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Abstract

The formulas of transition metal clusters can be regarded as multiples of their respective PRIMARY CLUSTERS and
K(n) parameters. A primary cluster of a transition metal skeletal element can be defined as that cluster of a
mono-skeletal element which obeys the 18 electron rule. Such clusters, among others include, Cr(CO)s, Fe(CO)s,
Ni(CO)4, and Zn(CO); and the respective K values of the skeletal elements are 6, 5, 4 and 3. The selected K(n) series
are given and the derived hypothetical golden clusters are given as examples for illustrations. Selected known golden
clusters are also found to be multiples of K(n) parameters and the 18 valence fragment cluster, AulLss. The graphical
representations of a few selected examples of golden clusters are given.

Keywords: primary cluster, skeletal element, k(n) series, torroidal, spherical
1. Introduction

Cluster chemistry covers a wide range of clusters. Among others, It includes those which are solely centered around
boron[B] skeletal element(boranes) (Lipscomb, 1963; Fox & Wade, 2003; Jemmis, 2005, Jemmis, et al, 2008; Kiremire,
2014a, boron-carbon[B-C] skeletal elements) carboranes (Greenwood & Earnshaw, 1998; Housecroft & Sharpe, 2012),
boron-transition metal [B-M] (metalloboranes (Kiremire, 2016a)
boron-carbon-metal[B-C-M](metallocarboranes),metal-carbonyl[M-CO]transition metal carbonyls(Kiremire, 2017a)
Zintl ion clusters (2016b) and gold-phosphorus[Au-P] clusters(Mingos, 1984, Kiremire, 2016¢, 2017b). The 4n series
method has been found extremely useful in analyzing all these clusters along side Wade-Mingos rules (Wade,
1971;Mingos 1972). Using the 4n series method, it has been found that the multiples of [BH] fragments comprising of 4
electron valence content can applied to generate all the known formulas of borane clusters while the 14 electron valence
electron content fragments such as [Os(CO);] can be utilized to generate osmium carbonyl clusters
(Kiremire,2016d,2016¢). In this paper, it is intended to demonstrate that also using the [8] electron valence electron
content Primary Clusters such as [BHs], [CHy4] can be utilized to generate borane and hydrocarbon clusters respectively
while the [18] electron valence content primary clusters such as [Fe(CO)s], [Os(CO)s],[Rh(CO)y 5], and [Pd(CO)4] can
be utilized to generate other higher respective clusters. A scheme for generating cluster formulas is shown in SC-1.

CLUSTER FORMULA

SKELETAL NUMBERS
[4)[14] FRAGMENT
[8)/[18] CLUSTER

- K(n) PARAMETER

SC-1

2. Results and Discussions

The Primary Cluster and multiples of K(n) parameter. In earlier work, transition elements, main group elements and
ligands were assigned skeletal numbers (Kiremire, 2016d). Let us take iron, Fe as a skeletal element to define a primary
cluster based on series method. The element has a skeletal number of 5, [Fe(K = 5)]. This was interpreted to mean that
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Fe skeletal element requires 5 electron pairs or 5 two electron donor ligands in order for it to obey the 18 electron rule.
If we take a CO as representative of a 2-electron donor ligand, we can express this as Fe + 5CO — Fe(CO)s. The cluster,
Fe(CO)s, can be referred to as a PRIMARY CLUSTER for all Fe carbonyl clusters. The other multi-skeletal cluster of
Fe may simply be regarded as suitable multiples of the primary cluster, Fe(CO)s. For instance, Fe,(CO)y, may
hypothetically be regarded as a derivative of Fe(CO)s by the following simple re-arrangement;

2[Fe(CO)5]-1(CO)—Fe,(CO)[K = 1]. This can also be expressed in another way;

K(n) = 1(2)
-1(CO)
2[Fe(CO)s] = >  Fez(CO)e e O ® -Fe
K=0 +1(CO) K=1 K =1

Equation 1.

The complex Fe(CO)s has a K value of zero. According to the hypothetical equation 1, by combining 2 Fe(CO)s
primary clusters and removing 1(CO) ligand, we create a dimeric type of complex, Fe,(CO)y which has a skeletal
linkage K = 1., that is, one Fe-Fe metal-metal bond has been formed by the forward hypothetical reaction of equation 1.
In previous work, it was explained that K(n) parameter has a double meaning, that is, the number of linkages binding
the skeletal elements together or the shortage number of electron pairs needed by a cluster to split up into primary
clusters all of which obey 18 electron or 8 electron rule(Kiremire, 2017¢). The reverse reaction of equation 1 means that
since Fey(CO)y cluster has a K =1 value, it requires one 2-elctron donor for it to decompose into 2 primary clusters.
Thus, Fe,(CO)y +1 CO— 2[Fe(CO)s]. Thus, equation 1 resembles an equilibrium type of a reaction.

The PRIMARY CLUSTERS of transition metal skeletal elements can be expressed as Sc(K =7.5, Sc(CO);s]; Ti(K =7),
Ti(CO),; V(K =6.5, V(CO)s5; Cr(K=6), Cr(CO)s; Mn(K =5.5), Mn(CO)5.5; Fe(K=5), Fe(CO)s; Co(K=4.5), Co(CO),s;
Ni(K=4), Ni(CO),; Cu(K=3.5), Cu(CO);5; Zn(K =3), Zn(CO);.

Examples are given in schemes SC-1, SC-2, SC-3 and sc-4.

Fe2(CO)o 4——+1(@L 2[Fe(CO)s]
1(2) K= 1 -1(CO)
> 2[Fe(CO)5]-1 (CO) =Fex(CO)s @— @ K=1
0)

+3(C
Fe3(CO)12 m——— 3[Fe(CO)s]
33) K=3 -3(CO)
> 3[Fe(CO)5]-3(CO) = Fes(C)r2 K=3

Ex-2
X <20 orecoy
-2(CO)

Ex-1

K(n) K = 2; Fe2(CO)s
Fe(CO)s —— 2(2)

> 2[Fe(CO)s]-2(CO) =Fe2(CO)s @—®@ K=2
Ex-3 +3(CO)
K=3: Fez(CO)7 =— 2[Fe(CO)s]
3(2) -3(CO)
> 2[Fe(CO)s-3(CO) = Fe2(COy @——@  K=3

Ex-4
6(4)

. 4[Fe(CO)s]-6(CO) = Fes(CO)4
Ex-5 +6(CO)

Fes(CO)s < 4[Fe(CO)s]

-6(CO) K=6

SC-2
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K(n) = 7(5)

-7(CO
Fe(CO)s/Rh(CO)a5s —  1[Fe(CO)s] + 4[Rh(CO)4_5]¥> FeRh4(CO)16 [K(n) = 7(5)]
Ex-6 -
+7(CO) *)
K(n) = 11(6) -11(CO)
——> 2[Fe(CO)s] + 4[Rh(CO)s] ——— Fe2Rha(CO)17 [K(n) = 11(6)]
Ex-7 B S (B)
+11(CO)
K(n) = 11(6) -11(CO)
— > 1[Fe(CO)s] + 5[Rh(CO)ss5] ——— FeRhs(CO)165 [K(n) = 11(6)]
Ex-8 - (C)
+11(CO)
SC-3
K(n) = 7(5)
Possible sketch of skeletal isomer of (A) Reported skeletal structure (A)
F-1 F-2

The possible skeletal shapes of clusters shown in scheme SC-3 are sketched in F-1, F-2, F-3, F-4, and F-5. An example

of determining possible distribution of ligands is shown in for F-5 is sketched in F-6. The short-cut method of deriving
the type of series from K(n) is shown in F-7.

87



http://ijc.ccsenet.org International Journal of Chemistry Vol. 10, No. 2; 2018

Fe2Rh4(CO)17  (B)

K(n) = 11(6) K(n) = 11(6)
F-3 F-4
Possible skeletal isomers of (B)
FeRhs(CO)16.5 (C)
T K(n)=11(6)
K1=5-2=3
5 K2=45-2=25
2 K3=K2=25
K4=4515=3
K5 =K2 =2.5
3 5 K6=K4=3
TOTAL =16.5
4 Possible ligand distribution in (C)
Possible skeletal isomers of (C) a6
F-5
K(n) K(n) =7(5); 9/2=10-7 =3, q =6, S = 4n+6, ARACHNO SERIES
Kp = C2C[M7] THE CLUSTER BELONGS TO CLUSTER
GROUP 7 BUT 2 LEVELS BELOW THE CLOSO BASELINE.
x2

K(n) = 11(6), S = 4n+2, CLOSO SERIES. Kp = C°C[M6]

THE CLUSTER BELONGS TO THE CLUSTER GROUP 6.
q2=2nK < — N

g=2[2n-K] — > S =4n+q
SHORT-CUT FOR CATEGORIZATION OF CLUSTERS.

-7
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@® Fes(C)(CO)6* K = 6[5]-2-16-1 =11, K(n) = 11(6), S = 4n+2
Ex-9

-11(CO
B[Fe(CO)] =g €0 » Fes(CO)1e  =Fes(C)(CO)6>  K(n)=11(6)
+11(CO)

® Fo,Aus(CO)16%: K = 4[5]+5[3.5]-16-1.5 = 20, K(n) = 20(9), S = 4n-4, Kp = C3C[M6]

Ex-10 20(CO)
4[Fe(CO)s] + 5[Au(CO)3s] = >  FesAus(CO)175 = FesAus(CO)16>  K(n) = 20(9)
+20(CO)
®  Feo,Rh2(C)(CO)1s(AuL)z: K =4[5]+2[4.5]+2[3.5-1]-2-15 = 17(8); K(n) = S = 4n-2, Kp = C2C[M6]
Ex-11
-17(CO)
4[Fe(CO)s] + 2[Rn(CO)4s] + 2[Au(CO)zs] = = FesRh2Au2(CO)19  K(n) = 17(8)
+17(CO)

SC-4
2.1 Osmium Carbonyl Clusters

The derivation of selected osmium carbonyl clusters using the primary cluster and K(n) parameter is summarized in
scheme SC-5. Since the cluster number (K value) of osmium is a whole number(K = 5), the multiples of K(n) and the
primary cluster, Os(CO)s come out as with carbonyl ligands as whole numbers regardless as to whether the cluster has a
charge on it or not. On the other hand, a skeletal element such as rhodium which has a fractional K value [Rh(K =4.5)],
the cluster will have the number of ligands with a whole number if the nuclearity is even. Otherwise, the number of
ligands will have a fractional value. Since osmium has a K value whole number, the effective number of ligands to
combine with osmium skeletal elements will be a whole number. This is shown in Table 1. Since osmium and palladium
skeletal elements have K values of whole numbers, their skeletal elements will combine with whole number ligands. On
the other hand, the transition metal skeletal elements with fractional K values will combine with effective whole number
ligands if their nuclearity indices are even , but if odd, then the effective number of ligands will be odd number. This
demonstrated in Table 2.
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1(2)

_——

4(3)

—_—

3(3)

—_—

6(4)

_——

5(4)

K(n) '

Os(CO)s —

4(4)

2[0s(CO)s] -1CO = Os2(CO)s
3[0s(C0)s]-4CO = Os3(CO)i1
3[0s(C0)s]-3CO = Os3(CO)r2
4[0s(CO)5-6CO =0s4(CO)14

4[0s(CO)s-5CO =0s4(CO)1s

__ 7 4[0s(CO)s-4CO = Os4(CO)16

9(5)

—_—

8(5)

5[0s(C0)s-9CO = Os5(CO)1s

—— = 5[0s(C0)5-8CO = Os5(CO)17

—_—

12(6)

—_—

11(6)

—_—

14(7)

—_—

17(8)

—_—

48(17)
59(20)

%

SC-5

90

5[0s(CO)5]-6CO = Os5(CO)19
6[0s(C0O)5-12(CO) = Ose(CO)18

6[0s(CO)5-11CO = Os6(CO)19

7[0s(CO)s-14CO = Os7(CO)a1
8[0s(CO)s]-17 CO = Os8(CO)23

17[0s(C0O)s5]-48C0O = Os17(CO)37

20[0s(CO)s]-59CO = Os20(CO)41
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Ka

m - whole number.

whole number

A K
m - whole number ——=

Even numbef

Fractional number

n
m -fractional number

Odd number

Ti, Zr, Hf
Cr, Mo, W
Fe, Ru, Os
Ni, Pd, Pt
Zn, Cd, Hg

Ka whole number ——

Ka
Ka
Ka
Ka
Ka

Wh N~

Sc,Y, La Ka=7.3
V,Nb, Ta ?‘ = gg
: MnTc, Re A=
fractional E—— b
rmbar Co,Rh, Ir Ka=45
Cu, Ag.Au Ka=35

C —= Wwhole number

AL, — cluster, K¢ — cluster number, Ka — cluster number of skeletal element, A — skeletal element, L — ligand

SC-6
Table 1. Selected Osmium and Palladium Clusters
Equivalents Os (K=5) Kc Equivalents Pd(K =4) Kc
0s(CO)s 1[5]-5(1)=0 Pd(CO), 4-4=0
0s:(CO)y 2[5]-9 =1 Pd;(CO)L, Pd;(CO)s 12-6=6
OSg(CO)]z 15-12=3 Pdm(CO)]ng Pdm(co)lg 40-18=22
Os;H(CO);i~ Os3(CO)12 15-12=3 Pd;»(CO)sLs Pd;»(CO)s 48-18=30
OS3H2(CO)|1 OS;(CO)[Q 15-12=3 Pdlz(CO)|5L7 Pdlz(co)zz 48-22=26
OS4(CO)14 20-14=6 Pdm(CO)7L6 Pdm(co)m 64-13=51
OS4H2(CO)1227 OS4(CO)|4 20-14=6 szg(CO)zleo szg(co)gz 92-32=60
OS4H2(CO)|227 OS4(CO)14 20-14=6 Pd23(CO)2oL|0 Pd23(CO)30 92-30=62
OS4H3(CO)12_ OS4(CO)14 20-14=6 Pd}o(CO)z(,L]o Pd}g(co);;(, 120-36=84
OS4H4(CO) 12 OS4(CO) 14 20-14=6 szgNig(CO)zzL} Pd;z(C0)25 128-25=103
OSs(CO)m 25-16=9 Pd34(CO)24L|2 Pd;A(CO)gs 136-36=100
OSsH(CO)lS_ OS5(CO)16 25-16=9 Pd}g(CO)szM Pdgg(CO)“ 144-42=102
0s4(CO);5 30-18=12 Pdss(CO)ssLis Pdss(CO)so 152-40=112
OSG(CO)1827 OSa(CO)[Q 30-19=11 szquzg(CO)ﬂﬁf Pd46(CO)57 184-57=127
OS@H(CO)lg_ OSG(CO)lg 30-19=11 Pd52(CO)35L14 Pd52(CO)50 208-50=158
Os¢HA(CO) 5 0s4(CO)1o 30-19=11 Pdss(CO)soL1a Pdsy(CO)ss 216-54=162
OS7(CO)2| 35-21=14
OS7H2(CO)20 OS7(CO)21 35-21=14
0s5(CO)- 0s5(CO)s3 40-23=17
OSgH(CO)n* OSg(CO)z3 40-23=17
OSQ(CO)242_ OSL)(CO)ZS 45-25=20
OsoH(CO),4~ Os9(CO);s 45-25=20
OS]()(CO)%Z* OSm(CO)27 50-27=23
OSzo(CO)402_ OSQ(](CO)41 100-41=59
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Let us consider the case of rhodium clusters. The K value of rhodium is 4.5. For 2 thodium skeletal elements, K = 2[4.5]
= 9. This is a whole number and the 2 skeletal elements must combine with a whole number of ligands in order to
produce a whole number K value and hence, we can have Rhy(CO)g (K = 1). Similarly, Rhy (K = 18) can have a cluster
Rhy(CO) (K = 18-12 =6) while Rhs ( K = 27)can have Rhg(CO);¢( K =27-16 = 11). Other clusters in this category are
Rh;5(CO)y9, Rhjo(CO)p,, and Rhy(CO)39. On the other hand,Rh,(K = 7x4.5 = 31.5) can combine with fractional CO
ligands to form the cluster Rh;(CO);;5(K = 31.5-17.5 = 14). Other clusters in this category include, Rhy(CO),s(K =
40.5 -20.5 =20 ),and Rh;;(CO)a4 5( K =49.5-24.5 = 25). In view of this, it is surprising that clusters such as AugLg*",Aug,
K=28,K =28-8+1 =21, K(n) = 21(8); AusL;"",Aug, K =28-7+1 = 22,K(n) = 22(8); Au;3L;oCL,*", Auys, K = 45.5, K¢ =
45.5-10-1+1.5 = 36, K(n) = 36(13); AuysL,o Cl, Rs™, Au25, K =87.5, K¢ =87.5-10-1-2.5+1=75,-K(n) = 75(25) and
AusgLis CL*" Au3s, K = 133, KC = 133-18-1+2 =116, K(n) = 116(38);should have positive and whole number K(n)
values. It is therefore surprising that AussL;,Clg Auss, K =192.5, KC = 192.5-12-3=177.5 has got a fractional K(n) =
177.5(55) value (Coenraad, 2006; Gimeno, 2008; Konishi, 2014 ; Puls, 2014)

2.2 Selected K(n) Cluster Groups

In previous work, it was discovered that the main group and transition metals are interrelated through the following
isolobal equilibrium relationship of the series.

1
S=4ntq = + 10n & S =14n+q

— 10n

Since clusters of the main group and transition metals are interrelated, it was proposed that they be categorized into
cluster groups (Kiremire, 2018b). Furthermore, the closo baseline(S = 4n+2) was selected to be used as a reference
point. If we use the capping symbol for the closo baseline as Kp = C°C[Mx], then the cluster groups could be based
upon the numerical value of x. If we take boranes as examples of baseline clusters, then [M1], S = 4n+2, K = 2n-1 =
2(1)-1 = 1 and K(n) = 1(1) and the borane cluster will be [BH](1) +2H = BH; [BH*~]. The [M2] will have the K(n) =
3(2), and Fy = [BH](2)+2¢ = B,H,”; [M3], K(n) = 5(3), Fs = B;H;"";[M4], K(n) = 7(4), Fs = B,H/;[M5], K(n) =
9(5), Fz = BsHs>7;[M6], K(n) = 11(6), Fz = BHg*;[M7], K(n) = 13(7), Fs = B;H,”;[M8], K(n) = 15(8), F =
BgHg*;[M9], K(n) = 17(9), Fs = BgHy*3[M10], K(n) = 19(10), F = B,oH,,> ;[M11], K(n) = 21(11), Fg = B;;H;,* and
[M12], K(n) = 23(12), Fg = B;;H,> . The K(n) numerical series selected for the golden clusters cover the range [Mx],
x= - 6 to x = +6. These series are given in Table 1. The table is general for all clusters from the main group or transition
metals. The selected portion of Table 1 represents all the chemical clusters capping under that domain. The S = 4n+2
represents zero capping Kp = C’, 4n+0— mono-capping, Kp =C'; 4n-2—bi-capping, Kp = C?; 4n-4, Kp = C’; 4n-6, Kp
= C% 4n-8, Kp = C’; and 4n-10, Kp = C° and so on. The corresponding numerical capping K(n) series for
octahedral-based [M6] clusters are 11(6), 14(7), 17(8), 20(9), 23(10), 26(11) and 29(12) respectively. Other selected
numerical K(n) series cover the range [Mx], x =-6 to + 6 are given in Table 3.

2.3 Golden Cluster Series

The use of K(n) parameter and the Primary Cluster of 18 electron valence content of osmium Os(CO)s to generate the
required osmium clusters was illustrated in SC-2 in which the skeletal number for osmium K= 5. The procedure was
also summarized in SC-3. This procedure was arrived at after a careful scrutiny of the relationship between a given
simple cluster formula and its K(n) parameter. The will be interested to know that in fact the procedure came from
knowing that the cluster Fey(CO)o, has one single skeletal bond(K =1) that links two skeletal elements (n = 2), hence
K(n) = 1(2) and that the 18 electron mono-skeletal cluster of iron has a formula Fe(CO)s in which Fe(K = 5). After a
deeper thought, it became clear that we could regard Fey,(CO)y = 2[Fe(CO)s]-1CO which resembles
(n=2)[Fe(CO)s]-(K=1)(CO). The coefficients are simply the reverse of K(n) = 1(2). Applying the same approach for K(n)
= 3(3) on Fe(CO)s, we get 3[Fe(CO)s] -3CO = Fe;(CO);; a well known cluster, and K(n) = 9(5), gives us
5[Fe(C0O)5]-9CO =Fes(CO);4 an analogue of Oss(CO);4 another cluster with a trigonal bipyramid skeletal shape(Hughes
and Wade, 2000). In the case of gold, the mono-skeletal element, [Au] with 11 valence electrons, it will require 3.5 two
electron donor ligands to make a primary cluster [AuLs 5] of 18 valence electron content cluster. By following the same
procedure as illustrated in SC-2 and summarized in SC-3, using the K(n) values in Table 1A and 1B and the primary
cluster [AuL; 5], the hypothetical golden clusters shown in Tables 2A and 2B were obtained.

Let us take a few more examples to illustrate this point by deriving the golden clusters corresponding to the K(n) values
highlighted blue in Table 3.
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e K(Mn)=20(7): Fg =7[AuL;s]-20L=Au;Lss; S =4n-12,Kp = C'C[MO]

e K(Mn)=22(8): Fg =8[AuL;s]-22L = AusLg; S = 4n-12,Kp = C'C[M1]

e K(n)=2409): Fgs=9[AuL;s]-24L=AuwlL,s; S = 4n-12,Kp = C'C[M2]

e K(n)=26(10): Fgs = 10[AuL;5]-26L = AuyoLo; S = 4n-12,Kp = C'C[M3]

e K(n)=28(11): Fgs = 11[AuL3s]-28L = Au;;Lygs; S = 4n-12,Kp = C'C[M4]
e K()=30(12): Fgs=12[AuL;s]-30L=Au;,L,»; S = 4n-12, Kp = C'C[M5]
e K(n)=32(13): Fgr=13[AuL;s]-32L=Au;;Ly;; S = 4n-12, Kp = C'C[M6]
e K(Mm)=238):  Fgs=8[AuL;s]-23L=AusLs; S = 4n-14, Kp = C*C[M0]
e KMN)=259):  Fgo=9[AuL;s]-25L=AusLss; S = 4n-14, Kp = C’C[M1]
e K(n)=27(10): Fg10= 10[AuL;5]-27L = AuyoLg; S = 4n-14, Kp = C*C[M2]

e K(n)=29(11): Fgy; = 11[AuL;5]-29L = Auy Lo s; S = 4n-14, Kp = C*C[M3]
e K(n)=31(12): Fg» = 12[AuLs5]-31L = AupLyj; S = 4n-14, Kp = C*C[M4]
e K(n)=33(13): Fgi3 = 13[AuLs5]-33L = AujsLyss; S = 4n-14, Kp = C*C[MS5]
e K(n)=35(14): Fgi4 = 14[AuL;5]-35L = AuysLys; S = 4n-14, Kp = C*C[M6]
HORIZONTAL MOVEMENT

When the type of series is kept constant and K value is increased by 2, the capping remains the same but the nucleus
expands. The series is kept constant by keeping | 2n-K | = q/2 constant. |

VERTICAL MOVEMENT

e [MI]series; K(n) = 1(1): Fgis = 1 [AuLss]-1L = Au,Ls; S = 4n+2, Kp = C°C[M1]

e K(n)=1(1): Fgs =1 [AuL;s]-1L =Au L, s; S = 4n+2, Kp = C°C[M1]

e K(n)=4(2): Fg16 =2 [AuL;5]-4L = Au,L;; S =4n+0, Kp = CIC[MI]

e K(n)=7(3): Fg17 =3 [AuL;5]-7L =AusL;5; S = 4n-2, Kp = C’C[M1]

e K(n)=10(4): Fgis =4 [AuL;5]-10L = AuyLy; S = 4n-4, Kp = C*C[M1]

e K(n)=13(5): Fgio =5 [AuLss]-13L = AusL, 5; S = 4n-6, Kp = C*C[M1]

e K(n)=16(6): Fgao = 6 [AuL;5s]-16L = AugLs; S = 4n-8, Kp = C’C[M1]

e K(n)=19(7): Fg =7 [AuLss]-19L = AusLss; S = 4n-10, Kp = C°C[M1]

e K(n)=22(8): Fgp = 8 [AuLss5]-22L = AugLg; S = 4n-12, Kp = C'C[M1]

e K(n)=25(9): Fgs =9 [AuLss5]-25L = AuoLgs; S = 4n-14, Kp = C*C[M1]

e K(n)=28(10): Fgy4 =10 [AuL;5]-28L = Au,L5; S = 4n-16, Kp = C°C[M1]

e K(n)=31(11): Fgps = 11 [AuL;5]-31L = Auy L;s; S =4n-18, Kp = C'°C[M1]

e  K(n)=11(6): Fgo = 6 [AuL;5]-11L = AugL;¢; S =4n+2, Kp = COC[M6]

e K(n)=14(7): Fg7 = 7 [AuLss]-14L = AusL,os; S = 4n+0, Kp = C'C[M6]

e K(n)=17(8): Fgs =8 [AuL;5]-17L = AugL;; S =4n-2, Kp = CZC[M6]

e K(n)=20(9): Fgo =9 [AuL;5]-20L = AuoL;, 5; S = 4n-4, Kp = C’C[M6]

e K(n)=23(10): Fg30 =10 [AuL;5]-23L = AuyoL»; S =4n-6, Kp = C4C[M6]

e K(n)=26(11): Fg3; = 11 [AuL;5]-26L = Auy,L;,5; S = 4n-8, Kp = C’C[M6]

e K(n)=29(12): Fg3, = 12 [AuL35]-29L = Auy,Ly5; S = 4n-10, Kp = C°C[M6]

e K(n)=32(13): Fgs3 = 13 [AuL;5]-32L = AuysLs5; S = 4n-12, Kp = C’C[M6]

e K(n)=35(14): Fgs4 = 14 [AuL35]-35L = AuyL 4 S = 4n-14, Kp = C*C[M6]

e K(n)=38(15): Fgss = 15 [AuLs5]-38L = Au;sL45; S = 4n-16, Kp = C°C[M6]

e K(n)=41(16): Fg3 = 16 [AuL;s]-41L = AujeL;s; S = 4n-18, Kp = C'°C[M6]
As can be seen from the above examples, the vertical movement involves the increase in capping index while the
nuclear size (nuclear index) remains the same. The calculation used in examples Fg; to Fgs6 is the same applied in
generating clusters in Table 2A and 2B. The clusters in Tables 2A and 2B cover the range x = -4 to +4, that is, [M-4] to

[M4] and n values from 38-42. In Table 3, there is a collection of known clusters which have been categorized into their
CLUSTER GROUPS. Furthermore, the K(n) values of the clusters were in agreement with those in Table 1 and their

—
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cluster formulas were also in agreement with the hypothetically derived ones in Tables 2A and 2B. Finally Table 4
shows more of the reported golden clusters whose K(n) values were calculated and then utilized together with the
PRIMARY CLUSTER to generate the corresponding clusters for comparison with their parent clusters. It was found
that both the parent clusters and their corresponding generated clusters we similar.

Table 3. The K(n) Series for Mx, x=-6 to +6
NUME RICAL SERIES

T3 Series  Kp

0 1 2 3 4 5 6

[M0] M1] M2] [M3]  [M4] [M5]  [M6]

-100) 1) 32) 53) 7(4) 9(5) 116)  4n+2  C°C[Mx]
2(1) 42) 6(3) 8(4) 105) 12(6) 14(7)  4nt0  C'C[Mx]
5(2) 73) 9(4) 11(5) 13(6) 15(7) 178)  4n-2 C’C[Mx]

8(3) 104) 1205 146) 16(7)  18(8) 2009) 4n4  C’C[Mx
11@4)  136)  156) 17(7)  198)  219)  23(10) 4n-6  C'C[Mx
145)  16(6)  18(7) 208)  22(9)  24(10) 26(11) 4n-8  CC[Mx
176)  19(7)  21(8) 23(9)  25(10) 27(11) 29(12) 4n-10 C°C[Mx
207) 22(8)  24(9) 26(10) 28(11) 30(12) 32(13) 4n-12  C'C[Mx
238)  25(¢9)  27(10)  29(11) 31(12) 33(13) 35(14) 4n-14 C'C[Mx
26(9)  28(10)  30(11)  32(12) 34(13) 36(14) 38(15) 4n-16 C°C[Mx

[LANNANNANANANANNAn

29(10)  31(11)  33(12)  35(13) 37(14) 39(15) 41(16) 4n-18 C'°C[Mx]
32(11)  34(12)  36(13)  38(14) 40(15) 42(16) 44(17) 4n-20 C''C[Mx]
35(12)  3713)  39(14)  41(15) 43(16) 45(17) 47(18) 4n-22  C"C[Mx]
38(13)  40(14)  42(15)  44(16) 46(17) 48(18) 50(19) 4n-24 C"C[Mx]
41(14)  43(15)  45(16)  47(17) 49(18) 51(19) 53(20) 4n-26 C'C[Mx]
44(16)  46(17)  48(18)  50(19) 52(19) 54(20) 56(21) 4n-28 C"C[Mx]
47(16)  49(17)  51(18)  53(19) 55(20) 57(21) 59(22) 4n-30  C'C[Mx]
50(17)  52(18)  54(19)  56(20) 58(21) 60(22) 62(23) 4n-32 C'C[Mx]
53(18)  55(19)  57(20)  59(21) 61(22) 63(23) 65(24) 4n-34 C"C[Mx]
56(19)  58(20)  60(21)  62(22) 64(23) 66(24) 68(25) 4n-36 CC[Mx]
59(20)  61(21)  63(22)  65(23) 67(24) 69(25) 71(26) 4n-38 C*C[Mx]
62(21)  64(22)  66(23)  68(24) 70(25) 72(26) 74(27) 4n-40 C*'C[Mx]
65(22) 67(23)  69(24)  71(25) 73(26) 75(27) 77(28) 4n-42 C*C[Mx]
68(23)  70024)  72(25)  74(26) 76(27) 78(28) 80(29) 4n-44 C*C[Mx]

Table 3. Continued

NUME RICAL SERIES

T3

6 -5 -4 3 2 -1

[M-6] [M-5] [M4]  [M3] [M2] [M-1] Series Kp
A13(6)  -11(:5)  9(4)  -7(-3)  -5(-2) -3(-1) 4n+2  C'C[Mx]

S10(-5)  8(4)  -6(:3)  -4(-2) 2(-1) 0(0)  4n+0  C'C[Mx]
(4 5(3) 3(2)  -1(-1)  1(0)  3(1)  4n2  CXC[Mx]
A3) 2(2) 0D 20)  41)  6(2)  4n4  CC[Mx]

S1(2) 1D 3(0) 5() 7)) 93)  4n6  C'C[Mx]
21 40) 6(1) 8(2) 103) 12(4) 4n-8  C°C[Mx]
5(0) 7(1) 9(2) 113)  13(4) 155 4n-10  C°C[Mx]

8(3) 102) 12(3) 144)  16(5) 18(6)  4n-12  C'C[Mx]
112) 13(3) 15(4) 17(5)  19(6)  21(7)  4n-14 C*C[Mx]
14(3) 16(4) 18(5) 20(6)  22(7)  24(8) 4n-16 C°C[Mx
17(4) 19(5) 21(6) 23(7)  25(8)  27(9) 4n-18 CC[M
20(5)  22(6) 24(7) 26(8)  28(9)  30(10) 4n-20
23(6)  25(7) 27(8) 29(9)  31(10) 33(11) 4n-22 C“C
26(7)  28(8) 30(9) 32(10)  34(11) 36(12) 4n-24 C"C
298)  31(9) 33(10)  35(11) 37(12) 39(13) 4n-26 CYC
32(9) 34(10)  36(11)  38(12) 40(13) 42(14) 4n-28 C"C
35(10)  37(11)  39(12)  41(13) 43(14) 45(15) 4n-30 C'°C
38(11)  40(12)  42(13)  44(14) 46(15) 48(16) 4n-32 C'C
41(12)  43(13)  45(14)  47(15) 49(16) 51(17) 4n-34 C™C
44(13)  46(14)  48(15)  50(16) 52(17) 54(18) 4n-36 C"°C
47(14)  49(15) 51(16)  53(17) 55(18) 57(19) 4n-38 C*C
50(15)  52(16)  54(17)  56(18) 58(19) 60(20) 4n-40 C*'C
53(16)  55(17)  57(18)  59(19) 61(20) 63(21) 4n-42 C*C
56(17)  58(18)  60(19) 62(20) 64(21) 66(22) 4n-44 CBC
59(18)  61(19)  63(20)  65(21) 67(22) 69(23) 4n-46 C*C
62(19)  64(20)  66(21)  68(22) 70(23) 72(24) 4n-48 C*C
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Table 3. Continued

NUME RICAL  SERIES
6 5 4 3 2 -1
65(20) 67(21) 69(22) 71(23) 73(24) 75(25) 4n-50 C*C[MXx]
68(21)  70(22)  72(23)  74(24)  76(25)  78(26)  4n-52 CYC[Mx]
71(22)  73(23)  7524)  77(25)  79(26)  81(27)  4n-54  C®C[Mx]
74(23)  76(24)  78(25)  80(26)  82(27)  84(28)  4n-56 C¥C[Mx]
7724)  7925)  81(26)  83(27)  85(28)  87(29)  4n-58 CC[Mx]
80(25)  82(26)  84(27)  86(28)  88(29)  90(30)  4n-60 C3'C[Mx]
83(26)  85(27)  87(28)  89(29)  91(30)  93(31)  4n-62 C2C[Mx]
86(27)  88(28)  90(29)  92(30)  94(31)  96(32) 4n-64 C¥C[Mx]
89(28)  91(29)  93(30)  95(31)  97(32)  99(33)  4n-66 CH*C[Mx]
92(29)  94(30)  96(31)  98(32)  100(33) 102(34) 4n-68 C*C[Mx]
95(30)  97(31)  99(32)  101(33) 103(34) 105(35) 4n-70 C*C[Mx]
98(31)  100(32) 102(33) 104(34) 106(35) 108(36) 4n-72 CC[Mx]
101(32)  103(33) 105(34) 107(35) 109(36) 111(37) 4n-74 C¥C[Mx]
10433) 106(34) 108(35) 11036) 112(37) 114(38) 4n-76 C¥ C[Mx]
10734)  10935) 111(36) 113(37) 115(38) 117(39) 4n-78 C*C[Mx]
110(35) 112(36) 114(37) 116(38) 118(39) 120(40) 4n-80 C*'C[Mx]
11336) 11537) 117(38) 11939) 121(40) 123(41) 4n-82 C*C[Mx]
116(37) 118(38) 120(39) 122(40) 124(41) 126(42) 4n-84 C“C[Mx]
Table 4. Derived Golden Clusters Using K(n) Parameter

HYPOT HETICAL DERIVA TIONS

T4

[MO]  [AuL,s]  [MI] [AuLis]  [M2]  [AuLis]

K(n) [MO] K(n) [M1] K(n) [M2]

-1(0) -1L 1(1) AuL,s  3(Q2) AuL,

2(1) AuL,; s 4(2) Aul3 6(3) Auslys

5(2) Au2L2 7(3) AU3L3_5 9(4) AU4L5

8(3) AU3L2_5 10(4) AU4L4 12(5) AU5L5_5

1 1(4) AU4L3 1 3(5) ALI5L4_5 1 5(6) AU6L5

14(5) AusLs s 16(6) AugLs 18(7)  AusLes

17(6) Au6L4 19(7) ALI7L5_5 21(8) ALIgL7

20(7) AusLys 22(8) AugLe 2409)  AuoLss

23(8) AuSLs 25(9) AUQL5_5 27(10) AleLg

26(9) AUQL5_5 28(10) AU10L7 30(11) AU11L3_5

29(10) Aume 3 1(1 1) ALl1 |L7.5 33(12) Aulng

32(11) AU11L6_5 34(12) Aulng 36(13) AU13L9_5

35(12)  Aupl, 37(13) AupLgs  39(14)  AupLy

38(13) AU13L7_5 40(14) AU14L9 42(15) AU15L10_5

41(14) AU|4L8 43(15) AU15L9.5 45(16) AulbL”

44(15) AugsLgs 46(16) AuyeLio 48(17) AupsLys

47(16) AU|5L9 49(17) ALl17L|()_5 51(18) AU18L|2

50(17) AuyrLos 52(18) AugLy 54(19) AuplLiys

53(18) AU|8L|0 55(19) AU19L11_5 57(20) Ale(]L|3

56(19) AupLios 58(20) AuylLy, 60(21) AuyLizs

59(20) Au20L11 61(21) Ale|L|2_5 63(22) AlezLM

62(21) AuyLys 64(22) Auply; 66(23) AupLigs

65(22) AUQ2L|2 67(23) Ale3L|3_5 69(24) Ale4L|5

68(23) AupLiys 70(24) Auyliy 72(25) AuysLiss

71(24) AUQ4L|3 73(25) Ale5L|4_5 75(26) AlebLm

74(25) AugsLizs 76(26) AugeLis 78(27) AugLigs

77(26) AU%LM 79(27) Ale7L|5_5 81(28) AlegLn

80(27) AuyrLigs 82(28) AugsLig 84(29) AugLizs

83(28) Au28L15 85(29) AlegL|5_5 87(30) ALly]L]g

86(29) AuylLiss 88(30) AuzoLyy 90(31) Auz Ligs

89(30) AU3()L|6 91(31) ALI3|L|7_5 92(32) AU32L|9

92(31) Auz Liss 84(32) AupnlLig 96(33) AussLigs

95(32) AU32L|7 97(33) ALI33L|8_5 99(34) ALI34L2()

98(33) AU33L17_5 100(34) AU34L19 102(35) AU35L20_5

101(34) AU34L13 103(35) ALI35L|9_5 105(36) Au;bLzl

104(35) AU35L13_5 106(36) AU36L20 108(37) AU37L21_5

107(36) AU35L|9 109(37) ALI37L2()_5 11 1(38) AU38L22

K(n) [MO] K(n) [MI1] K(n) [M2]

1 10(37) AU37L|9‘5 1 12(38) AU38L21 1 14(39) ALI39L22_5

1 13(38) AU38L20 1 15(39) AU39L21_5 1 17(40) AU40L23

1 16(39) AU39L20‘5 1 18(40) ALl4(]L22 120(41) AU4|L23_5

1 19(40) AU40L21 121 (41) AU41L22_5 123(42) AU42L24

122(41) AU41L21‘5 124(42) AU42L23 126(43) ALI43L24_5

125(42) AU42L22 127(43) AU43L23_5 129(44) AU44L25
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Table 4. Continued

T4
[M3]
K(n)
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)
56(20)
59(21)
62(22)
65(23)
68(24)
71(25)
74(26)
77(27)
30(28)
83(29)
86(30)
89(31)
92(32)
95(33)
98(34)
101(35)
104(36)
107(37)
110(38)
113(39)
116(40)
119(41)
122(42)
125(43)
128(44)
131(45)
134(46)

[AuLs;;s]
[M3]
A113L5'5
AU4L6
AusLgs
Au5L7
AusL s
Aung
Au9L8'5
AuyoLg
AuyiLos
AuppLyo
AuysLigs
Auply
AuysLys
AuyeLiy
AuysLips
AugsLys
AupoLiss
AuylLy,
AuyLiys
AuyLs
AuplLiss
Auylis
AuysLiss
AuyeLiy
AuyLy7s
Auylig
Auyligs
AugoLig
AuziLigs
Ausylayg
Auszlags
Auzgly
AussLyy s
Auselo,
Auzilay s
Ausglos
Auzolos s
Auyolos
AuyiLoss
AugLos
AugsLos s
Auyglog
AuysLags
Auyelos

[M4]
K(n)
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)
73(26)
76(27)
79(28)
82(29)
85(30)
88(31)
91(32)
94(33)
97(34)
100(35)
103(36)
106(37)
109(38)
112(39)
115(40)
118(41)
121(42)
124(43)
127(44)
130(45)
133(46)
136(47)

[AuLs;s]
[M4]
Au4L7
AusL; s
AUGLg
Auslgs
Aung
AUQL9V5
AuyoLio
AuyiLios
AupLyp
AupLiys
AuyLys
AuysLiss
AugeLig
AuysLigs
AugsLys
AupoLiss
AuyLis
AuyiLiss
AupLyy
AuyLi7s
AuyLig
AusLigs
AuyeLig
AuyrLigs
AugLag
Auyolys
AugoLy
Auz Lo s
AusLy
AuszsLo s
Auzglos
AussLos s
Auselog
Auzrlogs
AusgLys
Augzolos s
AugoLas
AuyiLoss
Auglyy
AugLays
Augglog
Auyslog s
Augelag
Auygrlogs

96



http://ijc.ccsenet.org

International Journal of Chemistry

Vol

. 10, No. 2; 2018

Table 4. Continued

HYPOTH ETICAL DERIVA TIONS

T4

[M-4] [AuLss]  [M-3] [AuLss]  [M-2] [AuLss]  [M-1] [AuLss]
K(n) M-4] K@) M-3] K@ [M2] K@ M)
-9(-4) -AU4L5 -7(-3) -A113L3'5 -5(-2) -Ausz -3(-1) -AuLo.s
-6(-3) AwLys  -4(2) Awl;  2(-1)  -AuLis  0(0) 0

3(-2) AwLy 1) AuL,s  1(0) L 3(1) AuLs
0(-1) -AU1L3_5 2(0) -L2 4(1) AulL-(]'5 6(2) AUZL
3(0) -L3 5(1) AuL71_5 7(2) Allz 9(3) Au3L1_5
6(1) AuL_,s  8(2) AwL_,  103)  Auwlos 124 Aul,
9(2) AUZL_Q 11 (3) A113L_0.5 13 (4) All4L 1 5(5) AU5L2_5
123) AwL_is  14(4) Auy 16(5)  AuwsLis  18(6)  AugLs
15(4) Awl_, 1705 AusLos  19(6)  Augl, 21(7)  AuLss
18(5) AU5L_(]>5 20(6) Au5L| 22(7) A117L2'5 24(8) AUgL4
21(6) All5 23(7) AU7L1_5 25(8) AUng 27(9) Au9L4_5
24(7) Awles  26(8) AugL, 28(9) Awlss  30(10)  AuLs
27(8) AUng 29(9) A119L2'5 31(10) Au10L4 33(1 1) AU1|L5.5
30(9) Au9L1_5 32(10) AU10L3 34(11) AU11L4_5 36(12) AU12L6
33(10) Aul,  35(11) AuiLss  37(12)  AupLs  39(13)  AuplLes
36(1 1) AU1|L2.5 38(12) Au12L4 40(13) AU13L5‘5 42(14) AU14L7
39(12) AU12L3 41(13) AU13L4_5 43(14) AU14L6 45(15) Au15L7A5
42(13) AupLss  44(14) AuuLs  46(15)  AupsLes  48(16)  Augels
45(14) AU14L4 47(15) AU15L5‘5 49(16) Au16L7 51(17) AU17L3.5
48(15) Au15L4A5 50(16) AU16L6 52(17) Au17L7_5 54(18) Aulng
51(16) Auls  53(17) Auples  55(18)  AugLs  57(19)  AuplLes
54(17) AU17L5.5 56(18) Au13L7 58(19) AU19L8‘5 60(20) AUZ(]L”)
57(18) AU18L6 59(19) AU19L7_5 61(20) AuZoLg 63(21) Allz]L]o_s
60(19) Auples  62(20) AupLs  6421)  AuyLes  66(22)  AupLy
63(20) AUZ(]L7 65(21) AuZ|Lg‘5 67(22) Auzsz 69(23) AUZ3L| 1.5
66(21) Au21L7A5 68(22) Auzng 70(23) Au23L10_5 72(24) AUQ4L12
69(22) AupLs  71(23) AunLes  7324)  AunLy  75(25)  AussLiss
72(23) AUZ_}Lg.s 74(24) Auz4L1(] 76(25) Au25L1|,5 78(26) AUZ5L|3
75(24) AUQ4L9 77(25) AquLm_s 79(26) Au26L12 81(27) All27L13_5
78(25) AuypLes  80(26) Augli  82(27)  AupLps  84(28)  AuxLy
81(26) AquLm 83(27) Auz7L1|,5 85(28) Ausz13 87(29) AngL|4_5
84(27) All27L10_5 86(28) Angle 88(29) Angng_s 90(30) AU30L15
87(28) AuylLy; 89(29) AuypLps  91(30) AuzoLyy 93(31) Auz Liss
90(29) AngL| 1.5 92(30) Au30L13 94(31) AU3|L14'5 96(32) AU32L|5
93(30) AU30L12 95(3 1) AU31L13_5 97(32) AU32L15 99(33) AU33L1(,_5
96(31) AusLps  98(32) AupLyy  10033)  AupLiss  102(34)  AusLys
99(32) AU32L|3 101(33) AU33L14'5 103(34) Au34L16 105(35) ALI35L|7_5
102(33) AU33L13_5 104(34) AU34L15 106(35) AU35L15_5 108(36) AU35L18
105(34)  AuwLu  107(35)  AuwsLiss  109(36) Auswli;  111(37)  AupLiss
108(35) AU35L|4_5 1 10(36) Augéle 1 12(37) A1137L17'5 1 14(38) AU38L|9
11 1(36) AU35L15 1 13(37) AU37L15_5 1 15(38) AU33L18 1 17(39) AU39L19_5
11437)  AuyLiss  116(38)  Auyli;  118(39)  AusLigs  120(40)  Augolag
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Table 5. Selected known Golden

T5
EXAMPLES CLUSTER GROUPS  K(n) Multiples

CATEGORIZE K(n) [AuLs;s] SERIES Kp
Auy4Rg Auyalsg 474(144)  144[AuLss]-474L=Aujls  4n-372  C'C[M-43]
AuRys AuoLa 335(102)  102[AuL;s]-335L=AujoL,,  4n-262  C'*C[M-30]
AugolyCliy™ AugoLog s 215(69) 69[AuL;5]-215L=Augloss  4n-154  C7’C[M-9]
A1.155L12Clb)r AU55L14.5 178(55) 55[AuL35]-178L:Au55L14,5 4n-136 CGQC[M-14]
AussLi,Clg™ AussLiss 177(55) 55[AuLss]-177L=AussLiss  4n-134  C®*C[M-13]
AuzgRy4 Augl, 121(38) 38[AuL;s]-121L=AussL, 4n-90 C*C[M-8]
AuzRy4 AuzeLiy 114(36) 36[AuL;s]-114L=AuscL, 4n-86 CHC[M-7]
AusoL1,Clg™ AusoLiss 121(39) 36[AuLss]-114L=AuscL;, 4n-86 C¥C[M-5]
AuysR " Auyslgs 79(25) 25[AuL;5]-79L