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Abstract

The golden clusters containing two skeletal atoms in the cluster nucleus have been analyzed more carefully with the
help of the 4n series method. Their shapes can reasonably and readily be predicted by mapping the [M-2] capped
clusters of 3 to 13 nuclearity onto Pivoriunas geometrical model. Some of these clusters were historically categorized as
being spherically centered.
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1. Introduction

The shapes of golden clusters have fascinated scientists for some time (Pauling, 1977; Cotton and Wilkinson,
1980;Mingos,1984,1987; Steigelmann, et al, 1993;Kappen, et al, 1995a, 1995b;Greenwood and Earnshaw, 1998;
Raithby,1998; Vincente, et al, 1998;Kilmartin, 2010; Kwok-Ming,2011;Pei, et al, 2011; Yuan, et al, 2013;Sarip,
2013;Puls,2014; Konishi, 2014). Their geometries were classified as centered, non-centered and exo-attached
polyhedral clusters (Konishi, 2014). It has been found that the series method is generally very precise in categorizing
and predicting the shapes of clusters such as boranes and their relatives, carbonyl and Zintl clusters (Kiremire, 2016a).
The categorization of some golden clusters has been done using skeletal numbers and some of the work published
(Kiremire, 2016b, 2016¢, 2017). In this paper the emphasis is to closely focus mainly on selected samples of capped
golden clusters whose nuclei are comprised of two skeletal elements. The major significance of this paper apart from
using the series method to identify the composition of the cluster nucleus is to assign a possible geometrical framework
of how other skeletal elements are arranged around the two nuclear skeletal elements to generate the overall skeletal
geometry.

2. Results and Discussion
2.1 Background

The series method has evolved to a level where skeletal numbers were assigned to main group and transition metal
elements and a few ligands (Kiremire, 2016a, 2016b, 2016c, 2017). The use of skeletal numbers makes it exceedingly
easy to categorize and even predict the shapes of some clusters. In many cases, the series method agrees with the
literature results and in some gives a more precise categorization and structural prediction. In this work, the skeletal
numbers (Kiremire, 2016a, 2016b, 2016c, 2017) will be applied to categorize and characterize a selected sample of
golden clusters. It has also been found that a given k(n) parameter defines the shape of the skeletal elements in most
cases(k = skeletal linkages of a cluster and n = number of skeletal elements). For instance, Osg(CO)q5°, k = 6(5)-18-1 =
11; Rhg(CO)ye,k = 6(4.5)-16 = 11;BgHs", k = 6(2.5)-3-1 = 11; SFe,Ru3(CO)14°, k = 1(1)+2(5)+3(5)-14-1 = 11;
Se,Mn,(CO)1,°~, k = 2(1)+4(5.5)-12-1 = 11; Co4Po(CO)yo; k = 4(4.5)+2(1.5)-10 = 11; Rugl(CO)y7, k = 6(5)-2-17 =
11;and Reg(C (CO)e”, k = 6(5.5)-2-19-1 = 11. All these clusters are interrelated by the parameter k(n) = 11(6). That is,
11 cluster linkages and 6 skeletal atoms. The characteristic feature of each one of the complexes is the presence of an
ideal octahedral skeletal geometry, Oy,
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On SYMMETRY

2.2 Categorization of Golden Clusters Using Skeletal Numbers

A golden cluster, like any other cluster can be categorized by using skeletal numbers (Kiremire, 2016, 2017). Let us take
a few examples for illustrations.

Ex-1. (AuL)sV(CO)s

According to series method, the skeletal elements are the providers of the skeletal linkages while the ligands are the
consumers of some or all those skeletal linkages. When a cluster comprising of original ‘naked’ skeletal elements and
ligands is formed, the ligands utilize some or all of the skeletal linkages. Then the skeletal linkages remaining [k(n)] are
the ones that dictate the symmetry of the cluster as pointed out in the case of the Oy, geometry discussed earlier.

The skeletal number of Au is 3.5 and the ligand L, k = -1(Kiremire, 2016, 2017), hence [AuL] fragment has a k value
given by k = 3.5-1 =25, V = 6.5, CO, k = -1(Kiremire, 2016, 2017). It is interesting to note that the fragment [AuL] is
isolobal to boron[B]. That is, [AuL]<«>[B]. The k(n) value for the (AuL);V(CO)s cluster is given by k = 3[2.5]+1(6.5)-5(1)
=9; hence, k(n) = 9(4). For a given series S = 4n+q, k =2n-g/2, and q = 2[2n-k] = 2[2(4)-9] = 2[-1] = -2 (Kiremire, 2016c).
This gives us the cluster series S = 4n-2, and capping series Cp = C*+C* = C>*C[M-2]. The number of valence electrons is
given by V = 14n-2 = 14(4)-2 = 54. We can verify this value from the formula of the complex, (AuL)3V(CO)s; V =
3(11+2)+1(5)+5(2) =54. The symbol [M-2] means that there are 2 skeletal elements which are members of the CLOSO
family S = 4n+2 and with k =2n-1 = 2(2)-1 =3. These 2 nuclear skeletal elements will be linked by a triple bond upon
which the two capping skeletal elements will be superimposed. This is graphically sketched in F-1.

Expected Observed
c?
\ (M-2]
Au
Al
2C[M-
C*C[M-2] u

F-1. Graphical representation of the skeletal shape of (AuL)3V(CO)s

Thus, in this geometrical framework, the nuclear skeletal atoms [M-2] form the vertical axis and the capping skeletal
atoms successively occupy the 5 ‘equatorial” positions around the [M-2] axis. This geometrical framework is adopted
from (Pivoritinas,2005).

Ex-2. (AuL),Mn(CO),"; k = 4[2.5]+1[5.5]-4(1)+0.5 = 12, n = 4+1 = 5, k(n) = 12(5).The q value, is calculated in the same
way as in Ex-1, q = 2[2n-K] = 2[2(5)-12] = 2[-2] = -4. This gives us S = 4n-4, and Cp = C*+C? = C3C[M-2]. The number of
valence electrons can readily be verified VV = 14n-4 = 14(5)-4 = 66. This agrees with the calculation from the cluster
formula (AuL),Mn(CO),", V = (11+2)(4)+7+8-1 = 66. Based on the capping symbol Cp = C*C[M-2], there will be three
skeletal capping atoms around the two nuclear skeletal atoms. This is sketched in F-2 and agrees with the observation
(Pivoritinas, 2005).
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Observed
n [M-2

Expected
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F-2. Graphical representation of the skeletal shape of (AuL)4sMn(CO)4*

Ex-3. (AuL)sFe(CO)5"; k = 5[2.5]+1(5)-3+0.5 = 15; n =5+1 = 6, k(n) = 15(6). This means we have six skeletal elements.
The q value = 2[2n-k] = 2[2(6)-15] = 2[-3] = -6, S = 4n-6, Cp = C'+C? = C*C[M-2]. The number of valence electrons V =
14n-6 = 14(6)-6 = 78. Verification from formula, V = 5(13)+1(8)+3(2)-1 = 78. Thus, according to the series method and
the Pivoritinas geometrical framework, the [M-2] skeletal elements will lie along the axis while the remaining 4 skeletal
atoms will be distributed around the equatorial positions. This is sketched in F-3 in agreement with the observation

(Pivoritinas,2005).

Expected Observed

C4
Au
C*CIM-2]

F-3. Graphical representation of the skeletal shape of (AuL)sFe(CO)3z*

Ex-4. AusL;*, L = PPhg; k = 7(3.5)-7+0.5 = 18, k(n) = 18(7), q = 2[2(7)-18] = 2[-4] = -8; S = 4n-8, Cp = C°C[M-2].
Valence electrons V = 14n-8 = 14(7)-8 = 90. Verification from the formula, V = 7(11)+7(2)-1 = 90. Clearly, this case will
have all the ‘equatorial’ positions filled up as sketched in F-4. It is not a surprise to that the cluster of that shape is referred
to as pentagonal bipyramid(Mingos,1984:Konishi,2014) as in B;H,*(Greenwood, et al, 1998) with k(n) = 13(7).
However, unlike the B;H;*~ cluster, the Au;L;" complex has a k(n) parameter value of 18(7). This implies that we will
expect a different type of cluster bonding.

Expected Observed

CS\ u (M-2]
Au, u
C5C[M-2]
Au

F-4. Graphical representation of the skeletal shape of (AuL)7*

Ex-5. (AuL);Mo(CO),"; following the same procedure as in the above examples, in this case we get, k(n) = 21(8), S =
4n-10,Cp = C°C[M-2]. Valence electrons V = 14n-10 = 14(8)-10 = 102. Verification from the formula, V =
7(13)+1(6)+3(2)-1 = 102. Here we have 6 capping skeletal elements. The 5 of the capping skeletal elements will complete
the first ring of the equatorial arrangement, and the sixth will commence the second ring just above the [M-2] axis. This
sketch is shown in F-5 and agrees with what is observed (Pivoritinas, 2005).
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< 0 w2

Observed
Au

C5CM-2]
Au

F5. Expected F-5. Graphical representation of the skeletal shape of (AuL)7Mo(CO)s *
Ex-6. (AuL)sPt(CO)? * .Following the same procedure as in the previous examples, k(n) = 24(9), S = 4n-12, Cp =
C’C[M-2]. The valence electrons V = 14n-12 = 14(9)-12 = 114. Verification from formula, V = 8(13)+1(10)+1(2)-2 = 114.
From the capping symbol, the 7 skeletal elements will be capping around the [M-2] axis. The graphical skeletal shape for
the predicted and observed (Gimeno,2008) structures are sketched as shown in F-6.

NS

Observed \ A
([ N

C7’CIM-2] V{i "

/
Au

F-6. Expected F-6. Graphical representation of the skeletal shape of (AuL)sPt(CO)?*
Ex-7. (AuL)s(AuCl)sPt(CO); k(n) = 27(10), S = 4n-14, Cp = C®C[M-2]. The valence electrons VV = 14n-14 = 14(10)-14 =
126. Verification from the formula, V = 6(13)+3(12)+1(10)+1(2) = 126. The proposed predicted and observed (Pivoritnas,
2005) shapes are sketched in F-7.

Observed
C8C[M-2]

C8CIM-2]

F-7. Expected F-7. Graphical representation of the skeletal shape of (Au)1o(L)s*
Ex-8. Aul3CI2L103+; k(n) = 36(13), S = 4n-20, Cp = C11C[M-2]. The valence electrons V = 14n-20 = 14(13)-20 = 162.
Verification from formula, V = 13(11)+2(1)+10(2)-3 = 162. The proposed skeletal sketch is shown in F-8 and is in
agreement with the observation (Konishi, 2014).

Observed

clCIM-2]
ciCcm-2]

M-2]

Some lines are missing to avoid overcrowding

F-8. Expected F-8. Graphical representation of the skeletal shape of (Au)13 Cl(2L)10%*
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Ex-9. [Pt(H)(AgNO3)(AuL)8+

K = 1[4]+1[3.5]+8[2.5]-0.5-0.5+0.5 = 27—k(n) =27(8), 4n-14, Cp = C8C[M-2]. The valence electrons V = 14n-14 =
14(10)-14 = 126. Verification from formula, V = 1[10]+1(1)+1(11)+1(1)+8(13)-1 = 126. The shape will be based on a
two-centered skeletal atom nucleus. The other 8 atoms will be capping around [M-2]. This is sketched in F-9 in
agreement with the literature (Kappen, 1995b).

cic[Mm-2]

Expected Observed

F-9. Skeletal sketch of [Pt(H)(Ag)(AuL)s*
Ex-10. Pt(H)(AgNO3)2(AuL)8+

k = 1[4]+2[3.5]+8[2.5]-0.5+2(0.5)+0.5 = 30; k(n) = 30(11), S = 4n-16, Cp = C1+C8 = C9C[M-2]. The valence electrons
V = 14n-16 = 14(11)-16 = 138. Verification, V = 1(10)+1(1)+2(11+1)+8(13)-1 = 138. When the nine capped and two
centered [M-2] nucleus cluster are mapped onto the geometrical framework, we get F-10 as has been observed (Kappen,
1995bh).

CIC[M-2]

Observed

Expected

F-10. Skeletal sketch of [Pt(H)(Ag)2(AuL)s?*

Ex-11. Au12L10CI3+

k = 12[3.5]-10(1)-1(0.5)+1.5 = 33; k(n) = 33(12), S = 4n-18, Cp = C10C[M-2]. The valence electrons V = 14n-18 =
14(12)-18 = 150. Verification from formula, V = 12(11)+10(2)+1(1)-3 = 150. This means that there are 10 capping
skeletal atoms while the remaining 2 will be the nucleus, [M-2]. The expected structure is sketched in F-11.
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CLOC[M-2]

F-11

A selected sample of [M-2] based golden clusters are given in Table 1. Golden clusters have been divided into broad
groups such SPHERICAL CLUSTERS and TOROIDAL CLUSTERS (Mingos, 1984). On close analysis with series, the
spherical type are found to be those clusters which have a BINUCLEAR INDEX [M-2](Kiremire, 2016b). Examples
include, Au9L8+, C7C[M-2], Aull(l)3L7, C9C[M-2], and Aul3(Cl)2L103+, C11C[M-2] while the toroidal type are
MONONUCLEAR INDEX [M-1] based clusters (Kiremire, 2016b). These include, Au8L72+, C7C[M-1]; Au9L83+,
C8C[M-1] and Aul0 L6 (Cl)3+, C9C[M-1].

Table 1. Selected [M-2] based Gold Clusters

CLUSTER kVALUE _ k(n) g VALUE SERIES CATEGORY
Mo,(Cp),(CO), 3 3(2) 2 4n+2 CLOSO[M-2]
AuzLsXs 6 6(3) 0 4n+0 cic[m-2]
(AuL),Fe(CO), 6 6(3) 0 4n+0 clc[M-2]
(AuL);0* 9 9(4) -2 4n-2 C’C[M-2]
(AuL);V(CO)s 9 9(4) -2 4n-2 C’C[M-2]
(AuL);Co(CO), 9 9(4) -2 4n-2 C’C[M-2]
(AuL)sFe(CO),* 9 9(4) -2 4n-2 C*C[M-2]
Auglyl, 9 9(4) -2 4n-2 C’C[M-2]
Fe,Ir,(CO)1p(Aul)’ 12 12(5) -4 4n-4 cc[M-2]
(AuL),Re(CO),* 12 12(5) -4 4n-4 cc[M-2]
(AuL),Co(CO)," 12 12(5) -4 4n-4 cc[M-2]
(AuL),Mn(CO)," 12 12(5) -4 4n-4 cc[M-2]
(AuL),Re(CO)," 12 12(5) -4 4n-4 cC[M-2]
(AuL)sFe(CO);* 15 15(6) -6 4n-6 c‘c[M-2]
(AuL)sMo(CO)," 15 15(6) -6 4n-6 c‘ciM-2]
(AuL)sRe(CO),* 18 18(7) -8 4n-8 C°C[M-2]
(AuL)sV(CO)," 18 18(7) -8 4n-8 c’c[M-2]
Au;L," 18 18(7) -8 4n-8 c’c[M-2]
(AuL)¢Co(CO)," 18 18(7) -8 4n-8 C°C[M-2]
(AuL)sMn(CO)," 18 18(7) -8 4n-8 c’c[M-2]
Auglg®t 21 21(8) -10 4n-10 C’C[M-2]
(AuL);Mo(CO);* 21 21(8) -10 4n-10 C®C[M-2]
(AuL);Co(CO),*" 21 21(8) -10 4n-10 C’C[M-2]
(AuL)gPt(CO)** 24 24(9) -12 4n-12 Cc’C[M-2]
Auglg” 24 24(9) -12 4n-12 C’C[M-2]
(AuL)s (AuCI)3Pt(CO) 27 27(10) -14 4n-14 cic[M-2]
Auy L;Cl, 30 30(11) -16 4n-16 c°c[M-2]
AugiLolg 30 30(11) -16 4n-16 C°C[M-2]
Auylyo* 30 30(11) -16 4n-16 C°C[M-2]
Auy;L-Clg 36 36(13) -20 4n-20 ccim-2]
AusCloLyo% 36 36(13) -20 4n-20 c*c[Mm-2]
Augsl,> 36 36(13) -20 4n-20 cc[m-2]

2.3 Hypothetical Model for Predicting the Symmetries of [M-2] Based Golden Clusters

When the clusters in Table 1 are carefully scrutinized, they are found to form a set of capping series based on a closo
nucleus comprising of two skeletal elements linked by a triple bond according to the series method. The k(n) parameter
varies as follows: 3(2)—6(3) —9(4) —12(5) —»15(6) —18(7) —21(8) —24(9) —27(10) —30(11) —33(12) —36(13).
These correspond to the capping series: 4n+2{C°C[M-2]} —C'C[M-2]—-C’C[M-2] —CC[M-2] —C*C[M-2]
—C°C[M-2] —»C°C[M-2] —C'C[M-2] —»C®C[M-2] —»C°C[M-2] »C*C[M-2] —C"C[M-2]. According to the series
method, the capping series vary by Ak =3 and An = 1. When the [M-2] capping series are superimposed onto the
geometrical framework proposed by Pivoritinas (Pivoriiinas, 2005) sketched in D-2, then we get the cluster symmetries as
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sketched in D-3. What is interesting is that the derived symmetries agree very well with what is observed in the [M-2]
based golden clusters. Some of these shapes have been described as being SPHERICALLY CENTERED (Mingos, 1984)
as visualized in D-1. We very much know that simple transition metal complexes have a tendency take up specific
geometries. For instance, ML,(linear), MLjs(trigonal planar), ML,(tetrahedral/square planar), MLs (trigonal
bipyramid/square pyramid), MLg(octahedral) and so on. Similarly, we can apply series method in combination with the
Pil\lloriﬁnas geometrical model to readily provide a tentative prediction of shapes for golden clusters C'C[M-2] to
C"C[M-2].

SPHERICAL
D-1
<——— , FORCAPPING
— =" 2 SKELETAL ATOMS
"
RING 2
— | _—— —— | = , FORCAPPNG
—_— - SKELETAL ATOMS
RING 1
M-2]

[M-2] [M-2]

D-2. Geometric framework for generating observed sh pes of [M-2] based golden clusters

g P P

CiC[M-2] C2C[M-2] C3C[M-2] C*CIM-2] C5C[M-2]
CSC[M-2] C7C[M-2] C8C[M-2]
CoC[M-2] CLOCM-2]
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CliC[m-2]
D-3. Sketch Illustrating The Formation of [M-2] Based Golden Capped Clusters
3. Conclusion

The series method has successfully been found to categorize the golden clusters and assist in predicting some of their
ideal symmetries. This is reflected in the cases of a large number of [M-2] based golden clusters. In this regard, a
combination of the [M-2] capping series with the Pivoritinas geometrical framework has been extremely useful.
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