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Summary 

The structural features of gold tertiary phosphine clusters Au,,(PR3),“+ (n = 5 
and 7) have been analysed using Extended Hiickel calculations. The most favoured 
metal geometry and ligand conformation is found to be that which leads to the 
maximum hybridisation of Au 6s character into the cluster bonding molecular 
orbitals. The conclusions derived have been utilised to predict the existence of a 
number of some homo- and hetero-nuclear clusters containing gold. 

The synthesis and reactions of gold phosphine clusters is a topic of considerable 
current interest [1,2] and has been recently reviewed [3]. Our attempts to understand 
the electronic structures of such clusters date from 1976 [4] with the prediction of the 
geometry and stoichiometry of the first example of a centred icosahedral metal 
cluster compound which was subsequently prepared in our laboratories [5]. In a 
previous paper in this series [6] we have demonstrated how the structures of gold 
cluster compounds of the type Au,(PR~),,~+ depend crucially on the nature of the 
frontier orbitals of the constituent Au(PR,) fragments which are illustrated on the 
left hand side of Fig. 1. The molecular orbital model provided a framework for a 
discussion of the bonding in some tetra- and hexanuclear gold clusters [6] and the 
subsequent extension of this analysis to high nuclearity Au,(PR~),_,~+ (n = 8-13) 
clusters which contain a central interstitial gold atom [7]. 

In this paper, which was stimulated by the recent synthesis and structural 
characterisation [8] of the pentagonal bipyramidal cluster Au7(PPh3),+, we report a 
molecular orbital analysis of the bonding in a range of penta- and hepta-nuclear 
gold clusters. We make use of elementary symmetry and perturbation theory 
arguments supported by Extended Htickel calculations with the parameters given in 
the Appendix. The analysis may be most conveniently expressed using the nomen- 
clature of Tensor Surface Harmonic Theory (TSH) used by Stone [9,10] to rationa- 
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lise the bonding in borane clustera. The ua\; in which thih applies to j.Au( F’R i 11~; 
clusters will now be briefly- wmmarised. 

Consider first II R-H fragments v,,hkh are arranged on the hurfacc of ;I >spherc. 

The II fragment radial /I,\,(.\- : ) orbitals give rise to S”. P”. ti’ i’tc c0mbination5 up 

to a total of II. For II 2; 5 all except the S” are antibonding \vhilkt the P” beix~mc 

approximatzl> non-bonding (n = 6) anti then progreAwl\ nwrt’ h~~~cling ix ith 

increasing nuclearity. The ?ir f’rngmcnt tangential ( ,r7, and ,‘I, j tfi-hital~ gut i‘ i-iw 10 I! 
bonding (I’:. D’. F’ etc.) and v antibonding ( P’. I)--, I‘--. etc.) l~ilrnhin;ltIorl.\. For 

any symmctr> lower than the spherical c‘a~t: implicit in Stc>nc‘s .~rial\~l~ it Ib 

necessary to take into account Inixing between 0 and 7 ic\ixk Xlixin:, hctxxccn P” 

and I'- generates one bonding P xt of predominnntl~ P ’ chal~,icl~l- I”] ;1nc! Line 

antibonding P wt of predominantly I’- character. Xlixing be~ern i)’ ,inci IF 

(which is less on the ground> of their greater energ> separation) ha5 the umc effect. 
Thus in a c,lo.ro-deltaheclrc~n 1 here xc ;I total of ( II in 1 ) hcmiln~~ al*i~lL?t;~i SlO’r \I hich 
are 311 occupictl. 

‘The calculated mctlecxlar orbital diagrams for the set 01” ,lu,,(Pfi ; );, clm~~t'r~ 

12 =. 3 ~7, are illustrattxi in I-‘ig. I [6]. Thesr calculations confirm the prcwncc of tilt2 

one strongly bonding S” orbital. but indicate that ~ht: I”’ - anti I)’ SC;L ,lith<~ugh 

metals-metal bonding. are generallv too high lying to he occupictl AS .i ~:onwquwc~c 

of the large ,,P,u separatic>li and relatively low Au 611 6p Inwlap Integr;lls. In 

clusters of cubic svmmctr> >uch as the tctahedral Au,,( PK,),, .tpc’c’ic, the Ihrrc 

components of the P”,,,- wt are degenerate. On going !c> ~llipwidal i.iuali‘r\ 01 

general D,),? symmetry the P”,.- and t),G ‘_ orhitals are no knger drgencrare. In the 

trigonal hipyramidal case the F-IT - orbital acquires a greater dilioi~nt c)F .-Iii 65 

character and is stabilised relative to the other two. In the C;ISL’ of the p~‘n~agc~~fl 

bipyramidal cluster it is the P,T,“’ set which acquires the preatcr ;in?i~unt IIf .\u 6,s 

character, suggesting that irs occupation may become favourahle. l‘he q+~~rcl 
number of skeletal bonding electron pairs is thrrefcvc txxxider;jbl> /es\ thar? (/I + 1) 
and in fact varies bct\veen (WC (il -=- .J and 4) up tkl a p~whle maximum of four 
(I? > 7). 

In practice it is observed that xvhen 11 IS > 7 the interstitral ca\i;\ iin the cliiztel- i> 
sufficiently large to accommodate a central gold atom Such clir5tcrs adopt either 
spherical topologies where all four orbitals (2’ and three P” ^ ) x-e stahilised bg 
interaction with the s and ;J orbital\ of the central gold at~rn \K toro~tiai c.lu\trra 
Lvhert: the S” and I’,: ;- orbital:, are stabilised in this ua? b;Ir I/W c,lustt’r I’” ,tr-bitai 
remains unoccupied [ 1 I]. 

It follows from this simple molecular orbital analysis that the cluntrr mrtsl metal 
bonding interactions art’ maximised for polyhedra lvith triangular fuw~ hcc;luse 
thrsc generate the largest number of nest-neighbnur inter-actiona bctwxn the 
iz,\.( .\+z) orbit& of the individual Au( PH;) fragments. ieadin, c to miinimum btahili- 
sation of the S” orbital. As the nuclearity rises the stability c:i‘ thi\ cvbit:il increases 
and it is tempting to speculate on the exixtencc of the seria of cIu\tera .\u,,(PR 4 J,,‘ . 
(x = II - 2). where this orhirai ~ionc is cjccupied. The presence of nnI> ;I single 
multicentre bonding molecular orbital in esch of these cluster> ho~c\er <xrrle\ with 

it the implication (confirmed ‘0~ the Mulliken overlap p~q>uIation anal~s~‘h repro- 
duced in Fig. 1 ) of a diminution of gold gold bonding uith !ncreaw.i nuc’lc;trit\. 
This suggests that the larger members i>f this xxies at Itxsr arr unlikei> ic) hc ht;ih&. 
although isoelectronic species with bridging ligands might be L,:\p:~hie of isolatic~n. 
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The role of such bridging ligands has been discussed pre\ ioual>- [ 61. 
We \vill nov+’ analyse the bonding in some penta- and hepta-nuclear gold clubters 

containing Au(PR,) fragments in order to establish hou their structures are related 
to the simple MO ideas presented above and in Fig. 1. We m.iil ;11w attempt to use 
the structural and bonding patterns derived to speculate on the e\istencc of some as 
yet unknowx cluster compounds. 

Pentanuclear cluster compounds 

In the trigonal hipyramidal .4u5( PR 3)i cluster (see Fig. 1) there art: expected tc) 
he t\vo occupied skeletal YfOs: u, (S”) and LIP (P”,;‘7;; ) v,ith the other zomponen1 
of the P” “: set (e’) having a much smaller I’” contribution and being to:) xve,11\1> 
stabiliaed for occupation. This gives rise to the stoichiomrtr! Au .( PII ;); ‘. lvlth 64 

electrons. The (~‘2’ orbital is a-bonding betueen axial and equatorial atoms and 
T-bonding hetlveen the equatorisi atoms. as shown in I so that the former- <ix bonds 
are expected to be stronger- and shorter. This is reflected in :he ii~mputcd Mullikcn 
overlap populations for Aa. ( PI-1 j Ii ;dso given in 1. 

(I) 

The computed overlap populations suggest that such a cluster is porentiall\ 
stable. although to date its :,ynthesis has not been achieved. 

An alternative more open geometry for the Au ,(PR i )i cluster is the so-called 
bou-tie structure which consists of two triangles sharing a common vertex. This 
geometry has been reported for Os,(CO),, [I?] and Fe,M(CO),,’ . (hl = Pd. Pt) 
1131. The bonding in such specie\ has been d&cussed b> IIS eiwvherc [la]. 

‘The bow-tie geometry may bc formally deri\Ted from the trigonal hip~ramidal 
cluster by the breaking of 017e equatorial and two axirtl tx>nd\ ii\ illl!xtr;!ted in 2. 

The effect of such a rearrangement on the frontier orbital< of the trigonal 
bipyramidal Au,(PH,)~’ cluster is illustrated in Fig. 2. .T’he IJ~ orbital is strongl!~ 
stabilised because more .r character is introduced and the resulting ill orbital in the 
bow-tie geometry has a greater amount of n-bonding character The ~j( ‘7 ) orbital i\ 
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a2 
b2 
bl 

bl 
a1 

Au5(PH3)j Au5PH3 )j 

D3h c2v 

TRIGONAL BIPYRAMID BOW-TIE 

Fig. 2. The effect on the cluster bonding orbitals of Au,(PH,),+ of a rearrangement from trigonal 
bipyramidal to a bow-tie geometry. The destabilisation of a; exceeds the stabilisation of a: so that 
overall the trigonal bipyramid is more stable. 

strongly destabilised however because the overlap between the sp hybrid orbitals of 
the Au(PH,) fragments is less effective in the lower symmetry planar geometry. The 
calculations suggest that overall the bow-tie cluster is 0.6 eV less stable than the 
trigonal bipyramidal geometry. 

The bonding requirements of the central Au(PH,) fragment lead to a marked 
asymmetry in the computed Au-Au overlap populations as shown in 3. 

(3) 

This asymmetry is primarily a consequence of the nature of the u1 cluster orbital 
which is less strongly bonding along two edges than the other four. Replacement of 
the central Au(PH,)+ fragment by Au leads to the more symmetrical distribution of 
overlap populations reproduced in 4. 

0.32 (4) 



( 5) 

The central gold atom is coordinated to four metal atom5 and no other ligands as 
suggested for Au,(PR~)~ ’ 3i7mc In 5 the bonding can also be described in terms of 
;I pair of three-centre two-electron bonds within the 0s 3 Au tri:ingle>. 

A number of heterometallic pentanuclear cluata containing gold h;rw been 
xtructurallv characteriacd j3j. The bonding in such cluatw h:~> hew rattonalised in 
terms of the ability of the .\u(i’R i j fragment to cap tri:tngul;rr facex 01’ ;m existing 
clutcr [3j and will not hcz di5cu4scd further 121 ttii\ p;ipr:‘. 

Heptanuclear cluster compounds 

‘The MO energy level diagram for a pentagonal bipyramidal .L\u -/( J’H : ) - cluster 
illustrated in Fig. 1 indicate\ that of the eight skeletal bonding ?/IO~ expected for 
such a c,/o.ro-deltah~drc,17. four ( II- = CL’ : c; ) arc too high lying to hi: occupied. 
being purely ,411 6p in character. Of the-three orbitals in the F’“,’ P- wt., one ((/I) is 
derived from an admixture of antibonding Pm0 and bonding I’- and ha\ .Au hi 
character on the axial atoms onlv Lvhilst the cf sst daiwd frlwi bonding P;’ and 
bonding PT levels and has AII h.c character on the fi\c t‘q~~;ttori;t/ atom\. There 15 
thus an appreciable separaticw hct\\een the I[:.’ and C’ JarIs 5uggating that onI\. the 
latter is likely to he occupied tcqythcr v,ith th; ,r; (s’” ) tvhita!. gi; ing the ~t~,ichiom- 
t’tr1 Au.(PH, ), ‘. Furthermore. a shown In 6. both (2; and (,I 3rLb !>iIndi::q twlv.eCn c 
the axial atoms whilst the (11.’ 1s antiba~ding. 
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a;’ 

(6) 

The cluster Au,(PPh,),+ has recently been reported [8] and does have a distorted 
pentagonal bipyrarnidal geometry as illustrated in 7. Extended Huckel calculations 
which we have performed on Au,(PH,),+ show that the potential energy surface 
associated with compression along the CL’, axis from an idealised pentagonal bi- 
pyramidal structure to a close approximation to the observed structure is in fact very 
soft, because the gain in bonding character across the trans-axial atoms is offset by 
the loss in bonding character within the equatorial plane. 

The energy level ordering for Au ,(PH3),+ given in Fig. 1 is in agreement with 
that deduced by Van der Velden et al. [8] on the basis of simple Htickel calculations 
involving only Au 6s-6s overlaps on neighbouring atoms. In a recent paper Van der 
Velden and Stadnik [16] have related the electronic structure of Au,(PH~)~+ to the 
observed 19’Au Mossbauer spectral parameters of Au,(PPh,),+. 

Addition of two electrons would favour the formation of a regular or elongated 
pentagonal bipyramid because of the trans-axial antibonding character of the a; 
orbital. The presence of four skeletal bonding MOs (of essentially S” and P” 
character) in such a case is directly analogous to the case of closed polyhedral Au, 
clusters (x = 8-13) analysed elsewhere by Mingos [ll]. In such cases these orbitals 
are stabilised by the presence of a central gold atom, utilising its 6s and 6p orbitals. 
Although the cavity in an Au, cluster is presumably too small to accomodate a gold 
atom it is tempting to speculate that a species such as Au7(PR3),C3+ might be 
capable of isolation. If a non-centred cluster were to exist it would be most unlikely 
to be Au,(PR,),- by virtue of its charge and perhaps Au,Hg(PR,), or 

Au,Hg,(PR,),+ are more likely species. 



(7) 

‘The ability of Au( PR,) to cap a triangular face of a cluster discussed elsewhere 
[3] suggest that the monocapped octahedron is an altcrn2tiw structure for ;I 
heptanuclear gold cluster. The MO interaction diagram for the formatlot of the 
capped octahedral cluster 8 is illustrated in Fig. 3. 

(8) 

The Cafe orbital of the octahedron does not interact effecti\rel\- with the 
capping group by virtue of its inward hybridisation and instead the frontier orhitals 
of the latter interact with the components of the I],, ( I-‘“,, I’-- ) wt. The I!,,( .\ m-1 
orbital of the Au(PH,) + fragment generates the strongly bonding 2rr, nrhital whi14~ 
the tangential 6p orbitals give rise to the much more ueakl~. bonding 1~7 bet. 
Occupation of la, and 2~: alone leads IO the htoichiomrtr> %u .(Pli: ).-’ v,hilat 
additional occupation of the lc set gives Au ;(PR I) :- .ri lowering of rhc s\mn~ctr~ 
of the Au~(,PH~)~ cluster 10 i’:, by the distortion of the phosphinr: ligands ahoa II in 
9 raises the degeneracy of the f,,, set as illustrated in Fig. 3. 

(9) 
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Thz relati1.e energies of .4u.( PH, j7 with the different charges and geometries are 
summarised in Table 1. 

These energies confirm that for .4u7(PH3);’ the large stabilisation of Ztr, in 10 
compared u-ith 8 lead to the former being the most stable specirh. 

(11) 

The overlap populations are reproduced in 11, and retlezt the fact that ?(I, is 
antibonding between the two triangular faces perpendicular to the Ci x\is. In the 
case of .4u,(PH,), -, 10 ib htill preferred over 8. although the margin ih s~ialler 
because the Ic set is less strongl! bonding in the former. 
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TABLE 2a 

PARAMETERS FOR NON-METAL ATOMS 

Atom 

H 

P 

Orbital Slater Exponent 

Is 1.30 

3s 1.60 

3P 1.60 

H,, 

(ev) 

- 13.60 

- 18.60 

- 14.00 

Reference 

17 

18 

18 

TABLE 2b 

PARAMETERS FOR GOLD ATOM 

Orbital 

6s 

6P 

5d 

H,, 

(ev) 

- 9.22 

-4.27 

- 11.85 

51 

2.60 

2.58 

6.16 

Cl 62 c2 

0.648 2.73 0.539 

Reference 

19 

19 

19 

(12) 

The overlap populations for the former species, reproduced in 12, are much more 
symmetrical than in the case of 11 since the le set is bonding between the two 
triangular faces perpendicular to the C, axis. 

In conclusion therefore although the pentagonal bipyramidal Au,(PR,),+ can be 
rationalised in terms of the MO arguments presented here, the clusters Au,(PR~),~+ 
or Au,Hg(PR,), are predicted to have capped octahedral geometries. 

Appendix 

All the calculations were performed using the Extended Huckel method with the 
relevant orbital parameters given in Tables 2a and 2b. 

All the parameters conform to those which have been used to give reliable 
conclusions for organo-transition metal compounds [20]. The off-diagonal terms in 
the Extended Hiickel calculations were estimated from the expression H;, = 1.75 Slj 

(Hi, + e,,)/2 PI- 
The following bond lengths were used for the calculations: Au-Au 2.70 A; Au-P 

2.27 A; P-H 1.42 A. The calculations were performed on the ICL 2988 Computer at 
this University using the programs ICON8 and FM0 [22]. 



Conclusions 
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