
N45

Observed skeletal structure of ReaHs(CO)16

In example 1(N45), Re(K =5.5,see Appendix 2), the hydrogen atom (He) when regarded as a single electron donor is
assigned a K value of -0.5. Similarly, the (:CO) ligand when is regarded as a two electron donor ligand is assigned a
value [K = 2(- 0.5) = -1]. In case of ligands, the assigned negative K value is directly proportional to the number of
electrons donated. For instance a 3 electron donor has a K value of 3[-0.5] = -1.5 while for a cyclopentadienyl ligand,
Cp which donates 5 electrons, K = 5[-0.5] = -2.5. The cluster K value is calculated as indicated in N45. This means the
4 rhenium skeletal elements are connected by 4 linkages (bonds) and a reasonable possible ISOMERIC shape is a
square. In constructing skeletal shapes, there may be more than one structure. In order to assign tentative ligand
distribution to a skeletal element, its k value is utilized. Just as in the CH4 molecule each H atom is considered to donate
an electron to the carbon atom for it to attain an octet rule (noble gas configuration), in the Re, skeletal shape (N45),
each linkage to Re skeletal element behaves as a hydrogen atom donor and hence it is assigned a K value of -0.5. In the
skeletal cluster shape, each skeletal element receives electron donations from the ligands as well as SKELETAL
linkages to it. Using this knowledge, we can determine the skeletal linkages AVAILABLE to the external ligands after
the linkages to the elements have been taken into account. For instance, in N45 there are 2 linkages to each Re skeletal
atom and therefore skeletal linkages available to each skeletal element K1=K2=K3=K4 = 5.5-2(0.5) = 4.5 as indicated
in N45. Clearly, a K value of 4.5 implies, in principle, there will be 4CO +1H distributed to each Re skeletal element
since a CO ligand is a 2 electron donor and H ligand a 1 electron donor. Essentially, a K value of 1 represents or
corresponds to 1 electron pair. The actual structure can be determined from X-ray structural analysis. In this case, one of
the skeletal isomers of Re4H4(CO),4 is found to have bridged H ligands as sketched in CC-1. The skeletal shape without
taking into account ligand rearrangements, has been referred to as a “raw skeletal structure”. Once the raw skeletal
structure has been constructed and ligands distributed according to skeletal numbers and valences, then it is expected
that each skeletal element obeys the noble gas configuration. This can be illustrated by the N45 sketch: Re 1, valence
electrons, Ve = 1[Re]+4CO+2[Re-Re]+1[H] = 7+4(2)+2+1=18. We can also use skeletal numbers to verify if the
rhenium elements in the cluster obey the 18 electron rule: K = 1[5.5]-4-1-0.5=0. The concepts applied in N45 have been
used in the rest of the clusters summarized in the following sections of this paper. A wide range of examples have been
analyzed using the skeletal numbers so as to expose the readers to a wide scope of applications of the skeletal numbers
to cluster analysis. Note: for every single 1 electron donated by a ligand to a skeletal element, k = - 0.5. Also all the
skeletal numbers used in the calculations are given in the appedices 1 and 2.
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N46  Res(CO)i62 : K =4[5.5]-16 -1= 5; K(n) = 5(4), K =2(4)-(1/2)q =5, n=4, q=6,
S =4n+q = 4n+6(ARACHNO FAMILY)

Skeletal numbers: Re(K = 5.5), CO(K = -1), (-1)(K =-0.5)
RAW ISOMERIC SKELETAL SHAPE OF Re4(CO)16*

Fe= 4n+6 = [BH](4)+6H = B4H1o

Fc=4n+6 =[C](4)+6H =C4Hs @
K(n) = 5(4)

Ligand distribution @
K1=5.5-1=4.5
K2=5.5-1.5=4
K3=K1=4.5
K4=K2=4 @ -Re . =CO

Cluster interconversions using series

Ve = 14n+6 =14(4)+6 = 62 Fos = 14n+6 = [Os(CO)3](4)+3C0O =0s4(CO)15

Frn = 14n+6 = [Rh(H)(CO)2](4)+3CO = Rh4H4(CO)11= Rh4(CO)13

N46
MN47 ResHe(CO)z: K =4[5.5-2-12=8; K(n) =8(4); K=2(4)-(112)g= 8, q=0, S =4n+0, Kp= C'C[M3]

Skeletal numbers: Re(K = 5.5,V = 11), HIK = -0.5), CO(K =-1)

M3, S =4n+2, K =2n-1=2{3}-1=5 Fs = 4n+0 =[BH](4)+0 = BsHe

Ye=14n+0 = 14{4)}+0 = 56 Fo=4n+0 =[Cl(4)+0= Cu

RAW ISOMERIC SKELETAL

1
STRUCTURE
K(n) = &(4)

2 4

Ligand distribution
K1=h52=35
K2=5525=3
K3=5515=4
Kd=h5=2=35
Fos =14n+0 = [0s(COe){4)+0= Os54{C0O 0z Fan =14n+0 = [RRA(HN{CO kI(4) =RhiH (CO ls=Rhs(CO 1o

M4

=Re @ =H
@ -ceapprcre @ =CO
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N48 Skeletal numbers: Fe(K = 5, V = 10), C(K = -2), CO(K = -1), (-1)(K = -0.5)

Fea(C)(CO)22: K =4[5]-2-12-1=5; K(n) = 5(4
POSSIBLE SKELETAL SHAPE /

1 ‘ —c
. =Fe

2 4

q= +6 —>  S=4n+6(ARACHNO FAMILY
Ve = 14n+6 =14(4)+6=62

K(n) = 5(4)

©

Ligand distribution
K1=5-2=3
K2=5-1.5=3.5
K3=5-2=3

3 K4=5-1.5=3.5

Fe(K=5, V=10)

® =Cco
RAW SKELETAL STRUCTURE

N48

N49  Felrs(CO)r2: K =1[5]+3[4.5]-12-0.5 =6,K(n) = 6(4), S=4n+4(NIDO)

Skeletal numbers: Fe(K =5), Ir(K = 4.5), CO(K =-1)), (-1)(K = -0.5)

Ligand distribution

[¢)]

[ M6 ¢, 4]
1
w

©

@ w

1]
w

RAW SKELETAL STRUCTURE
N49

3.6 N5 Clusters
B;sH, Cluster

Skeletal numbers: B(K = 2.5, V = 5), HK = -0.5); K = 5[2.5]-9(0.5) = 8. This means there are 5 skeletal elements
linked by 8 lines. In 3 dimensions, such a shape will be a square pyramid. When presented in a 2 dimensional form and
the hydrogen ligand atoms are added, the figure N51 (N51 means a cluster with 5 defined skeletal elements, and the last
digit refers to the position of such a skeletal sketch - in this case it is the first sketch involving 5 skeletal elements) can
be constructed. Deducing from N51, we have 5 skeletal elements [SB] and 9 hydrogen atoms to give a geometrical
shape whose skeletal elements hypothetically obey the 8 electron rule by just referring to each of the linkages as a
provider of 1 electron to the skeletal element, rather than the normal concept of 2 valence electrons provided by each
bond. In orderto get the semblance of the normal 2 electron type of bond, we can assume that the structure N51
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undergoes some re-arrangement to give us the structure N52 where some 4 H hydrogen atoms form bridges. Since all
the boron skeletal elements in BSH9 are observed to have a H ligand each, then the apex B skeletal element in N52 can
be viewed as retaining its linkage of 5 while the 4 basal B skeletal elements have 4 ‘usual’ 2-electron bonds. Figure N51
was referred to as a raw isomeric skeletal structure and N52 as the rearranged isomeric skeletal structure. The raw
skeletal structure when done correctly according to series fulfilling the rule of skeletal valences, generally gives a
derivation of the cluster formula as is illustrated in N51. The last figure N53 just gives us insight on the general shape of
the cluster.

N51-N53  BsHo

B(K =2.5, V/ = 5)

K = Skeletal linkage value, V = skeletal valence or linkages

rearrangement
B
‘ =B . =H
Raw skeletal structure of BsHg Rearranged structure of BsHg
N51 N52
K=8
N53
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M54 Oss(CO)e: K =5[51-16=9; Ligand distribution
Skeletal numbers: Os(K =5V =10), CO(K =-1) 9
K1=5-15=35
Kin) = 9(5) K=19 K2=5-2=3
K3=5-15=35
K4=5-2=3
2 4 Ke=52=3
10-9=1
10
+2 ———= S5=4n+2(CLOSO FAMLY) _
Ve =14n+2 = 14(5)+2 =72 Kin) = 3(5)
3
1' =0s
@ =co
RAW SKELETAL SHAPE OF
Oss(CO)e
ME4
NES AusRe(HpLs™ K =43 5+ 1[5EF 40516 1)+1{05) = 12 n=4+1 =5 K{n)= 15, S = 4n-4,

Kp=CCIME]
Skeletal numbers : AuK = 3.5), RefK = 5.5), H(K = -0.5), L{K=-1),{+ ){K = 0.5)
Ve= 14n-4 = 14{5}-4= 86, VF = 4[11+1[TH&E2-1 = 86

Ve=CLUISTER VALENCE ELECTRONS FROMSERIES FORMILA, V= VALENCE ELECTRONS
FROMCLUSTER FORMULA

K1=1[35}6(0.5) = 0.5 K2= 1[35]+0.5-2=1
K3=552=35Ké=352=15HK5=352=15

Kin)=14{5)
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N6 CLUSTERS
NE1  Oss(CO)a K= B[5]-18 = 12, n = 6, K(n) = 12(B); S= 4n+0, Kp = C'C[M5]

The capping symbaol tells us the cluster is a mono-capped trigonal bipyramid.
Let us also have a look at the flow of K(n) numbers:

[12(6), monocapped]; [9(5), trigonal bipyramid]; [6(4), terahedral], [3(3), triangle]
Hence, K(n) = 12(6) is not an On symmetry.

K(n) = 12(6)
K(n) = 3(3) K(n) = 6(4) Kin) =9(5
_ S =4n+4 S = 4n+2 -
S =4n+6 g n S =4n+0
Kp = C2C[M5] Kp = CTCIMS] Kp= C°C[M5] Kp = C'CIM5]
NG1

K(n) = 12(6) cluster is described as a mono-capped trigonal bipyramid or a bi-capped tetrahedral.

Despite the expectation for it to be an octahedral since K = 12, it is not, as the cluster is obeying the series
rules rather than geometrical rules.

AN EXAMPLE ILLUSTRATING THE CORRELATION OF VERTICAL(RUDOLPFH TYPE) CLUSTERS.

N62 Oss(CO)18%: K =6[5]-18-1 = 11; K(n) = 11(6), S = 4n+2 OR K= 2n-1 = 2(6)-1 = 11
According to the series, this cluster has an ideal On symmetry, despite its having a K value of 11.

K11 Ve = 14n+2 = 14(6)+2 = 86

CHECK: 6[8]+18(2)+2 = 86

N62
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N63  Fes(CO)2(PR)2: K = 4[5]+2[1.5-0.5]-12 = 10; K(n) = 10(6), S = 4n+4
Kp = C'C[M7]

K(n) = 10(6)
NIDO CLUSTER

N63

N64 Fes(CO)12(PR)2: K = 4[5]+2[1.5-0.5]-11 = 11 K(n) = 11(6), S = 4n+2
Kp = C°C[Me]

K(n) = 11(6)

CLOSO CLUSTR

N64

DERIVATION OF K FROM CLUSTER FRAGMENTS AND SKELETAL NUMBERS

BsHs2"
ABH] +  2BH]
4[2.5-05 =2] 2[2.5-0.5-0.5 =1.5]
l K =2, V=4 l K=15,V=3
+ 3 —> K=11

8
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DERIVATION OF K FROM CLUSTER FRAGMENTS AND SKELETAL NUMBERS

Os6(CO)18%
HOSEOX] * 2(0s(CO):]
4[5-3=2] 2[5-3-0.5=1.5]

_ K=1.5, V= 3= 3 skeletal linkages
K =2, V=4 = 4 skeletal linkages

+ 3 ——> K=11

THE SIMILARITY OF SKELETAL STRUCTURES OF BeHs? AND Oss(CO)18%

K(n) = 11(6) K(n) = 11(6)

O =B @® =0s
NG5 N66
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DIFFERENT FORMOF K(n) = 11(6) SKELETAL ISOMER THAT OBEYS THE SKELETAL VALENCE RULE

DERIVATION OF Kin) FROM FRAGMENTS K=11 .n=86

CoCp)C2BzH
N67 (CoCp)CzBiHs k() = 11(6)
l . =B . =C
® -[cocp
1[CoCp] + 2[C1 =+ 3BHl + 2H

|

[4.5-2.5] 212] 5[2.5-[].5] -2(0.5)
l l l Raw isomeric skeletal structure of (CoCp)CzBaHs
—_—= 11
2 *t 4t g * o [B], V=5
[Cl V=4
Kin) =11(6) The hydrogen atoms and Cp are ligands . [CoCpl], V=4
Thevalences of the fragments
are obeyed.
[CoCp]. K=2 V=4 [ClK=2v=4 [BH.K=2V=4 NET

As can be seen from the skeletal figures of both B¢Hs* ™ and OSG(CO)ng_, each figure has 4 corners of 4 linkages each
and 2 corners of 3 linkages each.

N68  Rues(C)(CO)17: K =6[5]-2-17=11, K(n) = 11(6), S=4n+2(CLOSO FAMILY)
Skeletal numbers: Ru(K =5, V = 10), C(K = -2), CO(K = -1)

K(n) = 11(6)

1

4

Ligand distribution

K1=5-2=3 @ -=Ru

K2=5-2.5=2.5

K3=5-2.5=2.5 O =CO N68
K4=5-1.5=3.5

K5=5-2.5=2.5 ® -

K6=5-2=3

KT=17

RAW SKELETAL STRUCTURE
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N69 AusLe?*: K =6[3.5]+1-6= 16; K(n) = 16(6), S =4n-8, Kp=C>C[M1]
Skeletal numbers: Au(K = 3.5),L(K =-1), (+1)(K = 0.5)
[M1], S = 4n+2, K =2n-1=2(1)-1=1

KL =6[3.5]+2[0.5]-5[2.5]-5[0.5]-1 =6
THERE ARE 6 LINKAGES AVAILABLE FOR THE 6LIGANDS.

K(n) = 16(6)
Ve = 14n-8 =14(6)-8 =76
KF=6[11]+6[2]-2=76
O =Au
. -
N69

According to the series method, there is one atom in the nucleus which is capped by 5 others.

According to the series symbol Kp= C’C[M1], it implies that the cluster has ONE skeletal element in the nucleus with 5
other capping elements. Each of the 5 capping elements has 3 linkages giving a total of 15 linkages. Since the cluster
has a K value 16 the nuclear element [M1] has an intrinsic K value of 1, and this is in agreement with the series
prediction. According to the series, the nuclear cluster fragment, [M1] obeys the CLOSO series formula S =4n+2 and K
=2n-1 = 2(1)-1 =1 in agreement with the above prediction. It has been found easier for clusters with nuclearity index
1-13 (N1-N13) (Kiremire, 2017d) to use the capping symbol as a guide to construct the RAW SKELETAL
STRUCTURE of clusters. In this regard, the symbol C’ acts as a guide to enable us construct a 2-dimensional shape of
the cluster. Thus, we can use a 5-membered structure for the capping cluster with a mono-skeletal nucleus; thus the
AugL¢®" structural frame-work shown in figure N69. There are 5 capping elements and each is connected to the nuclear
skeletal element. This utilizes 5 linkages. The 5 periphery skeletal elements are connected to one another giving us
another 5 skeletal linkages. Then there are internal alternating linkages which are also 5. This gives us a total of 5+5+5
= 15. This agrees with the capping symbol C° which indicates there are 5 capping elements each of which consumes 3
linkages. The calculation of K value from AugLe>", gives us K=16 for the entire cluster. On the surface, it appears as if
there is ONE missing linkage. In order to find it, we must look at the whole capping symbol, Kp = C’C[M1]. If C°
represents 15 linkages, then the missing link must be hidden within the [M1] CLOSO fragment. Since the capping
nuclei belong to the CLOSO FAMILY, the mono-skeletal nucleus obeys the series formula S=4n+2 and K =2n-1. Since
n =1 for a mono-skeletal fragment, then its K value is given by K =2n-1 = 2(1)-1 = 1.Therefore the grand total of cluster
linkages = 5+5+5+1 = 16 which takes into account the one linkage associated with the nucleus.

3.7 Distribution of Ligands in Golden Clusters

The number of ligands associated with golden clusters is usually relatively small. Therefore a simple calculation can act
as a guide on how the ligands are distributed among all the skeletal elements.
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MNE10D  AusLs™

Skeletal numbers: Au(k =3.5, V= T7), LK =-1), (+1)(K = 0.5)

K = 6[3.51-6(1)+2(0.5) = 16, n = 6, K(n) = 16(6), S=4n-8, Kp= C*C[M1]
This means, there is one skeletal element inthe cluster nucleus surrounded by other 5 capping skeletal
elements

skeletal elements are numbered as shown
in MET0.

LUGAND DISTRIBUTION SUMMARIZED
FPERIFPHERY AuELEMENT 3

Ki= 35505 =1
K2=33-25=1 3
K3=3525= 1
Kd=3525= 1
K5=35-25= 1

YWe= clustervalence
electrans

MUCLEAR ELEMEMNT [AU* 4
The closo element [M1] obeys S = dn+2,

k=2n-1=2{1-1=1 ME10
Hence K6 = 35+2(0.8-5(0.5)-1=1

THIS MEANS EACH OF THE NUMBERED Au
SKELETAL ELEMENTS, 1-6 WILL BIND 1 LIGAMND:.
THIS IS REFLECTED IN MES.

S =4n8

Ve =14n-8 n=6; Ve = 146}-8=76

WF = B[11]+6{2)-2= 7@

HEMCE Ve = VF{calculated from cluster
formula

The first approach is to consider the cluster AugL,>" as comprising of Aug”" fragment and 6L. The skeletal linkages of
the naked fragment Au,"" subtracting the skeletal linkages of the cluster will give us the linkages remaining to bind the
ligands.

The Aug®" fragment has a total of 6[3.5]+2(0.5) = 22 linkages available. According to the calculation, 16 of those are
utilized for the internal binding of the skeletal elements. Hence, the remaining linkages are available for the ligands.
That is, KL = 22-16= 6, This means there are 6 linkages available for 6 ligands distributed onto 6 gold skeletal elements
as shown in N 69.

Alternatively, we can calculate the number of skeletal linkages available for every individual skeletal element as
follows:

K1=1[3.5] -5(0.5) =3.5-2.5 =1; K2 is the same as K1 = 1= K3 = K4=K5 =K6. This information indicates that each
skeletal element will be assigned to one ligand as indicated in N69. The ideal raw skeletal structure will have a
2-dimentional symmetry of Ds;,. The outside circle in N69 is to assist in adding the ligands to the periphery gold atoms.
The actual shape has been described as octahedral or edge-sharing bi-tetrahedral (Mingos, 1984). The two dimensional
skeletal framework N69 looks like a star. The cluster valence electrons: The cluster valence electrons have been
calculated using the series formula (Ve) and the result was compared with the one calculated from the cluster formula,
VF. Always, Ve = VF indicating the authenticity of the series formula. Clearly, the skeletal structural frameworks of
clusters follow an exact mathematical precision of 4n cluster series.
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MET A.LBREBFZ(CD}EZ- ‘R =CFz K =6[3.51-31-2-1 =14.n=6, K(n) =14(6), S=4n-4, Kp= C"'C[Mgl
Ve = 14n-4 = 14(6)-4 = 80;VF =6[11]+6+2+4+2= 30

The cluster has a nucleus of 3 skeletal elements surrounded by three capping skeletal elements.
Possible skeletal shape as infigure MG 11

K1=3558(05)=35258=1 KZ2=35+1-58)-4(058) =352 5 =1, K3=KZ =1, K4=3.55(05) =1,
KA =Kd4 =1 KG=K5="1
Skeletal numbers: Aulk = 3.5,V = 7)., R(K =-0.5), Br(k. =-0.5), CO(K = -1), (-1)(K = -0.5)

5 PROPOSED LIGAND DISTRIBUTION Kin) = 14(6)

®=Br @-=co

@ =R o0 -ay

ME11

ideal skeletal sketch of AusRsBrz(CO R

The series acts as a guide. Although the prediction is 3 skeletal elements capping on another set of three skeletal
elements, what is observed is simply two sets of 3 golden skeletal elements as shown in N612.

Kp = C3C[M3]

2R

O =Au @ -bBr @ -co
Sketch of the observed skeletal structure of AusReBr2(CO)22-

N612

N71 Os7(CO),;: Skeletal numbers; Os(K =5, V =10), CO(K =- 1), K=7[5]-21 = 14, n =7, K(n) = 14(7), S = 4n+0, Kp
= C'C[M6]. This symbol predicts a mono-capped octahedral complex and this is what is observed (Hughes & Wade, 200;
Housecroft & Sharpe, 2005).
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K(n) = 14(7)
K=14
N71  Os7(CO)21
@ =0s
7[0s(CO)s] O = Capping Os
7[5-3=2]
l Os,K=5,Vv=10
14 N71

K(n) =14(7), S = 4n+0, Kp = C'C[M6] — > mono-capped octahedral cluster.
Ve = 14n+0 = 14(7) + 0 = 98; CHECK: VF = 7[8] +21(2) =98

The cluster valence electrons number from the series formula (Ve) is the same as the number of valence electrons
calculated from the cluster formula (VF) itself.

N 72 IrRus(CO)237: K =1[4.5]+6[5]-23-0.5 = 11;K(n) = 11(7), S =4n+6, Kp=C2C[M9]
Ve = 14n+6 = 14(7)+6 = 104; VF = 1[9]+6[8]+23(2)+1 =104

LIGAND DISTRIBUTION
K1 =4.5-2.5 = 2; K2 =5-1.5=3.5; K3 = 3.5;K4= 3.5; K5 =5-1 = 4, K6= 3.5; K7 = 3.5

K(n) = 11(7)

’ =Ir ® =Ru

Ideal skeletal sketch of IFRu(CO)23(Adams, et al, 2011)
N72
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-12=6(-2) Kp = COC[M14]
Ng1  Se2TK=8[1+1=9(8); S =4n+14(n=8) — S=4n+2(n=14)

l l 21(14)

Kp = C5C[M14] Kp=COC[M14]  24(13)
E\g}ﬂ)ﬁ = 21(12)
K(n) = 27(14) ¢
18(11)
K=9 ¢
15(10)
12(9)
K(n)=9(8)
9(5*
Isomeric Structural Graph of Sg2* Kp = C5C[M14]
N81

Let us consider the first example G1 Sg*" cluster as an illustration. From the appendix 1, sulphur has a K value of 1. The
K value of 8 S skeletal elements is simply 8x1 = 8. Also we know from series, that a unit of positive charge (+1) is
assigned a K value of 0.5. So for 2+ charge the K value = 2x0.5 = 1. Hence the K value of Sg*" = 8+1 = 9. Since there
are 8 skeletal elements the K(n) parameter is K(n) = 9(8). This means that the cluster will have 9 linkages and this has
been found to be the case (Housecroft & Sharpe, 2005). We also know that K =2n- %2 q ; hence 9 = 2(8)- 'z q and this
gives the value of q = 2[16-9] = 14. Since the cluster series S = 4n+q, this gives us S = 4n+14. We also know that there
are a good number of isomers with K = 9 (nine linkages) that can be constructed, but we can only sketch one. This is
given in G1 below. Categorization of the cluster based on CLOSO (S = 4n+2) vertical series (AK = £3, An =*1) has
been developed. Since the cluster belongs to the series S = 4n+14(n = 8), it has to go through the stages
4n+12(n=9)—4n+10(n=10) —4n+8(n= 11)—4n+6(n= 12)—4n+4(n=13)—4n+2(n=14). Clearly, the cluster is 6 steps
below the CLOSO step and hence its capping symbol can be expressed as Kp = C*C[M14]. Thus, the cluster belongs to
the CLUSTER GROUP [M14] on the Rudolph type of numerical categorization (Rudolph, 1976). The symbol [M14]
means that S = 4n+2 and n = 14; K = 2n-1 = 2(14)-1 = 27. Hence K(n) = 27(14). The numerical series of this will be
27(14)—24(13)—21(12)—18(11)—15(10)—12(9)—9(8). Clearly, the cluster Sg°*, K(n) = 9(8) is numerically 6 steps
below the Closo [M14] level. This cluster is graphically linked by 9 lines(linkages). According to the series, is it
possible for us to say that cluster linkages are similar or identical to the conventional chemical bonds?

N82

Kp =C7C[M1] means there is 1 skeletal element in the nucleus surrounded by 7 others.

N82

The Pt* fragment has a K value is = 4+1(0.5)-7(0.5)-1= 0. Since each of the periphery Au element is assumed to have a
zero oxidation state, the positive charge can be assigned to the platinum element. In summary, each of the periphery Au
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element will bind to a 2 electron donor ligand while the central Pt element will have no ligand. According to this model
the ligand distribution is according to simple mathematical precision. The sketch is shown in N82.

NB3  Augl-2+K =8[3 5]+1-7=22, K(n) =22(8), S =4n-12, Kp = CTC[M1]
SKELETAL NUMBERS: Au(K =3.5 V =T}, L[K = -1), (+1)(K = 0.5)
W11, S =4n+2, K =2n-2 =2{1)-1 =1

SKELETAL STRUCTURE,
K=T+T+7+1 =22

© =NUCLEAR Au
Ku=8[3 5142[0 5-7[2 517[0 511 =7 @ -cePPiNG AL
@ =L
Ng3
THIS MEANS THERE ARE 7 LIGAND LINKAGES AVAILABLE FOR 7 LIGANDS.
Ve = 14n-12 = 14(8)-12 =100, STRUCTURE, Ve = 8[111+7(2}-2 = 100
LIGAND DISTRIBUTION
K1=3.5-5(0.6)=3,5-2.5 =1, K2=K1=1, K3=K1=1, Kd=K1=1, K5=K1=1, K6=K1=1, KT=K1=1,
K0 = 3.5+2(0.5) 7(0.5)-1 =4.5-4.5=0

THIS MEANS THAT EVERY PERIPHERY SKELETAL ELEMENT WILL BIND 1 TWO
ELECTRON DONOR LIGAND . BUT THE NUCLEAR SKELETAL ELEMENT WILL BE NAKED.

Let us consider another example N83 : AugL,*"(L = PPhs): K = 8[3.5]-7+1 = 22;n = 8, K(n) = 22(8), K =2n- Y4 q, 22 =
2(8)- Y% q, Yo q=16-22=-6,q=-12, S =4n-12, Kp = C'C[M1]. According to the series, the prediction is that this will
be a cluster of 7 skeletal elements surrounding one skeletal element that is a member of CLOSO SERIES, S = 4n+2, K
= 2n-1 = 2(1)-1 = 1. Thus the closo nucleus has K(n) parameter = 1(1). The rest of the 7 skeletal elements will be
capped around it. A capping fragment of the series has a formula S = 4n-2, K =2n+1; n=1, K=2(1) + 1 = 3. This means
the symbol C’ with seven cappings involves 7(3) = 21 linkages. This gives us a graphical guide of the diagram, N83.
There are 7 linkages to the central closo skeletal nuclear element and 14 linkages on the periphery structure of the
diagram giving a total of 21 linkages. Then the [M1] closo nucleus has 1 skeletal linkage (K = 1) in its own right. This
makes a grand total of 22 cluster linkages. This provides us with a graphical representation of Aug skeletal elements in
Augl;*" cluster. On a planar view point, the diagram has D5, symmetry. How are the ligands distributed? This means that
each of the periphery au will bind a 2 electron donor ligand such as pphs, while the nuclear au will have no ligands
(naked) as sketched in the skeletal graph N83.

The outer circle just acts a guide to sketch ligands. Let us see the flow of K(n) numbers of Kp = C'C[MI1];
1(1)—4(2)—7(3)—10(4)—13(5)—16(6)—19(7)—22(8).
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NE4 Ose(CO)z

Os(K=5V=10),COK=-1),(-1}(K=05) =— Skeletal numbers
K =8[51-22(1)+2(-0.5) =17,n = 8, K(n) = 17(8), S = 4n-2, Kp = C*C[M86]

Ve = 14n-2 = 14(8)-2 = 110, VF = 8[8]+22(2)+2 =110
Ve = cluster valence electrons using series formula
VF = cluster valence electrons from the cluster formula

Kp = CZC[M6], MEANS THAT THE CLUSTER IS AB-CAPPED OCTAHEDRON.

LIGAND DISTRIBUTION
K1 =55(0.5)=25 K2=5-2=3 K3 =5-5(05) = 2.5, K4 = 54(0.5)= 3, K& =5-6(0.5)=2, K6 = 5-4{0.5) = 3

K7 =5-3(0.5)=35 K8 =5-3(05) =35
K(n) = 17(8)

© =CAPPING Os

@ =0s © =co

The capping symbol Kp =C*C[M6] derived from the series predicts a bi-capped octahedral complex and this is what
was found (Hughes and Wade, 2000).

NE4 Ose(CO)z

Os(K=5V=10),COK=-1),(-1}(K=05) =— Skeletal numbers
K =8[51-22(1)+2(-0.58) =17.n = 8, K(n) = 17(8), S= 4n-2, Kp = C2C[M§]

Ve = 14n-2 = 14(8)-2 = 110, VF = 8[8]+22(2)+2 =110
Ve = cluster valence electrons using series formula
VF = cluster valence electrons from the cluster formula

Kp = CZC[M6], MEANS THAT THE CLUSTER IS AB-CAPPED OCTAHEDRON.

LIGAND DISTRIBUTION
K1 =55(0.5)=25 K2=5-2=3 K3 =5-5(05) = 2.5, K4 = 54(0.5)= 3, K& =5-6(0.5)=2, K6 = 5-4{0.5) = 3

K7 = 5-3(0.5)=3 .5, K8 = 5-3(0.5) = 35
K(n) = 17(8)

© =CAPPING Os

@ =0s © =co
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N91 Rhs(CO)s®: K = 9[4.51-19-1.5 = 20:K(n) = 20(9), S = 4n-4, Kp = G3C[M-6]
Rh(K = 4.5,V =9), CO(K = -1), (-1)(K = -0.5)

K(n) = 20(9)

LIGAND DISTRIBUTION

K1=4.5-6(0.5)= 1.5
4 K2=4.5-3(0.5) =3
K3=45.6(05)=15
K4=45-3(0.5)= 3
K5=45-6(05)=15
K6 = 4.5-3(0.5) = 3
K7 =4.5-5(0.5) = 2

K8 =454(05)=25 N91
K9 =4.5-4(0.5) = 2.5 ,
N85
O = Ay @ =N

Skeletal sketch of N2(AuLs?* as observed(Gimeno, 2008)

AusL,”": K =22; Aug®": K =29, KL = 29-22= 7. There will be 7 linkages available for 7 skeletal elements. The skeletal
elements are the periphery ones as indicated in CC-25. This is in agreement with observation and is described as capped
centered chair (Konishi). In 2 dimensional form, it forms a nice D7, symmetry.

N87  AusL72*

K1=3.5-5(0.5)=3.5-2.5=1

K2=K1=1

K3=K1=1

K4=K1=1

K5=K1=1
6 Ke=K1=1

K7=K1=1

[M1], S = 4n+2, K =2n-1 = 2(1)-1 = 1

Fragment = Au2*|

KO = 3.5+2(0.5)-7(0.5)-1 =0
4 THIS PREDICTS EACH PERIPHERY ELEMENT WILL
BIND ONE 2 ELECTRON DONOR LIGAND WHILE THE
NUCLEAR ELEMENT HAS NONE
THE GRAPH OF THE SKELETAL STRUCTURE IS SHOWN IN N87.
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Pt(K=4, V= 8), Au(K = 3.5, \/ =7),
L(K =-1), CO(K =-1), (+1)(K = 0.5) . = NUCLEUS

@ =co
@ =L

O =PERIPHERY Au

K(n) = 24(9)
S=dn-12
Kp =C7C[M2]

Pi(Au)s2* K =4+8[3.5] +1 =33

K(n) = 24(9)

KL=33-24=9

THS IMPLIES THAT EACH SKELETAL ELEMENT WILL HAVE A LIGAND.
N92
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N92  PY(CO)(AuL)s?*: K =1[4]+8[2.5]+1-1=24

. = NUCLEUS

=Co
O =PERIPHERY Au ®
® =L
K(n) = 24(9)
S=4n-12
Kp =C7C[M2]

Pt(Au)s2* K =4+8[3.5] +1=33

KL =33-24=9
TNIS IMPLIES THAT EACH OF THE SKELETAL ELEMENT WILL HAVE A LIGAND.

[M2], S= 4n+2, K = 2n-1 = 2(2)-1 = 3

LIGAND DISTRIBUTION
NO = [PtAL2"]

K1=3.5-5(0.5) = 3.5-2.5=1
K2= K1 =1
K3=K1=1
K4=K1=1
K5 = K1 =1
K6 = K1 =1
K7 = K1 =1

@  KNO = 1[4]+1[3.5]+2(0.5) -7(0.5)-3 = 2
THIS MEANS THAT 2 LIGANDS WILL

BE BOUND TO THE 2 NUCLEAR

SKELETAL ELEMENTS AS IN N92
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N93 (ReCp*)z(BH): : K = 2[5.5-2. 5]+7[2.5-05] = 20, n= 2+7 = 9, K(n) = 20(9)
— —r2
S = 4n-4, Kp = C*CIMe] [ReCp*], (K =55-25=3V =6)

The series predicts an ideal shape of a tri-capped octahedron. B, (K=2.5,V=5), H(K=-0.5)
© N93B
N33A
— = (ReCp*)z(BH)r
N93 K(n) = 20(9)
MN93A -IDEAL SKELETAL SHAPE ASSUMING LIGAND DISTRIBUTIC
ALL SKELETAL ELEMENTS ARE SIMILAR.
K1=25505)=0
N93B -SKELETAL SHAPE TAKING INTO @ =ReCp* K2=2515=1
ACCOUNT THE DIFFERENCE IN SKELETAL = Relp K3=9.3
ELEMENTS. P Kd=252=05
© = CAPPING ELEMENT =B K5=2 5-1.5=1
o - KE=25-2=05
deal skeletal sketch of (ReCp*)a(BH)r = CAPPING BORON 7 =2525=0
@ =H K8=25-25=0
KO =3-25=05

The rhenium homologous series are given by (ReCp*),(BH),,; m = 6-10. The increase from m = 6 to m = 7 is by 1[BH]
fragment. If the cluster m = 6 belongs to S = 4n-4, then the increase of 1[BH] = 1[C]; S = 4n+0. The new series formula
when the cluster changes from m = 6 to m = 7 will be given by S = [(4n-4)(n=6) +(4n+0)(n = 1) = 4n-4(n=7)]. Thus, the
cluster series formula has remained the same despite n changing by 1. In other words, the series will still remain
tri-capped; Kp = C*C[Mx], x = 5 -9. This simply means, the capping index will remain the same, that is, same series but
the nuclearity index will expand as it is observed (Fehlner & Halet, 2007).
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Periphery Au Elements: All Au elements are equal; K = 3.5 -5(0.5) = 3.5-2.5 = 1, Nuclear Au’": K =
3.5+3(0.5)-8(0.5)-1=5-5=0. Each of the peripheral Au will carry 1 ligand while the nucleuswill have none. There is
another way of calculating the linkages available on the skeletal structure for binding the ligands.

AuLe’ — Aug®” +8L; Auy’"; K = 9[3.5] +3(0.5) = 33. Some of these linkages will be used for binding the skeletal
elements and the rest to bind the ligands. In the calculation above in CC-28, K =25. This means that these are for
binding the skeletal elements in the cluster. Therefore those remaining to bind the ligands will be given by KL = 33-25
= 8. As expected, this agrees with the cluster formula. These will be evenly distributed onto the periphery Au skeletal
elements as indicated in N95. Note that the nuclear element [M1] obeys the closo series formula S = 4n+2, K = 2n-1=
2(1)-1 = 1. Thus, the closo nuclear skeletal element in its own right has a K value of 1. We can also calculate the
number of skeletal linkages available for binding ligand(s). As can be seen from the raw skeletal structure in N95, each
peripheral Au skeletal element has 5 linkages. Each linkage behaves as a [He] ligand donating ONE electron to Au
periphery skeletal atom. So we can calculate the respective K value as 1[3.5]-5(0.5) = 1. This shows that each peripheral
Au skeletal element will bind ONE ligand as indicated in N95. The cluster of this formula has been described as
bi-capped centered or crown centered (Konishi, 2014).

Let us illustrate these steps using the example of Rh;o(CO),,*>~: K=23, n = 10; K(n) = 23(10); K =2(10)- % q =23, q =
-6 and hence S =4n-6, Kp =C*C[M6]. The cluster has an octahedral CLOSO nucleus, S =4n+2, K =2n-1 =2(6)-1 =11.
The ligand distributions have been indicated either numerically or diagrammatically or both.

N101 Rhio(CO)z2 K =10[4.5]-21-1= 23, K(n) =23(10), S=4n-6, Kp = C*C[M6]
Rh(K = 4.5, V=9), CO(K = 1), (-1)(K = -0.5)

According to this information, it means that the cluster has an octahedral nucleus which is
capped by 4 skeletal elements

RAW SKELETAL STRUCTURE OF Rh1g(CQO)z1*

Kin) = 23(10)

Ligand distribution
. = NUCLEAR Rh
K1=4-53=15 K6=45-15=3
K2=45-15=3 K7=45-2.5=2 @ -cAPPING Rh
K3=45-1.5=3 K8=453=15
K4=4525=2  K9=453=15 © =-co
K5=4 5-1 5=3 K10=45-3=145 MN101

KT=22
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N102 0s10(C)(CO)242:K=10[5]-2-24-1=23;
K(n) =23(10)

20-23=-3

|

=-6 —> S =4n-6; Kp = C*C[M8]

THIS MEANS, THE CLUSTER WILL HAVE AN OCTAHEDRAL NUCLEUS
4 CAPPED BY 4 OTHER SKELETAL ELEMENTS

Ligand distribution

K1=5-1.5=3.5 O =0s
5 6 K3=5-35=15 ® =C
K4=3.5
9 X9 7 K5=5-3.5=1.5
XL K6=3.5
K7=5-3=2
3 S K8=5-2=3
K9=5-3.5=1.5
K10=5-3.5=1.5
KT=25
4
N102

N103  AurolsRa: K =10[3.5]-5-2 = 28; K(n) = 28(10), S =4n-16, Kp =C#C[M1]

In this cluster, one skeletal element will be at the nucleus surrounded by 9 other skeletal elements.

In this case, L = PPhz and R = CeFs
[M1], S =4n+2, K=2n-1 = 2(1)}-1 =1

@ =CeFs

@ -rrn.
O =Au

K = 28(10)

LIGAND DISTRIBUTION
PERIPHERY:

KL = 9[3.5]-9(2.5) = 9
NUCLEUS:

KN = 3.5-9(0.5)-1= 3555="_2
TOTAL = KL+KN=92=7

THIS MEANS THAT THE CLUSTER WILL ACCOMMODATE 7 TWO ELECTRON DONOR
LIGANDS. WHAT WE HAVE ON THE CLUSTER = 5L+4R = 5L +2L = 7L SINCE 2R = 1L.
THUS THE LIGAND DISTRIBUTION FOLLOWS A SIMPLE MATHEMATICAL PRECISION.
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N103  Au1oChLe* :K =10[3.5]-1.5-6+0.5 = 28; K(n) = 28(9), S = 4n-16, Kp =CoC[M1]
Au(K=3.5,V =7), CI(K = - 0.5), L(K = -1), (+1)(K = 0.5)

[M1], K=1
Ve =14n-16 =14(10)-16= 124

K=28 = Q -=cl i, 1o
KS=0+0+0+1 = 28 @ VF=10[11]+6(2)+3(1)-1=124

O =NUCLEAR Au

© =CAPPING Au

KL =10[3.5]+0.5-9[2.5]-9[0.5]-1=7.5
THERE ARE 7.5 LINKAGES AVAILABLE FOR 7.5 LIGANDS = 6L +3Cl

LIGAND DISTRIBUTION
PERIPHERY:

KP = 9[3.5]-9(2.5) = 9

NUCLEUS:

KN = 3.5+ 1(0.5)-9(0.5)-1 = -1.5

TOTAL = KP+KN=9-1.5=75

THIS MEANS THAT THE CLUSTER CAN ACCOMMODATE 7.5 TWO
ELECTRON DONOR LIGANDS.

LIGANDS ON THE CLUSTER = 6L + 3CI = 6L + 1.5L = 7.5L ,SINCE
L = 2Cl.

M111 (Cp™W)zBeHs: K = 3[6-2 5]-8[2 5]-4.5 = 26, n =3+8 =11 K(n) = 26(11), S =4n-8 Kp = C=C[B]
Ideal shape is Penta-capped On.
Ve = 4n-8+3[10] for metal adjustment = 4(11)-8+30 = 66; VF = 3[6+6]+8(3)+9 =66
WCp* k=35,V=T B,K=25 V=5

Ligand distribution has been done according to the law of the valence of the skeletal fragments in N111

® =WCp”

@ =H
Raw isomeric skeletal structure of (Cp*W)=BzHs

M111
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M112  Ausilo®:

K=11[3.5]+2.5-10 =31;

K(n) =31(11),
S=4n-18,

Kp = C'9C[M1],
[M1], S=4n+2,

K =2n-1 =2(1)-1 =1

Ligand distribution

K1=K2=K3=K4=K5
=K6=K7=K8=K8
=K10=3.5-2.5=1

THIS MEANS THAT
EACH OF THE
PERIPHERY Au

ELEMENTS WILL CARRY 1

LIGAND.

K(n) = 31(11)

O =Au
@ -

CALCULATED, K =31

FROM SKELETAL FRAME
WORK, K =10+10+10+[M1]
=30+1 = 31

Ve = 14n-18=14(11)-18 =136;

FORMULA, Ve =11[11]+10(2)-5=136

MN112

FROM THE SYMBOL Kp = C'9C[M1],MEANS THAT THERE IS ONE SKELETAL ELEMENT AT THE
NUCLEUS SURROUNDED BY 10 OTHER SKELETAL ELEMENTS.

N121, N121 Cluster with a nucleus model

PdsRus(CO)242": K =6[4]+6[5]-24-1 = 29;K(n) =29(12), S=4n-10, Kp=C°®C[M-6]

K11=4-2.5=1.5
K12=5-2.5=2.5
K21=4-2.5=1.5
K22=5-2.5=2.5

1

K31=4-2.5=1.5
K32=5-2.5=2.5
K41=4-2=2

K42=5-2.5=2.5

4

@ -=rd

ISOMERIC SKELETAL
STRUCTURES

@ -CAPPING Ru

K51=4-2.5=1.5
K562=5-2.5=2.5
K61=4-2=2
K62=5-2.5=2.5
KT=25
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PdsRus(CO)242": K=6[4]+6[5]-24-1=29; K(n) =29(12), S =4n-10, Kp=C®C[M-6]

CLUSTER
NUCLEUS K=29 KN= LINKAGES FROM THE OCTAHEDRAL
NUCLEUS

K1=5-2.5=2.5
K2=2.5
K3=2.5
K4=2.5 5
K5=2.5 @ -ru
K6=2.5
KN=6[4]-11-3=10
KT=25= TOTAL
NUMBER OF LIGANDS

INCLUDING THE CHARGE

NUMBER OF LINKAGES FROM CLUSTER =6+6+6+11 = 29

THE CLUSTER HAS AN OCTAHEDRAL NUCLEUS CAPPED BY 6 OTHER
SKELETAL ELEMENTS. IT IS ASSUMED THAT THE ELEMENTS IN THE
NUCLEUS ARE ALL Pd.

N122 C2BioHi2: K= 2[2]+10[2.5]-6= 23; K(n) = 23(12), S = 4n+2, CLOSO SYSTEM
C(K=2,V=4),B(K=25V=5)

Ligand distribution
The ligands are added to the skeletal
elements in such a way that the valence of
each of the skeletal element is obeyed.
Thus, the carbon element has a valence
of 4, so it will have 4 connections to it
including the H atoms. In the case of
the B atom, there will be 5
connections to it including those from
the H ligands if neccessary. The valence
rule of the skeletal element should
be observed. When this is done
correctly, the cluster formula derived
from the sketch is usually in agreement —> 2C+10B+12H
with the original cluster formula. It is $
clear from N122 sketch that we have 2C,

C2B1oH12

10B and 12H corresponding to
C2B1oH12 cluster formula.

N122

RAW ISOMERIC SKELETAL STRUCTURE OF C2B1oH12
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N131  AusaChLig® K =13[3.513[0.5]-2[0.5-10[1] = 36; K(n) = 36(13), S = 4n-20, Kp=C''C[M2]

[M2]. 5 =4n+2,
Available ligand linkages: K=2n-1=2(2}-1 =3
PERIPHERY

There are 11 skeletal elements

on the periphery each with O =AU
K. =35 Alsoeach sleletal
element has 5 skeletal @ -

linkages each providing

1e. Hence, ligand available
to each = 1[3.5]-5(0.5)=1_In
total there will 11(1) =11
ligands.

MUCLEUS

[M2] means there are two
skeletal elements at the nucleus
which obey the closo series rule,
S=4p+2 K=2n-1=2{2)-1=3.
It was assumed that each of the
periphery skeletal element has an
oxidation state of zero. t makes sense
to assign +3 to the two nuclear skeletal elements.
Hence we may reqard the nucleus to comprise of Auz®

fragment. T his fragment has 11 single electron linkagas in

addition to the nuclear triple bond. Therefore the ligand linkages

available at the nucleus = 2[3 5]1+3(0.5)-11(0.5)-3 = 0_ This predicts

that there will be 2 nucear skeletal elements which do not bear ligands.
Only 11 ligands will be available to the periphery skeletal elements.

This corresponds to 10 L +2Cl ligands of the cluster. The 2Cl ligands are
regarded as 1 electron donor while L is a 2 electron donor.

K(n) = 36(13)

Ve =14n-20=14({13)-20 =162
VF=13[11]+2[1]+10[2]-3=162

N141  ResSesls* K =6[5.51+8[8]-3-2 = 36, K(n) =36(14), S =4n-16, Kp = C¥C[M5]
9(5)

SKELETAL LINKAGES = 9+9+3 +9=36 I
12(6)

K(n) =36(14 I
” e 15(7)
' . “ |
D LIGAND LINKAGES 18(8)
1’ "\ PERIPHERY: .
7 _ 8[11-8(2.5)+1[5.511(25) = -9 21(9)
vﬂ :
i\ X '. NUCLEAR LINKAGES:

D |
T~ SR 5[5.51-9(0.5)4(0.5)-9= 12 24(10)
Yr \ MET LIGAND LINKAGES = 12-9 = 3; |
< ‘ THIS CORRESPONDS TO 6 IODINE LIGANDS. 27(11)
\ - 30(12)

3%[13}

1
® =S¢ ® =Re 36(14)

M141

ISOMERIC STRUCTURAL GRAPH OF ResSesls*
Let us consider another cluster G3- RegSesls ™ : K = 6[5.5] +8[1]-6(0.5)-4(0.5) = 36;n = 14, K(n) = 36(14), K = 2n- % q,
36 =2(14) - % q, q=- 16, S = 4n-16, Kp = C’C[M5]. According to series, the cluster has a trigonal bipyramid nucleus
surrounded by 9 capping skeletal elements. If we assume that the [M5] comprises of Re skeletal elements then 8 Se and
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1 Re will be the capping elements. The C° means there 9 cappings = 9(3) = 27 linkages. The [M5] nucleus has K = 2n-1
=2(5)-1 =9 linkages. This gives us a grand total of 27+9 = 36 linkages. This is shown in sketch N141. Along with N141
is a calculation showing the net linkages available are 3. This means that the number of 2 electron donor ligands
available are 3 or 6 single electron donor ligands. This agrees with the presence of 6 iodine ligands. What about the
flow of K(n) numbers for [M5] series? For [M5] we have
9(5)—12(6)—15(7)—18(8)—21(9)—24(10)—27(11)—30(12)—33(13)—36(14). Clearly, 36(14) is a member of [M5]
series. What is observed for N141 is an octahedral cluster with 8 capping Se skeletal elements and 6 iodine ligands one
on each Re skeletal elements in an octahedral nucleus (Fehlner & Halet, 2007). The graph of the cluster is sketched in
N141. The construction of isomeric skeletal structures of clusters is in accordance with the 4n series method and may be
regarded to constitute the graph theory of the series approach.

MN191 MNioAsaSs: K= 10[1.5]+4[151+5[1] = 26, n = 10+4+5 = 19; K(n) = 26(19), S = 4n+24 K =2n-12=2(19)-12 = 26
Ve = 4n+24 = 4{19)+24 = 100; VF = 10[5 +4[5]+5[6] =100

® =45 0 =N .=S

K=26

Kin} = 26(139)

N191
Kp=C"'CIM30] =— S=4n+24 S=4n+2 ——» Kp=CoCIM30]
n=19 22 = 11(-2)
q=24 > =2
CHECK: n=19 n=19+11=30

M307, S =4n+2, K =2n-1=2(30}-1 = 59, Kin) = 53(30}
59(30),56(29), 53(28), 50{2T), 47(26), 44(25), 41(24), 38(23), 35(22), 32(21), 29(20), 26(19)

Naaq MizAszi™: K= 124H21[1.5115 = T8; n = 12+21 =33, K{n) = 78(33); § = 424, Kp = C' CM20]

EXPECTED

NUCLEUS
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N331
NitzAsz1®> K = 12[4]#21[1.5]-1.5 = 78; n = 12+21 =33, K(n) = 78(33); S = 4n-24, Kp = C'23C[M20]

This predicts a cluster of a nucleus comprising of 20 skeletal elements surrounded

by 13 capping skeletal elements. THIS RESULT IS VERY FASCINATING INDEED.

THIS IS BECAUSE THE 20 PREDICTED NUCLEAR ELEMENTS ARE ACTUALLY LOCATED
OMN THE OUTER LAYER COMPRISING OF As SKELETAL ELEMENTS AND THE

13 CAPPING ELEMENTS COMPRIZING OF 12 Ni INNER LAYER AND 1 As SITTING

IN THE NUCLEUS. WHILE THE PREDICTION IS QUITE AMAZING, THE

NATURAL FORCES HAVE DOME THE OPPOSITE..

The observed skeletal structure can graphically be reprsented as indicated in FIGURE LG-1.

PREDICTED NUCLEUS ON

Appears as THE QUTSIDE!
Kp = C2[M13]

Expected ® - |j

Kp = C'3C[M20] @ =As

K{n) = 78(33) Ve = 4n-24+12[10] metal adjustment

= 4(33)-24+120 = 228
CHECK: VF= 12[10]+21[5]+3 =228

Graphical sketch of observed structure of MijzAszq®
M37  Pda7(CO)zeliz K =37[4]-28-12=108: K(n) =108(37), S= 4n-68, Kp=C**C\M-2]
Distribution of igands onto the skeletal elements

Vol. 10, No. 1; 2018

KT1=4-3=1
_4. 3= KT72=4-3=1
Egigj 1 K61=4-3=1 K73=4-3-1
K13:¢-3:1 KE2=4-3=1 KT74=4-15=2 §
. KB3=4-35=05 K81=4-3=1
K14=4-15=2 & =4-3=
K82=4-3=1
K21=4-3=1 K§3=4-3.5=0.5
K22=4-3=1 Kin) =108(37) o
K23=4-35=05 2 \
=Pd
3 g
K31=4-3=1 Ka1=4-3=1
43 K92=4-3=1
K32=4-3=1 =4-3=
43 K93=4-3=1
K33=4-3=1 =4-3=1
=41 5= K94=4-15=2 5
K3d4=4-15=275 4-155
43— K101=4-3=1
K4 1=4-3=1 =4-3=
=4.3= K102=4-3=1
K4 2=4-3=1 =4-3=1
e K103=4-3.56=0.5
K43=435=05 n _
43— KN=2[4]-3-5=0
K5 1=4-3=1 KN=21
K5 2=4-3=1
K5 3=4-3=1 6
Kod=4-15=2 5 7

K=108; STRUCTURE, K =[M-2]+30+30+30+15= 3+90+15=108
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According to the series method, the cluster Pds,(CO)sLis, K(n)= 108(37), S= 4n-68, Kp = C*C[M2] reported in
literature (Mednikov and Dahl, 2010) has central nucleus comprising of 2 skeletal elements with 35 capping skeletal

elements based on series method.

N441 NizePte(COs(H)* - K= 44[4]1-48-0 5-2 6 = 126 K(n) = 125(44), S = 4n-T4, Kp = C**C V6]

K(n) = 125(44)

K11=4-25=1.5k12=4-4=0+
K13=4-2.5=1.5 k14=4-3=1 +
K15=4-2.5=1.5 k16=4-3=1+
K17=4-3=1 k18=4-15=2.5¢
K21=4-3=1,k22=4-2=2+
K23=4-3.5=0.5 k24=4-3=1+
K25=4-3.5=0.5k26=4-3=1+
K27=4-2=2+¢

TOTAL-18+

1 The distribution of the ligands

nucleus.

M441

onto the skeletal elements have

been calculated and indicated numerically.
The numbering of the kvalues of

the cluster corners begin from the octahedral

For example, k11 is at the
nucleus while k18 is at the
periphery. When the calculation
is done correctly, the total
numerical value should
cormrespond to the total number
of ligands on the cluster.

All the connections to a skeletal
point should be regarded as a
single electron donor.

K31=4-35=0.5 k32=4-25=1.5¢
K33=4-3=1 k3a=4-3=1+
K35=4-3=1 k36=4-3=1+
k37=4-25=1.5+

ka1=4-2=2 kaz=4-3.5=0.5+
k43=4-3=1 ka4=4-25=1.5+
ka5=4-3 5=0.5 ka6=4-3=1 +
ka7=4-25=1.5 kag8=4-15=2.5+

TOTAL-18+
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K51=4-3.5=0.5 k52=4-25=1.5¢
K53=4-2 5=1.5 k54=4-4=0+
K55=4-2 5=1.5 ks6=4-3=1+
K57=4-2 5=1.5¢
K61=4-3=1,k62=4-3=1+
K63=4-3.5=0.5k64=4-25=1.5+
K65=4-3=1 kee=4-3=1+
K67=4-2 5=1.5¢

TOTAL=15+«
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N561 NizzPtra(CO)sst K= 32[4]+24[4]-56-3 = 165: n = 32+24 = 56, K(n) = 165(56), S = 4n-106,
Kp = C5#C[M2]

The capping symbol means that the cluster has 2 skeletal elements in the nucleus which belongs to CLO S0
SERIES and is surrounded by 54 skeletal elements. It has been found that the capping for
VERTICAL SERIES starts with the formation of a closo nucleus.

Cluster valence electrons are given by the series formula of transition metal clusters:
Ve = 14n-106 = 14(56)-106 = 678, VF = 32[10]+24[10]+56(2)+6 = 678

Using the broad cluster categorization, the cluster belongs to GROUP [M2] OF THE VERTICAL SERIES.

[M2] NUCLEUS K =165

54

Kp = C54C[M2]

K(n) = 165(56)

3.8 Numerical Periodic Table of Chemical Clusters

The examples of clusters given above cover a range of nuclearity index 1-56. By deriving the K(n) values of many
clusters and carefully studying their relationship an interesting pattern was discerned. Firstly, the K(n) values of clusters
covered an infinite range of 4n series. That is, S =4n+q [ = 2, 4, 6, 8, 10, 12, .....(un-capping series); q = 0, -2,-4, -6,
-8, -10, -12, ....(capping series)]. This aspect has been illustrated in Tablel. In addition, a grid map shown in Table 2
was obtained. The K(n) values of the clusters derived from the 4n series when carefully analyzed, are found to form an
interesting series. A selected range of K(n) values from [M-10] through [MO] to [M14] are given in Table 2. This
arrangement is similar to the usual X-axis of x = -10 to x=+10. This array of K(n) values was discovered in earlier work
(Kiremire, 2017a) but it is being re-introduced for the purpose of categorizing a vast range of capping chemical clusters.

The horizontal rows show the clusters arranged according to S =4n+q where q is the same while the vertical columns
indicate the cluster determinant q varies by +2. Table 2 appears seemingly complex, but on close observation, it actually
commences with one K(n) value. This is demonstrated in Scheme SC-4. Starting with point A of K(n) = 11(6), the
vertical movement upwards involves stepwise changes in K value by 3 units; while downward movements involves a
decrease of K by the same amount of 3 units stepwise. Thus, the vertical axis can be extended in both directions
indefinitely. Hence, new points B, C, D and E in scheme SC-4 are derived from A. Likewise, each of the points B, C, D
and E can be handled in the same manner as a resulting in a seemingly complex cluster GRID MAP shown in Table 2.
In a way, Table 2 is similar to an array of coordinates of a point P(x, y) except in this case we have the K(n) VALUES
where K represents the number of cluster linkages corresponding to x value of the X-axis and n which represents the
number of skeletal elements in a cluster corresponding to the y value of the Y axis in the Cartesian coordinate system.
Thus, we have the correlation relationship P(x,y)—(K,n) but expressed as K(n). The base line has been chosen to
correspond to the values of the horizontal clososeries, S = 4n+2.
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VERTICAL
14(7) C
12(6)
+1(0) +3(+1)
-2(-1 ﬁ +2(+1
D 9(5) < 1) 11(6) 1) > 13(7) HORIZONTAL
-1(0) B
A
10(6)
DIAGONAL SERIES
-3(-1)
8(5)
E
SC-4
Table 2. The Grid Map of K(n) Series
TABLE 2A
T2A | [M-10] | [M9] | [M-8] | [M-7] | [M-6] | [M-5] | [M-4] |[M-3] |[M-2] |[M-1] | [MO]
4n-124 | 168(53) 170(54) | 172(55) | 174(56) | 176(57) | 178(58) | 180(59) | 182(60) | 184(61) | 186(62) | 188(63)
4n-122 | 165(52) 167(53) | 169(54) | 171(55) | 173(56) | 175(57) | 177(58) | 179(59) | 181(60) | 183(61) | 185(62)
4n-120 [ 162(51) | 164(52) | 166(53) [ 168(54) | 170(55) | 172(56) | 174(57) | 176(58) | 178(59) | 180(60) | 182(61)
4n-118 | 159(50) | 161(51) | 163(52) | 165(53) | 167(54) | 169(55) | 171(56) | 173(57) | 175(58) | 177(59) | 179(60)
4n-116 | 156(49) | 158(50) | 160(51) | 162(52) | 164(53) | 166(54) | 168(55) | 170(56) | 172(57) | 174(58) | 176(59)
4n-114 | 153(48) | 155(49) | 157(50) | 159(51) | 161(52) | 163(53) | 165(54) | 167(55) | 169(56) | 171(57) | 173(58)
4n-112 | 150(47) | 152(48) | 154(49) | 156(50) | 158(51) | 160(52) | 162(53) | 164(54) | 166(55) | 168(56) | 170(57)
4n-110 | 147(46) | 149(47) | 151(48) | 153(49) | 155(50) | 157(51) | 159(52) | 161(53) | 163(54) | 165(55) | 167(56)
4n-108 | 144(45) | 146(46) | 148(47) | 150(48) | 152(49) | 154(50) | 156(51) | 158(52) | 160(33) | 162(54) | 164(55)
4n-106 | 141(44) | 143(45) | 145(46) | 147(47) | 149(48) | 151(49) | 153(50) | 155(51) | 157(52) | 159(53) | 161(54)
4n-104 | 138(43) | 140(44) | 142(45) | 144(46) | 146(47) | 148(48) | 150(49) | 152(50) | 154(51) | 156(52) | 158(53)
4n-102 | 135(42) | 137(43) | 139(44) | 141(45) | 143(46) | 145(47) | 147(48) | 149(49) | 151(50) | 153(51) | 155(52)
4n-100 | 132(41) | 134(42) | 136(43) | 138(44) | 140(45) | 142(46) | 144(47) | 146(48) | 148(49) | 150(50) | 152(51)
4n-98 | 129(40) | 131(41) | 133(42) | 135(43) | 137(44) | 139(45) | 141(46) | 143(47) | 145(48) | 147(49) | 149(50)
4n-96 126(39) 128(40) | 130(41) | 132(42) | 134(43) | 136(44) | 138(45) | 140(46) | 142(47) | 144(48) | 146(49)
4n-94 | 123(38) | 125(39) | 127(40) | 129(41) | 131(42) | 133(43) | 135(44) | 137(45) | 139(46) | 141(47) | 143(48)
4n-92 | 120(37) | 122(38) | 124(39) | 126(40) | 128(41) | 130(42) | 132(43) | 134(44) | 136(45) | 138(46) | 140(47)
4n-90 [ 117(36) | 119(37) | 121(38) [ 123(39) | 125(40) | 127(41) | 129(42) | 131(43) | 133(44) | 135(45) | 137(46)
4n-88 | 114(35) | 116(36) | 118(37) | 120(38) | 122(39) | 124(40) | 126(41) | 128(42) | 130(43) | 132(44) | 134(45)
4n-86 | 111(34) | 113(35) | 115(36) | 117(37) | 119(38) | 121(39) | 123(40) | 125(41) | 127(42) | 129(43) | 131(44)
4n-84 [ 108(33) | 110(34) | 112(35) [ 114(36) | 116(37) | 118(38) | 120(39) | 122(40) | 124(41) | 126(42) | 128(43)
4n-82 [ 105(32) [ 107(33) | 109(34) [ 111(35) [ 113(36) | 115(37) | 117(38) | 119(39) | 121(40) | 123(41) | 125(42)
4n-80 | 102(31) | 104(32) | 106(33) | 108(34) | 110(35) | 112(36) | 114(37) | 116(38) | 118(39) | 120(40) | 122(41)
4n-78 | 99(30) 101(31) | 103(32) | 105(33) | 107(34) | 109(35) | 111(36) | 113(37) | 115(38) | 117(39) | 119(40)
4n-76 | 96(29) 98(30) | 100(31) | 102(32) | 104(33) | 106(34) | 108(35) | 110(36) | 112(37) | 114(38) | 116(39)
4n-74 | 93(28) 95(29) | 97(30) | 99(31) | 101(32) | 103(33) | 105(34) | 107(35) | 109(36) | 111(37) | 113(38)
4n-72 | 90(27) 92(28) | 94(29) | 96(30) | 98(31) | 100(32) | 102(33) | 104(34) | 106(35) | 108(36) | 110(37)
4n-70 | 87(26) 98(27) | 91(28) | 93(29) | 95(30) | 97(31) | 99(32) | 101(33) | 103(34) | 105(35) | 107(36)
4n-68 | 84(25) 36(26) | 88(27) | 90(28) | 92(29) | 94(30) | 96(31) | 98(32) | 100(33) | 102(34) | 104(35)
4n-66 | 81(24) 83(25) [ 85(26) [87(27) [ 89(28) [ 9129 [9330) [9531) [97(32) [ 99(33) | 101(34)
[M-10] | [M9] | [M8] |[M7] |[M6] |[M5] | [M4] | [M3] | [M2] | [M-1] | [M0]
in-64 | 78(23) 80(24) | 82(25) | 84(26) | 86(27) | 88(28) | 90(29) | 92(30) | 94(31) | 96(32) | 98(33)
4n-62 | 75(22) 77(23) | 79(24) | 81(25) | 83(26) | 85(27) | 87(28) | 89(29) | 91(30) | 93(31) | 95(32)
4n-60 [ 72(21) 7422) [ 76(23) | 78(24) | 80(25) | 82(26) | 84(27) [ 86(28) [ 88(29) | 90(30) | 92(31)
4n-58 | 69(20) 7121) | 7322) | 75(23) | 7724) | 7925) | 81(26) | 83(27) | 85(28) | 87(29) | 89(30)

59




http://ijc.ccsenet.org

International Journal of Chemistry

Vol. 10, No. 1; 2018

4n-56 | 66(19) 63(20) | 7021) | 7222) | 74(23) | 76(24) | 78(25) | 80(26) | 82(27) | 84(28) | 86(29)
4n-54 | 63(18) 65(19) | 6720) [ 6921 |7122) [73(23) | 75(24) | 7725 | 79(26) | 81(27) | 83(28)
4n52 | 60(17) 62(18) | 64(19) | 66(20) | 68(21) | 70(22) | 72(23) | 74(24) | 76(25) | 78(26) | 80(27)
4n-50 | 57(16) 59(17) | 61(18) | 63(19) | 65(20) | 67(21) | 6922) | 71(23) | 73(24) | 75(25) | 77(26)
4n48 | 54(15) 56(16) | 58(17) | 60(18) | 62(19) | 64(20) | 66(21) | 68(22) | 70(23) | 72(24) | 74(25)
4n-46 | 51(14) 53(15) | 55(16) | 57(17) | 59(18) | 61(19) | 63(20) | 65(21) | 67(22) | 69(23) | 71(24)
4n44 | 48(13) 50(14) | 52(15) | 54(16) | 56(17) | 58(18) | 60(19) | 62(20) | 64(21) | 66(22) | 68(23)
ind2 | 45(12) 47(13) | 49(14) | 51(15) | 53(16) | 55(17) | 57(18) | 59(19) | 61(20) | 63(21) | 65(22)
4n-40 | 42(11) 44(12) | 46(13) | 48(14) | 50(15) | 52(16) | 54(17) | 56(18) | 58(19) | 60(20) | 62(21)
4n-38 | 39(10) 41(11) [ 43(12) | 45(13) | 4714 [49(15) | 51(06) [53(17) | 55(18) | 57(19) | 59(20)
4n36 | 36(9) 38(10) | 40(11) | 42(12) | 44(13) | 46(14) | 48(15) | 50(16) | 52(17) | 54(18) | 56(19)
4n34 | 33(8) 35(9) 37(10) | 39(11) | 41(12) | 43(13) | 45(14) | 47(15) | 49(16) | 51(17) | 53(18)
4n-32 | 30(7) 32(8) 34(9) 36(10) | 38(11) | 40(12) | 42(13) | 44(14) | 46(15) | 48(16) | 50(17)
4n-30 | 27(6) 29(7) 31(8) 33(9) 35(10) | 37(11) | 39(12) | 41(13) | 43(14) | 45(15) | 47(16)
4n28 | 24(5) 26(6) 28(7) 30(8) 32(9) 34(10) | 36(11) | 38(12) | 40(13) | 42(14) | 44(15)
4n26 | 21(4) 23(5) 25(6) 27(7) 29(8) 31(9) 33(10) | 35(11) | 37(12) | 39(13) | 41(14)
4n24 | 18(3) 20(4) 22(5) 24(6) 26(7) 28(8) 30(9) 32(10) | 34(11) | 36(12) | 38(13)
4n-22 | 15(2) 17(3) 19(4) 21(5) 23(6) 25(7) 27(8) 29(9) 31(10) | 33(11) | 35(12)
4n-20 12(1) 14(2) 16(3) 18(4) 20(5) 22(6) 24(7) 26(8) 28(9) 30(10) 32(11)
4n-18 9(0) 11(1) 13(2) 15(3) 17(4) 19(5) 21(6) 23(7) 25(8) 27(9) 29(10)
4n-16 | 6(-1) 8(0) 10(1) 12(2) 14(3) 16(4) 18(5) 20(6) | 22(7) 24(8) 26(9)
4n-14 | 3(-2) 5(-1) 7(0) 9(1) 11(2) 13(3) 15(4) 17(3) 19(6) 21(7) 23(8)
4n-12 0(-3) 2(-2) 4(-1) 6(0) 8(1) 10(2) 12(3) 14(4) 16(5) 18(6) 20(7)
4n-10 | -3(-4) -1(:3) 1(-2) 3(-1) 5(0) 7(1) 9(2) 11(3) 13(4) 15(5) 17(6)
4n-8 -6(-5) -4(-4) 2(-:3) 0(-2) 2(-1) 4(0) 6(1) 8(2) 10(3) 12(4) 14(5)
4n-6 -9(-6) -7(-5) -5(-4) 3(-:3) -1(-2) 1(-1) 3(0) 5(1) 702) 9(3) 11(4)
4n-4 -12(-7) -10(-6) -8(-5) -6(-4) -4(-3) -2(-2) 0(-1) 2(0) 4(1) 6(2) 8(3)
4n-2 -15(-8) -13(-7) -11(-6) -9(-5) -7(-4) -5(-3) -3(-2) -1(-1) 1(0) 3(1) 5(2)
4n+0 -18(-9) -16(-8) -14(-7) -12(-6) -10(-5) -8(-4) -6(-3) -4(-2) -2(-1) 0(0) 2(1)
4nt2 | 21(-10) [ -19(-9) | -17(-8) [ -15(-7) | -13(-6) | -11(-5) | -9(-4) 7-3) | -5(-2) 3(-1) -1(0)
[M-10] [M-9] [M-8] [M-7] [M-6] [M-5] [M-4] [M-3] [M-2] [M-1] [MO]
TABLE 2B
T-2B | [M1] [M2] [M3] [M4] [M35] [M6] [M7] [MS] [M9] M10] | M11] | [M12]
4n-114 | 1759) | 177(60) 179(61) | 181(62) | 183(63) | 185(64) | 187(65) | 189(66) | 191(67) | 193(68) | 195(69) | 197(70)
4n-112 | 172(58) | 174(59) 176(60) | 178(61) | 180(62) | 182(63) | 184(64) | 186(65) | 188(66) | 190(67) | 192(68) | 194(69)
4n-110 | 169(57) | 171(58) 173(59) | 175(60) | 177(61) | 179(62) | 181(63) | 183(64) | 185(65) | 187(66) | 189(67) | 191(68)
4n-108 | 166(56) | 168(57) 170(58) | 172(59) | 174(60) | 176(61) | 178(62) | 180(63) | 182(64) | 184(65) | 186(66) | 188(67)
4n-106 | 163(55) | 165(56) 167(57) | 16958) | 17139) | 173(60) | 175(61) | 177(62) | 179(63) | 181(64) | 183(65) | 185(66)
4n-104 | 160(54) | 162(55) 164(56) | 166(57) | 168(58) | 170(59) | 172(60) | 174(61) | 176(62) | 178(63) | 180(64) | 182(65)
4n-102 | 157(33) | 159(54) 161(55) | 163(56) | 165(57) | 167(58) | 169(59) | 171(60) | 173(61) | 175(62) | 177(63) | 179(64)
4n-100 | 154(52) | 156(53) 158(54) | 160(55) | 162(56) | 164(57) | 166(58) | 168(59) | 170(60) | 172(61) | 174(62) | 176(63)
4n-98 | 15151 | 153(52) 155(53) | 157(54) | 159(55) | 161(56) | 163(57) | 165(58) | 167(59) | 169(60) | 171(61) | 173(62)
4n-96 | 148(50) | 150(51) 152(52) | 154(53) | 156(54) | 158(55) | 160(56) | 162(57) | 164(58) | 166(59) | 168(60) | 170(61)
4n-94 | 145(49) | 147(50) 149(51) | 151(52) | 153(53) | 155(54) | 157(55) | 159(56) | 161(57) | 163(58) | 165(59) | 167(60)
4n-92 | 142(48) | 144(49) 146(50) | 148(51) | 150(52) | 152(53) | 154(54) | 156(55) | 158(56) | 160(57) | 162(58) | 164(59)
4n-90 | 139(47) | 141(48) 143(49) | 145(50) | 14751) | 149(52) | 151(53) | 153(54) | 155(55) | 157(56) | 159(57) | 161(58)
4n-88 | 136(46) | 138(47) 14048) | 142(49) | 144(50) | 146(51) | 148(52) | 150(53) | 152(54) | 154(55) | 156(56) | 158(57)
4n-86 | 133(45) | 135(46) 137(47) | 139(48) | 141(49) | 143(50) | 145(51) | 147(52) | 149(53) | 151(54) | 153(55) | 155(56)
4n-84 | 130(44) | 132(45) 134(46) | 136(47) | 138(48) | 14049) | 142(50) | 144(51) | 146(52) | 148(53) | 150(54) | 152(55)
4n-82 | 127(43) | 129(44) 131(45) | 133(46) | 135(47) | 13748) | 139(49) | 141(50) | 143(51) | 145(52) | 147(53) | 149(54)
4n-80 | 124(42) | 126(43) 128(44) | 13045) | 132¢46) | 13447) | 136(48) | 138(49) | 140(50) | 142(51) | 144(52) | 146(53)
4n-78 | 121(41) | 123(42) 125(43) | 127(44) | 129(45) | 13146) | 133(47) | 135(48) | 137(49) | 139(50) | 141(51) | 143(52)
4n-76 | 118(40) | 120(41) 122(42) | 124(43) | 126(44) | 128(45) | 130(46) | 132(47) | 134(48) | 134(49) | 136(50) | 138(51)
4n-74 | 11539) | 117(40) 119(41) | 121(42) | 12343) | 125@44) | 127(45) | 129(46) | 13147) | 133(48) | 135(49) | 137(50)
4n-72 | 11238) | 114(39) 116(40) | 118aD) | 12042) | 122(43) | 124(44) | 126(45) | 128(46) | 130(47) | 132(48) | 134(49)
4n-70 | 10937) | 111(38) 113(39) | 11540) | 11741) | 11942) | 121(43) | 123(44) | 125(45) | 127¢46) | 129(47) | 131(48)
[M1] [M2] [M3] [M4] [M35] [M6] [M7] [MS] [M9] M10] | [M11] | [M12]
4n-68 | 106(36) | 108(37) 11038) | 112(39) | 114(40) | 116(41) | 118(42) | 120(43) | 122(44) | 124(45) | 126(46) | 128(47)
4n-66 | 103(35) | 105(36) 107(37) | 10938) | 11139) | 11340) | 11541 | 117(42) | 119@3) | 121(44) | 123(45) | 125(46)
4n-64 | 10034) | 102(35) 10436) | 106(37) | 108(38) | 110(39) | 112(40) | 114(41) | 116(42) | 118(43) | 120(44) | 122(45)
4n-62 | 9733) | 99(34) 101(35) | 10336) | 10537) | 10738) | 10939) | 111(40) | 113¢a1) | 115(42) | 117(43) | 119(44)
4n-60 | 9432) | 96(33) 98(34) | 100(35) | 102(36) | 104(37) | 106(38) | 108(39) | 110(40) | 112(41) | 114(42) | 116(43)
4n-58 | 913D | 93(32) 95(33) | 9734) | 9935) | 10136) | 10337) | 10538) | 107(39) | 109(40) | 11141) | 113(42)
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4n-56 | 88(30) | 90(31) 92(32) | 94(33) | 96(34) | 98(35) | 100(36) | 102(37) | 104(38) | 106(39) | 108(40) | 110(41)
4n-54 | 85(29) | 87(30) 8931 | 91(32) | 93(33) | 95(34) | 97(35) | 99(36) 101(37) | 103(38) | 105(39) | 107(40)
4n-52 | 82(28) | 84(29) 86(30) | 88(31) | 90(32) | 92(33) | 94(34) | 96(35) 98(36) | 100(37) | 102(38) | 104(39)
4n-50 | 7927) | 81(28) 83(29) | 8530) | 87(31) | 89(32) | 91(33) | 93334 95(35) | 97(36) | 99(37) | 101(38)
4n-48 | 76(26) | 78(27) 80(28) | 82(29) | 84(30) | 86(31) | 88(32) | 90(33) 92(34) | 94(35) | 96(36) | 98(37)
4n-46 | 73(25) | 75(26) 7727) | 79(28) | 81(29) | 83(30) | 85(31) | 87(32) 89(33) | 91(34) | 93(35) | 95(36)
4n-44 | 7024) | 72(25) 7426) | 76(27) | 78(28) | 80(29) | 82(30) | 84(3D) 86(32) | 88(33) | 90(34) | 92(35)
4n-42 | 67(23) | 69(24) 7125) | 7326) | 75Q7) | 77(28) | 7929) | 81(30) 83(31) | 85(32) | 87(33) | 89(34)
4n-40 | 64(22) | 66(23) 68(24) | 7025) | 7226) | 7427) | 76(28) | 78(29) 80(30) | 82(31) | 84(32) | 86(33)
4n-38 | 6121) | 63(22) 65(23) | 67(24) | 69(25) | 71(26) | 7327) | 75(28) 77(29) | 79(30) | 81(31) | 83(32)
4n-36 | 58(20) | 60(21) 62(22) | 64(23) | 66(24) | 68(25) | 7026) | 72(27) 74(28) | 76(29) | 78(30) | 80(31)
4n-34 | 55(19) | 57(20) 5921 | 61(22) | 63(23) | 65(24) | 67(25) | 69(26) 7127 | 73(28) | 75(29) | 77(30)
4n-32 | 52(18) | 54(19) 56(20) | 58(21) | 60(22) | 62(23) | 64(24) | 66(25) 68(26) | 7027) | 72(28) | 74(29)
4n-30 | 49(17) | 51(18) 53(19) | 55(20) | 5721) | 59(22) | 61(23) | 63(24) 65(25) | 67(26) | 6927) | 71(28)
[M1] [M2] [M3] [M4] [M5] [M6] [M7] [MS8] [M9] [M10] | [M11] | [M12]
4n-28 | 46(16) | 48(17) 50(18) | 52(19) | 5420) | 56(21) | 58(22) | 60(23) 62(24) | 64(25) | 66(26) | 68(27)
4n-26 | 43(15) | 45(16) 47(17) | 49(18) | 51(19) | 53(20) | 55(21) | 57(22) 59(23) | 61(24) | 63(25) | 65(26)
4n-24 | 40(14) | 42(15) 44(16) | 46(17) | 48(18) | 50(19) | 52(20) | 54(21) 56(22) | 58(23) | 60(24) | 62(25)
4n-22 | 37(13) | 39(14) 41(15) | 43316) | 45(17) | 47(18) | 49(19) | 51(20) 53(21) | 55(22) | 57(23) | 59(24)
4n-20 | 34(12) | 36(13) 38(14) | 40(15) | 42(16) | 44(17) | 46(18) | 48(19) 50(20) | 52(21) | 54(22) | 56(23)
4n-18 | 31(11) | 33(12) 35(13) | 37(14) | 3915) | 41(16) | 43(17) | 45(18) 47(19) | 49(20) | 5121) | 53(22)
4n-16 | 28(10) | 30(11) 32(12) | 34(13) | 36(14) | 38(15) | 40(16) | 42(17) 44(18) | 46(19) | 48(20) | 50(21)
4n-14 | 25(9) 27(10) 20(11) | 31(12) | 3313) | 35(14) | 37(15) | 39(16) 41(17) | 43(18) | 45(19) | 47(20)
[M1] [M2] [M3] [M4] [M5] [M6] [M7] [M8] [M9] [M10] | [M11] | [M12]
4n-12 | 22(8) 24(9) 26(10) | 28(11) | 30(12) | 32(13) | 34(14) | 36(15) 38(16) | 40(17) | 42(18) | 44(19)
4n-10 | 19(7) 21(8) 23(9) 25(10) | 27(11) | 29(12) | 31(13) | 33(14) 35(15) | 37(16) | 39(17) | 41(18)
4n-8 16(6) 18(7) 20(8) 22(9) 24(10) | 26(11) | 28(12) | 30(13) 32(14) | 34(15) | 36(16) | 38(17)
4n-6 13(5) 15(6) 17(7) 19(8) 21(9) 23(10) | 25(11) | 27(12) 20(13) | 31(14) | 33(15) | 35(16)
4n-4 10(4) 12(5) 14(6) 16(7) 18(8) 20(9) 22(10) | 24(11) 26(12) | 28(13) | 30(14) | 32(15)
4n-2 7(3) 9(4) 11(5) 13(6) 15(7) 17(8) 19(9) 21(10) 23(11) | 25(12) | 27(13) | 29(14)
4n+0 | 42 6(3) 8(4) 10(5) 12(6) 14(7) 16(8) 18(9) 20(10) | 22(11) | 24(12) | 26(13)
TABLE 2C
RUDOLPH SYSTEM: BORANES AND RELATIVES
T-2C [M1] [M2] [M3] [M4] [M5] [Mé6] [M7] [M8] [M9] [M10] [M11] [M12]
4n+2 1(1) 32 5(3) 7(4) 9(5) 11(6) 13(7) 15(8) 17(9) 1910) | 21(11) | 23(12)
4n+4 0(1) 2(2) 4(3) 6(4) 8(5) 10(6) 12(7) 14(8) 16(9) 18(10) | 20(11)
4n+6 12) 33) 5(4) 7(5) 9(6) 11(7) 13(8) 15(9) 17(10)
4n+8 0(2) 2(3) 4(4) 6(5) 8(6) 10(7) 12(8) 14(9)
4n+10 13) 34) 5(5) 7(6) 9(7) 11(8)
0(3) 2(4) 4(5) 6(6) 8(7)
1(4) 3(5) 5(6)
0(4) 2(5)
TABLE 2D
T-2D
[MI1] [M12] [M13] [M14]
c* 4n-50 99(37) 101(38) 103(39) 105(40)
c» 4n-48 96(36) 98(37) 100(38) 102(39)
c* 4n-46 93(35) 93(35) 95(35) 97(36)
c® 4n-44 90(34) 92(35) 94(36) 96(37)
c* 4n-42 87(33) 89(34) 91(35) 93(36)
c” 4n-40 84(32) 86(33) 88(34) 90(35)
c* 4n-38 82(31) 84(32) 86(33) 88(34)
c” 4n-36 78(30) 80(31) 82(32) 84(33)
c® 4n-34 75(29) 77(30) 79(31) 81(32)
c” 4n-32 72(28) 74(29) 76(30) 78(31)
c's 4n-30 69(27) 71(28) 73(29) 75(30)
Cc 4n-28 66(26) 68(27) 70(28) 72(29)
ct 4n-26 63(25) 65(26) 67(27) 69(28)
ch 4n-24 60(24) 62(25) 64(26) 66(28)
c? 4n-22 57(23) 59(24) 61(25) 63(26)
c! 4n-20 54(22) 56(23) 58(24) 60(25)
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c 4n-18 51(21) 53(22) 55(23) 57(24)
c’ 4n-16 48(20) 50(21) 52(22) 46(19)
ct 4n-14 45(19) 4720) 49(21) 51(22)
c’ 4n-12 42(18) 44(19) 46(20) 4821)
C* 4n-10 39(17) 41(18) 43(19) 45(20)
C 4n-8 36(16) 38(17) 40(18) 42(19)
c 4n-6 33(15) 35(16) 37(17) 39(18)
C? 4n-4 30(14) 32(15) 34(16) 36(17)
C? 4n-2 27(13) 29(14) 31(15) 33(16)
C' 4n+0 24(12) 26(13) 28(14) 30(15)
Cc' 4n+2 21(11) 23(12) 25(13) 27(14)
c' 4n+4 18(10) 20(11) 22(12) 24(13)
Cc? 4n+6 15(9) 17(10) 19(11) 21(10)
c? 4n+8 12(8) 14(9) 16(10) 18(11)
c! 4n+10 9(7) 11(8) 13(9) 15(10)
c? 6(6) 8(7) 10(8) 12(9)
Cc* 3(5) 5(6) 7(7) 9(8)

T-2=TABLE 2, P =PAGE

3.9 Outstanding Derivatives from Table 2
e THE BROAD MEANING OF TABLE 2

The table is extremely important. It represents K(n) values of chemical clusters comprising of a single (n=1)skeletal
element to seventy(n=70) skeletal elements. Let us illustrate this with clusters which have whole number K values
starting from small ones to large ones. The K(n) = 1(1): this will represent all the elements such as O(K=1), K(n) = 1(1);
S(K =1), Se(K =1) and Tein group 6(16) in the periodic table(see Appendix 1). The K(n) =2(1) will be the carbon group
4(14); K(n) = 3(1)—Be group 2(12) or Zn groupl2(see Appendix 2), K(n) = 4(1)—NI group 10 and K(n) = 5(1)—Fe
group 8 in the periodic table(see Appendix 2). The K(n)=1(2) represents clusters such as X,( group 17, X = F, Cl),
My(CO)1o(M=Mn,  Te, Re); CoyCO), Moy(Cp)ACO);2(2)—0,  C2H4,  Rhy(Cp)a(CO)2;3(2)—N,,
CyH2,M05(Cp)2(CO)4;3(3)—C3Hg,  Os3(CO)12;6(4)—CsRy,  My(CO)1n(M=Co, Rh, Ir); 8(5)—BsHo,Fes(C)(CO);s;
9(5)—BsHs"~,Sns"~,085(C0O)16;11(6)—BgHs",Rhs(CO);6, Cos(C)(CO) 14

e CAPPING CONCEPT FROM SERIES ELABORATED

The capping symbol Kp = C’C[Mx] that has been developed is very useful in explain the capping concept. The letter y
(capping index) represents the number of capping skeletal elements outside the cluster nucleus [Mx] (x = nuclear index),
represents the number of the skeletal elements in the nucleus of a cluster. If Table 2 were displayed on a larger space, it
would cover the [Mx] range x=-10 to x = +14 expressed as [M-10] to [M14]. The construction of the table shows that the
un-capped series commence at x= 2 upwards, that is, x>2. However, there are no un-capped series for x<1. Therefore, the
Rudolph concept of correlation of geometrical structures is more meaningful for clusters x>2. A section of Table 2 has been
numerically demarcated and labeled Table 2C(T-2C). If we focus on the closo base-line, S=4n+2 As a reference, then
clusters with genuine skeletal elements in the nucleus commence with [M1]. This means, these will be clusters which have
a single element in the nucleus. This is the foundation of golden clusters referred to as torroidal clusters. According to the
series in Table 2, the starting cluster on the vertical grid-line is numerically represented as [M1], K(n) = 1(1) and belongs to
the CLOSO family of series S = 4n+2. The selected vertical range of K(n) numbers are:

K(n):[M1]SERIES
—1(1)=4(2)—7(3)—10(4)—13(5)— 16(6)—19(7)—22(8)—25(9)—28(10)—31(11)—34(12)—37(13).

Let us look at the following golden clusters: AucLs’: K(n) = 16(6), S= 4n-8, Kp = C’C[M1]; AugL,*": K(n) =
22(8),S=4n-12, Kp = C'C[M1]; AuoLg’": K(n) = 25(9), S = 4n-14, Kp = C’C[M1]; AuyoLsR4: K(n) = 28(10), S =4n-16,
Kp = C’C[M1];Au;(ChLs™": K(n) = 28(10), S=4n-16, Kp = C’C[M1]; AuyL,°": K(n)= 31(11), S = 4n-18,
Kp=C'°C[M1]. All these clusters belong to the [M1] SERIES, that is, they belong to GROUP [M1] CLUSTERS. As
mentioned earlier, these clusters are referred to as torroidal clusters (Mingos, 1984).

According to Table 2, the genuine un-capping series commences from [M2] and increases in the sequence [M3] —[M4]
—[M5] -[M6]—->[M7]—-[M8]—[M9I]—[M10]—-[M11]—[M12]. If we use [M6] to illustrate capping, there will be
un-capping series below it as can be seen from Table 2C. The clusters below [M6] can be regarded as ‘build-up’ clusters
before reaching [M6] closo base-line. When we reach [M6], then we reach a zero capping base line, Kp = C’°C[M6].
Moving vertically along [M6], then we get capped clusters of an octahedral nucleus. This idea of capping based on an
octahedral nucleus can be illustrated in Schemes SC-5 and SC-6 and the Grid-line SC-7(BLUE LINE). The scheme
SC-7 also indicates the capping series of [M2] (GREEN LINE) and [M1] (ORANGE LINE) series.
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S =4n+6
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8(5)

@ )

S=4n+4

23(10)
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S = 4n-6, Kp = C*C[M-6]

14(7)

S =4n+0, Kp= C'C[M-6]

T

11(6)
S=4n+2

26(11)

S = 4n-8, Kp = C5C[M-6]
SC-5
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17(8)

S = 4n-2,Kp =C2C[M-6]

l

20(9)

S =4n-4, Kp = C3C[M-6]

29(12)

S = 4n-10, Kp = C6C[M-6]
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SC-6
e CATEGORIZATION OF CLUSTERS BASED ON CLOSO GRID-LINES

Let us illustrate this by monitoring some of the K(n) values based on the CLOSO VERTICAL LINE [M6], K(n) = 11(6),
S = 4n+2. We can simply refer to this as [M6] gridline. This is indicated in BLUE in the scheme SC-5. The vertical
numerical sequence starting with [M6], will be K(n) = {11(6),4n+2, Kp = C°C[M6]}; {14(7), 4n+0, Kp= C'C[M6];
{17(8);4n-2, C*C[M6]}, {20(9),4n-4, C’C[M6]}, and so on. We may call all these clusters which line up on [M6]
grid-line as CLUSTER GROUP 6. If we include clusters below [M6], S= 4n+2 base-line, then we will create Rudolph
type of correlation. The cluster series below [M6] will include,{8(5), 4n+4, C'C[M6], nido clusters}, {5(4), 4n+6,
C?C[M6], arachno clusters}, {2(3), 4n+8,C>C[M6], hypho clusters} and so on. The horizontal movement below [M6],
we get [M5], this corresponds to S = 4n+2 and K(n) = 9(5). The borane closo cluster that corresponds to this point is
BsHs*~. The numerical movement upwards from 9(5), we get 12(6), 15(7), 18(8), 21(9), and so on. We can refer to
these clusters as GROUP 5 clusters, [M5]. Continuing the horizontal movement left-wise, we get [M4], 7(4), S =4n+2;
then [M3], 5(3), 4n+2; [M2], 3(2), 4n+2. It has been found that a good range of golden clusters belong to GROUP 2,
[M2]. Accordingly, their vertical [M2] numerical series will be; 3(2), 6(3), 9(4), 12(5), and so on. The group 2 clusters
lie along the grid-line shown in GREEN in SC-7. These golden clusters which are [M2]-based have been referred to as
SPHERICAL while those which are [M1]-based with a single element in the nucleus were referred to as TORROIDAL
(Mingos, 1984). A good example of spherical golden cluster is AuoLg': K=9[3.5]-8+0.5 =24,K(n) = 24(9), S = 4n-12,Kp
= C’C[M2]. On the other hand the cluster of the same nuclearity index, AusLs>": has a K value 25, K(n) = 25(9), S =
4n-14, Kp =C8C[M1] is described as torroidal. The transformation from AugLgto AugLg’* results in the increase in K
value by 1. The increase in K value of a capping cluster by 1 results in the increase of the corresponding skeletal
elements by 1. That additional capping element is extracted from the nucleus. Hence, the [M2] (two skeletal elements in
the nucleus) now becomes [M1] (one skeletal element in the nucleus). The group 2 clusters lie along the [M1] orange
grid-line in SC-7.

3.10 Categorization of Un-Capping Series

This is simply the categorization of clusters below the closo [M6] grid-line (SC-7). The closo cluster [M6], S = 4n+2, n
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=6, K=2n-1 =2(6)-1 = 11, K(n) = 11(6), Kp = C’C[M6]. If we use the grid-line SC-7 as a reference, upward movement
by one step gives K(n) = 14(7), S = 4n+0, Kp = C'C[M6]. This will be a mono-capped octahedron. The next movement
upwards by another one step will give us K(n) =17(8), S = 4n-2, Kp = C*C[M6]. This is a bi-capped octahedron. Let us
consider the movement downwards (opposite direction) on [M6] grid-line. This is numerically expressed as K(n) =
11(6){S = 4n+2, Kp = C°C[M6]}—8(5){S = 4n+4, Kp = C'C[M6], nido series}; the next movement from nido series
by one step will give us K(n) = 5(4), S = 4n+6, Kp = C*C[M6], arachno series}. Since the movement is downwards
from the closo base-line, the use of the negative capping index, C"' and C? makes sense. Thus, we can categorize both
the capping and de-capping clusters using the capping symbol Kp = C*C[Mx], where y can have positive or negative
values. A selected sample of clusters categorized like this is shown in Table 3.

.
h | 1; 1 i A 1 1
CT
o -
cs -
C4
CB
CZ
ct >
co 7T = I
4 3 2 a0 L@ s 4 s Q{ 7 g 10
Mn
a1y -7 IM2] IMAT (M}
SC-7
Table 3. Selected Examples Illustrating the Concept of Categorizing Clusters into their Closo Nuclearity Index
CLUSTER K(n) SERIES NAME, Kp =C*C[Mx] [Mx]
Pdso(CO)s,Lo, 183(59) 4n-130 C*C[M-7] [M-7]
Pdes(CO)asLi6 203(66) 4n-142 C"*C[M-6] [M-6]
Pds,(CO)36L14 158(52) 4n-108 C¥C[M-3] [M-3]
Pds4(CO)soL14 162(54) 4n-108 C¥C[M-1] [M-1]
Pd3(CO)sL16 117(39) 4n-78 C*C[M-1] [M-1]
Pd;(CO);L, 5(3) 4n+2 C°C[M3](closo) [M3]
Pdy(CO)sL, 7(4) 4n+2 C°C[M3](closo) [M3]
Augly 10(4) 4n-4 C’cMI] [M1]
AugLe® 16(6) 4n-8 C’C[M1] [M1]
AueL,Cl, 16(6) 4n-8 C°’C[M1] [M1]
AL, 22(8) 4n-12 C'C[M1] [M1]
AuwgLg™” 25(9) 4n-14 Cc'cM1] [M1]
Auy Ly’ 31(11) 4n-18 C'°C[M1] [M1]
Pd34(CO)li, 100(34) 4n-64 C¥C[M1] [M1]
Res(C)(H)(CO),,* 12(5) 4n-4 C’CM2] [M2]
AugLg" 24(9) 4n-12 C'C[M2] [M2]
0s7(CO)3¢~ 48(17) 4n-28 CC[M2] [M2]
Pds5(CO)asL 15 102(35) 4n-64 C¥C[M2] [M2]
Pd3,(CO)xL1> 108(37) 4n-68 C¥C[M2] [M2]
B,H, 2(2) 4n+4 C'C[M3] [M3]
Re,H,(CO)s 2(2) 4n+4 C'C[M3] [M3]
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Re,Hy(CO)y, 8(4) 4n+0 C'C[M3] [M3]
0s,(CO)y 1(2) 4n+6 C>C[M4] [M4]
Re;H;(CO) o™ 4(3) 4n+4 C'C[M4] [M4]
B,H,* 7(4) 4n+2 C'C[M4] [M4]
Pds(CO).L; 13(6) 4n-2 C’C[M4] [M4]
Pt;o(CO)," 52(19) 4n-28 C"*C[M4] [M4]
Pd;6Niy(CO) L 55(20) 4n-30 C'°C[M4] [M4]
(Au)Pdy(CO)y0Ls*" 64(23) 4n-36 C”C[M4] [M4]
Pd»;(CO)xLg 64(23) 4n-36 C”C[M4] [M4]
PdysPtisLis 118(41) 4n-72 C'C[M4] [M4]
AusoLi4Clg" 120(39) 4n-84 C*CIM4] [M4]
0s5(C0O),, 3(3) 4n+6 CC[M5] [M5]
B;H, 3(3) 4n+6 C?C[M5] [M5]
0s4(CO)14 6(4) 4n+4 C'C[M5] [M5]
Os, Hy(CO),,~ 6(4) 4n+4 C'C[M5] [M5]
Rhy(CO),, 6(4) 4n+4 C"'C[M5] [M5]
Re Hy(CO) 5> 6(4) 4n+4 C'C[M5] [M5]
B,Hy 6(4) 4n+4 C"'C[M5] [M5]
CB4Hjo 9(5) 4n+2 C"C[M5] [M5]
B;C,H;s 9(5) 4n+2 C°C[M5] [M5]
0ssH(CO),5° 9(5) 4n+2 C°C[M5] [M5]
0s4(CO);5 12(6) 4n+0 C!Cc[M5] [M5]
0510(C)(CO)q 24(10) 4n-8 C°C[M5] [M5]
Rh4(CO),s5*" 36(14) 4n-16 C°C[M5] [M5]
Rh;5(CO),> 39(15) 4n-18 C'°C[M5] [M5]
Pd;6(CO)15Lo 42(16) 4n-20 C'"'C[M5] [M5]
Rh;7(CO)50> 45(17) 4n-22 C"’C[M5] [M5]
Rhy,(CO)3,* 60(22) 4n-32 C'"C[M5] [M5]
054(CO)15 5(4) 4n+6 CC[M6] [M6]
B,H,, 5(4) 4n+6 CC[M6] [M6]
OssH,(CO) 5 8(5) 4n+4 C'C[M6] [M6]
B,Hg(CoCp) 8(5) 4n+4 C"'C[M6] [M6]
B;sH, 8(5) 4nt+4 C'C[M6] [M6]
B,HsFe(CO); 8(5) 4n+4 C"'C[M6] [M6]
0s4(CO),~ 11(6) 4n+2 C"C[M6] [M6]
RhsPt(CO), s 11(6) 4n+2 C°C[M6] [M6]
Re,C(CO) o~ 11(6) 4n+2 C"C[M6] [M6]
B,C,H, 11(6) 4n+2 C°C[M6] [M6]
Pd;(CO),L, 14(7) 4n+0 C'CcMe6] [M6]
0s7(CO),, 14(7) 4n+0 C'C[M6] [M6]
Rh(CO)6*" 14(7) 4n+0 C'C[M6] [M6]
Re;C(CO), > 14(7) 4n+0 C'C[M6] [M6]
Pdg(CO)sL; 17(8) 4n-2 C*C[M6] [M6]
ResC(CO)y* 17(8) 4n-2 C*C[M6] [M6]
Os5(CO)p™ 17(8) 4n-2 C*C[M6] [M6]
0s,H(CO),, 20(9) 4n-4 C’C[M6] [M6]
Rhe(CO)o™ 20(9) 4n-4 C*C[M6] [M6]
0s,0(CO)s6™ 23(10) 4n-6 C*'C[M6] [M6]
Rh;o(CO)s ™ 23(10) 4n-6 C'CIM6] [M6]
0s,H,(C)(CO),4 23(10) 4n-6 C*C[M6] [M6]
Rh3(CO),,H,* 32(13) 4n-12 C’C[M6] [M6]
Pd;Niy(CO)sL> 53(20) 4n-26 C"C[M6] [M6]
Pd,3(CO)xL10 62(23) 4n-32 C'"C[M6] [M6]
Pty4(CO)30* 65(24) 4n-34 C'*C[M6] [M6]
Pdao(CO)asLr 80(29) 4n-44 C*C[M6] [M6]
HPd30(CO)a6L 1o 83(30) 4n-46 C*C[M6] [M6]
AuyPdy(CO)s6Lig 83(30) 4n-46 C*C[M6] [M6]
Pt35(CO)u™ 107(38) 4n-62 C¥C[M6] [M6]
Pds; Nig(CO), Le" 119(42) 4n-70 C*C[M6] [M6]
PdgNizo(CO)ys® 125(44) 4n-74 C¥C[M6] [M6]
Niss Pto(CO)us & 125(44) 4n-74 C*C[M6] [M6]
Nisg Pts(CO)y H 125(44) 4n-74 C*¥C[MS6] [M6]
054(CO);6 4(4) 4n+8 C3C[M7] [M7]
0s5(CO);g 7(5) 4n+6 C2C[M7] [M7]
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Rhs(CO),5” 7(5) 4n+6 C*C[MT] [M7]
BsH), 7(5) 4n+6 C*C[M7] [M7]
BeH,o 10(6) dn+4 C'CIM7] [M7]
0s;H,(CO)y9 13(7) 4n+2 C°C[M7] [M7]
0510(C)(CO)y* 22(10) 4n-4 C’C[M7] M7]
Pdio(CO)1oLs 22(10) 4n-4 C’C[M7] [M7]
Rh;,(CO)»s™ 25(11) 4n-6 C*CIM7] [M7]
PdsNis(CO)7Lo 46(18) 4n-20 C'"'C[M7] [M7]
Ni4 Pt;o(CO)30 " 64(24) 4n-32 C'"C[M7] [M7]
AuyPdy5(CO)pLis 88(32) 4n-48 C*C[M7] [M7]
AuPds(CO)yL 4 100(36) 4n-56 C¥C[M7] [M7]
Pd36(C)(CO)pL 1y 100(36) 4n-56 C¥C[M7] [M7]
Nipy Pt;4(CO)y 106(38) 4n-60 CY'C[M7] [M7]
0ss(CO);9 6(5) 4n+8 C3C[MS] [M8]
0s4(CO),, 9(6) 4n+6 C?C[MS] [M8]
CBsH,, 9(6) 4n+6 C2C[MS] [M8]
B¢H), 9(6) 4n+6 C2C[MS] [M8]
BsCoHy 15(8) 4n+2 C'C[MS] [M8]
RhgC(CO);o 15(8) 4n+2 C°C[MS] [M8]
B:H,, 14(8) 4n+4 C'C[M9] [M9]
RheP(CO),,* 16(9) 4nt+4 C'C[M9] [M10]
BioH o> 19(10) 4n+2 C°C[M10] [M10]
BiH), 18(10) 4n+d c'cMI1] [M11]
SBoH|; 18(10) 4n+4 c'cMI1] M11]
Aug Nizp(CO)yy 102(38) 4n-52 CY'C[M11] [MI11]
B:H s 11(8) 4n+10 C*C[MI12] [M12]
B,C,H,, 20(11) 4n+d C2C[MI12] [M12]
B,H,» 23(12) 4n+2 C°C[M12] [M12]
BiCH 23(12) 4n+2 C°C[M12] [M12]

e THE EXISTANCE OF THE NUCLEUS IN CAPPING CLUSTERS

All the capped clusters with a CLOSO nucleus are expressed as Kp = C’C[Mx](x= nuclear index, y= capping index).
Using the series method, a wide range of clusters have been found to possess CLOSO nuclei in capping clusters. For
instance, the cluster Ru6Pd6(CO)242_; K(n) = 29(12), S = 4n-10, Kp = C°C[M6] was found to have a distorted
octahedral nucleus of palladium skeletal elements capped by six ruthenium skeletal elements (Brivio, et al, 1994). Let
us consider the giant cluster NisgPtg(CO)4s(H)’™: K =125(44), S = 4n-74, Kp =C**C[M6]. The series analysis tells us
that this huge cluster has an octahedral nucleus surrounded by 38 capping elements. In actual fact, it was found that the
octahedral nucleus comprised of platinum elements surrounded by 38 nickel skeletal elements by x-ray analysis (Rossi,
Zanello, 2011). The golden clusters, AugL,*": K =8[3.5]-7+1 = 22, K(n) = 22(8), S =4n-12, Kp = C'C[M1], AusLs’":K
=9[3.5]-8+1.5 = 25, K(n) = 25(9), S =4n-14, Kp = C*C[M1], and Au,ChL": K =10[3.5]-1.5-6+0.5 =28, K(n) =
28(10),S = 4n-16, Kp = C’C[M1] were found to possess mono-skeletal nuclei as predicted by the series
method(Mingos,1984).

e A SET OF ALL CLUSTERS WHICH POSSESS K(n) VALUES

Let us take K(n) =11(6) as an illustration. With the help of skeletal numbers, the clusters with K(n)=11(6) are readily
identified. The Table 4 gives a sample of about 50 clusters identified in this way. Many more can be added to the table.
The K(n) parameter acts as a ‘car-park’ in which clusters of n skeletal elements and same K values can be
accommodated endlessly. This implies that each K(n) parameter in the CLUSTER TABLE represents a large number of
clusters known and unknown. As for the ideal skeletal shapes and their isomers, in the case of K(n)=11(6)—octahedral,
9(5)—trigonal bipyramid, 8(5)—square pyramid and 6(4) —tetrahedral.
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Table 4. Selected sample of clusters with an ideal octahedral symmetry (Oy)

K(n)=11(6)
CLUSTER K K(n) SERIES, | VALENCE CLASSIFICATION
S ELECTRONS, Ve

1 | Os4(CO)* 6[5]-18-1=11 11(6) 4n+2 14n+2=14(6)+2=86 CLOSO, C"C[M6]
2 | Osg(H)(CO)is~ 11 11(6) 4n+2 14n+2=14(6)+2=86 CLOSO, C°C[M6]
3 | Rhe(CO)ys 6[4.5]-16=11 11(6) 4n+2 14n+2=14(6)+2=86 CLOSO, C°C[M6]
4 | BeH” 6[2.5]-3-1=11 11(6) 4n+2 An+2=4(6)+2=26 CLOSO, C"C[M6]
5 | (CoCp);B;Hs 3[4.5-2.5]+3[2.5]-2.5=11 11(6) 4n+2 26+3[10]=56 CLOSO, C"C[M6]
6 | C,B4H, 2[21+4[2.5]-3 =11 11(6) 4n+2 An+2=4(6)+2=26 CLOSO, C°C[M6]
7 | B4H(CoCp), 4[2.5]+2[4.5-2.5]-3 =11 11(6) 4n+2 26+2[10]=46 CLOSO, C°C[M6]
8 | CB;HsFe(CO)s 2[2]+3[2.5]+1[5]-2.5-3=11 | 11(6) 4n+2 26+1[10]=36 CLOSO, C"C[M6]
9 | Rug(C)(CO); 6[5]-2-17=11 11(6) 4n+2 14n+2=14(6)+2=86 CLOSO, C"C[M6]
10 | Irg(CO)y6 11 11(6) 4n+2 14n+2=14(6)+2=86 CLOSO, C°C[M6]
11 | Cos(CO);3(NY 6[4.5]-13-2.5-0.5 =11 11(6) 4n+2 14n+2=14(6)+2=86 CLOSO, C°C[M6]
12 | Rue(CO)7(BY 6[5]-17-1.5-0.5=11 11(6) 4n+2 14n+2=14(6)+2=86 CLOSO, C"C[M6]
13 | Rug(C)(CO)i6> 6[5]-2-16-1=11 11(6) 4n+2 14n+2=14(6)+2=86 CLOSO, C"C[M6]
14 | Ru(C)(CO);7 6[5]-2-17=11 11(6) 4n+2 14n+2=14(6)+2=86 CLOSO, C°C[M6]
15 | Fes(N)(CO)5™ 6[5]-2.5-15-1.5=11 11(6) 4n+2 14n+2=14(6)+2=86 CLOSO, C°C[M6]
16 | Cog(C)(CO) 5~ 6[4.5]-2-13-1=11 11(6) 4n+2 14n+2=14(6)+2=86 CLOSO, C'C[M6]
17 | Feg(C)(CO)16> 6[5]-2-16-1=11 11(6) 4n+2 14n+2=14(6)+2=86 CLOSO, C°C[M6]
18 | SFe,Ru3(CO);4> 1[1142[5]+3[5]-14-1=11 11(6) 4n+2 26+3[10]=56 CLOSO, C°C[M6]
19 | Se;Mny(CO)p,> 2[11+4[5.5]-12-1 =11 11(6) 4n+2 26+4[10]=66 CLOSO, C"C[M6]
20 | Te,Ruy(CO) " 2[1]+4[5]-10-1=11 11(6) 4n+2 26+4[10]=66 CLOSO, C'C[M6]
21 | Te,Ruy(CO)y; 2[11+4[5]-11=11 11(6) 4n+2 26+4[10]=66 CLOSO, C°C[M6]
22 | RuH(CO)5 6[5]-0.5-18-0.5 =11 11(6) 4n+2 14n+2=14(6)+2=86 CLOSO, C°C[M6]
23 | Reg(C)(CO) 1™~ 11 11(6) 4n+2 14n+2=14(6)+2=86 CLOSO, C"C[M6]
24 | Reo(C)(CO)o(H)~ 11 11(6) 4n+2 14n+2=14(6)+2=86 CLOSO, C"C[M6]
25 | Reg(C)(CO) 5™~ 11 11(6) 4n+2 14n+2=14(6)+2=86 CLOSO, C°C[M6]
26 | Reg(C)(CO)5(H)~ 11 11(6) 4n+2 14n+2=14(6)+2=86 CLOSO, C°C[M6]
27 | Rh(CO);5(C )*~ 11 11(6) 4n+2 14n+2=14(6)+2=86 CLOSO, C°C[M6]
28 | RusPd(C)(CO);6 11 11(6) 4n+2 14n+2=14(6)+2=86 CLOSO, C"C[M6]
29 | RusCo(C)(CO)6~ 11 11(6) 4n+2 14n+2=14(6)+2=86 CLOSO, C°C[M6]
30 | Ruy(H)Cox(C)(CO)s~ | 11 11(6) 4n+2 14n+2=14(6)+2=86 CLOSO, C°C[M6]
31 | Rug(CO) ¢~ 11 11(6) 4n+2 14n+2=14(6)+2=86 CLOSO, C"C[M6]
32 | Nig(CO),~ 11 11(6) 4n+2 14n+2=14(6)+2=86 CLOSO, C"C[M6]
33 | GegR, 11 11(6) 4n+2 An+2=4(6)+2=26 CLOSO, C°C[M6]
34 | C3BsH; 11 11(6) 4n+2 An+2=4(6)+2=26 CLOSO, C°C[M6]
35 | Cog(CO)ss 11 11(6) 4n+2 14n+2=14(6)+2=86 CLOSO, C"C[M6]
36 | RhyFey(B)(CO)is~ 11 11(6) 4n+2 14n+2=14(6)+2=86 CLOSO, C"C[M6]
37 | CBsH; 11 11(6) 4n+2 An+2=4(6)+2=26 CLOSO, C°C[M6]
38 | (CoCp)C,B;Hs 11 11(6) 4n+2 4n+2=4(6)+2+1[10]=36 | CLOSO, C°C[M6]
39 | Ir(CO)5*— 11 11(6) 4n+2 14n+2=14(6)+2=86 CLOSO, C"C[M6]
40 | Pty(CO)>~ 11 11(6) 4n+2 14n+2=14(6)+2=86 CLOSO, C"C[M6]
41 | Ruy(CO)L, 11 11(6) 4n+2 14n+2=14(6)+2=86 CLOSO, C°C[M6]
42 | Fe,Rhy(CO)i— 11 11(6) 4n+2 14n+2=14(6)+2=86 CLOSO, C°C[M6]
43 | FeRhs(CO);6~ 11 11(6) 4n+2 14n+2=14(6)+2=86 CLOSO, C"C[M6]
44 | RhsPt(CO);s~ 11 11(6) 4n+2 14n+2=14(6)+2=86 CLOSO, C"C[M6]
45 | FesRh(N)(CO);s*~ 11 11(6) 4n+2 14n+2=14(6)+2=86 CLOSO, C°C[M6]
46 | Rug(C)(CO)6(L) 11 11(6) 4n+2 14n+2=14(6)+2=86 CLOSO, C°C[M6]
47 | Fe,Rhy(N)(CO);s~ 11 11(6) 4n+2 14n+2=14(6)+2=86 CLOSO, C"C[M6]
48 | FesIr(N)(CO);5°— 11 11(6) 4n+2 14n+2=14(6)+2=86 CLOSO, C"C[M6]
49 | RhyOs4(CO);s 11 11(6) 4n+2 14n+2=14(6)+2=86 CLOSO, C°C[M6]
50 | Nig(CO)3 11 11(6) 4n+2 14n+2=14(6)+2=86 CLOSO, C°C[M6]
51 | Cos(C)(CO)*™ 11 11(6) 4n+2 14n+2=14(6)+2=86 CLOSO, C'C[M6]

IDENTICAL OR SIMILAR GEOMETRY

Taking the K(n) =11(6) example, the ideal shape of this parameter is O, symmetry. This is sketched in Figure F-1.
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K=11

K(n) = 11(6); S =4n+2

IDEAL OCTAHEDRAL SKELETAL SHAPE BASED ON 4n SERIES
F-1

However, in special cases, K-isomerism occurs and a different shape with the same K value is observed. A good
example is H,Os4(CO)g; K(n) = 11(6) which portrays a capped square pyramid shape as sketched in Figure F-2
(Hughes and Wade, 2000).

K=11

e CLUSTER INTERCONVERSIONS

Let us remain with K(n) =11(6) as an example. This parameter belongs to S =4n+2(CLOSO) series. If we need to
determine the borane equivalent of the series, then we use the [BH] fragment which has a content of 4 electrons which
will replace the [4] position in the series formula and then n =6 and 2 will be the 2 electrons for closo systems. Hence,
the borane cluster will be given by FB=[BH](6)+2e = BgHs" . In order to derive the osmium equivalent cluster, we have
to use the [14] electron content. Thus, S = 14n+2; Fo,=[0s(CO);](6)+2¢ =0s(CO);5> . We can also use it to derive the
rhodium analogue: Fg, = [Rh(H)(CO),](6)+CO =Rh¢(H)s(CO),,+CO=Rh4(CO)3(CO),,+CO = Rhy(CO)¢. The clusters,
B6H62_, Os6(CO)182_ and Rhg(CO);4 are well known (Housecroft & Sharpe, 2005) .In the case of rhenium, Fp. =
[Re(H)(CO);3](6)+CO = Reg(H)s(CO),15+CO =Reg(CO);(CO) 15+CO=Res(CO)y,. One of the rhenium octahedral clusters
has the formula Reg(C)(CO);o>~ ( Hughes & Wade, 2000). According to the series method, this is the same as
Reg(CO),, . What about Zintl clusters? Consider group 14 cluster such as lead: Fp, =4n+2 = [Pb](6)+2¢ =Pbs" . What
type of ideal Zintl cluster of bismuth with K(n) =11(6) can we expect? In this case, we have to remove ONE electron
from bismuth to conform to a 4n electron system. Hence, Bi-le = Bi". Applying the series formula, S =4n+2(n=6); Fg; =
[Bi'](6)+2e =Bis**+2e =Bi¢"". This cluster has the K value =6[1.5]+2 = 11; K(n) =11(6). Most of the information we can
derive from the K(n) parameter is summarized in the sketch shown in Figure SC-8.

e CLUSTER VALENCE ELECTRONS

The calculation of cluster number K has already been explained in the chemical clusters CC-1 to CC-15 as well as in the
examples given in Table 2. The skeletal numbers of elements are obtained from the appendices 1 and 2. When the K
value and the number of skeletal elements are known, then this gives us the K(n) parameter of the cluster from which
the series formula is derived as summarized in the scheme SC-2 (page 14). The valence electrons of the cluster are
directly calculated using the same series equation S = 4n+q [Ve = 4n+q] for the main group element clusters or Ve =
14n+q for transition metal clusters]. When the cluster comprises of both main group and transition metal elements, the
calculation is adjusted to take into account the presence of transition metal elements due to the isolobal series
relationship [S =4n+q « S =10n+q] observed in previous work (Kiremire, 2015C).

(@) BegHs : K =6[2.5]-3-1=11;K(n) = 11(6), K = 2n- % q = 11=2(6)- 4 q, Yo q = 12-11 = 1, q =2; S= 4n+q = 4n+2.
Fortunately, the number of cluster valence electrons (Ve) is directly obtained by using the same series formula
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by simply substituting the value of n in the series formula. In this case, n = 6 (number of boron skeletal
elements) and hence, Ve =4(6)+2 = 26. This number of cluster valence electrons can be checked from the
valence electrons calculated from the cluster formula itself; thus VF = 6[3]+6(1)+2 =18+6+2 = 26. In case of
transition metal clusters, S = 14n+q and the cluster valence electrons will be given by Ve = 14n+q. This is
illustrated in the following example of the osmium cluster.

(b) Os¢(CO)15°: K=6[5]-18-1=11, K(n)=11(6), S=4n+2, Ve = 14n+2 = 14(6)+2 = 86. This value can be compared
to the value obtained from the cluster formula, VF = 6[8] +18(2) +2 = 86. The following example is a boron
cluster with one metal skeletal element. The series formula is derived in the usual way and the valence
electrons are determined by making an adjustment of one transition metal atom.

(¢) B,Hg(CoCp): K=4[2.5]-4+1[4.5-2.5] =8, K(n) =8(5), S =4n+4; Ve = 4n+4+1[10] =4(5)+2+10 = 32

(d) P,Coy(CO)s: K =2[1.5]+2[4.5]-6 = 6;n = 2+2 = 4; K(n) = 6(4); K=2n- Y2 q=6=2(4)- 2q, 2 q=4; hence S =
4n+4. In this example, the cluster valence electrons will be calculated by assuming that all the skeletal
elements are main group elements, Ve = 4n+4+2[10] = 4(4) +4+20 = 40. Thus, the adjustment for the 2
transition metals is taken into account, giving us Ve =20+20 = 40. This value can be checked from the
calculation using the cluster formula, VF = 2[5] +2[9]+6(2) = 10+18+12 = 40.

e LIGAND DISTRIBUTIONS

Skeletal numbers are very useful in the distribution of ligands among skeletal elements. This concept has been applied
in many examples in this paper. Other examples can be found in literature (Kiremire, 2016b, 2017).

e DOUBLE MEANING OF K(n)

Ex-3: Let us consider Oss(CO);s*~ example; K =6[5]-18-1= 11;K(n) = 11(6), S=4n+2. The parameter K(n) = 11(6)
represents an octahedral shape. This means the skeletal elements are linked by 11 lines as in F-1. At the same time, it
represents the number of electron pairs that will decompose the cluster into mono-skeletal fragments each of which will
obey the 18 electron rule. This is illustrated in equation (i).

+11CO
Os6(CO)1g27 ——> 086(CO)20> — > 0s6(CO)s0o —=  6[0s(CO)s]

Thus 6 complexes of Os(CO)s are generated each of which obeys the 18 electron rule. This principle applies to even
huge clusters. Let us consider Pd;7(CO)sL1»: K = 108(as calculated above):K(n) =108(37); S=4n-74, Kp =C*C[M2].
According to the series method, the giant cluster of 37 skeletal elements is bound by 108 skeletal linkages. It also has a
nucleus of two skeletal elements [M2] surrounded by 35 capping skeletal elements. This cluster, according to the series
method, requires 108 electron pairs to be dismantled into individual mono-skeletal fragments each of which obeys the
18 electron rule. Since the CO ligand and L each donates 2 electrons to the skeletal elements, they are regarded as being
equivalent. For simplicity, let us represent all of them by CO ligands. Then the cluster can be written as Pd;,(CO)s.
Since each: CO ligand is 1 electron pair donor, then K=108 will be equivalent to 108 CO ligands. This is illustrated in
equation (ii).
+108 CO
Pd37(CO)a0 ——————> Pd37(CO)148 ——— 37[Pd(CO)4]

In this example, the addition of 108 CO ligands to the cluster results in the formation of 37 fragments of [Pd(CO)4] each
of which obeys the 18 electron rule.

Since each CO ligand carries a pair of electrons for donation as a ligand, then in the case of rhodium cluster, Rh(CO);6
+ 11CO—Rh4(CO),7—6[Rh(CO),45]. Each fragment Rh(CO), 5 obeys the 18 electron rule. Consider the cluster system:
Te,Ru4(CO);; + 9CO+4H—4[Ru(CO)s] + 2TeH,. In this example, Ru(CO)s obeys the 18 electron rule while TeH,
molecule obeys the 8 electron rule. The 9CO +4H donate an equivalent of 11 pairs of electrons when acting as ligands.
Let us consider the last example BeHs™+ 112H)— BeHys? ™ =BsH;30—6[BH;s]. The fragment BH; obeys the 8 electron
rule. In general, based on series analysis, the k(n) parameter represents both the number of k linkages that bind a cluster
of n skeletal elements on one hand, and a shortage of k electron pairs needed for each of the skeletal elements
concerned to attain a noble gas configuration, on the other hand.

e  Summary of information derived from k(n) parameter

Most of the important information that can be derived from the K(n) parameter is summarized in Figure SC-8. This
includes, among others, the type of series, the cluster valence electrons, the possible shape of a cluster, and so on.
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3.11 The Diagonal Series and the Shrinking Nucleus

The diagonal series of clusters are also very interesting. Let us consider Rh4(CO);¢ as an illustration. This cluster as we
know has an octahedral symmetry with K(n)=11(6) parameter. It is a family member of the closo series, S=4n+2. Its
cluster valence electrons are given by Ve = 14n+2 = 14(6) +2 = 86. If we remove a CO ligand we will get Rhg(CO);5
with a K(n) =12(6). This belongs to the series S =4n+0 with Kp = C'C[M5]. Its cluster valence electron content is given
by Ve = 14n+0 = 14(6)+0 = 84. The removal of the next CO ligand we will get Rhs(CO),4 with a corresponding K(n)
value of 13(6). This belongs to the series S = 4n-2 with Kp = C?*C[M4]. The cluster valence content will be Ve = 14n-2
= 14(6)-2 = 82. The cluster becomes a bi-capped closo tetrahedron. The next cluster will be Rhg(CO);3 with K(n) =
14(6). The corresponding series for this is S = 4n-4. This cluster will have a capping symbol Kp = C*C[M3]. This is a
tri-capped closo triangle. The next cluster of the series is Rhg(CO);,. This has a K(n)parameter of 15(6). It belongs to
the series S =4n-6, Kp = C*C[M2]. According to the series, the cluster will have 2 of its skeletal elements in the nucleus
and 4 capping skeletal elements. The next fragment is Rhg(CO);;with K =16. Its cluster parameter is K(n) = 16(6). Its
cluster series will be S = 4n-8 and Kp = C’C[M1]. This is a cluster with a single skeletal element at the nucleus with 5
capping skeletal elements. The entire sequence of K(n) numbers will be:
11(6)[Rhs(CO)16 ]—12(6)[Rhs(CO)15]—13(6)[ Rhs(CO)14]—>14(6)[Rhs(CO)13]—15(6)[ Rhe(CO)12]—16(6)[ Rho(CO) 1]
—17(6)[Rh(CO)10]—18(6)[Rhs(CO)y  ]—19(6)[Rhs(CO)s]—20(6)[Rhe(CO)7]—21(6)[Rhs(CO)s]—22(6)[Rhe(CO)s]—
23(6)[Rhg(CO)4]—24(6)[Rhs(CO)3]—25(6)[Rhe(CO),]1—26(6)[Rhs(CO);]—=27(6)  [Rhe(CO)o][S =4n-30]. These
diagonal K(n) numbers are highlighted in RED in Table 2 and converted into series in Table 5. This movement
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involving the removal of a co ligand step-wise may be described as stripping series. In the stripping series Kp =
CYC[Mx], both the nuclear index x and the capping index y change as we move from one step to the next. We also
notice that as y increases, X decreases and vice versa. In the example of the octahedral cluster Rhg(CO)y5, the nuclear
index x goes from 6 to O where all the 6 rhodium skeletal elements are capped. These changes are diagrammatically
expressed in figure SC-17 below. Using the rhodium carbonyl cluster, Rhs(CO);4 as a reference for illustration, the
cluster is a member of the CLOSO family, S = 4n+2, K(n) = 12(6) and Kp = C’C[M6]. This is a ‘borderline’ cluster with
zero capping skeletal element. When a CO ligand is removed via stripping, it becomes Rh(CO);5, K = 12(6), Kp =
C'C[M5]. This represents a mono-capped trigonal bipyramid geometry. The next stripping of a CO ligand creates, Kp =
C°C[M4] which is a bi-capped tetrahedral cluster. The next stripping gives us Kp = C*C[M3] cluster which is a
triangular tri-capped cluster. This is followed by a tetra-capped cluster with a two bi-skeletal nuclear cluster, Kp =
C*C[M2]. Further stripping generates Kp = C°’C[M1] which is a penta-capped mono-skeletal nuclear cluster. The next
stripping creates a cluster Kp = C°C[MO0] where all the skeletal elements are capping and the nucleus is empty.

Blackholes in the Nucleus and Ghost Skeletal Elements

Further stripping creates clusters with negative nuclear indices. Thus, the cluster number 8 in Table 5, Rhs(CO)o: K(n) =
18(6), Kp = C'C[M-1]; shows that it has 7 capped skeletal elements. However in reality, the cluster has 6 skeletal
elements not 7. Hence, we can regard the seventh elements as fictitious and just a creation of the series. We may call
such an element created by the series as a hole or a ghost skeletal element. A closer look at Table 5 shows that the
capping elements are being taken from the nucleus. When [MO] becomes [M-1], it means the capping fictitious element
has been ‘borrowed’ from a nucleus which did not have any at all, hence [Mx], x = -1 or according to series, n = -1 at
the nucleus. Since the nucleus is a member of CLOSO family, S = 4n+2 and K = 2n-1 = 2(-1)-1 = -3. This means the
cluster nucleus is indebted with -3 cluster linkages. As x in [Mx] becomes x<0, the number of nuclear skeletal linkages
becomes more and more negative. We may regard such nuclei as having BLACK HOLES since they seem to be
swallowing skeletal linkages. When all the CO ligands have been removed from Rh6(CO);s to become completely
naked, cluster number 17 Table 5, Rhg: K(n) = 27(6); and Kp = C'®C[M-10]. We can interpret this to mean that there are
16 capping skeletal elements, 6 genuine ones and 10 ghost ones borrowed from the cluster nucleus which develops a
huge black-hole of n =-10 and K =2n-1 = 2(-10)-1 = -21 skeletal linkages. Can we then regard a cluster with a nucleus
possessing a black-hole and ghost capping skeletal elements as a characteristic of a metallic character of a cluster? The
nuclear changes in the stripping series of Rhg(CO);4up to [MO] are illustrated in SC-9. The decomposition fragments of
Rh¢(CO)y4 are shown in Table 5.

On the other hand, the addition of CO ligands to the Rhs(CO),¢ cluster reduces the K value from K =11 to finally K =5,
the limiting K value when the cluster behaves as a saturated hydrocarbon analogue.

The cluster Pdy;(CO)s0L10: K(n) =62(23); S=4n-32, Kp = C'"C[M6]; was chemically converted into Pd3(CO)soLs:
K(n)=64(23); S=4n-36, Kp =C'°C[M4]. The two clusters were found to have different skeletal structures (Mednikov
and Dahl, 2010). The former is described to have a Pdjy pseudo octahedral while the latter has a Pd;s kernel
hexa-capped cubic with 8 capping Pd elements. The transformation can be explained using series in that Pd,3(CO)yL
has a K value of 62 with an octahedral nucleus [M6] while the cluster Pdy;(CO),Lg has a K value of 64 with a
tetrahedral nucleus. According to the series method, the two clusters of the same nuclearity differ by 2 electron donor
ligands and hence as expected as in line with the case of rhodium clusters discussed in SC-17, the removal of a ligand
from a cluster of the same nuclearity results in the increase of K value and increase in the degree of capping. In the case
of capping clusters, the increase in the capping corresponds to the decrease of the number of atoms in the nucleus. An
increase in K value by 1 is accompanied by a decrease in the number of nuclear skeletal elements by 1. What was also
found to be exciting is the discovery that the series method predicts that the clusters Ptsg(CO)s’ {C**C[M6]},
Hi o PteNizg(CO)us" {CBC[M6]}, PtoNiss(CO)ss® {C*C[M6]}, and PdgNis(CO)ss® { C**C[M6]} possess an octahedral
nucleus and indeed they have all been described to have octahedral cores (Mednikov and Dahl, 2010). The series
method can also be useful in rapid categorization of the products encountered in EDESI-MS work (Bucher, 2003). An
illustration is given in Table 6.
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Table 5. Illustration of the Shrinking Nucleus of Diagonal Series

CLUSTER K K(n) SERIES, S Kp
1 Rhy(CO);6 6[4.5]-16 =11 11(6) 4n+2 C°C[M6]
2 Rhy(CO);5 6[4.51-15 =12 12(6) 4n+0 C'C[M5]
3 Rh(CO),4 6[4.5]-14 =13 13(6) 4n-2 C’C[M4]
4 Rh(CO)13 6[4.5]-13 =14 14(6) 4n-4 C’C[M3]
5 Rhy(CO),, 6[4.5]-12 =15 15(6) 4n-6 C*C[M2]
6 Rhs(CO),; 6[4.5]-11 =16 16(6) 4n-8 C’C[M1]
7 Rhe(CO),o 6[4.5]-10=17 17(6) 4n-10 C°C[MO]
8 Rhe(CO), 6[4.5]-9 =18 18(6) 4n-12 C'C[M-1]
9 Rhy(CO)s 6[4.5]-8 =19 19(6) 4n-14 C*C[M-2]
10 Rhy(CO), 6[4.51-7 =20 20(6) 4n-16 C°C[M-3]
11 Rhe(CO)s 6[4.5]-6 =21 21(6) 4n-18 C''C[M-4]
12 Rhe(CO)s 6[4.5]-5 =22 22(6) 4n-20 C''C[M-5]
13 Rhy(CO), 6[4.5]-4 =23 23(6) 4n-22 C"C[M-6]
14 Rhy(CO); 6[4.5]1-3 =24 24(6) 4n-24 CBCIM-7]
15 Rhe(CO), 26[4.5]-2 =25 25(6) 4n-26 C"*C[M-8]
16 Rhy(CO), 6[4.5]-1 =26 26(6) 4n-28 CPC[M-9]
17 Rhg 6[4.5]-0 =27 27(6) 4n-30 C'*C[M-10]
CLUSTER K K(n) SERIES, S Kp
Rhe(CO);6 6[4.5]-16 =11 11(6) 4n+2 C°C[M6]
Rhy(CO);; 6[4.51-17 =10 10(6) 4n+4 C'cM7]
Rhys(CO) s 6[4.51-18 =9 9(6) 4n+6 C?C[MS8]
Rhy(CO);o 6[4.5]-19 =8 8(6) 4n+8 C*C[M9]
Rhe(CO)y0 6[4.5]-20 =7 7(6) 4n+10 C*CIM10]
Rhy(CO),, 6[4.5]-21=6 6(6) 4n+12 C°C[M11]
Rhy(CO),, 6[4.5]-22 =5 5(6) 4n+14 C*C[M12]
Table 6. Application of Series to Categorize the decomposition clusters from literature*
Ru;(CO),, Decomposition products
K n K(n) SERIES, S Kp Lit.
Ru(CO),, >~ 6[5]-21-1=8 6 8(6) 4n+8 C>C[M9] Raft
Rug(CO)a0*~ 6[5]-20-1=9 6 9(6) 4n+6 C2C[MS] Raft
Ru(CO)y*~ 7[5]-20-1=14 7 14(7) 4n+0 C'C[M6] Mono-cap Oy,
Rug(CO),¢*~ 6[5]-18-1=11 6 11(6) 4n+2 C°C[M6] Oy
Ruy(CO),5*~ 9[5]-23-1=21 9 21(9) 4n-6 C*'C[MS5] Tri-cap Oy
Rug(CO), >~ 8[5]-21-1= 18 8 18(8) 4n-4 C’C[M5] Bi-cap O,
Ruy(CO),o°~ 7[5]-19-1=15 7 15(7) 4n-2 C’C[M5] Mono-cap Oy,
Rug(CO), 7>~ 6[5]-17-1=12 6 12(6) 4n+0 C'C[M5] Bi-cap Ty
Rus(CO)ys5>= 5[5]-15-1=9 5 9(5) 4n+2 C"C[M5] Trigonalbipy
Ruy(CO)5*- 4[5]-13-1=6 4 6(4) 4n+4 C'C[M5] Ty
Rus(CO), >~ 3[5]-11-1=3 3 3(3) 4n+6 C*C[M35] Triangle
Ruy(CO),,*~ 9[5]-22-1 =22 9 22(9) 4n-8 C°C[M4] Tri-cap Oy
Rug(CO),p*~ 8[5]-20-1=19 8 19(8) 4n-6 C*C[M4] Bi-cap O,
Ru(CO),s*~ 7[5]-18-1=16 7 16(7) 4n-4 C’CM4] Mono-cap Oy,
Rus(CO),6~ 6[5]-16-1=13 6 13(6) 4n-2 C*C[M4] Bi-cap T4
Rus(CO),4*~ 5[5]-14-1=10 5 10(5) 4n+0 C'C[M4] Trigonalbipy
Ruy(CO),,*~ 4[5]-12-1=7 4 7(4) 4n+2 C°C[M4] T,
Rus(CO),*~ 3[5]-10-1=4 3 4(3) 4n+4 C'C[M4] Triangle
Rug(CO),5~ 6[5]-15-1=14 6 14(6) 4n-4 C’C[M3] Bi-cap Ty
Rus(CO)5*~ 5[5]-13-1=11 5 11(5) 4n-2 C*C[M3] Trigonalbipy
Rus(CO)y*~ 3[5]-9-1=5 3 5(3) 4n+2 C°C[M3] Triangle
Rue(CO), 4~ 6[5]-14-1=15 6 15(6) 4n-6 Cc'cM2] Bi-cap Ty

. Butcher, et al, 2003

DIFFERENCES BETWEEN THE 4n SERIES METHOD AND THE SEP METHOD

Arising from the applications of the 4n series method, some salient features of the differences between the method and
the existing SEP method have emerged.

e TOOLS OF ANALYSIS OF CLUSTERS

The SEP method utilizes SEP and vertices concept to analyze the clusters while the 4n method utilizes the SKELETAL
NUMBERS and the 4n series to analyze and categorize the clusters of skeletal elements from the main group and
transition metals.
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e CAPPING AND NON-CAPPING CLUSTERS

According to the 4n series method, all clusters comprising of skeletal elements from the MAIN GROUP or
TRANSITION METALS are interrelated and can all be analyzed using the skeletal numbers and the 4n series method.

The series S = 4n+q(g>2) are non-capping types while S = 4n+q(q<0) represent capping clusters. The SEP method
breaks clusters into groups such as 4n, 5n and 6n and finds some clusters which are described as “rule-breakers”. On the
other hand, there are no rule-breakers in the 4n series method.

e CLUSTER VALENCE ELECTRONS(cve)
The series method provides an easy method of calculating the cluster valence electrons directly from the series formula.
e INTER-CONVERSION OF CLUSTERS

The series formula can be used to generate analogous clusters in line with K(n) parameter. For instance, K(n) = 11(6), S
= 4n+2(n=6) can be used to derive any appropriate octahedral cluster such as B¢Hs ™, Rhg(CO);6 and Os6(CO)182_.

e THE K(n) PARAMETER WITH DOUBLE MEANING

The series method gives us a cluster number K which has a double meaning. For instance the oxygen atom has a K
value of 1; O(K=1). This means it has the potential of contributing 1 bond in its chemical activity.

Hence, O(K=1)+ O(K=1) —0,(K=2), that is, an oxygen molecule with a double bond, O=0O. At the same time, for the
single oxygen atom, K= 1, which means it has a shortage of 1 electron pair so as to attain the octet rule; O+2e—0>".
The [O*~] fragment obeys the octet rule. In the case of O,(K =2) with a double bond, it also means this diatomic
molecule needs 2 pairs of electrons so that each of the 2 skeletal atoms obey the octet rule, that is, O,+ 2(2e)— 2[0*].
According to the series, [He] and [le] or [-1] are equivalent. Therefore the electron donations could take the form of
hydrogen atoms:

O +2H— H,0; O,+ 4H—2[H,0]. Similarly, N(K=1.5)+ 3H—NHj3;; Ny(K=3)—>N=N; N,+3[2H]—>2NH; and [NHj;]
molecule obeys the octet rule. This concept also applies equally well to large clusters. For instance, BsHo[K =5(2.5)-4.5
= 8]. This means that the 5 skeletal elements of B are bound by 8 linkages as shown in N51. The 8 linkages according to
series also means that the cluster requires 8 pairs of electrons given directly as 8(2¢™) or 8(2H) atoms as ligands. That
is,

BsHy+8(2H)—BsH,s— 5[BHs]. The [BH;s] fragment obeys the octet rule. The [BH;] fragment normally occurs in the
form of [BH4 ] cluster ion. Since the skeletal number of boron, K= 2.5, its skeletal valence is 5 and this leads us to
distribute the H ligands of BsHy to generate a raw skeletal structure as in F-2 and then propose a rearranged skeletal one
in F-3 as is normally observed from x-ray structural analysis.

e BROAD CATEGORIZATION OF CLUSTERS

By analyzing the cluster series, it has been possible to identify 3 broader clusters series, namely, the vertical, diagonal
and horizontal ones. With this knowledge, it has now been possible to categorize all the clusters derived from the main
group/transition metals according to their respective closo family members, [MO0], [M1], [M2], and [M3] and so on.
Being able to categorize clusters into groups, means that we have created a system of literally categorizing every cluster
comprising of main group/transition metals with the help of a larger type of Rudolph system that operates numerically.

e CATEGORIZATION OF GOLDEN CLUSTERS

The series method has penetrated the golden clusters and showed that they all obey the cluster laws. As much as
possible detailed analysis of each cluster regarding consistency with skeletal linkages and ligand distribution are
explained for each cluster.

e THE STRIPPING SERIES OF CLUSTERS

The analysis and categorization of stripping series of clusters may assist in improvement of understanding and
appreciation of the work by Butcher and his research groups (Butcher, et al, 2003).

e CATALYSIS

The concept can readily be applied in enhancing deeper understanding and selection of cluster catalysts such as the
carbonyls. Selected examples of carbonyl tried for catalysis (Gates, 1995) are given in Table7. As can easily be seen
from Table7, most of the clusters that have been tried in catalytic work belong to CLUSTER GROUP 5 OR GROUP 6.
Furthermore, there is no sample of positive capping index, Kp = C*C( y>1) on the table list.
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Table 7. Selected carbonyl clusters that have been tested for catalysis

T-7 CATALYSIS
CLUSTER K n K(n) SERIES, S CATEGORIZATION,
Kp
Fe;(CO)pn 3[5]-12 =3 3 3(3) 4n+6 C”C[M5]
Co4(CO)y, 4[4.5]-12=6 4 6(4) 4n+4 CC[M5]
0s5(CO);5 3[5]-12 =3 3 3(3) 4n+6 C’C[M5]
Ir,(CO);, 4[4.5]-12=6 4 6(4) 4n+4 C'C[M5]
Pt;5(CO)30° 15[4]-30-1 =29 15 29(15) 4n+2 C’C[M15]
HFe;(CO),;,~ 3[5]-0.5-11-0.5=3 3 3(3) 4n+6 C’C[M5]
H;054(CO) o~ 4[5]-1.5-12-0.5=6 4 6(4) 4n+4 C'C[M5]
HIry(CO); i~ 4[4.5]-0.5-11-0.5=6 4 6(4) 4n+4 C'C[M5]
Irg(CO) 5~ 6[4.5]-15-1 =11 6 11(6) 4n+2 C°C[MS6]
Rug(C)(CO) 6™~ 6[5]-2-16-1 =11 6 11(6) 4n+2 C'C[M6]
Rhy(CO)y6 6[4.5]-16 =11 6 11(6) 4n+2 C°C[M6]
0s5(C)(CO) 4>~ 5[5]-2-14-1=8 5 8(5) 4n+4 C'C[M6]
0514(C)(CO)ps™— 10[5]-2-24-1 =23 10 23(10) 4n-6 C*C[MS6]
Rhs(CO), 5~ 5[4.5]-15-0.5=7 5 7(5) 4n+6 C’C[M7]
Pts(CO) >~ 6[4]-12-1=11 6 11(6) 4n+2 C'C[M6]
Pty(CO);5°— 9[4]-18-1=17 9 17(9) 4n+2 C°C[M9]
Pt;5(CO)ps” 12[4]-24-1 =23 12 23(12) 4n+2 C'C[M12]
H,O0s4(CO);» 4[5]-2-12=6 4 6(4) 4n+4 C'C[M5]
Irs(CO)16 6[4.5]-16 =11 6 11(6) 4n+2 C°C[M6]
Fe,(CO),S, 2[51+2[1]-6 =6 4 6(4) 4n+4 C'C[M5]
Fey(CO),S, 3[51+2[1]-9 =8 5 8(5) 4n+4 Cc'C[M6]
Pt30(CO)g™— 30[4]-60-1 = 59 30 59(30) 4n+2 C°C[M30]
CLUSTER K n K(n) SERIES, S CATEGORIZATION, Kp
Co,Ru,(CO)y5 2[4.5]+2[5]-13 =6 4 6(4) 4n+4 C'C[M5]
Co;Ru(H)(CO),, 3[4.5]+1[5]-0.5-12=6 4 6(4) 4n+4 C'C[M5]
Co,Ru,(CO),,H, 2[4.51+2[5]-12-1 =6 4 6(4) 4n+4 C'C[M5]
CoRu3(CO);,H; 1[4.51+3[5]-12-1.5 =6 4 6(4) 4n+4 CC[M5]
RusHy(CO) ;s 4[5]-2-12 =6 4 6(4) 4n+4 C'C[M5]
Co;Rh(CO);, 3[4.5]+1[4.5]-12 =6 4 6(4) 4n+4 C'C[M5]
Co,Rh,(CO)» 2[4.51+2[4. ] 12 =6 4 6(4) 4n+4 CC[M5]
Rhy(CO);» 4[4.5]-12= 4 6(4) 4n+4 C'C[M5]
H3Res(CO)y, 3[5.5]-1.5- 12 3 3 3(3) 4n+6 C’C[M5]
Re,Pt(CO),, 2[5.5]+1[4]-12 =3 3 3(3) 4n+6 C’C[M5]

e POLYMERIZATION OF CLUSTERS
Let us consider two similar hypothetical reactions.

The dimerization of B6H62_(B6Hg) to form Bj,H4in the form of (B12H122_) known product (Housecroft & Sharpe,
2005). In the case of the rhodium cluster Rhe(CO);6, the removal of a CO ligand creates an additional linkage for
binding the two fragments, the cluster K value goes from 11 to 23 for the combined 2 fragments (11+1+11=23)
according to the series to generate the dimeric cluster, Rh;;,(CO);; in the form Rhlz(CO)mz_ (Housecroft & Sharpe,
2005). The hypothetical mechanism for the processes is given in P-1 and P-2. The possible extension of rhodium
polymerization to produce longer chains is sketched in P-3.

3.12 Unique Capping Clusters

Predicting the structures of clusters or unique structures: This may be illustrated by the two examples, AugR¢Br,(CO)," ™,
R = CF3; K =6[3.5]-6(0.5)-2(0.5)-2(0.5) = 14, n = 6, K(n) = 14(6), S = 4n-4, Kp = C°C[M3]. This predicts a cluster of 3
closo skeletal nucleus surrounded by 3 other skeletal elements. According to series approach, the prediction is a closo
nucleus of 3 skeletal elements surrounded by 3 capping skeletal elements. However what is observed are two sets of
separate trinuclear clusters (Martinez-Salvado et al, 2015). This is sketched in N611. A similar prediction is found in the
dinitrogenhexagolden cluster N,(AuL)s”": K = 2[1.5]+6[3.5-1]+1 = 19; n=2+6 =8, K(n) = 19(8), S = 4n-6, Kp =
C*C[M4]. Again two sets of 4 skeletal elements were observed (Gimeno, 2008). The predicted skeletal sketch and the
observed one for Ny(AuL)s>" are sketched in N85. Another interesting cluster is Nij;As,,” . The capping series Kp =
C"C[M20] predicts a nucleus of 20 skeletal elements surrounded by 13 capping skeletal elements. However, what is
observed is the other way round; a dome of 20 skeletal elements encapsulating 13 others. The sketch of the cluster is
given in N331. The last cluster on this list is the rhenium selenium cluster RegSegls": It has a capping symbol Kp =
C°C[M5]. The prediction here is that the cluster has a trigonal bipyramid nucleus surrounded by 9 capping elements.
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The x-ray analytical interpretation of the structure is 8 selenium capping elements with an octahedral nucleus. This
revelation is quite fascinating as the prediction is 9 skeletal elements by the series and the observed are 8. Since the
series acts as a ‘deaf and dumb’ guide, this result is good enough and gives more confidence in understanding the
language of the series method deeper. The cluster is sketched in N141.

POLYMERIZATIONS

2H
P-1 2 BgHg2: — Bi2Hia — Bi2Hi* K =12[2.5]-6-1 =23

2[K= 11] K =23 ISOMER OF ICOSAHEDRAL B12H12%
—_—
2
K=11 K=11+1+11=23
-CO . N
p.o  2Rhs(COys — = Rhi2(COJ Rhi12(CO)s0

K=23=11+1+11
K=11

&y -5 0

K=11+1+11=23

K=11
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RHODIUMPOLYMEREZATIONS

+Rhs(CO)se +Rhe(CO}1s
P-3 Rhe(CO)e = Rhiz{CO)as »= Rhiz(COMs
-CO -CO
0 +Rh6fCO]'E~
+Rhz(CO)is +Rhs(CO)is
Rhas(C0 ) - Rha(CO)rs - Rhz4{CO}a
-CO -CO
-CO +Rhe(CO)s
+Rhe(CO)1e 5 16
Rhsz(CO}ios (o) = Rhas(C O}z Rhe(CO)re » Rhsa(CO)izs
-CO -CO
0 +Rhs(CO)is
Rheo{CO )15
APPENDIX 1. SKELETAL NUMBERS OF MAIN GROUP ELEMENTS
V* 7 6 5 4 3 2 1 0
K*(n=1) 3.5 3 2.5 2 1.5 1 0.5 0
K* 2n+1.5 2n+1 2n+0.5 2n+0 2n-0.5 2n-1 2n-1.5 2n-2
S 4n-3 4n-2 4n-1 4n+0 4n+1 4n+2 4n+3 4n+4
Ve* 1 2 3 4 5 6 7 8
Li Be B C N O F Ne
Na Mg Al Si P S Cl Ar
K Ca Ga Ge As Se Br Kr
Rb Sr In Sn Sb Te 1 Xe
Cs Ba TI Pb Bi Po Rn
V* = gkeletal valence, K* = skeletal number, Ve* = valence electrons, S = series
APPENDIX 2. SKELETAL NUMBERS OF TRANSTION METALS
V* 15 14 13 12 11 10 9 8 7 6
K*(n=1) | 7.5 7 6.5 6 5.5 5 4.5 4 3.5 3
K* 2n+5.5 | 2n+5 2n+4.5 | 2n+4 | 2n+3.5 | 2n+3 2n+2.5 | 2n+2 2n+1.5 2n+1
S 4n-11 4n-10 | 4n-9 4n-8 4n-7 4n-6 4n-5 4n-4 4n-3 4n-2
Ve* 3 4 5 6 7 8 9 10 11 12
E* Sc Ti \% Cr Mn Fe Co Ni Cu Zn
Y Zr Nb Mo Tc Ru Rh Pd Ag Cd
La Hf Ta W Re Os Ir Pt Au Hg
V* = skeletal valence, K* = skeletal number, Ve* = valence electrons, S = series

4. Conclusion

Using skeletal numbers and the series method, chemical clusters have been divided into periodic groups. A capping
symbol for non-capping clusters has been introduced. Sketching of clusters strictly following the rules of skeletal
numbers and their valences according to series has been emphasized. This procedure has been termed “a simple graph
theory of capping clusters”. A wide range clusters have been sketched and tentative ligand distribution proposed. The
golden clusters have generated very interesting and fascinating two dimensional geometrical structural frameworks. The
grouping of clusters based on closo nuclear index will promote further understanding and possible synthesis of novel
clusters and their applications.
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Abstract

Sulfonated polystyrene/polyaniline/silver (SPS/PANI/Ag) composites with enhanced anticorrosive properties have been
successfully prepared by using SPS microspheres as substrates and utilizing polyvinylpyrrolidone (PVP) as reducing agent
and stabilizing agent. Our method is an environmentally friendly method because of the absence of any toxic reagents in
the whole process. Fourier transform infrared Spectrum (FTIR), field emission scanning electron microscopy (FESEM),
and energy disperse spectroscopy (EDX) results confirmed the formation of pure PANI, SPS/PANI composites, and
SPS/PANI/Ag composites. Powder X-ray diffraction (XRD) patterns indicate that the obtained Ag nanoparticles are
crystalline. The anticorrosive studies indicate that both SPS/PANI composites and SPS/PANI/Ag composites have
enhanced anticorrosive properties in comparison to pure PANI in various corrosive environments.

Oxidative Polymerization of Aniline [Ag(NH,).I"
[ _—

PVP

," - Ey, .
s »
SPS microspheres Polyaniline @  Agnanoparticles

Keywords: sulfonated polystyrene, polyaniline, silver, enhanced anticorrosive properties
1. Introduction

Polyaniline (PANI) is now regarded as a prominent anticorrosive material due to its low cost, unique oxidation—
reduction chemistry, and environmental stability.( Kim, Lee, In, & Park, 2014) ( Yang et al., 2015) (Han et al., 2017)
(Yuan et al., 2013) However, using single PANI particles as corrosive material have a series of problems such as poor
processability, easy aggregation, dissatisfactory anticorrosive properties, etc.( Yang, Cao, & Tan, 2014) To solve the
problem, many different approaches have been attempted, and a significant attempt to overcome these drawbacks is that
using sulfonated polystyrene (SPS) microspheres as substrates to prepare SPS/PANI composites.( Liu et al., 2008)
Using SPS microspheres as substrates can significantly improve the processability of PANI as well as reduce
aggregation of PANI because SPS is similar to amphiphilic polymer.( Dai et al., 2011) In addition, the incorporation of
silver (Ag) nanoparticles in PANI can obviously promote the anticorrosive properties of PANI because Ag nanopaiticles
exhibit excellent environmental stability and anticorrosive properties. (Zhao et al., 2005)

Combined with the above, in this work, we present a green approach to prepare SPS/PANI/Ag composites with
enhanced anticorrosive properties through using SPS microspheres as substrates and utilizing PVP as reducing agent
and stabilizing agent. Anticorrosive studies show that the prepared SPS/PANI/Ag composites have enhanced
anticorrosive properties in comparison to pure PANI and SPS/PANI composites in various corrosive environments.

2. Materials and Methods
2.1 Materials

Polyvinylpyrrolidone (PVP, Mw=40000mol/g), absolute ethanol, silver nitrate (AgNO3, >99.8 %) , sulfuric acid (H2SOs,
98 %), hydrochloric acid (HCIl), ammonia, Aniline (An), ammonium persulfate (APS) and waterborne alkyd resin
(WAR) were purchased from Sinopharm Chemical Reagent Co., Ltd, China. Aniline was used after distillation.
Monodisperse SPS microspheres were prepared according to the method of Deng.( Deng et al., 2012).
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2.2 Preparation of Pure PANI

0.5 g of aniline and 20mL of 2M HCI were added into 100mL three-necked flask, and then the mixture of aniline and HCI
was stirred in an ice bath for 5 h, finally added 1.2 g of APS (dissolved in 20 mL deionized water) aqueous solution by
dropping slowly. The polymerization had been proceeding for 24 h by stirring slowly at 0 °C. The product was centrifuged,
washed with deionized water and absolute ethanol several times, and then dried in vacuum at 50 °C for 24 h.

2.3 Preparation of SPS/PANI Composites

SPS powder (0.3 g) and aniline (0.05 g) monomer were dispersed in deionized water (40 mL) and 2mL of 2M HCI with
the aid of ultrasonic. The mixture of aniline and SPS was stirred in an ice bath for 5 h, and then added 0.12 g of APS
(dissolved in 2 mL deionized water) aqueous solution by dropping slowly. The polymerization had been proceeding for
24 h by stirring slowly at 0 °C. The product was centrifuged, washed with deionized water and absolute ethanol several
times, and then dried in vacuum at 50 °C for 24 h.

2.4 Preparation of SPS/PANI/Ag Composites

SPS/PANI composites (0.13 g) and PVP (1 g) was mixed with deionized water (50 mL) with the aid of ultrasonic. Then,
10 mL of freshly prepared aqueous solution of [Ag(NHs).]" (0.2 M) was quickly added into the above dispersion,
magnetically stirred at room temperature for 1h. Finally, this mixture was kept at 70 °C and stirred for 7 h under the
atmosphere of nitrogen. The product was separated by centrifugation, and washed with deionized water several times,
and then dried in vacuum at 50 °C for 24 h.

2.5 Characterization

Fourier transform infrared spectroscopy (FTIR) analysis of the samples was taken on a Spectrum One FTIR
spectrometer (Perkin-Bhaskar-Elmer Co., USA). Crystal structures of the samples were performed on an X-ray
diffraction (XRD, D/MAX-IIIC, Japan), taken from 5° to 90°. The morphology and compenent of the samples were
determined by Field emission scanning electron microscopy (FESEM, JSM7100F, Janpan) and corresponding
energy-dispersive X-ray spectroscopy (EDX).

2.6 Anticorrosion Tests

Throughout this work, Tafel plots were performed using an electrochemical workstation (CHI660D, CH Instruments
Inc.) and carried out using a conventional three-electrode electrochemical cell with a Pt plate as counter electrode and
an Ag/AgCl as reference electrode. The working electrode was the tinplate sample. The room temperature (25 °C) is the
experimental temperature. Four tinplate samples were prepared, tinplate coated with waterborne alkyd resin, waterborne
alkyd resin with 1% (w/w) PANI, waterborne alkyd resin with 1% (w/w) SPS/PANI and waterborne alkyd resin with 1%
(w/w) SPS/PANI/Ag, coded as WAR, WAR/P, WAR/SP and WAR/SPA, respectively. NaCl 0.6M, NaOH 1M, and HCI
IM electrolytes were used as corrosive environment, respectively. During potentiodynamic polarization, the
scanning voltage range was -0.1 ~ 0.1 V and the scan rate was 1 mV/s.

Oxidative Polymerization of Aniline

= SEESER—— >

[Ag(NH,).| -
e

SPS microspheres Polyaniline E Ag nanoparticles

Figure 1. Schematic illustration of the formation of SPS/PANI/Ag composites
3. Results and Discussion

The detailed preparation process of SPS/PANI/Ag composites is illustrated in Figure 1. Firstly, aniline monomer is
added into the SPS microspheres aqueous solution and then it is adsorbed onto the surfaces of the SPS microspheres. In
this case, SPS/PANI composites are formed by polymerization of aniline on the surface of SPS microspheres. Then,
[Ag(NH3)>]" aqueous solution is added into the SPS/PANI composites aqueous solution and then it is adsorbed onto the
surfaces of SPS/PANI composites. In this case, SPS/PANI/Ag composites are formed by the reduction of [Ag(NH3):]"
ions with PVP. Neither additional reducing agent nor toxic organic solvents are added in the whole process. Therefore,
our preparative method is environmentally friendly.

The FTIR spectra of pure PANI, SPS/PANI composites, and SPS/PANI/Ag composites is shown in Figure 2. The typical
PANI absorption bands at 1597 cm™!, 1487 cm!, 1300 cm™, 1164 cm™!, 843 cm ™! can be clearly seen in Figure la—c.
The typical PS absorption bands at 3047cm!, 2929cm™!, 1440 cm™!, 761 cm™!, 697 cm™' can be clearly seen in Figure
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1b—c. The band at 1042 cm™ is related with -SOsH groups can be clearly seen in Figure 1b-c, but this peak intensity is
weak due to hydrolysis of -SO3H groups. In addition, the characteristic peak of SPS/PANI and SPS/PANI/Ag is similar,
but the peak intensity of SPS/PANI is greater than SPS/PANI/Ag. This phenomenon may be attributed to Ag
nanoparticles making the peak intensity of SPS/PANI weaker. These results confirm the formation of pure PANI,
SPS/PANI composites, and SPS/PANI/Ag composites.

Transmittance(a.u.)

- 2929

4000 3500 3000 2500 2000 1500 1000 500
\Vavenumher(cm'l)

Figure 2. FTIR spectra of (a) pure PANI, (b)SPS/PANI composites, and (¢) SPS/PANI/Ag composites
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Figure 3. XRD patterns of SPS/PANI/Ag composites

The XRD patterns of SPS/PANI/Ag composites is shown in Figure 3. The XRD patterns of the SPS/PANI/Ag
nanocomposites exhibits the sharp peaks at 26 angles of 38.0 °, 44.1 °, 64.3 °, 77.2 °, and 81.5 °, which corresponds to
(111), (200), (220), (311), and (222) crystal planes of Ag (JCPDS No.04-0783).(Liao et al., 2016) (Liao et al., 2017)
(Liao et al., 2018 (Liao et al., 2017) This indicates that the Ag nanocrystallites have been obtained through the reduction
of [Ag(NH3),]" ions with PVP.

The FESEM images and corresponding EDX spectra of pure PANI, SPS/PANI composites, and SPS/PANI/Ag
composites have been shown in Figure 4. Figure 4a shows pure PANI particles are agglomerated. Figure 4b shows the
SPS/PANI composites have many bulges on the surface of SPS microspheres. This indicates that PANI overlayer has
formed on surface of SPS microspheres, but the PANI overlayer is not totally covered on the surface of SPS
microspheres. It may be attributed to two possible reasons. First, the absence of strong electrostatic interaction between
PANI and SPS. Second, PANI is a kind of rigid material, it is impossible to use PANI overlayer to cover completely
SPS microspheres. Ag nanoparticles are found on the surfaces of the SPS/PANI composites with its size ranging from
50 to 70 nm (Figure S2c). Corresponding EDX spectra is shown in Figure 4d, Figure 4e, and Figure 4f. Note, Si
element signals in high intensity observed in the all EDX spectra are originated silica wafer. As shown in Figure 4d, C
and N element signals are observed in the EDX spectra of pure PANI. As shown in Figure 4e, C, O, S, and N element
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P/ g

signals are observed in the EDX spectra of SPS/PANI composites. As shown in Figure 4f, C, O, S, N, and Ag element

signals are observed in the EDX spectra of SPS/PANI/Ag composites. These evidences demonstrate these products have
been successfully prepared.

(a) (b) 3
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Figure 4. FESEM images and the corresponding EDX spectra of (a, d) pure PANI, (b, ¢) SPS/PANI composites, and (c,
f) SPS/PANI/Ag composites
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Figure 5. Tafel plots of WAR, WAR/P, WAR/SP, and WAR/SPA in NaCl 0.6M solutions (a), NaOH 1M solutions (b),
and HCI1 1M solutions (c), respectively

The Tafel plots analysis is used to evaluate the anticorrosive performance of WAR, WAR/P, WAR/SP and WAR/SPA.
Figure 5 and Table 1 show that the corrosion potential of WAR/SPA is the highest, secondarily is WAR/SP, next is
WAR/P, and the lowest is WAR in the following several corrosive environments. In other words, the anticorrosive
properties of WAR/SPA is the best, secondarily is WAR/SP, next is WAR/P, and the worst is WAR in the following
several corrosive environments. This result indicates that both WAR/SP and WAR/SPA exhibit improved enhanced
anticorrosive properties. Moreover, WAR/SPA have better anticorrosive properties than WAR/SP. The enhancement is
mainly attributed to the following two reasons. First, SPS microspheres are used as substrates can reduce aggregation of
PANI particles.(Yang et al., 2005) Second, Ag nanoparticles have excellent environmental stability and anticorrosion
property. (Liu et al., 2015)

84



http:/ijc.ccsenet.org International Journal of Chemistry Vol. 10, No. 1; 2018

Table 1. Corrosion current (Ieor), corrosion potential (Ecorr) of WAR, WAR/P, WAR/SP, and WAR/SPA in NaCl 3.5%
(w/w), NaOH 1M, and HCI 1M solutions, respectively

Corrosive environment Sample Ecorr (V) Teorr (MA)
WAR -0.363 6.607x10¢
NaCl 0.60M WAR/P -0.291 3.467x10°°
WAR/SP -0.268 0.125%10¢
WAR/SPA -0.259 2.259x107
WAR -0.616 2.291x10¢
NaOH 1M WAR/P -0.556 1.819x10°¢
WAR/SP -0.507 1.380x10°
WAR/SPA -0.479 1.023x10¢
WAR -0.423 1.175x1073
HClI 1M WAR/P -0.381 2.571x10*
WAR/SP -0.339 1.622x10*
WAR/SPA -0.317 1.355x10*

4. Conclusion

In summary, we present a green approach to prepare SPS/PANI/Ag composites with enhanced anticorrosive properties
through using SPS microspheres as substrates and utilizing PVP as reducing agent and stabilizing agent. FTIR, FESEM,
and EDX results have confirmed the formation of pure PANI, SPS/PANI composites, and SPS/PANI/Ag composites.
XRD patterns indicate that the obtained Ag nanoparticles are crystalline. Anticorrosive studies show that both
SPS/PANI and SPS/PANI/Ag composites have enhanced anticorrosive properties in comparison to pure PANI in various
corrosive environments.
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Abstract

Skeletal numbers and their valences have been extremely useful in analyzing and categorizing clusters especially
boranes, carbonyls, and Zintl ions. This approach is being extended to the analysis and categorization of golden clusters.
The newly introduced concept of graphing will also be applied to the clusters. The capping symbol Kp = CYC[Mx]
which has been restricted to post-closo clusters will be adapted for pre-closo cluster series. The concept of the existence
of black holes in the nuclei of capping golden clusters will be introduced and explained.

Keywords: golden clusters, black holes, capping series, de-capping series, skeletal numbers, K(n) series, nuclearity
index

1. Introduction

The first golden cluster to be synthesized was AuyI;L; in 1968(Mingos, 1984). Since then many more clusters have
been synthesized(Cotton &Wilkinson, 1980; Greenwood&Earnshaw,1998;Gimeno,2008;Kilmartin, 2010;Kwok-Ming,
2011, Konishi, 2014).The golden clusters have attracted immense interest among many scientists in terms of trying to
understand their geometrical shapes, bonding and potential applications in catalysis and nanotechnology(Corti, et al,
2005;Zhang, et al, 2014). The fascinating shapes of gold have been described by a number of ways, for instance,
Auyl,Ly, tetrahedral; AugLg™", (L = PPh;), octahedral; AugLg*", chair-like centered hexagon; AusCLL,*, (L= PMe,Ph);
icosahedron; AugL,*" and Au,Lg’"; flat, ring, torus or doughnut-shaped( Cotton & Wilkinson, 1980;Greenwood &
Earnshaw, 1998). Further descriptions include, centered polyhedral, non-centered polyhedral and exo-attached
polyhedral clusters(Konishi,2014). The recent application of the 4n series method to the analysis and categorization of
golden clusters indicated almost all the clusters with nuclearity index 4 and above belong to the CAPPING SERIES
(Kiremire, 2016, 2017). With the development of skeletal numbers and the concept of graph theory of capping series
(Kiremire, 2017b, 2017c¢), it will be interesting to investigate how the golden cluster structures look like under the series
graph theory.

2. Results and Discussion

In order to be able to compare and contrast the structures of gold as compared to other clusters, let us compare and
contrast the structures of two hypothetical clusters, namely C¢H;o and AugHo. The K value of C¢H;o: K =6[2]-5 =7; K(n)
= 7(6),S =4n+10. In the case of AugH,o: K = 6[3.5]-5 = 16; K(n) = 16(6), S =4n-8, Kp = C’C[M1]. The calculation of
skeletal linkages of clusters has been discussed extensively (Kiremire, 2017d). Let us analyze these cases one at a time.

Ex-1: C¢Hp: K =6[2]-5 =7; K(n) = 7(6),S =4n+10. The symbol K(n) = 7(6) means that the 6 carbon skeletal atoms in
the formula are joined by 7 linkages or bonds. One of the possible skeletal isomers is shown as F-1. The skeletal
number of carbon [C], K =2, gold, [Au], K = 3.5, [H] as a ligand, K = -0.5 since it is a 1 electron donor (refer to
appendixes 1 and 2). The number of valence electrons can also be derived from the series formula: Ve = 4n+10 = 4(6)
+10 = 34. This figure can be confirmed from the cluster formula itself: VF = 6[4] +10 = 34.

Ex-2: AugHo: K = 6[3.5]-5 = 16, K(n) = 16(6), S = 4n-8, Kp = C’C[M1]. This symbol means that the cluster is capped
in such a way that 5 skeletal elements are surrounding 1 central skeletal atom at the nucleus. In addition, the skeletal
framework of 6 golden elements is bound by 16 linkages. Since each capping skeletal element uses 3 linkages, the 5
capping elements means utilizing 15 of the skeletal linkages out of the 16. Since the cluster has one skeletal element
{[M1]; n =1}, then the element obeys the CLOSO series formula S= 4n+2 and K =2n-1 =2(1)-1 = 1. Thus, the skeletal
element in the nucleus utilizes 1 skeletal element and the 5 capping atoms consume 15 skeletal elements giving us a
total of 15+1 = 16. For categorization, we can use S = 4n+q for main group and transition elements. However for
calculating the number of valence electrons we have to use Ve = 14n+q equation. In this case, the number of valence
electrons will be given by Ve = 14n-8 = 14(6)-8 = 76. We can verify this from the cluster formula F = AugHo; VF =
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6[11]+10 = 76. Since Kp= C’C[M1], the capping symbol can guide us to sketch a skeletal isomeric structure, F-2.

Ex-3: ZngHyo: K = 6[3]-5 = 13; K(n) = 13(6), S = 4n-2, Kp = C*C[M4]. This is a bi-capped tetrahedron. Its possible
isomeric structure has been proposed F-3.

Ex-4: BgHjp: K = 6[2.5]-5 = 10; K(n) = 10(6), S =4n+4(q = 4). The closo series is given by S = 4n+2(q = 2). Since the
ordinary series, q runs in the multiples of 2, S = 4n+4 is a step before S = 4n+2. If we follow the Rudolph type of
capping series, then the closo above BgH ;o will have a K value of 13 and n = 7. Hence, its closo cluster parameter will
be K(n) = 13(7) = [M7]. Since capping clusters after [M7] are expressed as Kp = C’C[Mx], then the de-capping series
can be expressed as Kp = C"C[Mx]. Therefore, the cluster K(n) = 10(6), can be expressed as Kp = C'C[M7].
According to this approach, this symbol means, its K(n) is one step below the closo base, that is, AK = -3, and An = -1
=AK(An) = -3(-1). We can express this idea diagrammatically, SC-1. This means that by comparing the q value of a
cluster and that of the ‘standard reference’ closo system, we can determine the relative positions of the K(n) values and
hence numerically categorize the cluster, in this case 10(6), Kp = c'cm7].

Ex-5: BsHgy and Ex-6: B;H;, were numerically categorized in the same way.

S =4n+q
c'cimz [M7]
(M7] AK(AN) =3(1)
10(6) = = 13(7)
S= an+d AK(AN) =-3(-1) 4n+2
n=6 2=-1(2)
q=4 > =2

SC-1

CeHio: K=6[2]-10(0.5) = 7, K(n) = 7(6), S = 4n+10; Ve = 4(6)+10 = 34, VF =6[4]+10 =34

2 6 +10H
—_—
3 5
4

K1=2=1=1=2H
K2=2-1.5= 0.5 = 1H B
K3=2-1.5= 0.5 = 1H =C
K4=2-1=1= 2H
K5 = 2-1=1=2H @ =H
K6=2-1=1 =2H

Ex-1: CeH1o
Without Hydrogen Ligands
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Is K(n) = 10(6) below [M7]? We can test this by a simple check on the flow of K(n) numbers.

[M7] means, S =4n+2(n = 7). Hence K =2n-1 =2(7)-1 = 13 and so K(n) =13(7) for [M7].

[M7] lower series will be as follows starting with [M7] = 13(7)—10(6)—7(5)—4(4)—1(3). According to the historical
terminology 13(7) will correspond to a CLOSO system, 10(6), NIDO; 7(5), ARACHNO; 4(4), HYPHO; and 1(3),

KLADO system. The symbol [M7] will also represent the borane cluster B;H,*~. Hence, K(n) = 10(6) is just one step
below the closo system [M7] and corresponds to a nidoborane cluster BgH .

According to the series method, K(n) = 16(6), Kp = C’C[M1]. This means it belongs to the group or a clan of clusters
which have got 1 skeletal element in the nucleus. Thus, K(n)= 16(6) parameter will be found to be a member of [M1] -
based numbers. This can be seen to be the case as indicated in the [M1] series.
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ZneHio: K = 6[3]-5 = 13; K(n) = 13(6), S = 4n-2, Kp = C2C[M4]
Ve = 14n-2 = 14(6)-2 = 82, VF =6[12]+10 = 82
[M4], K=2n-1 = 2(4)-1 =7

1

4

K1=1[3]-1.5=1.5=3H
K2=1[3]-2.5=0.5= 1H
K3=1[3]-2= 1= 2H
K4=1[3]--2.5= 0.5 = 1H
K5=1[3]-2=1=2H
K6=1[3]-2.5= 0.5 = 1H

Is K(n) = 13(6) a member of [M4] series of numbers?. Let us check it out.

K(n) = 13(6){S = 4n-2, Kp = C*C[M4]}>10(5){S =4n+0, Kp = C'C[M5]} >7(4){S=4n+2}.The parameter K(n) = 7(4)
= [M4].

5 9 > =5[251-45=8
BsHo 25 -0.5 K(n) = 8(5) —> Kp = C"'C[Mé]
S =4n+4
Ve =4(5)+4 = 24
JAN q=2 VF =5[3]+9 =24
S = 4ntd an+2) ——>  [M6] CLAN SERIES
A n=1
n=5 n=6
4 10 — > =425]5=5
BaH10 25- 0.5 K(n) = 5(4) ——> Kp = C2C[M6]
S=4n+6
Ve = 4(4)+6 =22
VF = 4[3]+10 = 22
A q= 4
= > S =4n+2
S =4n+6
A n=2
COCIVe] n=6 —> [M6] CLAN SERIES
n =4

Look at the K(n) numbers: [M6]; 11(6) ——= 8(5) —> 5(4)
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CeHio 619 —> =6[2}-5=7
2-0.5 K(n) =7(6)
S =4n+10

Aq:S
S =4n+10 > S=4nr2
An=4

=10 —> [M10] CLAN SERIES
n==6 n=

[M10]; S = 4n+2, K = 2n-1 = 2(10)-1 = 19, K(n) = 19(10)
|
19(10) —> 16(9) — > 13(8) —>40(7)

COCIM10] C'C[M10] C2C[M10]  C3C[M10]

SC-2
The flow of K(n) numbers: the clan series (and families)
Since the main group and transition metal elements have been assigned skeletal numbers, this means that any cluster

small or large that comprises these elements can naturally be assigned a cluster number parameter K(n) and hence be
categorized. Take the examples:

1-1: MOTRIN — PAIN KILLER, FORMULA: C"*H;30,; in this example, [C] and [O] are regarded as skeletal elements
and [H] as a ligand. Its categorization is given in SC-3

Ci13H1802 MOTRIN — PAINKILLER

C, O are skeletal elements and H is a ligand.

Hence, K = 13[2]+2[1]-18(0.5) = 19

K(n) = 19(15)

S =4n+22 S =4n+2

GENERAL SERIES, S = 4n+q

q=22 q=2

n=15 l n=15+10=25

Kp= C-1°C[M25] <—— This means itis 10 steps below the
closo [[M25], S = 4n+2(n = 25)

[M25]; S = 4n+2; K = 2n-1 = 2(25)-1 = 49, K(n) = 49(25)
49(25) —=  46(24) —=  43(23) —  40(22) — 3721) —»

34200 —=  31(19) —»=  28(18) —=  25(17) — 22(16) —»

SC-3
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1-2: ASPIRIN- PAIN KILLER, FORMULA, C9HsO4

SKELETAL ELEMENTS, [C], [O] AND [H] LIGAND
[

K = 9[2]+4[1]-8(0.5) = 18

K(n) = 18(13)

S =4n+16(n = 13)

q=16q=2 ~ 14
7(2)
n=13 l n=13+7=20

Kp=C7C[M20] <—— This means the cluster is 7 steps below
[M20] CLOSO SYSTEM.

[M20], K = 2n-1 =2(20)-1 =39, K(n) =39(20)—36(19) —33(18) —30(17) —27(16) —24(15) —21(14) —18(13)

SC-4
1-3 :QUININE - C20H24N202
In this example, let us consider [H] as a ligand and the rest as skeletal elements. Its K value is given by
K=20[2]+2[1.5]+2[1]-24(0.5) = 33; K(n) = 33(24), S = 4n+30. In this case q = 30 and we have to compare this with q =
2 for a closo system. That is,
q = 30—q =2. The gap is 28 or we must subtract 28 from 30 to arrive at ¢ = 2. Hence Aq = - 28 = - 14(2). In terms of
series, it means we have to go down numerically by 14 steps corresponding to an increase in n value by 14. Hence, the
new n = 24+14 = 38. This means the CLOSO system will correspond to n = 38 — [M38]. Similarly, the quinine formula
itself will be at 14 steps below the [M38] closo system. Therefore its symbol is appropriately set at Kp = C*C[M38].
We can test this from the flow of [M38] K(n) numbers, SC-5;
[M38]—75(38)—72(37)—69(36)—66(35)—63(34)—60(33)—57(32)—54(31)—51(30)—48(29)—45(28)—42(27)—3
9(26)—36(25)—33(24)
SC-5
The rest of the examples we can just demonstrate the categorization and the flow of K(n) number series.
1-4: CpsNiyB,Hy; K = 4[4]+4[2.5]-4(2.5)-4(0.5) = 14, K(n) =14(8), S = 4n+4 ; q = 4—q= 2. This means, the cluster is
one step below the CLOSO system. Hence, Kp = C'C[M9]. This is a NIDO cluster.
1-5: Al7R o K=77[2.5]-5-0.5 = 187; K(n) = 187(77), S = 4n-66, Kp = C**C[M43]. This is a huge cluster with a large
nucleus of 43 skeletal elements capped by 34 skeletal elements. Now, let us see the flow of the K(n) numbers
downwards,SC-6.
187(77)—184(76)—181(75)—178(74)—175(73)—172(72)—169(71)—166(70)—163(69)—160(68)—157(67)—154(6
6)—151(65)—148(64)—145(63)—142(62)—139(61)—136(60)—133(59)—130(58)—127(57)—124(56)—121(55)—1
18(54)—115(53)—112(52)—109(51)—106(50)—103(49)—100(48)—97(47)—94(46)—91(45)—88(44)—85(43)
K(n) = 85(43), S = 4n+2; CLOSO SYSTEM. Hence, K(n) = 187(77)—Kp = C**C[M43] is in line with the K(n) number
series.
SC-6
1-6: SbNiy(CO);*: K= 7[1.5+ 3[4]-3-1.5 = 18; K(n)=18(10), S = 4n+4; Kp = C'C[M11]. This is a NIDO cluster — a
derivative from [M11] which corresponds to B, H,,>closo cluster.
1-7: Rhy3H3(CO)o," 1 K = 13[4.5]-1.5-24-1 = 32;K(n)=32(13), S = 4n-12, Kp = C'C[M6]. Let us look at the flow of the
K(n) numbers and then the skeletal graph of the cluster.

32(13)— 29(12)—26(11)—23(10)—20(9)—17(8)—14(7)—11(6)
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This clearly agrees with the flow of the K(n) numbers and with the [M6] series below. The cluster symbol Kp =
C’C[M6] means that the overall cluster has an Oy, nucleus of 6 skeletal elements surrounded by 7 capping skeletal
elements. The sketch of the possible isomeric skeletal graph F-5

Rh13H3(CO)24%" K =32, K(n) = 32(13), S =4n-12, Kp = C’C[M6]

[M6], K =2n-1 = 2(6)-1 = 11
Rh(K=4.5, V=9)

SKELETAL LINKAGES = 7+7+7+[M6] =21+11=32

1 K1=4.5-2.5=2
K2 = K1=2
K3=K1=2
K4=K1=2
K5=K1=2
K6=K1=2
K7=K1 =2
6  KN=6[4.5-11-7(0.5)-1 =115
KT= 25.5 = 24 CO +3H

IS
SeA

L 7N
X

O =CAPPINGRh

® - .\i5] NUCLEUS

@ = CO NUCLEUS

O =CO CAPPING

@ -H

When we analyze more closely, it is quite clear that chemical elements, fragments, molecular formulas and clusters
comprising of the main group and transition metals can readily be categorized using skeletal numbers. Therefore the
clusters such as boranes, carboranes, metalloboranes, transition metal carbonyls, Zintl ion clusters and others all belong
to one universe of clusters which obey a simple cluster formula S = 4n+q(q>0, non-capping clusters; q<0, capping
clusters) and a simple parameter K(n). It has been proposed that the clusters are best grouped according to the CLOSO
NUCLEAR SYSTEM [Mx]. Although the golden clusters are usually centered around the closo nuclei [M1] and [M2]
series, a number of examples of [Mx] series have been provided to allow readers to have familiarity with the beautiful
flow of K(n) numbers. The important Rudolph correlation system set up about 40 years ago is a subset of the universe
of K(n) numbers. A sample of selected [Mx] series SRS -1 are given below for illustrations and a selected collection of
golden clusters are analyzed using skeletal numbers and their skeletal graphs mixed with a few non-golden clusters for
comparison are shown F-6 to F-34

[MO]Series:

93



http://ijc.ccsenet.org International Journal of Chemistry Vol. 10, No. 1; 2018

-1(0)—2(1)
—5(2)—8(3)—11(4)—>14(5)—17(6)—20(7)—23(8)—26(9)—29(10)—32(11)—35(12)—38(13)—41(14)—44(15)—4
7(16)—50(17)—53(18)—56(19)—59(20)—62(21)—65(22)—68(23)—71(24)—74(25)—77(26)—80(27),...

BELOW [M0]
NEGATIVE K(n) VALUES

[M1]Series: 1(1)—4(2)—7(3)—10(4)—13(5)— 16(6)—19(7)—22(8)—25(9)—28(10)—31(11)—34(12)—37(13)—40(
14)—43(15)—46(16)—49(17)—52(18)—55(19)—>58(20)—61(21)—64(22)—67(23)—70(24),........

BELOW [M1]
NEGATIVE K(n) VALUES
[M2] Series:

3(2)—6(3)—9(4)—12(5)—15(6)—18(7)—21(8)—24(9)—27(10)—30(11)—33(12)—36(13)—39(14)—42(15)—45(16
)—48(17)—51(18)—34(19)—57(20)—60(21)—63(22)—66(23)—69(24)—72(25), ...

BELOW [M2]
3(2)—0(1)
[M3]Series

5(3)—8(4) —11(5) —14(6) —17(7)
—20(8)—23(9)—26(10)—29(11)—32(12)—35(13)—38(14)—41(15)—44(16)—47(17)—50(18)—53(19)—356(20)—5
9(21)—62(22)—65(23)—68(24)—71(25),....

BELOW [M3]
5(3)—2(2)
[M4]Series

7(4)—10(5)—13(6)— 16(7)—19(8)—22(9)—25(10)—28(11)—31(12)—34(13)—37(14)—40(15)—43(16)—46(17)—
49(18)—52(19)—55(20)—58(21)—61(22)—64(23)—67(24)—70(25), ........

BELOW [M4]
7(4)—43)—1(2)
[M5]Series:

9(5)—12(6)—15(7)—18(8)—21(9)—24(10)—27(11)—30(12)—33(13)—36(14)—39(15)—42(16)—45(17)—48(18)
—51(19)—54(20)—57(21)—60(22)—63(23)—66(24)—69(25)—71(26)—T4(27)—77(28)—80(29), ...

BELOW [MS5]

9(5)—6(4)—3(3)—0(2)
[M6]Series:

11(6)— 14(7)—17(8)—20(9)—23(10)—26(11)—29(12)—32(13)—35(14)—38(15)—41(16)—44(17)—47(18)—50(19
)—53(20)—56(21)—59(22)—62(23)—65(24)—68(25)—71(26)—T4(27)—77(28)—80(29). ...

BELOW [M6]
11(6)—8(5)—5(4)—2(3)
[M7]Series:

13(7)—16(8)—19(9)—22(10)—25(11)—28(12)—3 1(13)—34(14)—37(15)—40(16)—43(17)—46(18)—49(19)—52(2
0)—55(21)—58(22)—61(23)—64(24)—67(25)—T0(26)—T3(27)—76(28)—79(29)—82(30), ...

BELOW [M7]
13(7)—10(6)—7(5)—4(4)—1(3)
[M8]Series:

15(8)— 18(9)—21(10)—24(11)—27(12)—30(13)—33(14)—36(15)—39(16)—42(17)—45(18)—48(19)—51(20)—54(
21)—57(22)—60(23)—63(24)—66(25)—69(26)—72(27)—75(28)—78(29)—81(30), ..

BELOW [MS]
15(8)—12(7)—9(6)—6(5)—3(4)—0(3)
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[M9]Series:

17(9)—20(10)—23(11)—26(12)—29(13)—32(14)—35(15)—38(16)—41(17)—44(18)—47(19)—50(20)—53(21)—>56
(22)—59(23)—62(24)—65(25)—68(26)—71(27)—74(28)—77(29)—80(30),...

BELOW [M9]
17(9)—14(8)—11(7)—8(6)—5(5)—2(4)
[M10]Series:

19(10)—22(11)—25(12)—28(13)—31(14)—34(15)—37(16)—40(17)—43(18)—46(19)—49(20)—52(21)—55(22)—5
8(23)—61(24)—64(25)—67(26)—70(27)—73(28)—76(29)—79(30)—82(31),...

BELOW [M10]
19(10)—16(9)—13(8)—10(7)—7(6)—4(5)—1(4)
[M11]Series:

21(11)—24(12)—27(13)—30(14)—33(15)—36(16)—39(17)—42(18)—45(19)—48(20)—51(21)—54(22)—57(23)—6
0(24), ...

BELOW [M11]

21(11)—18(10)—15(9)—12(8)—9(7)—6(6)—3(5)—0(4)

[M12]Series:

23(12)—26(13)—29(14)—32(15)—35(16)—38(17)—41(18)—44(19)—47(20)—50(21), ....

BELOW [M12]

23(12)—20(11)—17(10)—14(9)—11(8)—8(7)—5(6)—2(5)

[M13]Series

25(13)—28(14)—31(15)—34(16)—37(17)—40(18)—43(19)—46(20)—49(21)—52(22),...

BELOW [M13]

25(13)—22(12)—19(11)—16(10)—13(9)—10(8)—7(7)—4(6)—1(5)

[M-1] Series

-3(-1)—0(0)—3(1)—6(2)—9(3)—12(4)—15(5)—18(6)—21(7)—24(8)—27(9)—30(10),....

[M-2] Series

-5(-2)—--2(-1)—5(0)—7(1)—10(2)—13(3)—16(4)—19(5)—21(6)—24(7)—27(8)—30(9)—33(10), ...

[M-3] Series

-7(-3)—-4(-2)—-1(-1)—>2(0)—5(1)—8(2)—11(3)—14(4)—17(5)—20(6)—23(7)—26(8)—29(9)—32(10), ....
SRS-1
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Auslabk: K = 4[3.5]-4-1= 9; K(n) = 9(4), S = 4n-2, Kp = C2C[M2]

X K

O =Au
K1=3.5-2=1.5
K2=3.5-2=1.5 . =L
K3=3.5-2.5=1
K4=3.5-2.5=1 P -
KT=5 =4L+2|

Ve = 14n-2= 14(4)-2 = 54; VF= 4[11]+8+2 = 54

Ve = valence electrons, VF = valence electrons from cluster formula

K(n) = 9(4) belongs to [M2]series.

AuslLs?*: K =14; Kp = C3C[M3]

1

KN=2n-1 = 2(3)-1=5
KS= 3+3+3+KN =9+5=14 = K

K1 =3.5-2.5=1; K2=K1;K3=K1 Q@ =L
Auz?* KNL =3[3.5]+1-3(0.5)-5=5
KLT=3+5=8 = 8L

K(n) = 14(6) belongs to [M3] series
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AusLe?*: K = 6[3.5]-6+1 = 16; K(n) = 16(6), S =4n-8 , Kp= C5C[M1]
Ve = 14n-8 = 14(6)-8 = 76; VF =6[11]+12-2 = 76

[M1], S =4n+2, K =2n-1 =2(1)-1 =1 ®
SL =5+5+5+1= 16
2 1
3 5
K1=3.5-2.5 =1
K2=K1=1 ®
K3=K1=1
K4=K1=1
4 K5=K1=1 O =CAPPING Au
KN=1[3.5+1-2.5-1=1 @ _
KT=6 = oL NUCLEAR Au
® =L

K(n) = 16(6) belongs to [M1] series

ISOMERIC STRUCTURE OF AusLs?*

K = 6[3.5]-6+1 = 16
K(n) = 16(6)

S =4n-8

Kp = C5C[M1]
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RheLsH122*: K = 6[4.5]-6-6+1 =16, K(n) = 16(6), S =4n-8, Kp =C5C[M1]
Ve =14n-8=14(6)-8=76, VF=6[9]+12+12-2=76

KN=2n-1 = 2(1)-1=1

=Rh
K1=4.5-2.5=2

K2=K1=2
K3=K1=2
K4=K1=2
K5=K1=2
KNL=4.5+1-2.5-1= 2

O =L=PRs

Rh2+

ISOMERIC SKELETAL SHAPE OF RheL¢H;,*".
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K = 6[3.5]-6+1 = 16
K(n) = 16(6)

S =4n-8

Kp = C5C[M1]

AusLsCl22*: K (n) =20(8), Kp = C5C[M3]

K1=3.5-2.5=1
K2=K1=1
K3=K1=1
K4=K1=1 O =Au
K5=K1=1

K6=4-2=2 @ =C|
K7=3.5-3=0.5

K8 =4-2.5=1.5

KT=9

K(n) = 20(8) belongs to [M3] series
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Auglg?*: K =21(8), Kp = CéC[M2]

1

O =[m2]
K[M2]=3

SL = 6+6+6+3
=21

SL =SKELETAL LINKAGES 4
K1=3.5-2.5-1

K2=3.5-2.5=1 @ =CAPPING Au
K3=3.5-2.5=1

K4=3.5-2.5=1 O = NUCLEAR Au
K5=3.5-2.5=1

K6=3.5-2.5=1 _
KN=2[3.5]+1-3-3=2 °© =L

N = NUCLEUS

K(n) = 21(8) belongs to [M2] series
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AuslL72": K(n) =22(8), Kp = C'CIM1]  [\1], S =4n+2, K=2n-1 =2(1)-1= 1

K1=3.5-2.5=1, K2=1, K3=1, K4=1, K5=1, K6=1, K7=1
KS =7+7+7+1=22 -<«=— SKELETAL LINKAGES

!

NUCLEUS [M1]

KN =1[3.5]+1-3.5-1=0
O = CAPPING Au

K(n) = 22(8) belongs to [M1] series
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AusLs*': K= 9[3.5]-8+0.5=24; K(n) =24(9), S=4n-12, Kp = C’C[M2]
Ve = 14n-12 =14(9)-12 =114; VF=9[11]+16-1 = 114

(@]

4
K1=3.5-2.5=1
® =[M2] KMZ2]=3 K2=K1=1

K3=K1=1

SL=7+7+7+3 =24 K4=K1=1 O =L
K5=K1=1

O =cAPPING AU peah I

K7=K1=1

KN=2[3.5]+0.5-3.5-3=1
KT=8

K(n) =24(9) belongs to [M2] series.

Auglg®*: K = 9[3.5]-8+1.5=25;K(n) =25(9) , S =4n-14, Kp=C8C[M1]
Ve =14n-14=14(9)-14 =112, VF=9[11]+16-3 =112 [M1], S =4n+2, K=2n-1 = 2(1)-1 =1

SL =8+8+8+1=25

K1=3.5-25=1  KN=3.5+1.5-4-1=0
K2=K1=1

K3=K1=1 ® =[M1]
K4=K1=1

K5=K1=1 O =CAPPING AU
K6=K1=1

K7=K1=1 o =L
K8=K1=1

K(n) = 25(9) belongs to [M1] series
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Au1oLsCI*': K= 10[3.5]-8-0.5+0.5= 27; K(n) =27(10), S =4n-14, Kp = CSC[M2]  [M2], S = 4n+2, K =2n-1
=2(2)-1=3

K1=3.5-2.5=1
K2=K1=1
K3=K1=1
K4=K1=1
K5=K1=1
K6=K1=1
K7=K1=1 ® =v2]
K8=K1=1 o |
KN=2[3.5]+0.5 -4-3=0.5

KT=8.5 O =CAPPING Au

® -
K(n)=27(10) belongs to [M2] series.
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Au1oLeClz*': K = 10[3.5]-6-1.5+0.5 = 28(10), S= 4n-16, Kp =C°C[M1] M1], K =1

Ve = 14n-16 =14(10)-16 =124;VF= 10[11]+12+3-1 = 124

* \/—\/ 7 K1=3.5-2.5=1

5 6 K2=K1=1
K3=K1=1 ‘ =L
SL =9+9+9+1 =28 K4=K1=1
K5=K1=1
K6=K1=1
® -|v1] K7=K1=1 @ =Cl
K8=K1=1
= CAPPING Au K9=K1=1
K10=K1=1
KN =3.5+0.5--4.5-1=-15 =<=— BLACKHOLE NUCLEUS
KT=9-1.5=7.5 = 6L+3Cl

K(n) = 28(10) belongs to [M1] series.
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AuroLsRa4: K = 10[3.5]-3-2= 30(10), S=4n-20, Kp =C''C[M-1]

Ve = 14n-20 = 14(10)-20 =120, VF= 10[11]+6+4= 120
[M1], S =4n+2, K=2n-1=2(-1)-1=-3

1 K1=3.5-2.5=1
K2=K1=1

K3=K1=1

K4=K1=1

K5=K1=1

K6=K1=1

K7=K1=1

K8=K1=1

K9=K1=1

K10=K1=1
K11=K1=1

KN= -[3.5]-5.5-(-3)= -6 <«— BLACK HOLE NUCLEUS
KT=11-6 =5 = 3L+4R

SL =11+11+11+[M-1] ®

= 33+(-3) = 30 = BLACK HOLE NUCLES/SKELETAL ELEMENT

O  =CAPPING Au
K(n) =30(10) belongs to [M-1] series.

K1=3.5-2.5=1

K2=K1=1
K3=K1=1

K4=K1=1 BLACKHOLE SKELETAL
K=K 1=1 ELEMENT

pearnt BLACKHOLE NUCLEUS
Ke=K1=1

K9=K1=1 ® =-r

K10=K1=1

K11=K1=1

KN= -[3.5]-5.5-(-3)= 6
KT=11-6 =5 = 3L+4R
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Auq1L7X3: K = 11[3.5]-7-1.5 =30, K(n) =30(11), S =4n-16, Kp =C°C[M2]

Ve = 14n-16 =14(11)-16 =138,VF =11[11]+14+3 =138; K]M2] =3
BLACKHOLE

5 6 K1=3.5-2.5=1
K2=K1=1
K3=K1=1
K4=K1=1
O =CAPPINGAU  K5=K1=1

_ _ K6=K1=1 @ -
SL =9+9+9+3 =30 K7=K1=1

K8=K1=1 _
K9=K1=1 O -1
SKELETAL LINKAGES  KN=2[3.5]-4.5-3= -0.5 <—— BLACKHOLE
KT= 9+(-.5) =8.5 =7L+3X

K(n) =30(11) belongs to [M2] series.
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Aut1L7Xs: K = 11[3.5]-7-1.5 =30, K(n) =30(11), S =4n-16, Kp =C°C[M2]

Ve = 14n-16 =14(11)-16 =138,VF =11[11]+14+3 =138; K[M2] =3
BLACKHOLE

5 6 K1=3.5-2.5=1
K2=K1=1

® =M K3=K1=1
K4=K1=1

O =CAPPING Au K5=K1=1

B a K6=K1=1 @ -

SL =9+9+9+3 =30 K7=K1=1

K8=K1=1

K9=K1=1 ©

SKELETAL LINKAGES  KN=2[3.5]-4.5-3= -0.5
KT= 9+(-.5) =8.5 =7L+3X

ISOMERISM
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Au11L7X3

O  =NUCLEAR Au

= CAPPING Au

@ -=L=PH O =x

SKETCH OF THE OBSERVED STRUCTURE

Au11L10%*: K = 11[3.5]-10+1.5 = 30; K(n) = 30(11), S =4n-16, Kp = C°C[M2]
Ve = 14n-16 = 14(11)-16=138; VF=11[11]+20-3 =138

SL = 9+9+9+3 =30

SL = SKELETAL LINKAGES

’ O =CAPPING Au

@ =L

|l ®  =[V2] NUCLEUS

KN = 2[3.5]+1.5 -4.5-3= 1
GRD TOTAL =9+1=10

PERIPHERY, K =1
KT =9

TOTAL K VALUES = KT
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Au12L10CPR*: K = 12[3.5]-10-0.5+1.5 = 33; K(n) = 33(12), S = 4n-18, Kp = C'°C[M2]
Ve = 14n-18 =14(12)-18 = 150; VF =12[11]+20+1-3 = 150

M2], K =3

SL =10+10+10 +3 =33

PERIPHERY K =3.5-2.5 = 1 FOR EVERY ELEMENT ® =M
KN =2[3.5]+1.5--5-3 = 0.5 O = CAPPING Au
e _

K(n) = 33(12) belongs to [M2] series

AursL10Cl3*: K =13[3.5]-10-1+1.5 = 36; K(n) = 36(13), S = 4n-20, Kp = C11C[M2]
Ve = 14n_20 = 14(13)-20 =162 VF = 13[11]+20+2-3 =

O =CcAPPING GOLD

K =1 FOR EVERY PERIPHERY
SKELETAL ELEMENT, TOTAL = 11= 10L+2CI

KN = 2[3.5]+1.5-5.5-3=0

@ -c

ISOMERISM

SL =11+11+11+3 =36

K(n) = 36(13) belongs to [M2] series.
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AursL10ClL3*: K =13[3.5]-10-1+1.5 = 36; K(n) = 36(13), S = 4n-20, Kp = C'1C[M2]
Ve = 14n_20 = 14(13)-20 =162 VF = 13[11]+20+2-3 =

O =cAPPING GOLD

K =1 FOR EVERY PERIPHERY
SKELETAL ELEMENT, TOTAL = 11= 10L+2CI

KN = 2[3.5]+1.5-5.5-3=0

@ -c

SL =11+11+11+3 =36 ISOMERISM

AursLi2(Cl)(H)?*: K = 15[3.5]-12--1+1.5= 41;K(n) =41(15), S= 4n-22, Kp = C'2C[M3]
Ve = 14n-22= 14(15)-22 = 188; \F =15[11]+24+2-3 = 188

[M3], K =2n-1=2(3)-1 =5

K1 =8.5-2.5=1

K2=1

K3=1

K4=1

K5=1

K6=1

K7=1

K8=1

K9=1

K10=1

K11=1

K12=1
KN=3[3.5]+1.5--6-5 =1
KT=13= 12L+1CI+1H

@ -3

SL = 12+12+12+5 = 41

O =CAPPING Au

K(n) =41(15) belongs to [M3] series.
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K1=3.5-2.5=1
K2=1

K3=1

K4=1

K5=1

K6=1

K7=1

K8=1

K9=1

K10=1

K11=1

K12=1
KN=3[3.5]+1.5--6-5 =1
KT=13= 12L+1CI+1H

Au4lsR4: K =14[3.5]-8-2 =39, K(n) =39(14), S = 4n-22, Kp =C"2C[M2]
Ve = 14n-22 = 14(14)-22 =174; VF=14[11]+16+4 =174 [M2], K=3

K1=1
K2=1
K3=1
K4=1
K5=1
K6=1
K7=1
K8=1
K10=1
10 K11=1
K12=1
KN =2[3.5]-6-3= -2
KT=12+(-2)=10= 8L+4R

e =[M]

7 (O =CAPPING Au
SL=12+12+12+3 = 39
K(n) = 39(14) belongs to [M2] series.
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AursLsRa: K =14[3.5]-8-2 =39, K(n) =39(14), S = 4n-22, Kp =C12C[M2]

L=PR3 R = NO3

K1=1
K2=1

K3=1

K4=1

K5=1

K6=1

K7=1

K8=1

K10=1

K11=1

K12= 1

KN =2[3.5]-6-3= -2
KT=12+(-2)=10= 8L+4R

BLACKHOLE NUCLEUS

K(n) = 59(20) belongs to [MO] series.

AuzoL10ClaZ*: K= 20[3.5]-10-2+1 =59, K(n) = 59(20), S = 4n-38, Kp =C2°C[M0]
Ve = 14n-38 = 14(20)-38 =242, VF= 20[11]+20+4-2 = 242

SL=20+20+20 +[MO]

[MO], K =2n-1 =2(0)-1 = -1
KT = 60-1= 59

PL = 20[3.5]-20(2.5) = 20
KNL= 0(3.5)+1-20(0.5)-[-1]
=1-10+1= -8

NET= 20-8 = 12 =10L+4CI
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Auz0L10Cls?*: K= 20[3.5]-10-2+1 =59, K(n) = 59(20), S = 4n-38, Kp =C2°C[M0]

Ve = 14n-38 = 14(20)-38 =242, \F= 20[11]+20+4-2 = 242
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AuzoLi: K = 22[3.5]-12=65;K(n) = 65(22), S = 4n-42, Kp = C22C[MO]
Ve = 14n-42= 14(22)-42 :266,VF =22 11]"‘24 =266 [MO] K =2n-1= 2(0)_1 =1

@ =[MJ]

O = CAPPING Au

PERIPHERY Au, K =1

KT= 22
KN = 0(3.5)-11-(-1)
=-11+1=-10

GRAND TOTAL = 22-10
=12 =12L

BLACKHOLE NUCLEUS

K(n) = 65(22) belongs to [MO] series.
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AursLsCls: K = 16[3.5-8-3 = 45; K(n) = 45(16), S = 4n-26, Kp = C1*C[M2]

SKELETAL LINKAGES = 14+14+14+3 =45
3 ARE FROM[M2], S = 4n+2, K = 2n-1
=2(20-1=3

Ligand linkage distribution

Periphery = 14[3.5]-14(2.5) = 14

Nucleus =2[3.5]-14(0.5)-3 = -3

This means that the nucleus has negative
nulear linkages for ligands-BLACKHOLE.
The NET linkages available for ligands =
14+(-3) = 8. This is the same as 8| + 6ClI.

® - [M2] BLACKHOLE NUCLEUS

O =CAPPING AU

BLACKHOLE

K(n) =45(16) belongs to [M2] series.

The categorization of K(n) values of the golden clusters into respective [Mx] clan groups can easily be verified using
the appropriate series given in SRS-1. The calculation of K values and respective valence electrons from the series
formula, Ve and the cluster formula, VF are given in Table 1. The clusters were regrouped according to [Mx] series and
are presented in Table 2. In order to emphasize the idea of grouping the clusters according to [Mx] series, cluster group
trees of selected clusters were constructed F-35 to F-37 for selected clusters of [M1], [M2] and [M6]. A proposed
scheme for broad grouping of clusters is shown GR-1.

Table 1. Deducing K(n) Parameter and Deriving the Series of Golden Clusters

CLUSTER n K VALUE K(n) SERIES Kp Ve VF

S =4n+q =C*C[Mx] Ve =14n+q
ALy 4 4[3.5]-1-4=9 9(4) 4n-2 C’C[M2] 14(4)-2=54 4[11]+2+8 =54
AugLgt 6 6[3.5]-8+1 =14 14(6) 4n-4 C’C[M3] 14(6)-4=80 6[11]+8(2)-2=80
AugLé?' 6 6[3.5-6+1=16 16(6) 4n-8 C°C[M1] 14(6)-8=76 6[111+6(2)-2=76
AusL,"! 7 7[3.5]-7+0.5=18 18(7) 4n-8 C°C[M2] 14(7)-8=90 7[11]+14-1=90
AugLiClL*" 8 8[3.5]-8-1+1 =20 20(8) 4n-8 C’C[M3] 14(8)-8=104 8[11]+8(2)+2-2=104
AugLg?' 8 8[3.5]-8+1=21 21(8) 4n-10 C*C[M2] 14(8)-10 =102 8[11]+8(2)-2 =102
AugL 8 8[3.5]-7+1 =22 22(8) 4n-12 C’'C[M1] 14(8)-12=100 8[11]+7(2)-2=100
AugLg" 9 9[3.5]-8+0.5=24 24(9) 4n-12 C’C[M2] 14(9)-12=114 9[11]+16-1 =114
AuLg*" 9 9[3.5]-8+1.5=25 25(9) 4n-14 C*CIM1] 149)-14= 112 9[11]+8(2)-3=112
L=PAr3
AuyLsCl 10 10[3.5]-8-0.5+0.5=27 27(10) 4n-14 CcfcIM2] 14(10)-14=126 10[11]+16+1-1=126
AupoLCls" 10 10[3.5]-6-1.5+0.5=28 28(10)  4n-16 C°CMI1] 14(10)-16=124 10[11]+6(2)+3-1 =124
AujLsRy 10 10[3.5]-3-2=30 30(10) 4n-20 C"'C[M-1] 14(10)-20=120 10[11]+3(2)+4 =120
Auy L™ 11 11[3.5]-12+1.5=28 28(11) 4n-12 C’C[M4] 14(11)-12=142 11[11]+12(2)-3 =142
AuyiLsCls 11[3.5]-8-1.5=29 29(11)  4n-14 C*C[M3] 14(11)-14=140 L1[11]+8(2)+3=140
Auy L, X5 11 11[3.5]-7-1.5=30 30(11) 4n-16 C’C[M2] 14(11)-16=138 11[11]+7(2)+3 =138
L=PAr; X=Cl
AuyiLsCL' 11 11[3.5]-8-1+0.5=30 30(11)  4n-16 C’C[M2] 14(11)-16=138 11[11]+8(2)+2-1=138

115



http://ijc.ccsenet.org

International Journal of Chemistry

Vol. 10, No. 1; 2018

Auy L™ 11 11[3.5]-10+1.5=30 30(11) 4n-16 C°C[M2] 14(11)-16=138 LI[11]1+10(2)-3 =138
AuyLy P 12 12[3.5]-10-0.5+1.5=33 33(12) 4n-18 c'cimz] 14(12)-18=150 12[11]1420+1-3=150
AuysLyClL™ 13 13[3.5]-10-1+1.5=36 36(13) 4n-20 c''cmz] 14(13)-20=162 13[111+10(2)+2-3=162
AuysLgClyt 13 13[3.5]-8-2+0.5=36 36(13) 4n-20 c'cmz] 14(13)-20=162 13[111+10(2)+2-3=162
AuysLipCI(H)* 15 15[3.5]-12-0.5-0.5+1.5=41  41(15) 4n-22 CPCM3] 14(15)-22=188 15[11]+24+2-3=188
AueLeXs 16 16[3.5]-8-4=44 44(16) 4n-24 CchcMm3] 14(16)-24=200 16[11]+16+8 =200
AugL;oCL** 20 20[3.5]-10-2+1=59 59(20) 4n-38 C*C[MO] 14(20)-38=242 20[11]+10(2)+4-2 =242
AupL, 22 22[3.5]-12=65 65(22) 4n-42 C*C[MO] 14(22)-42=266 22[11]+12(2)=266
AusLigRsX, ™! 24 24[3.5]-10-2.5-1+0.5=71 71(24) 4n-46 C*C[MOo] 14(24)-46=290 24[11]+20+5+2-1=290
AugsLio(SR)s* 25 25[3.5]-10-2.5+1 =76 76(25) 4n-52 C7C[M-2] 14(25)-52=298 25[11]+10(2)+5-2=298
AuseRs, 36 36[3.5]-17=109 109(36)  4n-74 C*¥CM-2] 14(36)-74=430 36[11]+34 =430
AussLisCL* 38 38[3.5]-18-1+2=116 116(38)  4n-80 CY'C[M-3] 14(38)-80=452 38[11]+36+2-4=452
AusoL1,Cls™ 39 39[3.5]-14-3+1.5=121 121(39)  4n-86 C*C[M-5] 14(39)-86=460 39[11]+28+6-3=460
AusoL1,Clg™! 39 39[3.5]-14-3+0.5=120 12039)  4n-84 CHC[M-4] 14(39)-84=462 39[11]+28+6-1=462
AugoRy, 40 40[3.5]-12=128 128(40)  4n-96 C*C[M-9] 14(40)-96=464 40[11]+24 =464
AujpRy 102 102[3.5]-22=335 335(102)  4n-262 C’C[M-30] 14(102)-262=1166  102[11]+44=1166
Table 2. Grouping of Golden Clusters
CLUSTER K(n) Kp = C’C[Mx] CLOSO CLAN GROUP BLACK HOLES
SERIES, [Mx]

y X value
AupaReo 474(144) 187 -43 [M-43] BLACKHOLE NUCLEUS
AujoRyy 335(102) 132 30 [M-30] BLACKHOLE NUCLEUS
AugoRyq 128(40) 49 9 [M-9] BLACKHOLE NUCLEUS
AusoL,Cls™ 121(39) 44 -5 [M-5] BLACKHOLE NUCLEUS
AusoL1,Clg™! 120(39) 43 -4 [M-4] BLACKHOLE NUCLEUS
AugLisClL* 116(38) 41 3 [M--3] BLACKHOLE NUCLEUS
AuseRs, 109(36) 38 2 [M-2] BLACKHOLE NUCLEUS
AuysLio(SR)s* 76(25) 27 2 [M-2] BLACKHOLE NUCLEUS
AugLsRy 30(10) 11 -1 [M-1] BLACKHOLE NUCLEUS
AugLoCl* 59(10) 20 0 [MO0] BLACKHOLE NUCLEUS
AupLy, 65(22) 22 0 [MO0] BLACKHOLE NUCLEUS
AugHyo 16(6) 5 1 [M1]
RheL¢H ,>" 16(6) 5 1 M1]
AugL;? 22(8) 7 1 [M1]
AuoLg” 25(9) 8 1 [M1]
AuyoLeCl;"! 28(10) 9 1 [M1]
AugLyl, 9(4) 2 2 [M2]
AugLg™ 21(8) 6 2 [M2]
AuyoLgCl™! 27(10) 8 2 [M2]
AuyiL*" 30(11) 9 2 [M2]
AupL:Xs 30(11) 9 2 [M2]
AupLyCI7 33(12) 10 2 [M2]
AujsLyCL* 36(13) 11 2 [M2]
AupLgRy 39(14) 12 2 [M2]
AugLg™ 14(6) 3 3 [M3]
AugLg™ 14(6) 3 3 [M3]
AugLgCl, "™ 20(8) 5 3 [M3]
AuysLio(Cly(H)* 41(15) 12 3 [M3]
ZngHyo 13(6) 2 4 [M4]
BsH, 8(5) -1 6 [M6]
B.Hjo 5(4) 2 6 [M6]
BeH,o 10(6) -1 7 [M7]
CsHig 7(6) -4 10 [M10]
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cY

[Mx]

GR-1

Clan (Group) Cluster Trees

28(10)
Au1oLeCls* <=— C°
25(9)

22(8) C8 ———> Auols®* , AuslsR3
Augl72t <— C7
16(6)

C5 ——> AugHio » RheLeHi2?*

K=2n1=2(1)-1=1
K(n) = 1(1)

CLUSTER GROUP(CLAN) TREE
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39(14)
Au1slsRqs <=— C1? 36(13)
C"" — > Au1sL10Cl33*
30(11)

Au1ilio®t <=— C°
27(10)

C8 ———= AuqoLsCl*,
21(8)

Auglg?* =—— (6

9(4)
C2 —=  Aus(l)ola

K=2n1=2(2)-1=3
K(n) = 3(2)

CLUSTER GROUP(CLAN) TREE

125(44)
C38 PdgNizs(CO )48

PtoNiss(COast NizgPts(CQO)4s®
9Niss 48

107(38)
Ptss(CO)1s? «— (32

80(23)

CB —> Pdz(CO)slr?
62(23) 29(CO)28L7

Pd23(CO)20L10 =— C17
47(12)

C'?—— > RusPds(CO)24?

20(9)
C3 —> 0s9(CO)24% » Rhe(CO)19*

23(10)
0s10(CO)26%" =— (C*

C?2 ——> 0ss(CO)*
17(8) Res(C)(CO)z4*

Rh7(CO)16% 14(7)
Os7(CO)1 <=— C'
Re7(C)(CO)21%

Pd7(CO)7L7 K(n) = 11(6)

CLUSTER GROUP(CLAN) TREE
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The Existance of Blackholes in the Nuclei of Some Golden Clusters

In the previous work, it was discovered that the series method could be applied to the analysis and categorization of
golden clusters (Kiremire, 2016a 2017a). It was also found that the majority of the simple clusters of nuclearity index
4-13 had either ONE or TWO golden skeletal elements in the cluster nucleus (Kiremire, 2016a, 2017a). This
information was in agreement with earlier observation by the series method that indeed some clusters had octahedral
cluster nuclei in them (Kiremire, 2016b).The subsequent work also revealed that, clusters could be explained more
clearly in terms of their structures and ligand distribution onto skeletal elements by using skeletal numbers and valences
(Kiremire, 2017¢). Using skeletal numbers and the ligand distribution concept, it has been discovered that some golden
cluster nuclei with [Mx], where x<0 do “swallow” skeletal and/or ligand linkages. As a consequence, the numbers of
linkages left for binding to ligands are considerably diminished giving rise to some golden clusters being left naked, that
is, having no ligands at all. It is proposed that clusters with nuclei which appear to “swallow” cluster linkages be
regarded as NUCLEI WITH BLACKHOLES. Examples of golden clusters having nuclei with black-holes are given
F-38 to F-41.

17 36 2 _ > K=17[51-36-1=48;
Osi7(COke*: 5 -1 05 K(n) = 48(17)
S=4n-28
Kp = C15C[M2]

IM2], K =2n-1 = 2(2)-1 = 3

SL = 15+15+15+K[M2]
=45+3 = 48

PERIPHERY LIGAND LINKAGES

PL = 15[5]-15(2.5)=37.5
NL = 2[5]-1-15(0.5)-3 = -1.5

THIS MEANS THE NUCLEUS

HAS SWALLOWED 1.5 LINKAGES.

5 12 NET LIGANDS = 37.5-1.5 =36=
36 CO LIGANDS.
I
@ =NUCLEUS

@ = CAPPING Os
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K = 20[5]-40-1 = 59
20402 —_—
OSZO(CO)402': 5-1-0.5 \ K(n) = 59(20)
S =4n-38

= 20
BLACK HOLE Kp = C*CIMO]

SL = 20(3) = 60
KN = 2n-1 = 2(0)-1 = -1
K = 60-1= 59

LIGAND LINKAGES
PERIPHERY
=20(5)-20(2.5) = 50
NUCLEUS

KN =0(5)-1-20(0.5)-[-1]
=-10

NET = 50-10 = 40

= 40 CO LIGANDS

KN= - 10, COULD BE REGARDED

AS THE SWALLOWING OF CLUSTER
LINKAGES. WE MAY REGARD THE
NUCLEUS TO BE BEHAVING AS ABLACK
HOLE.

(<) = NUCLEUS WITH A BLACK HOLE

@ - CAPPING Os SKELETAL ELEMENTS
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Au1oL3R4: 10 3 4
35 -1 0.5

@ = CAPPING Au

@ =[W1]NUCLEUS

@ = FICTITIOUS ELEMENT

1

10

SL =11+11+11+K[M-1]
=33-3=30

— > K=10[3.5]-3-2= 30
K(n) = 30(10)
S = 4n-20
Kp = C11C[MH1]
THUS, 11 SKELETAL ELEMENTS
CAPPING ONE OF WHICH IS
FICTITIOUS(EMPTY HOLE) SINCE
WE HAVE ONLY 10 AVAILABLE
SKELETAL ELEMENTS.

[M-1], K =2n-1 = 2(-1)-1 = -3

THIS MEANS THREE SKELETAL LINKAGES
HAVE BEEN SWALLOWED.

PERIPHERY LIGAND LINKAGES
PL = 11[3.5]-11(2.5) = 11

NUCLEAR LIGAND LINKAGES

= -1[3.5]-11(0.5)-[-3] = -6

THUS, SIX LIGAND LINKAGES HAVE BEEN
SWALLOWED BY THE NUCLEUS.

NET = 11-6 = 5= 3L + 4R

BLACKHOLE IN THE NUCLEUS
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Au1ssReo: 144 60 K = 144[3.5]-30= 474
3.5 -0.5 ~K(n) = 474(144)
S = 4n-372 _ _
Kp = C187C[M_43] [=N['gf$], K'=2n-1=2(-43)-1
|
SKELETAL LINKAGES, SL=
187 187(3) + [2(-43)-1] = 474

PERIPHERY LIGAND LINKAGES,
PL = 187[3.5]-187(2.5) = 187

NUCLEAR LIGAND LINKAGES
T = -43[3.5] -187(0.5)-[-87] = -157
NET = 187-157 = 30 = 60 R

BLACKHOLE NUCLEUS

Table 3. Data Interpretation

K K(n)  SERIES Kp Ve VF RESULT
1 Aulg 6[3.5]-8+1 = 14 14(6)  4n-4 C’C[M3]  14(6)-4=80 6[11]+16-2=80 Different
2 Auwlg” 7[3.5]-8+1.5= 18 18(7)  4n-8 C’C[M2]  14(7)-8 =90 7[11]+16-3=90 Different
3 Auls” 6[3.5]-8+1 = 14 14(6)  4n-4 CC[M3]  14(6)-4=80 6[11]+16-2=80 Different
4 AuLgCL>  8[3.5]-8-1+1 =20 20(8)  4n-8 CC[M3]  14(8)-8=104 8[11]+16+2-2=104  Different
5 AuyLy 11[3.5]-12+1.5=28  28(11) 4n-12  C'C[M4]  14(11)-12=142  11[11]+24-3=142  Different
6  AujLCly 11[3.5]-7-1.5 =30 30(11) 4n-16  C°C[M2]  14(11)-16=138  11[11]+14+3 =138  Similar
7 AuLCLT  11[3.5]-8-140.5=30  30(11) 4n-16  C°C[M2] 138 11[11]+16+2-1=138  Similar
8 AuyLg" 20[3.5]-8+2 =64 64(20) 4n-48  C¥C[M-5] 14(20)-48=232  20[11]+16-4=232 Similar?
9 AupLiCl?  13[3.5]-10-1+1.5=36  36(13) 4n20  C''C[M2]  14(13)-20=162  13[11]+20+2-3=162  Similar?
10 AupLi 22[3.5]-12 =65 65(22) 4n-42  CPCIMO]  14(22)-42=266  22[11]+24=266 Different
11 AupLy, 22[3.5]-14 =63 63(22) 4n38  CPC[M2]  14(22)-38 =270  22[11]+28=270 Different

3. Data Interpretation

A number of golden clusters have been studied by UV-Vis-NID method (Wang, et al, 2016). For the purposes of
illustrating how the series method analysis of clusters could be utilized, these findings are given in Table 3. For ease of
differentiation of the clusters and grouping them, let us refer to the clusters with the same closo nucleus [Mx] as being
in the same CLUSTER GROUP but different series S = 4n+q(q varies), while those which belong to the same series S =
4n+q ( q is the same) as being in the same CLUSTER PERIOD. This approach is similar to what we have in the
ordinary periodic table of elements. Let us look at the following clusters: Pd;o(CO);,L¢;K(n) = 22(10), S =4n-4,Kp =
C*C[M7];Pd»(CO)y 1 Lio; K = 61(23), S = 4n-30, Kp = C'°CM7] and AusPdag(CO)L 6, K=88(32), S=4n-48, Kp =
C»C[M7]. All these three clusters possess the similar cluster nucleus [M7] but different number of capping elements.
These clusters are regarded as being in the same CLUSTER GROUP but different cluster capping periods-one has 3
capping skeletal elements, the other 16 capping clements and lastly the other has 25 capping elements. Let us take
another example: Pdyo(CO)sLs”: Pdsp(CO)eLie: K =84, K(n) = 84(30), S= 4n-48, Kp = C*C[MS5] and
AuyPdyg(CO)pLi6; K=88(32), S=4n-48, Kp = CZSC[M7]. These two clusters belong to the same CLUSTER PERIOD, S
= 4n-48. They have the same number of capping elements but different nuclear sizes, one with 5 skeletal elements in the
nucleus and the other 7. With this proposed definition of CLUSTER GROUP and CLUSTER PERIOD introduced, we
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can now have some idea or understanding of the results indicated in the table. According to the series method, clusters 1
{[M3], C* }and 2{[M2],C’}:-these two belong to different cluster groups and cluster periods;clusters 3{[M3], C’},
4{[M3],C°}, and5{[M4], C"}:- cluster 3 and 4 belong to the same group but different periods while cluster 5 has
nothing in common with clusters 3 and 4; 6{[M2], C°} and 7{[M2], C°}:-clusters 6 and 7 belong to the same group and
period; 8{[M-5],C*},9{[M2],C"}:-clusters 8 and 9 have nothing in common; 10{[M0], C**} and 11{[M2], C*}:-
clusters 10 and 11 are also different as they have nothing in common.

CONVERSION OF AoLg’* CLUSTER TO Au,Ls" CLUSTER

The change of skeletal structure of AgLg>" to a different one of AugLs™ was reported by Mingos (Mingos, 1984). This
transformation can also be explained by the series approach. The K(n) value of AugLg’" is 25(9) while that of AuoLg" is
24(9). The decrease in K value by 1 results in a decrease of skeletal capping by 1 with a parallel increase in the nuclear
index by 1. That is, instead of the geometry having 8 capping elements and 1 in the nucleus it changes into another on
having 7 capping skeletal elements and 2 nuclear elements. In terms of cluster grouping proposed, the cluster has
moved from CLUSTER GROUP 1[M1] to CLUSTER GROUP 2[M2]. This is illustrated in F-42.

A B
+2e
AusLs®* > Augls*
K=9[3.5]-8+1.5 =25 K =9[3.5]-8+0.5=24
K(n) = 25(9) K(n) = 24(9)
S=4n-14 S =4n-12
Kp = C8C[M1] Kp = C'C[M2] '

Two skeletal elements in the 'nucleus

One skeletal element
surrounded by 7 skeletal elements.

in the 'nucleus’
surrounded by 8
capping skeletal SL = SKELETAL LINKAGES

elements.
O = CAPPING Au

SL=7+7+7+3= 24

SL=8+8+8+1=25

(] = [M2]
© =[Mm1]

[M1], S =4n+2, K = 2n-1= 2(1)-1 = 1

[M2], S = 4n+2, K = 2n-1 = 2(2)-1 = 3

Cluster Isomerism

Skeletal elements with the same nuclearity index (n) and same skeletal number K have been found to portray different
geometrical shapes. We can refer to this as K ISOMERISM. This has been observed (Hughes& Wade,2000) for
Os6(CO);¢>[K = 11] and Ose(H),(CO)y5[ K = 11] in F-43. The encounter with K isomerism in golden cluster AoLg>*
(Mingos, 1984) is not a surprise. The rough sketches of the isomerism are illustrated in F-43 to F-48.
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K- ISOMERISM
Os6(CO)18% Oss(H)2(CO)18
K = 6[5]-18-1 = 11 K = 6[5]-1-18 = 11
K(n) = 11(6) K(n) = 11(6)
S =4n+2 S =4n+2
CLOSO; [Mg] CLOSO, [M6]
K=11
K=8+3=11
AuglLs](NO3)s3 L = P(p-CeHsOMe)3
ISOMERISM
Kp = C8C[M1] K(n) = 25(9)
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Augls](NO3)s3 L = P(p-CeHsOMe)3
ISOMERISM
Kp = C8C[M1] K(n) = 25(9)

Au1eLsCls: K = 16[3.5]-8-3 = 45; K(n) = 45(16), S = 4n-26, Kp = C"*C[M2]
K ISOMERISM PRESENT AS WELL AS A BLACKHOLE NUCLEUS

SKELETAL LINKAGES = 14+14+14+3 =45
3 ARE FROM[MZ], S = 4n+2, K = 2n-1
=2(2-1=3

Ligand linkage distribution

Periphery = 14[3.5]-14(2.5) = 14

Nucleus =2[3.5]-14(0.5)-3 = -3

This means that the nucleus has negative
nulear linkages for ligands-BLACKHOLE.
The NET linkages available for ligands =
14+(-3) = 8. This is the same as 8| + 6CI.

@® - \2] BLACKHOLE NUCLEUS

O =CAPPING Au

BLACKHOLE
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AutsLsCle: K = 16[3.5]-8-3 = 45; K(n) = 45(16), S = 4n-26, Kp = C'*C[M2]

L = AsPPhs
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AuieLsCle: K = 16[3.5]-8-3 = 45; K(n) = 45(16), S = 4n-26, Kp = C'*C[M2]

K -ISOMERISM PRESENT

v ‘“
NLL 7

'® {4/

POSSIBLE LIGAND DISTRIBUTIONS

DECAPPING CLUSTER SERIES:-Kp = C’C[Mx]capping

During the course of developing the 14n/4n series method for categorizing clusters, a capping symbol Kp = CYC[Mx]
was introduced. This is easily illustrated by the scheme SC-7.

SC-7
S =4n+q 4n+10 4n+8 4n+6 4nt4  4nt2 4n+0 4n-2 4n-4
KLADO HYPHO ARACHNO NIDO CLOSO MONOCP BICAP TRICAP
Kp=CC[Mx] C*C c3c C’C c'c C'c c'c c’C c’c
4n-6 4n-8 4n-10 4n-12  4n-14 4n-16 4n-18  4n-20
TETRACP PENTACP HEXACP
Kp=CC[Mx] C'C cc c’c c’c c'c c’c c'’c c''c

Previously, the series were capturing clusters which were mono-capped, bi-capped, tri-capped, and so on (Kiremire,
2015, 2016b). The symbol was not extended to the lower series such as CLOSO, NIDO, ARACHNO, and KLAPO.
According to the series, the capping or de-capping step involves one skeletal element (An = 1) and three skeletal
linkages (AK = 3). Looking at the symbol, Kp = C’C[Mx],y= 1 when S = 4n+0, then S = 4n-2, y= 2, 4n-4, y=3, etc.
Moving backwards, from S = 4n+0, y=1, then for S =4n+2, we can set the value of y = 0 and so the capping symbol will
be Kp = C°C[Mx]. Further movement backwards to S = 4n+4, y= -1, hence, Kp = C"'C[Mx]. More backward movement,
the capping symbol will be as indicated in the Table 4 and SC-7. The table numerically represents the concept (Rudolph,
1976) of correlating borane polyhedral geometrical structures.
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Table 4. Decapping Series

[M12] K(n) [M11] K(n) [M10] K(n) [M9] K(n)
° C’C[M12] 23(12) C°C[M11] 21(11) C°C[M10] 19(10) C°C[M9] 17(9)
c! c'cM12] 20(11)  C'CMI11] 18(10) C'CcM10] 16(9) c'ciMI] 14(8)
c? C*C[M12] 17(10)  C*C[MI11] 15(9) C*C[M10] 13(8) C*C[M9] 11(7)
c? C3C[M12] 149)  C3C[MI11] 12(8) C3C[M10] 10(7) C3C[MY] 8(6)
c* C*C[M12] 118)  C*C[Ml11] 9(7) C*C[M10] 7(6) c*cM9) 5(5)
c? C°C[M12] 8(7) C’CM11]  6(6) C3C[M10] 4(5) C°C[M9] 2(4)
c*t C'CIM12]  5(6) CtC[M11] 3(5)
c’ CCM12] 2(5) C'CM11] 04
[M8] K(n) [M7] Kn) [M7] Kn)
C? C'[M8] 15(8) C'M7] 13(7) C'M7] 13(7)
c! C'M8] 12(7) c'M7] 10(6) c'M7] 10(6)
c? CMS] 9(6) CM7] 7(5) CM7] 7(5)
c’ C7Ms] 6(5) C[M7] 44) C[M7] 44)
c* s 34) CM7] 13) C*M7] 13)
[Mo6] Kn) [M5] Km)  [M4] Km)  [M3] Kmn)  [M2] Kn)
" C"M6) 116) C°[M5] 95)  C'IM4] 74)  C'[M3] 53 C'[IM2] 3Q2)
c! C'Me] 8(5) C'[M5] 6(4)  C'[M4] 43)  C'[M3) 22 C'mz) 0(1)
c?  CM6] 5(4) C?[M5] 33) CM4] 1Q2)
C? C[Me) 2(3) C*[M5] 0(2)
Table 5. Some of Rudolph Type of Series and Corresponding Boran
[M12] K(n) S Fg [M6] K(n) S Fg
C’C[M12] 23(12) 4n+2 [BH](12)+2¢ = Bj,H - C01[M6] 11(6)  4nt+2 [BH](6)+2e =BgH—
Cc'cM12] 20(11) 4n+4 [BH](11)+4H = B H5 C'M6]  8(5) an+4 [BH](5)+4H =BsH,
C*C[M12] 17(10) 4n+6 [BH](10)+6H =B,oH,4 CM6]  5(4) 4n+6 [BH](4)+6H =B,H,,
C3C[M12] 14(9) 4n+8 [BH](9)+8H = BoH;, Cc’M6]  2(3) 4n+8 [BH](3)+8H =B;H,,
C*C[M12] 11(8) 4n+10 [BH](8)+10H =BgH, 5
C3C[M12] 8(7) 4n+12 [BH](7)+12H = B;H o
C*C[M12] 5(6) 4n+14 [BH](6)+14H = B4H,,
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Ps K=4[15]=6
K(n) = 6(4) -1(2)
S=4n+4(q=4) —> Q=2

n=4
Kp = C'C[M5]

Is(CO)2  :K=4[45]-12=6
K(n)=6(4) -1(2)
S=4n+d —————> 2

n=4 l

Kp = C"'C[M5]

Ss  :K=8[1]=8
K(n) = 8(8) -7(2)
S =4n+16 > =2

l

Kp = C7C[M15]
[M15], K = 2(n)-1 = 2(15)-1 =29, K(n) = 29(15)

29(15) 26(14) 23(13) 20(12) 17(11) 14(10) 11(9)
8(8)

SC-8
Appendix-1

Skeletal k Values of Main Group Elements
Group Series, S =4n+q k=2n-q/2

1 4n-3 3.5 Li Na K Rb GCs
2 4n-2 3 Be Mg Ca Sr Ba
3 4n-1 2.5 B Al Ga In Tl
4 4n+0 2 C Si Ge Sn Pb
5 4n+1 1.5 N P As Sb Bi
6 4n+2 1 (0] S Se Te Po
7 4n+3 0.5 F Cl Br 1 At
8 4n+4 0 Ne Ar Kr Xe Rn
Appendix-2
Skeletal k Values of Transition Metals
3d-TM 4d - 5d-TM Series, S = k =2n-q/2
* T™M* * 4n+q

Sc Y La 4n-11 7.5

Ti Zr Hf 4n-10 7

\'% Nb Ta 4n-9 6.5

Cr Mo w 4n-8 6

Mn Te Re 4n-7 5.5

Fe Ru Os 4n-6 5

Co Rh Ir 4n-5 4.5

Ni Pd Pt 4n-4 4

Cu Ag Au 4n-3 3.5

Zn Cd Hg 4n-2 3

4. Conclusion

A collection of known golden clusters have been analyzed and categorized using skeletal numbers. A large percentage
of them are centered around [MO], [M1] and [M2] closo-based axes. The [Mx] may be regarded as similar to groups of
elements in the periodic table. The clusters which lie on the closo lines [Mx], x< 0, have a tendency of possessing
metallic character. In this connection, the golden clusters are closer to the metallic region of metallic clusters than that
of non-metallic. A concept of a black-hole nucleus has been introduced as well as that of numerical categorization of
clusters which lie lower than the closo base line. The two dimensional ideal shapes of clusters have been sketched using
graph theory derived from the 4n series method.
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Abstract

Surface water discharge of domestic sewage poses a treat mostly due to antibiotics content as amoxicillin. Its
environmental presence provides the bacterial resistance enhancement and disturbance in aquatic life. The biocarbon is
an organic carbon compound obtained by biomass pyrolisis at 300°C to 750°C under low oxygen environment. It is an
effective adsorbent derived from agricultural and industrial solid biomass also frequently used to remove various
pollutants, including dyes, pesticides, organic compounds and heavy metals from aqueous solutions. The importance of
this natural material rises as low cost abundant and renewable alternative to activated carbon used on wastewater
treatment application. Several technologies are employed to modify crude precursors on biocarbon preparation
including chemical, physical and biological treatments with the addition of functional groups. The raw biomass material
also provides some radicals and humic acids with promising water adsorbent results. The integrated process of the
efficient Solar-TiO, photodecomposition followed by biocarbon adsorption resulted on 94% of amoxicillin removal
percentage and avoids the toxic treatment sludge production.

Keywords: amoxicillin, adsorption, biocarbon, antibiotic, photodecomposition, solar
1. Introduction

In Brazil as in many countries the worthless biocarbon fine material is seeing as a work related disease and
environmental problem. Its relation with suspended particle pollution and lungs disease is direct, usually is also related
with infant work and slavery condition. The development of better technological use for the biocarbon can provide
investments for its fine particle collection and use of this valuable high surface area renewable source on environmental
conservation. Nowadays the Brazil economical condition can promote new ways for its better use and the research
projects are providing a possible and feasible target for better future.

The pharmaceuticals production is essential and responsible for life quality and public health improvement, increasing
the life expand and perform a significant role in prevention, diagnostic and treatment in human and veterinary medicine.
Published environmental studies indicated the raw sewage discharge and urban drainage wastewater as the main routes
and sources of pharmaceuticals input in the aquatic environment (Sun, Chen, Wan, & Yu, 2015).

The antibiotics presence in the environment shows direct association with chronic toxicity and the prevalence of
bacterial resistance gene. Published studies confirm the presence of the amoxicillin in domestic wastewater in the range
form ng L™ to mg L. Its presence, persistence and bioaccumulation in the environment may induce resistant gene
contamination, toxic effects and change the natural balance of the aquatic ecosystems.

The amoxicillin has a complex chemical structure with C;sH;9N3OsS with the molecular weight of 365.4 g mol'and
three acids dissociation on pH 2.4 (for carboxyl), pH 7.4 (amine ) and pH 9.6 (phenol) the solubility in water is 3430
mg L™ at 20°C and log Kow 0.87.
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Figure 1. Amoxicillin chemical structure

There are many environmental causes of the amoxicillin presence in surface waters in small proportions. Such behavior
provides excellent conditions for microorganism’s changes and adapts their genetic material, to create resistance to the
antibiotic and produce enzymes called beta-lactamases, which destroy penicillin base antibiotics. The resistant bacteria
reproduce and multiplied, which the elimination of the weak ones, and those that have become resistant remain, posing
a public health risk. Some of these threats involve the development of abnormalities and deterioration of animal
reproduction. Recently published works indicate the traditional disinfection process of chlorination is not enough to
deactivate such adaptation process (Lisle, 1995).

Brazil has the world largest protein production and the antibiotics use in veterinary medicine is excessive. Their
application in sick animals is usually too much and also it is commonly served to healthy animals, as a ration
supplement. The presence of amoxicillin contamination decrease the water quality of springs, dams and rivers, such as
the Atibaia River, which supplies 90% of the drinkable water to a population of Campinas located in S&o Paulo state.

The photodecomposition usually involves the production of the HO* and O, radicals in most heterogeneous
photocatalytic cases the HO* is widely regarded as the main active oxidant. The HO* production dominate the
amoxicillin decomposition mechanism (Benacherine, Debbache, Ghoul, & Mameri, 2017). The photodecomposition
process uses the TiO, as a catalyzer, generating the hydroxyl radical by many equations. However, the most commonly
found in the literature are the Equation 1 and 2 summarized above:

TiO, + hv> e+h' (D
H,O+h"> H + HO* ©)

Published results indicate the stirring time for complete degradation of amoxicillin was 120 min of solar irradiation with
89% of initial amoxicillin removed. The use of solar radiation indicates does not only higher degradation efficiency but
also accelerate the photocatalytic process in comparison with UV lamps (Alalm, Tawfik, & Ookawara, 2016).

There are many methods for amoxicillin and amoxicillin decomposition by products to removal from contaminated
water such as nano filtration membrane, electro coagulation, electrochemical oxidation, biodegradation, reverse osmosis,
ozonation, Fenton oxidation, catalytic degradation, and adsorption. Adsorption in known as an efficient process to
remove various antibiotic pollutants from aqueous solutions due to simple design, flexibility, easy operation, suitability
for batch and continuous processes. Additionally, all traditional water treatment processes with low pollutants
concentration still result in an environmental problem as the correct disposal of the contaminated sludge. The solar
energy with TiO,promote the formation of hydroxyl radicals and increase the amoxicillin decomposition velocity
possibly leading to the mineralization. The photodecomposition integrated with the fine waste biocarbon adsorption
promotes the water treatment efficiency and quality polishment removing the antibiotics decomposition by-products in
an efficient low cost integrated process with renewable materials.

2. Material and Methods

The eucalyptus urophilia biochar samples were a solid waste from carboniferous plant. Usually considered as an
environmental problem and work related disease the low particle size material provides higher surface area for
adsorption. Its natural humidity is about 5% to 7% and the total carbon is in the range of 75% to 78%. Its particle size
analysis shows mostly particles from 1 to 50um and after micronization they reaches the average diameter lower than
37 um (0.04 nm).

The experimental procedures used the dissolution of the amoxicillin powder brought as active medicine compound and,
the preparation of the calibration curve applied the amoxicillin standard in different concentrations in the interval of 0.1
and 0.9 of adsorbance. The spectrophotometer Carry 1E allows the adsorbance measurements in A = 237 nm (Standard
Methods).The experiments design began before some exploration trials, using solar chamber and a luximeter with lux
equal to one lumen per square meter.

The photodecomposition experiments used the commercial grade TiO, anatase and the preparation of the initial
amoxicillin solutions were by the dilution of the stock solution_ (Ramasundaram, et al 2017). The addition of 30 mg of
TiO, was in a 400 mL of distilled water and amoxicillin initial concentrations were in the range of 20 to 80 mg L™
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accordingly with the environmental monitoring results cited in literature. The control of the temperature on 40°C +
0.5°C, and the pH 5.5 were during the all processes, the agitation of the solid suspension was until 120 minutes inside
the solar chamber. The luximeter measurement in the solar beam allowed to measure and control the radiation incidence
experimentally fixed in 1000 lumen. The collection of the solid suspensions aliquots were after 30 min each, added at
Falcon flasks with 3 mg of micronized biocarbon. After the homogenization, the flasks suspensions were centrifuged at
15000 rpm for 15 min. The measurement of the clean supernatant in the spectrophotometry UV-Vis allowed quantifying
the amoxicillin adsorbance and converting their values to concentration with a previously prepared calibration curve.

3. Results and Discussion

The results of the kinetics studies of photodecomposition and biocarbon sorption provide valuable insights about the
kinetics models: pseudo-first-order, pseudo-second-order, and intraparticle with the determination of photodecomposition
and adsorption rates.

pseudo-first-order equation:

10g(qe — q¢) = log(qe) — =t 3)

2.303

Where: K, is the pseudo-first-order rate (min™), and qe (mgg™) refers to the experimental adsorbed mass at equilibrium.
The plotting of the calculated values of In (qe-qt) for t (time), and the calculation of K, used the slope values of the line
equation.

Pseudo-second order equation:

1
—=—+—t 4
g Kz qe )

Where: K, (g.mg”.min™") is the kinetics adsorption rate, the values of t/qt are plotted for t (min), and the calculation
predicted the adsorption capacity qe (mg g) and the integrated adsorption rate K, with the slope and the intercept of the
line equation, respectively.

Intraparticle equation:

log(qe) = log(Kiq) + alog(t) ®)
The use of the experimental results allows perform the kinetics calculations. Table 1 presents the kinetics rates calculated
using the equations 3 to 5. The pseudo-first-order equation represents a logarithm of the reactant species and the reaction
time, larger K, indicate fast reactant consumption and small time to complete the reaction, the R* values obtained for the
pseudo-first equation indicate lower correspondence between the results and the theory. Some published results indicate
the solar photodecomposition processes with goethite as pseudo-first-order kinetics with K=0.26x10min"'(Benacherine,
Debbache, Ghoul, & Mameri, 2017).

The experimental results indicated lower correlation with pseudo-first-order, just one K, value was 1.6 107 (min™) with
R*=10.977, all results indicated better correlation with the pseudo-second-order.

Considering the pseudo-second-order reaction the sum of the exponents in the equation rate is equal to two. The reactant
concentrations are plotted with time. The pseudo-second-order reaction depends on the initial concentration, of the two
different reactants A and B combine in a single elementary step. Before the rate which A decreases they can be expressed
using differential equation, rearranged, integrated and followed the linear equation which the slope value is K,. The
pseudo-second order showed better correspondence with the experimental results corroborating with published results for
biocarbon adsorption and amoxicillin removal treatments, Table 2. The interparticle reaction usually point out the slow
step of the adsorption reaction.
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Table 1. Kinetics results of the integrated processes (solar photodecomposition and biocarbon adsorption)

Concentration Pseudo-first R’ Pseud-second R’ Interparticle R’
(i mg-L-l) K 10° (i mi”-l) Ky(g mg”.min™) Kiu
21.9 1.1 0.523 17.715 0.964 1530.81 0.005
343 1.3 0.053 302.11 0.926 882.65 0.006
425 1.7 0.364 350.88 0.951 743.21 0.003
45.5 1.6 0.977 46.447 0.926 797.11 0.007
65.2 1.4 0.236 21.566 0.701 249.51 0.020
81.7 1.8 0.143 161.81 0.950 566.63 0.004
Table 2. Published results of biocarbon, methylene blue, and amoxicillin adsorption kinetics
Biocarbon Toxic Adsorption Kinetics model Reference
compound capacity (mg g-1)
Eucalyptus with citric acid Methylene 178.57 Pseudo-first-order, Elovich, (Sun,Chen,Wan,& Yu,
Blue and intraparticle 2015
Eucalyptus activated at 400°C Methylene 9.50 Pseudo-second-order (Sun,Wan,&Lu0,2013)
for 30 min. Blue
Granular activated carbon PA Amoxicillin 0.63 Pseudo-second-order (Franco et al, 2017)
Biomass Arundo donax Linn Amoxicillin 196.9 Pseudo-second-order (Chayid,&Ahmed,2015)
- Microwave
TiO, / zeolite Amoxicillin - - (Fan et al, 2016)

The concentrations of the initial amoxicillin were in the range of 28 to 83 mg L™ similar with those related in literature in
hospital discharge (Kanakaraju; Kockler; Motti, Glass,& Oelgemoller, 2015) (Githinji; Musey; & Ankumah, 2010)
(Kavitha,& Namasivayam, 2007). The higher removal percentage was 94% for integrated process with initial amoxicillin
concentration of 81.7 mg L™ resulting in 825.71 mg g higher of those systems found for eucalyptus/ citric acid (Sun,
Chen, Wan,& Yu, 2015).

The use of integrated processes as solar/TiO, photodecomposition followed by adsorption has many advantages as a great
potential for a photocatalysis with the application of solar treatment chambers and possible self-cleaning surfaces
(Ramasendaram et al, 2017). However, the practical applications and continuous use demand solutions to kinetics
problems, and they may rise as the adsorbent reduced surface area, TiO, oxidation surface and solid low stability due long
term use and the potential oxide mass production.

The amoxicillin degradation with solar/TiO, anatase proceeds about three times faster than with ultraviolet (UV) lamp.
The disproportional improvement oxidation rates may be explained by the difference between the small spectrum
irradiance of UV band and the broad spectrum of solar visible light (Klauson; Babkina; Stepanova; Krichevskaya; &
Preis, 2010). The intensity of radiation spectrum grows with increasing wavelength from 300 to 500 nm. The
combination of solar photodecomposition and the adsorption process is actually efficient and low cost in spite some
application difficulties to be overcome in near future.

The integrated process study include the adsorption isotherms, performing the calculations of Langmuir, Freundlich and
Redlich-Peterson isotherms, equations 6, 7 and 8 respectively (Sampranpiboon, Charnkeitkong,& Feng,2014) (Ho, Chiu,
&Wang, 2005). The Langmuir isotherm adsorption assumes an ideal solid surface composed by series of distinct sites
capable of binding the adsorbate in a molecular coverage, the reaction is treated as a chemical reaction between the
adsorbate molecule and the surface as a pseudo-second-order reaction. The Freundlich isotherm is empirical but widely
used and the value of n is considered a measure of the adsorption intensity higher the 1 the n more favorable is the
adsorption processes. The Redlich-Peterson (R-P) is more accurate than the Langmuir and Freundlich due the “g” value
equals to 1 (Wu, &Tseng, 2010). Usually the R-P is in accordance with Langmuir and Freundlich isotherm equations,
such behaviors could also be observed in this study

Ce/qe = 1/Qob + Ce/Q,, (6)
logge= logKf+ 1/n logCe @)
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In (Ce/qe) = g InCe - InKr ®)

Where: Ce = equilibrium concentration (mgL™); ge = the amount adsorbed at equilibrium (mg.g"); Qp and b are
Langmuir constants; Qo indicates the adsorption capacity of the material and b indicates the energy of adsorption. Kf and
n are Freundlich constants. Kf indicates the adsorption capacity of the material and n indicates efficiency of adsorption.
Kr and g are Redlich-Peterson constants; Kr indicates the adsorption capacity and “g” is the exponent between 0 and 1.

Table 3. Langmuir, Freundlich, and R-P isoterms for integrated processes with solar/TiO, and biocarbon

Langmuir R’ K, b
y =0.004 + 0.001x 0.864 970.9 0.23
Freundlich R’ Kf n
y=2.334+0.377x 0.956 215.7 2.66
Radlich-Peterson R’ Kf g
y=-6.651 + 1.002x 0.955 773.6 1.00

The RL values were in the interval from 0 to 1, with favorable adsorption accordingly with Langmuir isotherm. The
Freundlich isotherm constant n was also in the interval of 2<n<10, the indication of the agreement with Freundlich model
with equal adsorption heating and Redlich — Peterson parameters were also promising.

4. Conclusions

The biocarbon was efficient, low cost and renewable adsorbent material showing high efficiency (more than 95%) to
remove amoxicillin and its photodecomposition by-products. The integrated process of solar/TiO, photodecomposition
and biocarbon adsorption presented promising results and led to the better antibiotic removal process allowing the
processes parameters optimization as antibiotics initial concentration, agitation time, solar radiation incidence time, TiO,
mass, pH and temperature. The optimization of these parameters is feasible to improve the results. The combined
adsorption and TiO,solar photodecomposition of antibiotics are so far the best-integrated processes with low toxic sludge
production, using the low particle biocarbon well known as worthless, an environmental risk and work related disease as
high surface area solid waste, such natural renewable material showed removal capacity effectiveness and the better
compromise solution for environment conservation X price.
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Abstract

Modeling and characterization the transition state structure of enzyme catalyzed reactions is essential. A DFT method
employing B3LYP level of theory with 6-31G (d',p') basis set for non-metals and LanL.2DZ basis set for molybdenum
have been used. The bond orders of chemical fragments were calculated using AOmix softaware. The effect of chalcogen
replacement, amine group and methyl group in the parent structure of xanthine bound to xanthine oxidase active site were
compared. The transition state structure of model substrates (2AX, 2A6TP, 2A6SP and 2A6MP) bound to the truncated
form of XO active site has been confirmed by the presence of one negative imaginary frequencies (s™) (-60), (-140), (-230)
and (-270), respectively. The corresponding normalized energy barriers (kcal/mol) from pre-transition state to the
transition state, respectively, are (13.869), (21.753), (23.109) and (0.212). In this work, 2A6SP and 2A6TP substrates
were found to be potential xanthine oxidase inhibitors. The large bond distances and minimum bond order for Cry-Hgy
bond, and small bond distances and maximum bond order for Sy;,-Hgry bond at the transition state for chalcogen replaced
2AX confirms early transition state structure. Methyl substituted 2AX analog found to have post transition state structure.
A potential xanthine oxidase inhibitor can be designed from purine family enzymes using DFT approach.

Keywords/Phrases: DFT, xanthine oxidase, modeling, stepwise mechanism, transition state
1. Introduction

Xanthine oxidoreductase (XOR) is a molybdenum-containing enzyme encoded by the human genome and catalyzes the
sequential hydroxylation of hypoxanthine to xanthine and xanthine to uric acid [Enroth et al. (2000), Okamoto et al.
(2004) and Nishino, Okamoto, Eger and Pai (2008)]. The enzyme was first discovered, in 1902 from bovine milk by F.
Schardinger [Berry and Hare (2004), and Enroth et al. (2000)] as aldehyde reductase. But, Dixon ef al. (1926) isolated the
enzyme from cow’s milk and showed that the enzyme was identical to the xanthine-oxidizing enzyme [Nishino et al.
(2008)]. Since then, the enzyme has been routinely isolated from various sources [Enroth et al. (2000) and Okamoto et al.
(2004)]. The X-ray crystal structure for XO (xanthine oxidase) enzymes has been resolved from various sources such as
bovine milk xanthine oxidase (bmXOR) [Enroth et al., (2000)] (Figure 1.1).
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Figure 1.1. The crystal structure of bovine milk xanthine oxidase (left) and arrangement of the redox active centers: Mo
MPT, [2Fe-2S] cluster and FAD (PDB accession code of 1V97) [Okamoto et al. (2004)]

The illustration was prepared using protein explorer [Martz (2002)]

The bmXOR enzyme is a homodimer with a molecular mass of about ~300 kDa [Enroth et al. (2000) and Okamoto et al.
(2004)]. Each monomer consists of four redox active centers: Molybdopterin cofactor, a pair of non-identical 2Fe-2S
centers, and one FAD (Flavin adenine dinucleotide) cofactor [Cao, Pauff, and Hille, (2011), Leimkiihler, Stockert,
Igarashi, Nishino, and Hille, (2004) and Pauft, Cao and Hille, (2008)]. The smallest (S) subunits (20-kDa each, consisting
two pairs of [Fe;S;] (Scys)s clusters) are connected by a long segment to the medium (M) subunits (40-kDa each,
consisting two FAD cofactors). Similarly, the medium subunits are connected to the large (L) subunits (85-kDa each,
consisting two molybdopterin cofactors) [Mohamed, Al-Omar, EI-Subbagh, Beedham, and Smith, (2005) and Schwarz
and Mendel, (2006)]. The enzyme, XOR has two interconvertible forms, Xanthine Dehydrogenase (XDH) and XO [and
Berry and Hare, (2004) and Enroth et al. (2000)]. The enzyme, bmXOR from mammalian sources including human, is
synthesized as the dehydrogenase form, but it can be readily converted to the oxidase (XO) form upon oxidation of
sulfhydryl residue [Leimkiihler et al. (2004), Pauft, Zhang, Bell, and Hille, (2008) and Pauff, Cao, and Hille, (2009)]. The
main differences in the catalytic properties of XDH and XO are the reactivity of the FAD cofactor towards the competing
electron acceptors, NAD" and molecular oxygen, which are electron acceptors for XDH and XO, respectively [Pauff,
Zhang, Bell, and Hille, (2007), Pauff et al., (2008) and Pauff et al. (2009)].

The enzyme is widely distributed throughout various mammalian organs and microorganism cells. In mammals, including
human, the enzyme is known to be found in various organs of our body including kidney, liver, small intestine, and
lactating mammary gland [Pauff et al., (2007)]. In addition to its role in hydroxylation of various N-hetrocyclic
compounds, it is suggested to be involved in drug oxidation, activation, and detoxification of xenobiotics [Mohamed et al.,
(2005)]. However, the most noticeable disease in humans is the deposition of uric acid, known to be responsible for gouty
conditions [Romao, (2009)]. This condition is more pronounced in the joints, through the deposition crystals of sodium
urate [Kalra, Jena, Tikoo, and Mukhopadhyay, (2007)]. The hydroxylation products are the main reason for gouty
condition or hyperuricemia which is a painful disease occurred in joints [Bjelakovic et al., (2002), Kalra et al., (2007) and
Romao, (2009)]. In the course of the reaction, reactive oxygen species (ROS), O, and H,O, are generated at FAD as end
product of the reaction [Berry and Hare, (2004)]. These reactive oxygen species together with the hydroxylated product of
the reaction, uric acid, are suggested in different pathological states, in the area of human health. It is also involved in
different pathological states such as endothelia dysfunction, hypertension, carcinogenesis, hepatitis, oxidative damage,
and heart failure [Berry and Hare, (2004)]. Hence, health organizations show interest in the enzyme as the enzyme is more
frequently linked to major metabolic pathways of drugs and due to its adverse effect in the area of human health
[Mohamed et al., (2005), and Alfaro and Jones, (2008)]. Thus, understanding the catalytic cycle of the reaction
mechanism would be beneficial from human health perspective [Leimkiihler et al., (2004), Pauff et al. (2007), Pauff et al.
(2008), Zhang, and Wu, (2005)].

As shown in Figure 1.1, the redox sites of the 5mXOR enzymes are organized in a linear fashion, ideal for electron transfer.
As with many oxidoreductase enzymes, the redox sites are characterized for their suitability to undergo simultaneous
interaction with both the reducing and oxidizing substrates. The reducing substrates react at the reductive and the
oxidizing substrates at the oxidative half-reaction active sites [ Voityuk, Albert, Romao, Huber, and Roesch, (1998)]. They
also need additional components (such as pairs of [Fe,S,](Scys)4 clusters) to facilitate the flow of electrons between the
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reduction and oxidation half-reaction sites [Pauff et al. (2009), and Xia, Dempski, and Hille, (1999)]. The reaction
stoichiometries of these enzymes are unique among other hydroxylation reactions catalyzed by mono-oxygenase enzymes.
Monoxygenase enzymes hydroxylate their substrates using the oxygen, derived from molecular oxygen (equation 1).
Unlike the mono-oxygenase enzymes, the XOR enzymes use oxygen derived from water and generates a pair of reducing
equivalents (equation 2) [Choi, Stockert, Leimkuhler, Hille, (2004), Hille, Kim, and Hemann, (1993) and Hille, (2006)].

RH +2e +2H" —L 5 ROH 4 Hy O (1
RH + H,0 =25 ROH + 2H " +2€ oo (2)

1.1 Overview of the Catalysis Stage and the Nature of the Transition State

The catalysis stage of the reaction mechanism is the main concern of theoretical research since the transition state
structure is part of this stage. The geometry of the transition state structure is central in understanding the catalytic
reaction mechanism [Ayala and Schlegel, (1997)] although the smallest fraction of the catalytic cycle is spent in the
transition state [Schramm, (1998)]. As shown by the mechanistic transformation (Scheme 1.2), the transformation of the
tetrahedral Michaelis-Menten complex [(Enzyme)-(MoVI=O(=S)(-O-Cry)] to the product bound intermediate
[(Enzyme)-(MolV=0(-SH)(-O-Cy)] is proposed to pass through the tetrahedral transition state (Schemes 1.1, Structure b).
The generalized reaction equation for reactions to form their product is shown in Scheme 1.2. The tetrahedral transition
state complex ((Enzyme)-[MoVI=S---Hyy---Cry]#), shown in Scheme 1.2, is described by placing the substrate bound
hydrogen (Hgy) between the Mo bound sulfido (Sy,) terminal and the substrate (Cry) bound carbon. Depending on the
type of the substrates (Cry), the (Enzyme)-[MoVI=S---Hgy---CryJ# transition state structure was proposed to dissociate
into O-Cx and (Enzyme) [MoVI=O(=S)(-OH)] without forming a stable intermediate or by forming an
(Enzyme)-[MoIV-O-Cg] intermediate.

Catalvsis stage

_ #
H SH
'j‘){;{‘, [ RH fj/ ﬁ) /5 Hen ;% ﬁh/ RH
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VI o~ “RH ’JVIQO"’ CrH 'ﬁlwko" Cr
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Schemel.1. A hypothetical schematic model, representing the catalytically crucial elements of the reductive-half reaction,
for the hydroxylation of substrates (CRH,) by bmXOR enzymes
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Scheme 1.2. A hypothetical description for the transition state structure that involved the transfer of substrate proton (Hgy)
from Cgry to Smo

A transition state structure is the molecular species that is represented by the top of the potential energy curve in a simple
one-dimensional reaction coordinate diagram [Senthilkumar and Kolandaivel, (2003)]. The energy of this species is
needed in order to determine the activation energy of the reaction and thus the reaction rate. It is a distinct species in the
reaction coordinate that determine the absolute reaction rate.
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From spectroscopic studies, it is suggested that the molybdenum center cycles through three oxidation states (VI, V, IV)
[Senthilkumar and Kolandaivel, (2003) and Ilich and Hille, (1999)]. Even though the transition state structure is central to
understanding catalysis, no transition state structures have been established to date [Senthilkumar and Kolandaivel,
(2003)]]. Understanding how enzymes work and modeling enzymatic transition state provide an understanding of
catalysis, and permit the design of inhibitors [Schramm, (1998)]. But, modeling the transition state structure can’t be
achieved by any modern practical method due to its very small half-life [Schramm, (1998)]. The transition state for
chemical reactions is proposed to have lifetimes near 10-13 sec, the time required for a single bond vibration [Schramm,
(1998)]. No physical or spectroscopic method is available to directly observe the structure of the transition state for
enzymatic reactions [Schramm, (1998)]. However, modeling and understanding the nature of the transition state is a key
in probing the reaction mechanism for different chemical and biochemical transformations [Ayala and Schlegel, (1997)].
Understanding if catalysis is substrate dependent is a key factor in catalysis. Also identifying whether the transition state
structure occurs at a late or an early transition state is a key factor in understanding whether the transition state structure
resembles the substrate or the product [Alfaro and Jones, (2008), and Ayala and Schlegel, (1997)]. Therefore, computation
chemistry is expected to play a role in providing insight on the nature of the transition state by providing parameters like
bond order and bond distance. It also shows the transition state structure with its full geometry which can’t be achieved by
any other chemical or biochemical techniques.

1.2 Effect of Substituent Groups on the Transition State Structure

The nucleic acid bases are interesting compounds due to their biochemical, pharmacological, chemical and
physiochemical importance. Substitution of thio and seleno groups to the nucleic acid bases makes it more interesting
compound due to its mutation properties of biological importance and pharmacological point of view [Dinesh, Shikha,
Bhavana, Nidhi, Dileep, (2010) and Kim, Jang, Cho and Hwang, (2010)]. The thio derivatives also belong to a family of
t-RNA with a potential application in the drug industry [Senthilkumar and Kolandaivel, (2003)]]. Thus, a number of
analogues of nucleic acid bases have been the target of extensive studies because of their importance in many biological
studies. But, relative to oxo substituted, the thio and seleno substituted purine derivatives are less studied [Civeir, (2001)].
The oxygen of both purine and pyrimidine bases is substituted with sulfur, selenium, or methyl to produce an important
class of analogues [Kim, Jang, Cho and Hwang, (2010)]. For example, thio substituted guanine derivative
2-amino-6-thiopurine (2A6TP) has interesting chemotherapy effects, including powerful antitumoral activity [Civecir,
(2001)].]. The nature of the transition state for XO is expected to be substrate dependent and anticipates the Hammond
principle [Alfaro and Jones, (2008)]. The Hammond postulate predicts that transition state structure resembles more like
reactant with faster reaction rates [Alfaro and Jones, (2008)]. In addition, the affinity of the enzyme towards different
reducing substrate differs from substrate to substrate. The electronic nature of substituent found in the geometry of the
substrate to be hydroxylated plays a role for the enzyme to show different affinity towards different reducing substrates
[Alfaro and Jones, (2008)].

In general, the parametric changes are shown to dictate the position of HRH at the transition state. Along the reaction
pathway, depending on the nature and type of substrates, the transition states are proposed to occur either during the late
transition state (that resembled the products) or early transition state (that resembled the reactants). The Hammond
postulate can be greatly influenced by the nature of the substrate which is suggested to influence the bond distances
(Cru-Hru, Cru-Ocq and Syi-Hry) and hence, the nature of the transition state structure [Alfaro and Jones, (2008)].

The enzyme can oxidize a wide range of substrates, so the use of chalcogen and methyl substituted purine derivatives
might give an insight in probing reaction mechanism of XO. The chalcogen replacement on the pyrimidine ring is
expected to affect the ability of the molecule to delocalize emerging charge during nucleophilic reaction. Therefore, the
ring substitution with different electronic nature gives different insight about the nature of the interaction between the
active site and reducing substrates.

Understanding the effect of chalcogen replacement, at the transition state and the behavior of purine derivatives towards
xanthine oxidase, is important to alleviate the problems related to the enzyme. It also helps to understand the electronic
nature of different purine derivatives. The presence of chalcogens and methyl in the geometry of the substrate, xanthine,
may have a role to influence the overall electron transfer process as they exhibit different ways to distribute electron
density in a molecule. The different electronic nature of oxygen, sulfur, selenium, amine group and methyl group in the
structure of xanthine are also expected to affect the nature of the carbon atom to be hydroxylated and the Mo center of the
active site through electron transfer process.

The chalcogens (O, S and Se) are expected to have different electron negativity and polarizability. This difference is
expected to affect the reactivity of the geometries (Figure 2.2). However, when oxo group is substituted with methyl (CH3)
group, the nature of aromaticity is expected to be altered. The aromaticity of the parent molecule involves free electrons of
two nitrogen atoms from pyrimidine and imidazole rings. Up on substitution of methyl/ group only a pair of free electron
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involved for aromaticity. Thus, the ability of the charge delocalization on the geometries could show variation during
nucleophilic reaction. It is also expected to influence the nature of the transition state and the allocation of two electrons
on the active site. In this work, the effect of chalcogen replacement and methyl group at the transition is expected to be
addressed. Although the transition state structure is characterized by one imaginary negative frequency [Ayala, and
Schlegel, (1997) and Contreras, Lorena and Gerli, (2008)], the imaginary negative frequencies and linear motions of the
Hgp, at the transition state, is also proposed to vary depending on the affinity of the substrates (orientation of substrates
and substrate-binding sites) [Bayse, (2009)]. The frequencies and intensities are expected to depend on the conformation
and binding-sites of the substrates. The variations in the activation energy for all complexes are presumed to be due to the
absence of the factors that are supposed to stabilize the charge accumulation [Bayse, (2009)].

In this work, sulfur, selenium, and methyl substituted guanine analogs are used to model the transition state structure of
the active site and develop a more unified mechanism. The purpose is to identify the role of chalcogen groups at the
transition state. In this work, the behaviors of structurally similar structures at the transition state are characterized to
support the hypothesis that if catalysis is substrate dependent is a key factor in catalysis. Identifying whether, the
transition state structure occurs at a late or an early transition state is a key factor in understanding whether the transition
state structure resembles the substrate or the product [Pauff, (2008)]. This is significant to connect the rate of reaction
process with structural difference. It is also applicable to understand the relationship between the rate of reaction and the
stability of products.

2. Materials and Methods
2.1 Materials

Several software packages were used in order to model the transition state structures and probe a plausible reaction
mechanistic route for the oxidation of guanine by xanthine oxidase. One of the two software programs that were used to
sketch various structures was ChemDraw ultra 2003 version 8 (Cambrigde soft corp., cambridge, MA, U.S.A.). In
addition to ChemDraw, GaussView 3.0 version 6.0 (Gaussian, inc., Pittsburgh, PA, USA) was used to build molecules, set
up input files, compute bond distances, and visualize frontier orbitals. The geometries constructed using GaussView were
used as input files for Gaussian® 03W software version 6.0 (Gaussian, inc., Pittsburgh, PA, USA). This program was used
to perform geometry optimization, frequency, linear transit optimization scan, and single point energy calculations. The
output geometries, from this program, were computed using AOMix 2011/2012 revision 6.6 (center for catalysis research
and innovation, University of Ottawa, Ottawa, ON, Canada) in order to perform molecular orbital analysis and constituent
of chemical fragments. Finally, Microsoft word 2007, Microsoft powerpoint 2007, and Microsoft excel 2003 and 2007
(Microsoft, inc., Redmond, Washington, USA) were used for data treatment and thesis write-up. All electronic structure
calculations and data handling were performed on Dell computer Optiplex780 model, 2011 (Dell, Inc., Wilhie Sdh Bhd.,
Penang, Malaysia).

2.2 Methods
2.2.1 Computation Details

Electronic structure calculations were performed by applying Density Functional Theory (DFT) employing B3LYP
[Chowdhry, Robert, Stephen, and Dines, (2007)] (Beeke 3 parameter method for calculating the molecular energy due to
overlapping orbital plus Lee-Yang Parr method of accounting electron correlation) level of theory. The calculations were
performed on the truncated form of the active site (Fig. 2. 1, upper left panel) bound to guanine (Fig. 2. 1, upper right
panel), as shown in Figure (2.1, lower panel).

1. The 6-31G (d', p’) basis set with polarization and diffuse functions was applied for non-metal atoms (C, H, O, N, S,
and Se). Similarly, the LANL2DZ (Los Alamos National Laboratory 2-Double-zeta) basis set and LANL2
effective core potential were applied for Mo atom [Chowdhry et al., 2007]. The geometries developed using
GaussView were used as input files for the geometry optimization. The optimized geometries were also used as
input files for single point energy calculation. In all calculations (linear transit scans, geometry optimization,
frequency, transition states search, and single point energy) the “# b3lyp gen pseudo=read #p gfinput pop=full
gfprint” key words and general job type [Foresman, J.B., (1993)] were used. In all calculations, the general job type
and key words were used by applying other key words relevant to the respective calculations. During the electronic
structure calculation, the runs were aborted many times due to electric power outage and other errors. In such
events, calculations were resumed using the keyword “Opt=restart’. This keyword was used to restart the
calculation when the electronic structure calculations were interrupted. The calculations that required constraints
on the coordinates, the “Opt=modredundant” keyword was used [According to Gaussian 03 versions 6.0 manual
F1 option]. For similar interruption the “# opt=(restart, modredundant) keyword was used.
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Figure 2.1. The truncated analogue for the reductive half-reaction active site structure of xanthine oxidase (upper left
panel) bound to guanine derivatives (upper right panel), as shown in the (lower panel)

The structure shown in upper right panel represents guanine derivatives depending on the substituent group (X) and (R).
Thus, if (X) is substituted with oxygen and (R) is the amino group, the structure was guanine (2AX). The derivatives for
guanine were generated by maintaining (R) to be NH; and varying (X) with ‘S’ (2-amino-6-thiopurine, 2A6TP), ‘Se’
(2-amino-6-selenopurine, 2A6SP) and ‘CH3’ (2-amino-6methylpurine, 2A6MP).

2.3 Modeling and Characterizing the Transition State Structures
N. N. _NH N Nﬁx NH, N Nx NH, N N“x NH,
DO DS P
H H H H
2AX 2A6TP JAGSP 2A6MP

Figure 2.2. The structures used to model and characterize the transition state structures for guanine analogues

The abbreviation are 2AX (2-amino xanthine), 2A6TP (2-amino-6-thiopurine), 2A6SP (2-amino-6-selenopurine) and
2A6MP (2-amino-6methylpurine).

The transition state structure (TS) was located using a direct frequency calculation by binding the equatorial oxygen of the
active site (Oeq) with Cg of the structures shown in Figure (2.2). The substrate bound active site (Fig. 2.1, lower panel)
was constructed by placing the substrate “H or Hyy” in the middle between active site sulfido terminal (“S or Sy,”) and
the interaction site of the substrate or substrate carbon (“Cry”), as shown in Figure 2.3. The Cgy in Figure 2.3 was
substituted with the derivatives shown in Figure.2.2
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Figure 2.3. The general model structure used for the transition state structure search

The tetrahedral transition state structures were modeled by placing the substrate bound hydrogen (Hyy) between the
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sulfido (Sy,) terminal and the substrate carbon (Cgy) center. The Cyyy was substituted with the structures shown in Figure
2.2.

In the direct frequency calculation approach, the vibration frequency of a given structure was calculated without applying
any constraint. The structures were optimized by applying “opt freq” key words to the general key words and job type
mentioned in sub-section 2. 2. 1. In addition to the transition state structure the two structures (pre- and post-transition
state structure) were optimized. The pre-transition state structure resembles the substrate bound (close to substrate bound
(Fig. 2.4, upper right panel). The post-transition state structure resembles the product bound (close to product bound) (Fig.
2.4, upper left panel). These structures were developed from the output geometry of transition state structure by adding

;J/) %’):\S 1.36172 A T‘ :\S 236172 A
NI |

) FT AR ‘ ¢
J J

i,

Figure 2.4. A sample input geometry for 2AX bound to the reductive half -reaction active site of xanthine oxidase enzyme,
used for transition state structure characterization

The upper panels (left) and (right) were pre-transition state and post-transition state structures developed from output
geometry of transition state structure (bottom panel). The input geometries for structures shown in Figure (2.2) bound the
reductive half reaction of XO active site, shown in Figure (2.1), upper left panel were prepared in similar manner to this
figure (Figure 2.4), as described in Figure 2.3.

The pre-transition state structure resembled substrate bound (structure close to substrate bound, but not substrate bound)
where substrate hydrogen (“Hgry”) was bound to the interaction site of the substrate (Cg-immidazole or “Cry”) (Fig. 2.4,
upper right panel). The post-transition state structure resembled product bound where substrate hydrogen (“Hgy””) was
bound to the sulfido terminal (“Sy,”) of the active site (Fig. 2.4, upper left panel). The two structures were optimized by
adding constraint and applying “opt=moderedundant” key words to the general job type mentioned in Sub-section 2.2.1.
The Smo-Hry bond distance coordinates were frozen to 2.26172 A and 1.36172 A, respectively, for the pre- and
post-transition state structures. These assumptions were made based on the typical C-H (in methane) and S-H (in thiol or
sulfhydryl group) bond distances, respectively, 1.09 A and 1.35 A. The structures represented by CH (pre-transition state)
and SH (post-transition state), respectively, were found between the normal carbon-hydrogen and sulfur-hydrogen bond
distances (1.09 A) and (1.35 A). The geometry optimization of three structures (CH, TS and SH) were used to locate the
transition state structures. All calculations were carried out at (VI) oxidation state for Mo (Mo"") and constant charge and
multiplicity, respectively, whole numbers (-2) and (1). The values were calculated from the negative charge around Mo
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and its oxidation state or number of unpaired electrons. Several qualitative and quantitative data were generated from the
optimized structures such as total electronic energy, Mulliken atomic charge, bond distance, and frontier orbitals. The
output geometry from optimized structures was used as input geometry for single point energy calculations, with the same
charge and multiplicity. The outputs from the single point energy calculations were used as input files for AOMix
calculation in order to generate percent contribution of chemical fragments, bond orders, and band gap energies.

3. Result and Discussion
3.1 Transition State Modeling and Characterization

In order to model the transition state structures, a series of geometry optimizations were performed at DFT/B3LYP level.
From the optimized geometries, several parameters such as the total electronic energies, frequencies, bond order indices,
bond distances, percent contributions of chemical fragments, and wave function descriptions were assembled, to
characterize the transition state structures for the chalcogen and methyl substituted geometries.

3.2 Predicting the Transition State Structure Based on the Total Energy and Frequency

The structures shown in Figures (2.1, right upper panel and 2.2) were bound to the truncated form of the active site
structure (Fig. 2.1, upper left panel) as shown in Figure (2.1, lower panel and 2.3) and optimized at DFT/B3LYP level.
The total electronic energies on pre- (CH), post- (SH) and transition state (TS) structures were collected and plotted
against the reaction coordinates as shown in Figure (3.1).
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Figure 3.1. The normalized energy plot for guanine (2AX) and its substituted analogs
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Figure 3.2. A sample reaction coordinates, for the reductive half reaction of guanine bound to xanthine oxidase enzyme

The energy profile for guanine analogs bound to XO enzyme were examined as shown in Figure 3.2. Thus, the highest
energy gap [AH# (Ets-Ecy)] between the energies of pre-transition state (CH) and transition state structures (TS) was
observed for the reaction coordinate of Eox-2A6SP (23.109 kcal/mol). Whereas, the lowest energy at the transition state
(TS) was observed for the reaction coordinates of 2A6MP (0.212 kcal/mol) bound to the reductive half reaction active site
of xanthine oxidase (Eox-2A6MP), as shown in Figure 3.1. The minimum energy was due to the charge delocalization at
the transition state. The reason for the charge delocalization was the highest partial negative charge developed at N5
immidazole ring and Cg of the molecule. The accumulation of the highest partial negative charge at N, and Cg of
immidazole was due to the shifting of bond pair electrons from adjacent Cg carbon and the flow of electrons due to the
inductive effect created by methyl group, respectively. Generally, the energy at the TS for the 2AX analogs were 0.212
kcal/mol (Eox-2A6MP), 13.869 kcal/mol (Eox-2AX), 21.753 kcal/mol (Eox-2A6TP), and 23.109 kcal/mol (Eox-2A6SP).
The lowest energy at transition state for Eox-2A6MP indicated the ease for 2A6MP to enter the transition state and create
a thermodynamically favorable reaction. The difference in energy (AH#) at TS indicated that the effect of chalcogen and
methyl replacement was due to the ability of the inductive effect (CH3) on charge delocalization. The replacement of
chalcogen and methyl group at Cg-pyrimidine of guanine was shown to affect the interaction site. In this work, the ability
of the substrate to stabilize the emerging charge was determined by the nature of the substituent groups. The capacity of
the charge stabilization of different molecules was also the reason for geometries to have different reaction rates and
activation barriers.

In this work we have derived a formula which can relate turnover rate with enthalpy as:

The catalytic turnover rate (k.,;) was shown to have the inverse relation with the change in enthalpy (AH#). If k., was
calculated from AH#, the complex (Eox-2A6MP) with the smallest energy barrier at the transition state was expected to be
converted in a very high concentration compared to the complexes with high enthalpy change. The energy obtained at the
transition state was shown to clearly support the hypothesis that there would be a variation on the behavior of the
transition state and reactivity upon the replacement of the chalcogen and methyl groups on the carbon (Cy) of pyrimidine
ring. Thus, the highest energy shown by 2A6SP substrate indicated that the substrate had the least ability to delocalize the
emerging charge at the transition state (TS). This is due to the highest polarizability of selenium compared to other
substituent groups (CHj;, O and S). The mobility of the electron cloud (polarizability) was due to the ability of the electron
distribution to change temporarily and increase down the group of the periodic table. This was due to an increase in atomic
size. The -electrons were more polarizable than the o-electrons. Thus the maximum mobility of the electron cloud in
Eox-2A6SP was due to the presence of m-electrons, in addition to high atomic size of selenium. Whereas, the mobility of
electron cloud in methyl substituted guanine analog, Eox-2A6MP was minimum rather high charge accumulation was
preferred through inductive effect. According to the data, the polarizable substituents were expected to slow down the
reaction. On the other hand, the electron donating substituents (such as methyl group) were expected to speed up the
reaction of XO by stabilizing the transition state structure. The highest activation barrier for Eox-2A6SP also revealed the
lowest reduction potential of the metal.
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In addition to the energies at the transition state, the energies for the post-transition state structure (the structure near to the
product bound, SH) were collected. The energies at SH for the structures bound to the active site were -39.87 kcal/mol,
-37.74 kcal/mol, -32.29 kcal/mol and -31.41 kcal/mol for (Eox-2A6MP), (Eox-2AX), (Eox-2A6TP), (Eox-2A6SP),
respectively. The release of such energy in an exothermic manner revealed that the structures were thermodynamically
more stable compared to the substrate bound structures (CH). Even though all substrates were converted in to their
post-transition state exothermically, the highest exothermicity was observed in the presence of substrates with methyl
group substitution (-39.87 kcal/mol). The highest exothermicity was due to the high interaction between the active site
and substrate (2A6MP). Therefore, Eox-2A6MP could be easily converted in to product with minimum activation barrier
and considerably large exothermicity. The product obtained from the reaction involving Eox-2A6SP
(2-amino-6-selenouric acid) was destabilized by 8.46 kcal/mol relative the most stable product, 2A6MP bound
(2-amino-6-methyluric acid). The experimental work by Kalra er al, 2007 showed that the presence of 2A6SP
(2-amino-6-selenopurine) as a substrate was claimed to a preferential inhibitor for XO. Even though, there is no
experimental data reported in the presence of 2A6TP, the theoretical work was shown to reveal a small energy difference
(2 kcal/mol). As a result, 2A6TP could be a potential inhibitor. Thus, the highest activation energies reported in the
presence of the two substrates (2A6TP and 2A6SP) at the transition state (Figure 3.1) were expected to be due to their
inhibition activity when reacted with the enzyme.

The potential energy surface diagram, shown in Figure 3.1, revealed that the total energies obtained in the presence of all
substrates, at the transition state, was closer to the energy of the structure near to substrate bound structure (CH).
According to the Hammond’s principle, the position of all transition state structures was found to be early transition state.
According to the Hammond postulate, the transition state structure was expected to be more reactant like with faster
reaction rate [Alfaro, and Jones, (2008)]. However, the position of the transition state structure for Eox-2A6MP was found
to be product like relative to the transition structures located in the presence of chalcogen substituted guanine analogs.
This is inconsistent with Hammond principle, and the anti-Hammond effect is consistent with inductive effect enhancing
the rate of tetrahedral transition state formation. Potentially this might show an effect on the allocation of two electrons.
The finding clearly point out the effect of electron donating groups through resonance (O, S and Se) and through inductive
effect (CH;). Methyl and amine group substituted purines were shown to be more reactive than the chalcogen and amino
group substituted purines. This was due to the charge stabilization at transition state that was favored by inductive effect
and localization of the electron cloud around a single atom. In summary, the results obtained from the total electronic
energy was shown to confirm the highest reactivity and product stability for the methyl substituted analog, early transition
state structure for oxo, thio and seleno substituted guanine analogs, product like transition state structure for methyl!
substituted analog, different reduction potential of the metal, and potential inhibition of XO by 2A6TP and 2A6SP.
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Figure.3.3. The frequency values used to characterize the transition state geometries through the presence of one
negative imaginary frequency

The imaginary negative frequencies obtained from the substrates bound to the truncated reductive-half reaction active site
were shown in Figure (3.3) and Table (3.1). From 2AX derivatives, the highest vibrational frequencies were observed on
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methyl (CH;) substituted analogs. This indicated that the time required to cross the transition state for methyl substituted
analog were short as compared to silico, thio and oxo-counter parts.

Table 3.1. The data used to characterize the transition state structure obtained from linear transit scan calculation in the
presence of 2AX derivatives

Structure Bond distance (A) Frequency % Modyy Bond order
")

SMO'HRH CRH'HRH SMO'HRH CRH'HRH

distance distance
2AX 1.86172 1.22676 -142.309 24.14 0.301 0.657
2A6TP 1.83274 1.24180 -227.924 21.18 0.324 0.634
2A6SP 1.81862 1.24824 -269.000 20.24 0.336 0.623
2A6MP 1.96592 1.19766 -59.386 19.05 0.238 0.701

Since frequency and time were inversely related, an imaginary negative frequency could tell us the time required to cross
the transition state. The highest vibrational frequency value of Eox-2A6MP revealed that the time required to cross the
energy barrier was minimal. Based on the vibrational frequency values, the 2AX derivatives were shown to assume the
following trend: 2A6SP <2A6TP <2AX <2A6MP. This indicated that the Eox-2A6MP was kinetically more favorable
than other chalcogen substituted structures. The frequency data revealed that the Eox-2A6SP required more time to cross
the energy barrier. This was consistent with the ability of the substrate to inhibit XO. In prior study [Kalra et al/, 2007]
performed a toxicity experiment and suggested that the inhibitor was nontoxic. They also suggested that the inhibitors
anti-cancer activity in combination with 6-Mercaptopurine [Kalra et al, 2007]. Hence, this work gives the electronic
structure description of preferential inhibitor and anti-cancer drug, 2A6SP.

As shown in Table 3.1, a difference in reactivity was observed in the presence of chalcogen replaced substrates. The
reactivity between oxo substituted and thio substituted structures was faster by two orders of magnitude compared to the
reactivity observed in the presence of thio and seleno substituted substrates. The total electronic energy data also revealed
small difference between thio and seleno substituted substrates. This indicated the periodic trend shared by the two atoms
or the small difference experienced by the atoms. Based on the data, the frequency value was in line with the energy
barrier obtained from linear transit scan Figure 3.1. In addition to frequency data, bond distances (Sy;,-Hgy and Cry-Hry)
were also computed at the transition state using Gauss View software package. As the observed bond distances reported in
Table 3.1 revealed, at the transition state, the substrates with oxo, thio and seleno substitution revealed a decrease in
Smo-Hru bond distance and an increase in Cry-Hry bond distance. Whereas, the maximum Sy,-Hry bond distance
(1.96592 A) and minimum Cry-Hgy bond distance (1.19766 A) were reported for Eox-2A6MP at the transition state
structure. The data revealed the direct relation between Sy,-Hry bond distance and vibrational frequency value. In
addition, the data supported the inverse relation between peak intensities (Figure 3.3) and Sy;,-Hgyy bond distance. As a
result, the intensity of the peak had a direct relation with the speed of vibration observed for hydrogen atom at the
transition state. The computation data revealed the preferential non-toxic inhibitor for XO enzyme. In addition, the
relative kinetic and thermodynamic stabilities of selected purine derivatives (2AX analogs) were reported based on the
total electronic energy and vibrational frequency data. Therefore, the highest thermodynamic stability was the highest
kinetically favorable the reaction.

3.4 Characterization of Transition State Structure Using Bond Order, Bond Distance, Mulliken Atomic Charge and Wave
Function

The bond order for Cry-Hgy bond decreased as Hry migrated from Cry to Sy, at the transition state, Table 3.2. Whereas,
the bond order for Sy;,-Hry increased as Hry migrated from Cry to Sy,. This indicated that the breaking and formation of
Cru-Hry and Sy-Hry bonds, respectively, at the transition state.

Table 3.2. The bond order for Cry-Hgy and Sy,-Hry of 2AX analogs at the transition state (TS)

structure  Cgry-Hgy Smo-Hru
2AX 0.657 0.301
2A6TP 0.634 0.324
2A6SP 0.623 0.336
2A6MP 0.701 0.238

The Cry-Hry bond order was shown to decrease as we go from oxo to seleno substituted geometry at the transition state
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and the converse was true for Sy,-Hry bond order as shown in Table 3.2.

The bond order for Cry-Hgry are 0.657 (43.6 %), 0.634 (42.7%) and 0.623 (42.38 %), respectively, at the transition state,
for oxo, thio and seleno substituted geometries, as shown in Table 3.3. The bond order difference for Cry-Hry bond order
between pre- transition state and transition state were 12%, 14%, 15%, respectively, for oxo, thio and seleno substituted
geometries. Whereas, the bond order differences between the transition state and post-transition state were 44 %, 42 %
and 42 %, respectively, for oxo, thio and seleno substituted geometries. This indicates that the nature of Cry-Hry bond
order was closer to pre transition state structure for all three geometries.

Table 3.3. The bond order profile for 2AX analogs along the reaction coordinates
2AX 2A6TP 2A6SP 2A6MP

Bond
Order CH TS SH CH TS SH CH TS SH CH TS SH

Mo-Oeq 1.234 1.054 0.655 1.176 1.022 0.634 1.167 1.014 0.634 1.19 1.085 0.652
Oeq-Cry  1.028  1.25 1.814 1.176 1314 1864 1.126 1.329 1.874 1.122 1249 1.824
Cry-Hry  0.844  0.657 0.003 0.845 0.634 0.003 0.845 0.623 0.002 0.827 0.701 0.002
Smo-Hry  0.083  0.301 1.049 0.077 0324 1.048 0.077 0.336 1.046 0.088 0.238 1.05

Methyl substituted geometry (Eox-2A6MP) was shown to exhibit maximum (Cgy-Hgy, 0.701) and minimum (Sy;o-Hgy,
0.238) bond orders at the transition state. The % difference in bond order for Cry-Hry bond at the pre- and post-transition
state structure with respect to the transition state structure, respectively, were 8 % and 46 %. On the other hand, for
Swmo-Hry bond at the pre- and post-transition state structure from transition state structure were observed as 10% and 59 %,
respectively. Relative to the chalcogen substituted geometries, the nature of Cry-Hgyy and Sy,-Hgy bond orders at the
transition state were maximum (46 %) and minimum (17%), respectively. This indicated that the Cry-Hyyy bond breaking
and Sy;,-Hgyy bond formation for 2A6MP were expected to take place after the transition state. Similar to the energy barrier,
the bond order also revealed that the nature of the transition state structure for 2A6MP was product like compared to the
other geometries that showed early transition state structure.

The bond order for Mo-Oeq and Oeq-Cry were decreased and increased, respectively, by 20 % and 19 %, as the Hyy
migrated from the substrate (Cg) to the active site terminal sulfido (Sy;,). On the other hand, the bond order for Mo-Sy,
and Sy,-Hgry were decreased and increased, respectively, by 18 % and 66 %, up on the migration of hydrogen. The percent
bond order data for Mo-Oeq and Oeq-Cry bonds clearly confirmed that the breaking and formation of Mo-Oeq and
Oeq-Cry bonds. This bond breaking and formation for Mo-Oeq and Oeq-Cgy; bonds, at the transition state was
quantitatively similar. Unlike to these, the bond order change for Mo-Sy;, and Sy,-Hry as Hry migrates from Cry to Sy
was found not to be similar (18 % and 66 %). This was because the bond order for Mo-Sy;, was not bond breaking rather
it was corresponds to a partial loss of the double-bond character (bond lengthening).

In addition to the bond order, various bond distances which were expected to be involved in the bond formation and bond
breaking while Hgy linearly migrates from Cgy (Cg) of guanine to terminal sulfido (Sy,). The bond distances of Cry-Hgy,
0eq-Cru, Smo-Hry and Mo-Oeq bonds for 2AX analogs at transition state were shown in Table 3.4. The substituent R (at
Ce) stands for O, S, Se and CH; groups keeping the amine (at C,) constant for 2AX analog, as described in Figure 2.1.

Table 3.4. Transition state bond lengths and activation enthalpies for substituted 2AX analogs. The bond distances are
expressed in angstrom (A)

R Cri-Hry 0eq-Cry Smo-Hru Mo-Oeq AH# (kcal/mol)
o 1.22636 1.40185 1.86172 1.98429 13.869

S 1.24074 1.37523 1.83274 1.98945 21.753

Se 1.24836 1.37046 1.81862 1.99332 23.109

CH; 1.19766 1.39728 1.96592 1.97015 0.212

As described in Table (3.4), the bond distance for Cry-Hry at the transition state increased from oxo to seleno. The
minimum Cry-Hgyy bond distance (1.19766 A) was observed for methyl substituted geometry at transition state. Maximum
Cru-Hgy bond distance (1.24836 A) with high activation enthalpy (23.109 kcal/mol) was observed for seleno substituted
geometry. Whereas, minimum Cry-Hgy bond distance (1.19766 A) with minimum activation enthalpy (0.212 kcal/mol)
was shown for the methyl substituted geometry. The minimum Cry-Hgy bond distance at the transition state revealed that
the hydrogen atom to be transferred from substrate carbon (Cry) to Sy, was not far from its origin. This was due to the
high negative charge development on the imidazole ring (Cg) contributed from the methyl group through inductive effect,
and this can induce strong carbon-hydrogen bond. The change in Cgy-Hgy bond distances between the transition and
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pre-transition state was computed as 1.99 %, 2.52 %, 2.35, and 1.24 %, respectively, for oxo, thio, seleno and methyl
substituted geometries. These bond distance change suggested that the nature of Cry-Hgy bond distances were reactant
like for the first three geometries. Whereas, the later transition state structure was relatively product like. The variation in
bond distances, bond orders, and energies observed at the transition state, in the presence of various substrates, indicated
that the enzyme and reduction potential on the metal center was substrate dependent. The bond distances of Mo-Oq at CH,
TS and SH were, respectively, 1.92289 A, 1.98429 A and 2.19682 A. The bond distance was shown to lengthen by
0.27393 A as Hpy migrates from Cry to Sy,. On the contrary, the bond distance of Oeq-Cry at CH, TS and SH were,
respectively, 1.49475 A, 1.40185 A and 1.26121 A as hydrogen (Hgy) migrated from Cg of 2AX to the sulfido terminal
(Smo). The bond distance was shown to shorten by 0.23354 A. The bond lengthening and shortening clearly confirmed that
the breaking and formation of Mo-Oeq and Oeq-Cgy bonds, respectively, as hydrogen migrated from the pre- transition
state to post transition state. At the transition state, the Mo-Oeq bond distance considerably lengthens to 1.98429 A by
0.05614 A and the Oeq-Cry distance was longer than that of the post transition state, SH, by 0.2125 A. Also the Cry-Hpy
bond distance lengthens to 1.22636 A by 0.10579 A, while the Sy,-Hgry distance was much longer than that of post
transition state by 0.5 A. Relative to Sy,-Hgry bond difference (0.5 A) from post transition state, the bond distance for
0eq-Cyry (0.2125 A) from post transition state was found to be minimum. This geometrical feature suggests that it was the
oxygen atom transfer that induced the hydrogen atom transfer from substrate carbon (Cg of 2AX) to the sulfido terminal
(Smo). The shorter bond distance shown for Oeq-Cry bond might play a role for the transfer of two electrons from
substrate to the active site. The Cry-Hgry bond distance was elongated from 1.12057 A 10 2.94377 A unlike that of the
Smo-Hry bond which was decreased from 2.36172 A to 1.36172 A as Hgy migrated from Cg of guanine to Sy;,. At the
transition state, the Cry-Hgy bond distance (1.22636 A) was lower than Sy;,-Hry bond distance (1.86172 A). This clearly
revealed that the transition state structure was reactant like. In summary, the results obtained from bond order and bond
distance revealed the presence of an early transition state for oxo, thio and seleno substituted geometries, a product like
transition state for the methyl substituted geometry, a substrate dependence of xanthine oxidase activity, and an oxo
transfer that induced a hydrogen transfer.

In addition to the bond distances, the wave functions of the geometries at CH, TS and SH were shown in The distribution
of the electron densities around chalcogen were found to increase from oxo to seleno replacement and decrease at Cg, as
shoun in Figure 3.4. This was due to the polarization power of the electron cloud by chalcogens. In addition, the percent
molybdenum contribution for oxo, thio and seleno substituted geometries, respectively, were 24.14 %, 21.18% and
20.24%. This confirmed that the reduction potential of the metal was substrate dependant.

2A6SP

Yoo =19.05 Soivin =20 24
Figure 3.4. The wave function of the HOMO’s obtained from the transition state structure for the oxo-2AX (upper lef?),
thio-2A6TP (upper right), seleno-2A6SP (lower leff), and methyl-2A6MP (lower right) substituted geometries

On the other hand, the methyl substituted geometry was found to have no electron density around the substituent (CH3),
rather the electron densties were found more concentrated on the interaction site (Cg) carbon. The transfer of (electron
donation) from methyl through inductive effect was the main reason for the maximum electron densitiy on the interaction
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carbon. This was found to be the reason for the reaction of 2A6MP to be fast and thermodynamically more stable.

% Mo dxy

2AX |2A6TP|2A6SP ZAI?M 6AX |6A2TP|6A2SP 6A§M X

BCH| 1453 | 14.67 | 14.09 | 129 | 14.05 | 12.39 | 11.83 10
BTS | 24.14 | 21.18 | 20.24 | 20.24 | 19.62 | 18.2 | 17.72 | 18.96 | 19.54
BSH | 51.68 | 55.18 | 55.46 | 56.8 | 58.21 | 58.16 | 60.52 | 57.84

Figure 3.5 A plot for percent molybdenum contribution difference at homo relative to the transition state

The abbreviation X stands for the phsiological sustrate, xanthine. The percent molybdenum contribution for xanthine was
obtained from reference [Haftom , 2011].

The percent Mod,y contribution of selected model substrates at the transition state was similar to that of phsyiological substrate,
xanthine (X), as shown in Figre (3.5). Therefore, the spin density distribution at the transition state was almost similar. However,
the rate of electron transfer was completely dependent on the nature of the substituents on the aromatic ring.

4. Conclusion

In the present work a DFT method and B3LYP level of theory has been employed for electronic structure calculation and
quantum mechanical description of the transition state structure of guanine derivatives bound to xanthine oxidase enzyme.

The geometry optimization and frequency calculation has been performed on 2AX analogs bound to the truncated form of
the reductive half-reaction active site of xanthine oxidase in order to model and characterize the transition state. The
polarizability and inductive effect of the substituent, respectively, was shown to decrease and increase the reactivity of the
substrate to be hydroxylated. The purine derivatives with substituents that created inductive effect was shown to stabilize
the transition state structure and allowed the ease of conversion to respective products better than the remaining purine
derivatives. Such types of substrates were expected to increase the rate of formation of urate crystals in the kidney.
Therefore, they couldn’t serve as enzyme inhibitor. On the other hand, polarizable substituent like seleno destabilizes the
transition state since they were proposed to create inductive effect and resonance stabilization. Among eight model
substrates used in this work, the 2A6SP and 2A6TP was found as a potential xanthine oxidase inhibitor. Following this,
we concluded that purine derivatives that are substituted with polarizable substituent could serve as XO inhibitor. The
reactivity of chalcogen substituted geometries decreased down a group. Therefore, it was concluded that the oxo
substituted geometries were twofold more reactive than the thio and seleno substituted geometries. Relative to chalcogen
substituted geometries; the methyl substituted geometry was more reactive and fast. Hence, the inductive effect was
shown to play large effect in charge stabilization by creating resonance stabilization.

The total electronic energy and vibrational frequency analysis revealed that the reactions catalyzed by xanthine oxidase
enzyme were kinetically and thermodynamically favorable. The natures of the transition state structure were
characterized using bond order, bond distance, frequency value and total electronic energy. The natures of the transition
state structures for chalcogen replaced geometries were found to be early transition state. On the other hand, the transition
state structure for methyl substituted geometry was found to be product like. During the progress of the reaction, the
reduction potential of the metal was shown to vary from substrate to substrate. As a result, it was concluded that the
catalysis of xanthine oxidase was entirely substrate dependent.
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Abstract

A new series of 2-aminopyridine derivatives were synthesised. N-acylation of 2-amino-3-chloro-5-(trifluoromethyl)
pyridine and 2-amino-5-(trifluoromethyl) pyridine with series of acid chlorides afforded a total of fourteen (14) amide
compounds. The structures of the new compounds have been established by their IR, NMR and mass spectra data. All
the compounds were tested for their activity against four (4) multi-drug resistant (MDR) bacteria Staphylococcus aureus
strains using microplate alamar blue assay. The MDR-Staphylococcus aureus strains employed for this study were
Epidermic Methicilin Resistant Staphylococcus aureus (EMRSA-17), Methicilin Resistant Staphylococcus aureus
(MRSA-252), Epidermic Methicilin Resistant Staphylococcus aureus (EMRSA-16) and Pakistani Drug resistant clinical
isolate of Staphylococcus aureus (PRSA). Other bacteria strains also used include Escherichia coli (ATCC 2592),
Shigella flexenari (ATCC 12022), Staphylococcus aureus (NCTC 6571) and Pseudomonas aeruginosa (NCTC 10662).
The synthesised compounds exhibited very good activity against the four MDR-Staphylococcus aureus strains of which
most of the compounds showed higher potencies for inhibiting the growth of the strains than vancomycin, the standard
drug employed. The compounds reported here may serve as the starting point for the design and development of
MDR-S.aureus inhibitors as antibacterial agents.

Keywords: N-acylation, Acid chlorides, 2, 4-difluoro-N-(5-(trifluoromethyl) pyridin-2-yl) benzamide, Staphylococcus
aureus, Antibacterial

1. Introduction

Methicilin Resistant Staphylococcus aureus (MRSA) infections are a major public health problem producing a large
number of deaths every year worldwide (NNIS, 2004). These important nosocomial and community-acquired pathogen
has developed resistance to various antibiotics (Chen et al., 2010).

Pyridine nucleus plays central role in the development of different medical agents such as antimicrobial (Remuzon et al.,
1992), antiviral (Tabarini et al., 2006), anticancer (Cai et al., 2003), antifungal (Patrick & Kinsman, 1996), antioxidant
(Feng & SSNing, 2009), antidiabetic (Rajesh & Mukul, 2007), antitubercular and analgesic (Kasabe & Kasabe 2010).
Aminopyridine and its derivatives are key intermediates for the synthesis of important pharmaceutical and agricultural
products. Aminopyridine is used in the synthesis of antihistamines including methapyilene hydrochloride and
pyrilamine maleate (Hettrer, 1946), synthesis of aldipem an anxiolytic (Dimsdale, 1988), preparation of the urinary tract
analgesic phenazopyridine hydrochloride (Shreve, 1943), nevirapine a drug for treatment of AIDS (Merluzzi, 1990) and
an antibacterial medicine, cephapirin sodium (Crast, et al., 1973).

MRSA being resistant to many antibiotics and the pyridine ring system reported as promising potential antibacterial
agents, we became interested in the synthesis of 2-aminopyridine derivatives by N-acylation which is scarce in literature
giving rise to amide analogues. 2-amino-3-chloro-5-(trifluoromethyl) pyridine and 2-amino-5-(trifluoromethyl) pyridine
with selected acid chlorides in water reflux with acetonitrile and triethylamine (scheme 1 and scheme 2) gave the profile
of the aminopyridine derivatives studied (Table 1).
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Scheme 1. Acylation of 2-amino-3-chloro-5-(trifluoromethyl) pyridine with acid chlorides
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Scheme 2. Acylation of 2-amino-5-(trifluoromethyl) pyridine with acid chlorides
2. Results and Discussion

The N-acylation of the selected aminopyridines with series of acid chlorides to give the afore mentioned amides
analogues followed the SN, mechanism pathway (scheme 3) in which the nucleophile of the amino group attacks the
carbonyl of the acid chloride to afford the expected amides using the polar aprotic solvent acetonitrile which prevents
solvation and excess by-products, enhanced the yields of the amides.

FCn O (9 FC O ¢
DU W
N7 > N-H N~ &N-C-Cl

H R

H
cl®

Scheme 3. General Mechanism of the synthetic reaction

Scheme 1 and scheme 2 reactions gave six (6) and eight (8) analogues which were coded as 3a-f and 5a-h respectively
resulting in a total of fourteen (14) compounds. All the amides were prepared under mild conditions and the obtained
products were easily purified by column chromatography on silica gel.
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Table 1. Structural profile of the aminopyridine derivatives studied
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Structure elucidation of representative member (compound 5a)

The identity of the final synthesised products was determined by '"H-NMR and Infra Red (IR) spectroscopy and Mass
Spectrometry (MS). Structure elucidation of a representative member (compound 5a) is presented below;

The "H-NMR was performed in a 400 MHz spectrometer and deuterated methanol MeOD was used as solvent. H5 was
observed as a broad singlet and resonated at dy 8.45 (1H, d, J,, 5= 9.6 Hz). The signal at 6y 8.15 was due to H4’ being
coupled to H6” (1H, d, J 4 ¢ =2 Hz). H6’ resonated as a doublet of doublet at 8y 8.12 (Jg4-=2 Hz, J¢ =8 Hz). H2’
resonated as a doublet at 8y 7.97 being ortho coupled to H7’ (1H, d, J,-7-=7.6 Hz). H3 resonated at 8y 7.79 as a doublet
coupled to H5 (1H, d, J;5=9.6 Hz) and H7” was found coupled with both 2’ and 6’ and appeared as a doublet of a
doublet at dy 7.48(J7 2= 7.6 Hz, J; 6= 8 Hz).; BC-NMR: § 165.72 (C=0), 156.03 (C-1), 146.3(C-5), 137.07 (C-3"),
136.5 (C-6"), 135.97 (C-3), 131.7 (C-4’), 131.4 (C-7°), 127.7 (C-2’, C-6) 122.9 (C-5°), 114.6 (C-2); EI-MS m/z (rel.
abund. %): 346.8 [M"+2] (2), 343.8 [M"] (41), 314.8 (67), 235.9 (5), 184.7 (97), 182.8 (100), 154.8 (83), 103.9 (31),
82.8 (26), 75.9 (90), 57 (77); Var: 3433.1, 3234.4,31933.9, 3107.1, 2923.9, 2854.5, 1689.5, 1593.1, 1240.

The synthesised compounds were tested for their activity against four multi-Drug resistant (MDR) bacteria S. aureus

strains and four other bacterial strains. The MDR- S. aureus strains employed for this study were Epidermic Methicilin
Resistant Staphylococcus aureus (EMRSA)-17; methicilin resistant Staphylococcus aureus (MRSA)-252, Epidermic

methicilin resistant Staphylococcus aureus (EMRSA)-16 and Pakistani drug resistant clinical isolate of S. aureus (PRSA)
and the bacterial strains used were E.coli (ATCC 2592), S. flexanari (ATCC 12022), S.aureus (NCTC 6571) and P.

aeruginosa (NCTC 10662) Table 2.

Table 2. Bioactivity of the compounds

BACTERIAL SYNTHESISED COMPOUNDS CONTROL
STRAINS
3a 3b 3c 3d 3e 3f Sa 5b Sc 5d Se 5f 5¢ 5h Vancomycin

(20 pg /ml)

EMRSA-17 359 36.6 268 284 389 394 245 130 121 - 36.1 414 274 431 20.7

MRSA-252 167 96 89 - 20.2 33,6 - - - - 247 183 18.0 15.0 18.6

EMRSA-16 284 29.0 214 116 317 - - - - - 325 311 265 275 237

PRSA 28.0 295 227 28.0 380 282 218 218 - - 296 374 20.1 334 404
Oflaxacin
(50 pg /ml)

E.coli - 57 52 - - 3.8 1.3 1.9 - 43 18 36 65 45 87.7

S. flexenari - 156 37 - - 83 - 30 - 0.8 149 153 100 5.6 899

S. aureus - 49 22 - - 1.5 - - - - 1.6 - - - 91.4

P. aureginosa 12.1 - - - 15.0 - - - - 1.5 - - - - 84.4
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The antibacterial (EMRSA-17) inhibitory activity invitro Fig.1 afforded a two fold increase in the activity of the
compounds against EMRSA-17 was observed with respect to vancomycin (20.7 pg /mL) the standard, when a fluorine
compound was at the meta position C5’ as in 5f (41.4 pg /mL), and 3e (38.9 pg /mL).

EMRSA-17

w
o

389394

40
30
20

=
o

% Inhibition
[an]

Vancomycin

Synthesised compounds and Standard drug
Figure 1. Inhibitory Activity against EMRSA-17

A slight decrease in activity was observed when in addition to the fluorine at the meta position another fluorine was at
the ortho position C6’ as observed in 3a (35.9 pg /mL) An electron withdrawing substituent cyano (CN) at the para
position C6’ showed more increased activity when position C2 had chlorine as compared with 3b (36.6 pg /mL) than
when position C2 had no substituent as seen in 5g (27.4 pg /mL). The absence of the benzylic ring system substituted
with the presence of an electron donating alkyl chain was observed to increase the activity as seen in 3f (39.4 pg /mL).,
when the end of the alkyl chain was replaced with benzene; an electron withdrawing group as against the methyl that
was an electron donating group, a total loss of activity was observed as in 5d.

The synthesised compounds were tested for their antibacterial (EMRSA-16) activity Fig.2. Significant level of activity
was observed for the compounds with respect to the standard vancomycin (23.7 pg/ mL) when the substituent at the
meta position C5° was a halogen substituent fluorine as observed in 3a (28.4 pg /mL), 3e (31.7 ug /mL) and 5f (31.1 pg
/mL), though a total loss of activity was observed when the meta position C5’ contained another halogen bromine and

chlorine as in 5a and 5b respectively.

EMRSA-16

% Inhibition

Vancomycin

Synthesised compounds and Standard drug

Figure 2. Inhibitory Activity against EMRSA-16

Moreso, with trifluoromethyl at position C6’, significant activity was recorded similar to 3¢ (21.4 pg/ mL) and 5h (27.5
pg/ mL). This could have been due to the electron withdrawing ability of the halogen, fluorine present. When position
C6’ was substituted with yet another electron withdrawing group cyano (CN), same trend of significant activity was
observed as in 3b (29.1 pg /mL) and 5g (26.5 pg /mL). The highest activity against EMRSA-16 was recorded for, when
chlorine was the substituent at the para position C6’ as reported in Se (32.5 pg /mL), the second chlorine atom at the
ortho position C2’ might have contributed to its activity because a halogen, iodine at the C6’ position resulted to a total

157



http://ijc.ccsenet.org International Journal of Chemistry Vol. 10, No. 1; 2018

loss in activity as in S¢. When there was no substituent at both meta and para positions C5’ and C6’, a total loss of
activity was observed compared to 3f and Sd.

Antibacterial (MRSA-252) inhibitory activity was performed Fig. 3. The highest activity against MRSA-252 was
recorded when an alkyl chain was attached next to the carbonyl similar to 3f (33.6 ug mL) with respect to the standard,

vancomycin (18.6 pg /mL).
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Synthesised compounds and Standard drug

Figure 3. Inhibitory Activity against MRSA-252

The free rotation of the single bonds and the electron donating properties of the methyl and methine could have
contributed. The next significant activity observed against MRSA-252 was when the para position C6’ had chlorine and
meta position C5” had fluorine substituents as in Se (24.7 pg /mL), 3e (20.2 pg /mL), 5f (18.3 pg /mL) and 3a (16.7 ng
/mL) respectively. Again, a total loss of activity was also observed for MRSA-252 strain when there was no substituent
at the para position C6’ as seen in Sa, Sb, 5S¢ and 5d with exception of 5f which had fluorine at the meta position. A new
trend of total loss of activity was observed for this strain of MDR S.aureus when position C6’ substituent was a nitro
group (NO,) as in 3d. This could be due to the electron donating effect of the lone pairs of electrons present in both
nitrogen and oxygen; probably the mesomeric effect of both nitrogen and oxygen superseded its individual inductive
effect for this particular strain. There was moderate activity observed when cyano and trifluoromethyl were at the para
position C6’ (18 pg /mL) and 5h (15 pg /mL), a decrease in activity by half in addition to the para position still
maintaining the cyano and trifluoromethyl was observed when chlorine was at position C2 similar to 3b (9.6 pg /mL)
and 3¢ (8.9 pg /mL) respectively.

The antibacterial activity against PRSA Fig. 4 was observed to follow trend as the previous MDR-S.aureus strain afore

mentioned.

PRSA

% Inhibition

£
o
3
3
c
©
=

Synthesised compounds and standard drug

Figure 4. Inhibitory Activity against PRSA

The most significant activity with respect to the standard, vancomycin (40.4 png /mL) was noticed when the meta
position C5’ had fluorine similar to 3e (38.0 pg /mL) and 5f (37.4 pg /mL) followed by when the substituent at the para
position C6’ was trifluoromethyl and chlorine as in Sh (33.4 pg/ mL) and 5e (29.6 pg /mL) respectively.
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3. Conclusion

It could be inferred that the electron withdrawing group at the meta position C5” with reference to fluorine especially
and para position C6’ with reference to the cyano and trifluoromethyl have a significant role and could be the key factor
for the activities observed for the synthesised compounds against these MDR-S.aureus strains.

4. Experimental
4.1 General

Chemicals were supplied by Aldrich and Sigma. NMR spectra were recorded on Avance Bruker 300, 400, 500, 600 and
cryprobes FT-NMR spectrometers. Chemical shifts are reported in parts per million and were recorded in deuterated
methanol, Acetone and dichloromethane accordingly with tetramethylsilane as the internal standard. NMR multiplicities
are indicated by the symbols: s (singlet), d (doublet), t (triplet), q (quartet), and m (multiplet). IR spectra were recorded
on a shimadzu 8900 FT-IR spectrometer using KBr discs and pellets. Mass fragmentations were recorded using MAT
312 mass spectrometer.

4.2 N-Acylation

To Acetonitrile (10 ml), the respective aminopyridines (1mmol) and triethylamine (0.101 ml, Immol) were added. The
mixture was placed on a hot plate magnetic stirrer and stirred for 20 min under water reflux before the corresponding
acid chlorides (Immol) were added. The mixture was inspected by TLC (Hexane-EtoAc). After being stirred for a
further 4-6 hrs at 40-60 °C, it was concentrated to dryness. The residues were purified by silica gel gradient column
chromatography (Hexane-EtoAc, 85:15) to afford the desired compounds (overall yield 65-85%). Their identity was
confirmed by NMR and IR spectroscopy and MS spectrometry.

N-(3-chloro-5-(trifluoromethyl) pyridin-2-yl)-3, 4-difluorobenzamide (3a). Yield: ( 73%); m.p. 78-79 °C; IR: 3433
(N-H), 1670 (C=0); '"H-NMR (MeOD): § 8.72 (1H, brS, H5), 8.35 (1H, d, J=1.2Hz, H3), 7.95 (1H, d, J= 2Hz, H4"),
7.87 (1H, dd, J= 2, 8.8 Hz H2"), 7.45 (1H, d, J= 8.8Hz H7"); *C-NMR: § 166.32 (C=0), 156.23 (C-1), 152.9 (C-6"),
152.7 (C-5%), 144.9 (C-5), 137.6 (C-3), 132.09 (C-3’), 126.6 (C-2’), 127.04 (C-2), 126.02 (C-4) 122.4 (C-6), 118.97
(C-4%), 118.74 (C-7); MS: (m/z) 336 ([M+H]"), C,3H¢CIFsN,O (336.01)

N-(3-chloro-5-(trifluoromethyl) pyridin-2-yl)-4-cyanobenzamide (3b). Yield: (67%); m.p. 141-142 °C; IR: cm’
3440.8 (N-H), 1676 (C=0). '"H-NMR (MeOD): & 8.73 (1H, brS, H5), 8.37 (1H, brS, H3), 8.13 (2H, d, J= 8Hz, H5’, H7")
7.93 (2H, d, J= 8Hz, H2’, H4*); MS: (m/z) 325 ((M+H]"), C;,H,CIF;N;0 (325.02)

N-(3-chloro-5-(trifluoromethyl) pyridin-2-yl) 4(trifluoromethyl) benzamide (3c). Yield: (71%); m.p. 80-81 °C; IR:
cm™ 3433.1 (N-H), 1679.9 (C=0). 'H-NMR (MeOD): & 8.73 (1H, brS, H5), 8.37 (1H, d, J= 1.5Hz, H3), 8.17 (2H, d, J=
8.4 Hz, H2’, H4%), 7.87 (2H, d, J= 8.4Hz, H5’, H7’); "C-NMR: § 165.26 (C=0), 153 (C-1), 144.66 (C-5), 138.17 (C-3"),
137 (C-3), 130.56 (C-6), 129.84 (C-5°, C-7°), 127.71 (C-2), 126.47 (C-2’, C-4’); MS: (m/z) 368 ([M+H]"),
C14H;CIFgN,O (368.02).

N-(3-chloro-5-(trifluoromethyl) pyridin-2-yl) 4-nitrobenzamide (3d). Yield: (67%); m.p. 108-109 °C; IR: cm™ 3435
(N-H), 1685.7 (C=0). '"H-NMR (MeOD): & 8.75 (1H, brS, H5), 8.42 (2H, d, J= 8.4 Hz, H2’, H4"), 8.39 (1H, d, J=
1.8Hz, H3), 8.21 (2H, d, J= 8.4 Hz, H5", H7’). MS: (m/z) 345 ([M+H] "), C;3H,CIF;N;05 (345.01).

N-(3-chloro-5-(trifluoromethyl) pyridin-2-yl) 3-fluorobenzamide (3e). Yield: (69%); m.p. 65-66 °C; IR: cm™ 3438.8
(N-H), 1678 (C=0). '"H-NMR (MeOD): § 8.73 (1H, brS, H5), 8.35 (1H, brS, H3), 7.83 (1H, dd, J= 1.2Hz, 7.6Hz, H2"),
7.73 (1H, dd, J= 2 Hz, 9.6Hz, H6"), 7.59 (1H, dd, J= 7.6Hz, 9.6Hz, H7"), 7.41 (1H, dd, J=1.2Hz, 2Hz H4"); "C-NMR: §
165.65 (C-F, C-57), 162.5 (C=0), 153.0 (C-1), 144.9 (C-5), 137.58 (C-3), 137.0 (C-3"), 131.90 (C-7), 126.5 (C-2),
126.03 (C-6), 125.08 (C-2), 122.4 (C-4), 120.7 (C-4’), 115.9 (C-6"); MS: ( m/z) 318 ([M+H]"), C;3sH;CIF,N,O
(318.02).

N-(3-chloro-5-(trifluoromethyl) pyridin-2-yl) butyramide (3f). Yield: (74%); m.p. 128-129 °C; IR: ecm™ 3433.1
(N-H), 1689.5 (C=0); '"H-NMR (MeOD): & 8.64 (1H, brS, H5), 8.27 (1H, d, J=1.5, H3), 2.53 (2H, t, J= 7.4, H2"), 1.81
(2H, m, H3"), 1.05 (3H, t, J=7.4, H4*); C-NMR: § 172.01 (C=0), 152.77 (C-1), 144.38 (C-5), 136.55 (C-3), 124.99
(C-2°), 123.09 (C-6), 38.0 (C-2°), 19.18 (C-3"), 13.95 (C-4’); MS: (m/z) 266 (IM+H]"), C,oH;(CIF3N,0 (266.04).

3-bromo-N-(5-(trifluoromethyl) pyridin-2-yl) benzamide (5a). Yield: (80%); m.p. 82-83 °C; IR: cm™ 3433.1 (N-H),
1689.5 (C=0). '"H-NMR (MeOD): 88.66 (1H, brS, H5), 8.45 (1H, d, J= 8.8Hz, H2), 8.15 (1H, dd, J= 1.6, 2Hz, H4"),
8.12 (1H, dd, J=2, 8.8 Hz, H6"), 7.97 (1H, dd, J= 1.6, 7.6Hz, H2"), 7.79 (1H, d, J= 8.8 Hz, H3), 7.48 (1H, dd, J= 7.6, 8.8
Hz, H7’); C-NMR: § 165.72 (C=0), 156.03 (C-1), 146.3(C-5), 137.07 (C-3"), 136.5 (C-6"), 135.97 (C-3), 131.7 (C-4"),
131.4 (C-7°), 127.7 (C-2’, C-6) 122.9 (C-5"), 114.6 (C-2); MS:( m/z) 344 (IM+H]"), C,3HgBrF;N,0 (343.98).

3-Chloro-N-(5-(trifluoromethyl) pyridin-2-yl) benzamide (5b). Yield: (65%); m.p. 132-133 °C; IR : cm™ 3434.1
(N-H), 1691.59 (C=0); 'H-NMR (MeOD): § 8.00 (1H, dd, J=1.6, 2Hz, H4"), 7.93 (1H, dd, J= 1.2, 7.8Hz, H3), 7.64 (1H,
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dd, J=1.6, 8.4 Hz, H6°),7.55 (1H, t, J=8.4, 8.8 Hz, H7"), 8.66 (1H, brS, H5), 8.45 (1H, d, J= 7.8, H2), 8.12 (1H, dd, J=2,
8.8Hz, H2’); "C-NMR: § 165.82 (C=0), 156.0 (C-1), 146.3 (C-5), 136.8 (C-5"), 136.5 (C-3), 134.9 (C-3"), 133.02
(C-7), 131.2 (C-6"), 128.8 (C-4"), 127.3 (C-2), 114.5 (C-2); MS: (m/z) 299 ([M+H]"), C;3HsCIF3N,0 (300.03)

4-iodo-N-(5-(trifluoromethyl) pyridin-2-yl) benzamide (5c). Yield: (60%); m.p. 85-86 °C; IR:cm™ 3400(N-H),
1656.7(C=0); '"H-NMR (MeOD): & 8.65 (1H, brS, H5), 8.45 (1H, d, J=8.8Hz, H2), 8.12 (1H, dd, J=2, 8.8Hz, H3), 7.93
(2H, dd, J= 1.6, 8.4Hz, H5’, H7’), 7.74 (2H, dd, J=1.6, 8.4Hz, H2’, H4’); MS: ( m/z) 392 ([M+H]"), C;3HgF;IN,O
(391.96)

3-phenyl-N-(5-(trifluoromethyl) pyridin-2-yl)propanamide (5d). Yield: (62%); m.p. 130-131 °C; IR: cm™ 3433
(N-H), 1664.5 (N-H); '"H-NMR (MeOD): § 8.55 (1H, brS, H5), 8.31 (1H, d, J=8.8Hz, H2), 8.03 (1H, dd, J=2, 8.8Hz,
H3), 7.23 (4H, q, H5’,H6’ ,H8’H9’), 7.18 (1H,m, H7), 3.02 (2H, t, J=7.6 Hz, H2"), 2.78 (2H, t, J=7.6 Hz, H3’);
MS:(m/z) : 294 ([IM+H]"), C;sH;3F3N,0 (294.10)

2, 4-dichloro-N-(5-(trifluoromethyl) pyridin-2-yl) benzamide (5¢). Yield: (85%); m.p. 94-95 °C; IR: cm™ 3429.2
(N-H), 1722.3(C=0); '"H-NMR (MeOD): & 8.72 (1H, brS, H5), 8.24 (1H, dd, J=2.4, 8.4Hz, H3), 7.82 (1H, dd, J=2, 8.4
Hz, H5") 7.64 (2H, d, J=8.4, H2, H4"), 7.49 (1H, d, J=2.4, H7’); ®C-NMR: § 168.67 (C=0), 155.49 (C-1), 147.07 (C-5),
137.79 (C-6), 137.04 (C-4’), 134.42 (C-3), 133.3 (C-3’), 131.5 (C-27), 130.75 (C-5"), 128.3 (C-7°), 124.4 (C-2); MS:
(m/z) 334 ([M+H]"), C,5H,3F3N,0 (333.99)

3, 5-difluoro-N-(5-(trifluoromethyl) pyridin-2-yl) benzamide (5f). Yield: (76%); m.p. 126-127 °C; IR: cm™ 3344.3
(N-H), 1670 (C=0); 'H-NMR (MeOD): & 8.66 (1H, brs, H5), 8.44 (1H, d, J= 8.8Hz, H2), 8.13 (1H, dd, J=2, 8.8Hz, H3),
7.63 (2H, d, J= 2.4Hz, H2’, H4%), 7.26 (1H, d, J= 2.4Hz H6"); “C-NMR: § 164.62 (C-5’, C-7°), 162.98 (C=0), 155.79
(C-1), 146.30 (C-5), 138.43 (C-5"), 136.61 (C-3), 122.72 (C-6), 112.24 (C-4’, C-2°), 108.4 (C-6’); MS: (m/z) 302
([M+H]"), C,3H,FsN,0 (302.05).

4-cyano-N-(5-(trifluoromethyl) pyridin-2-yl) benzamide (5g). Yield: (67%); m.p. 98-99 °C; IR: cm™ 3367.5 (N-H),
1678.0 (C=0); '"H-NMR (MeOD): § 8.67 (1H, brs, H5), 8.47 (1H, d, J=8.8Hz, H2), 8.13 (3H, d, J=8.8Hz, H3, H5’, HT"),
7.91 (2H, d, J= 8.8Hz, H2’, H4"); *C-NMR: § 165.91 (C=0), 155.8 (C-1), 146.3 (C-5), 138.8 (C-3"), 136.6 (C-3),
13327 (C-5°, C-7°), 129.69 (C-2°, C-4"), 118.64 (C-8°), 116.32 (C-6"), 114.64 (C-2); MS: (m/z) 291 ([M+H]"),
C,4H3FsN;0 (291.06).

4-(trifluoromethyl)-N-(5-(trifluoromethyl) pyridin-2-yl) benzamide (5h). Yield: (65%); m.p. 118-119 °C; IR: cm™
3365.3 (N-H), 1708.8 (C=0); 'H-NMR (MeOD): & 8.67 (1H, brs, H5), 8.48 (1H, d, J=8.8Hz, H2), 8.16 (2H, d, J= 8Hz,
H5’, H7’), 7.98 (1H, d, J=8.8Hz, H3), 7.86 (2H, d, J=8Hz, H2’, H4’); MS: (m/z) 334 ([M+H]"), C;HgF¢N,O (334.05).

4.3 Micro-Plate Alamar Blue Assay (MABA)

Antibacterial susceptibility testing was performed in a 96-well micro plate. Organisms were grown in Mueller-Hinton
medium. Inoculums were adjusted to 0.5 McFarland turbidity index. The stock solutions of the compounds were
prepared in DMSO in a 1:1 concentration, the stock solutions were serially diluted in Muller-Hinton broth to obtain the
concentration of 20pug/ ml and the volume of the 96 well plates were made up to 200ul. 5 x 10° bacterial cells were
added in each of the 96-well plate. The plate was then sealed and incubated at 37°C for 18-20 hrs, Alamar blue dye
(10%) was dispensed in each well and shaken at 80 RPM in a shaking incubator at 37°C for 3-4 hrs. Oflaxacin was used
as the positive control for the bacteria isolates and Vancomycin for the MDR- S. aureus (DMSO showed no cidal effect
on the growth of the bacterial cells). All experiment was done in triplicate. Change in colour of Alamar dye from blue to
pink indicated the growth of bacteria strains. Absorbance was recorded at 570 and 600 nm by the ELISA reader
(SpectraMax M2, Molecular Devices, CA, USA).

Percentage difference in reduction of Alamar Blue between treated and control cells were calculated using the formular:

% — (gox )/,1"2 ‘/4'/11 _ (gox )ﬂ'l A'ﬂ"Z < 100
(gox )2’2 A ﬂ’l _(gox )2’1 A 2’2

Where (g0x) A, = molar extinction coefficient of Alamar blue oxidized form at 600 nm
(o) A= molar extinction coefficient of Alamar blue oxidized form at 570 nm
A X, = Absorbance of test wells at 570 nm
A X, = Absorbance of test wells at 600 nm
A' L= Absorbance of control well at 570 nm

A' M= Absorbance of control well at 600 nm
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