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Cluster-‐π	  electronic	  interaction	  in	  a	  superatomic	  Au13	  cluster	  
bearing	  σ-‐bonded	  acetylide	  ligands†	  
Mizuho	  Sugiuchi,a	  Yukatsu	  Shichibu,a,b	  Takayuki	  Nakanishi,c	  Yasuchika	  Hasegawa	  c	  and	  Katsuaki	  
Konishi	  a,b,*	  

An	  organometallic	  Au13	  cluster	  having	   two	  σ-‐bonded	  acetylide	  
ligands	  was	  synthesized	  and	  its	  structure	  was	  determined	  by	  X-‐ray	  
crystllography.	  	  Absorption	  spectral	  studies	  indicated	  the	  presence	  
of	  the	  electronic	  coupling	  between	  the	  superatomic	  Au13	  core	  and	  
the	   acetylide	   π-‐orbitals,	   which	   was	   supported	   by	   theoretical	  
considerations.	  

Gold-acetylide sigma bonds have been of general interest as 
they bring about the emergence of unique optical properties and 
reactive intermediates in catalysis.1-9 For simple metal 
complexes, rich chemistry has been explored from both 
functional and structural perspectives. On the other hand, 
although numerous ligand-protected gold clusters have been 
synthesized,10-14 examples of alkynyl-ligated clusters have been 
quite rare to date, and the nature of the bonding and electronic 
interaction between a cluster kernel and a C≡C π-system has 
not been experimentally characterized.15-19 Tsukuda et al. have 
observed no appreciable electronic interaction in the optical 
absorption spectra of alkyne-protected gold clusters of diameter 
> 1 nm.15,16 We have also demonstrated a similar phenomenon 
for a structurally precise Au8 cluster with an anisotropic 
core+exo-type structure.17 Herein we report the first 
experimental evidence of electronic interaction between a 
polyhedral gold core and a σ-bonded π-unit in the absorption 
spectrum of a phenylethynyl-modified Au13 cluster with an 
icosahedral geometry and superatomic 8-electron system.20-23 
We have also investigated its electronic structure based on DFT 
calculations, which support the presence of electronic 
interaction between the superatomic gold core and π-conjugated 

units. 
 Regioselective introduction of two alkynyl ligands on the 
surface of the icosahedral Au13 skeleton was achieved by the 
ligand-exchange reaction of a dichloro-substituted Au13 cluster 
cation ([Au13(dppe)5Cl2](PF6)3, 1·(PF6)3), which was 
synthesized according to the HCl-mediated post-synthetic 
method.21 The reaction cleanly proceeded by employing excess 
amounts of terminal alkynes and base (sodium methoxide), and 
the complete ligand exchange was verified by electrospray 
ionization mass spectrometry (ESI-MS) analysis of the reaction 
mixture.  After workup, the crude product was recrystallized 
from acetonitrile and diethyl ether to give the pure dialkynyl-
substituted cluster as its hexafluorophosphate salt 
([Au13(dppe)5(C≡CPh)2](PF6)3, 2·(PF6)3), which was 
thoroughly characterized by ESI-MS analyses, elemental 
analyses, X-ray crystallography, and 1H and 31P NMR 
spectroscopies. For instance, the ESI mass spectrum of 2·(PF6)3 
showed a set of signals around m/z 1585, in perfect agreement 
with the calculated isotope pattern for [Au13(dppe)5(C≡CPh)2]3+ 
(Fig. S2). Single-crystal X-ray analysis of 2·(PF6)3 revealed that 
the cluster core adopts an icosahedral geometry. Two alkynyl 
ligands are σ-coordinated to the two diagonal apexes (Au1 and 
Au1′) of the icosahedron from the trans positions with Au–C 
perpendicular to the pentagon (Au2–Au6) of the icosahedron.  

 

 
Fig.	  1	  	  (a)	  Side	  and	  (b)	  top	  views	  of	  the	  crystal	  structure	  of	  cationic	  moiety	  of	  
2·∙(PF6)3.	  	  Phenylethynyl	  units	  (C≡CPh)	  are	  highlighted	  in	  light	  green	  and	  hydrogen	  
atoms	  are	  omitted	  for	  clarity.	  
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Such σ-coordination of alkynyl ligands to the gold cluster 
surface is much different from the binding interface found in 
larger gold-alkynyl clusters synthesised by the reduction of 
gold(I) alkynyl precursors,18,19 indicating the uniqueness of the 
post-synthetic ligand exchange method. The five diphosphine 
ligands (dppe) form a donut-like belt covering the rest of the 
surface of the icosahedron (Fig. 1b). These structural features 
are apparently similar to those observed for the precursor (1),21 
but there are slight differences that reflect the electron-
withdrawing character of the anionic ligands. For the 
icosahedral core units, the bond lengths between the central and 
anion-bound apex gold atoms of 1 (2.696 and 2.697 Å) are 
appreciably shorter than those in 2 (2.757 Å). On the other hand, 
the distances from the central to the peripheral Au atoms in 1 
and 2 are comparable (2.757–2.798 Å and 2.750–2.770 Å for 1 
and 2, respectively). However, the overall geometrical features 
and ligand-binding sites of the core were essentially preserved 
during the ligand-exchange reaction. The symmetrical structure 
of 2 in the solid state was maintained in solution without 
degradation or ligand migration, since only a single signal was 
observed in the 31P NMR spectrum. Furthermore, the optical 
absorption spectrum of 2 in acetonitrile remained unchanged 
even after three weeks at room temperature (Fig. S3), implying 
its structural robustness. 
 As mentioned above, the two Au13 clusters (1 and 2) have 
virtually identical icosahedral core structures. However, their 
optical absorption spectra in the visible region are different. As 
shown in Fig. 2, 1·∙(PF6)3 in acetonitrile gave a single visible 
band at 495	  nm (s1), whereas three bands were observed for the 
dialkynyl-substituted 2·∙(PF6)3 (525, 488, and 438	  nm; r1, r2, 
and r3). On the other hand, the UV absorption spectra were 
almost identical, featuring two bands at around 300 and 360	  nm 
(inset). These observations indicate that the σ-bonded C≡CPh 
groups electronically affect the low-energy optical transitions 
that appear in the visible region.  
 To obtain further insights into the cluster-π interaction, we 
investigated the electronic structures of 1 and 2 in gas phase  

 

 
by DFT calculations, which have been widely used to study the 
electronic properties of related cluster compounds.24-30 As 
shown in the Kohn–Sham energy diagrams (Fig.	  3), marked 
differences were found between 1 and 2, particularly in the 
occupied orbitals. For example, the electronic structure of 1 
showed doubly degenerate HOMO/HOMO–1, which were 
fairly isolated from the closest occupied orbital (HOMO–2, ΔE 
≈ 0.7	  eV) (Fig. 3a). Atomic orbital composition analyses 
revealed that these orbitals as well as the unoccupied orbitals 
were preferentially composed of the Au(6sp) atomic orbitals 
(green lines), thus forming an sp-band (Table	  S3). On the other 
hand, the HOMO of 2 is accompanied by several energetically 
shallow occupied molecular orbitals (HOMO–1 to HOMO–4) 
at ΔE < −0.5 eV (Fig. 3b). Furthermore, substantial 
contributions from not only the gold atoms (green and blue) but 
also the π-conjugated units (C(2p), light-blue and violet) were 
observed in the HOMO and certain high-energy occupied 
orbitals (Table	  S5). This is in sharp contrast to the case of 1, in 
which substantial contribution of the ligand (Cl) orbital was 
observed in the lower levels (e.g., HOMO–2).  On the other 
hand, involvement of the π-orbitals was hardly observed in the 
unoccupied molecular orbitals of 2. The LUMO and 
neighbouring orbitals were predominantly composed of the 
Au(6sp) atomic orbitals to constitute an sp-band, showing a 
similar feature to that observed for 1 (a). Thus, the attachment 
of the π-units to the Au13 core causes appreciable perturbation 
on the occupied orbitals, giving rise to multiple cluster-π mixed 
states near the HOMO. 
  Based on the above findings, we conducted TD-DFT 
analyses to interpret the difference in the absorption spectra. As 
shown in Fig. S5, theoretical absorption spectra of 1 and 2 in 
gas phase were apparently in good agreement with the 
experimental results in acetonitrile, exhibiting large UV and 
small visible absorption bands. Cluster 1 showed critical 
involvements of HOMO→LUMO+1 and its degenerated  

 
Fig.	  2	  	  Visible	  absorption	  spectra	  of	  (a)	  1·∙(PF6)3	  and	  (b)	  2·∙(PF6)3	  in	  MeCN	  at	  25	  °C.	  	  
Inset	  shows	  the	  spectra	  over	  the	  whole	  measurement	  region.	  

Fig.	  3	  	  Kohn-‐Sham	  (KS)	  orbital	  energy	  level	  diagrams	  of	  (a)	  1	  and	  (b)	  2.	  	  Each	  KS	  
orbital	  energy	  is	  relative	  to	  the	  HOMO	  energy	  and	  is	  drawn	  to	  indicate	  the	  relative	  
contributions	  (line	  lengths	  with	  color	  labels)	  of	  the	  atomic	  orbitals	  of	  Au	  (6sp)	  in	  
green,	  Au	  (5d)	  in	  blue,	  P	  (3p)	  in	  red,	  Cl	  (3p)	  in	  yellow,	  C	  (2p)	  for	  C≡C	  and	  Ph	  of	  
C≡CPh	  units	  in	  light	  blue	  and	  violet,	  respectively,	  and	  miscellaneous	  in	  gray.	  	  H	  –	  X	  
and	  L	  +	  Y	  represent	  HOMO	  –	  X	  and	  LUMO	  +	  Y,	  respectively.	  	  Underlines	  indicate	  
the	  degeneracies	  of	  energy	  levels.	  
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counterpart HOMO–1→LUMO for the lowest-energy 
transitions relevant to the visible absorption (Fig.	  3a and 
Table	  S4). Since these orbitals constitute sp-bands, the visible 
band can be attributed to Au(6sp)→Au(6sp) intraband 
transitions, thus having the character of a metal-to-metal 
transition. Similarly, the HOMO and HOMO–1 of 2 served as 
principal ground states for the low-energy transitions, but as 
mentioned, the C(2p) π-orbitals from the C≡CC6H5 ligands 
substantially contributed to these orbitals. The HOMO→LUMO 
and HOMO–1→LUMO+1 transitions with high oscillator 
strengths gave smaller energies (2.23	  eV) (Fig. 3b and 
Table	  S6) than the dominant low-energy transitions of 1 
(2.34	  eV) (Table	  S4), which is consistent with the presence of a 
red-shifted band in the experimental and simulated spectra (r1 
in Fig. 2 and 3). Thus, the unique absorption spectral pattern of 
2 (Fig.	  2b) is unequivocally a result of the involvement of 
cluster-π mixed electronic states in the optical transitions.  
Fig.	  4 depicts the spatial orbital distributions of the LUMOs and 
HOMOs of 1 and 2. Cluster 1 showed superatomic D- and P-
like molecular orbitals in the Au13 core for the LUMO and 
HOMO, respectively (a), as expected from the delocalized 
electron model related to the 8-electron shell closure (1S21P6 
configuration).25 Likewise, the LUMO of 2 showed D-like 
superatomic molecular orbitals (Fig.	  4b, top). On the other hand, 
the HOMO of 2 was evidently extended over the C≡CC6H5 
units from the Au13 core (bottom), which is in accordance with 
the considerable participation of the C(2p) π-orbitals (Fig.	  3b). 
In fact, orbital distributions over the π-units were also found in 
the other C(2p)-rich molecular orbitals, such as HOMO–1, 
HOMO–2, and HOMO–3 (Fig.	  S7). These occupied orbitals 
imparted the superatomic P-like character in the Au13 core. 
Thus, interaction of the valence electrons of the gold superatom 
with the π-orbitals leads to the generation of unique molecular 
orbitals. This is the first example of the demonstration of 
electronic coupling between a superatom core and carbon-based 
π-systems. 

  

 
Finally, we investigated the photoluminescence properties of 
the Au13 clusters in acetonitrile at 25	  °C. In the previous study, 
we reported that 1·∙(PF6)3 exhibits a near-infrared emission upon 
excitation of the absorption band.21,22 Photoluminescence with 
similar spectral shape and emission energy (approximately 
800	  nm) (Fig.	  5) was shown by 2·∙(PF6)3. The emissions of both 
clusters showed lifetimes on the order of microseconds (2.69 μs 
for 1 and 3.51 μs for 2) and large Stokes shifts, indicating that 
they have phosphorescence character. On the other hand, the 
excitation spectra of 1·∙(PF6)3 and 2·∙(PF6)3 monitored at 800 nm 
are almost coincident with their absorption spectra (Fig. 5 and 
S4), so their excitation processes are different, as revealed in 
their electronic structures (Fig. 3). Therefore, the same 
emission spectral shapes and energies of 1 and 2 imply that the 
intermediate states responsible for the emissions (triplet or trap 
states) are virtually the same. The relative photoluminescence 
quantum yield of 2·∙(PF6)3 (rhodamine 6G as standard) was 
estimated to be 0.16, which is appreciably greater than that of 
1·∙(PF6)3 (0.11, λex = 495	  nm), suggesting a quenching effect of 
the Cl atoms of 1. 
 Herein we have experimentally demonstrated the presence 
of an electronic interaction of an 8-electron gold superatom 
with a σ-bonded π-system using a structurally defined alkynyl-
substituted magic-number Au13 cluster. The existence of the 
cluster-π electronic interaction was further supported by 
theoretical considerations. As a consequence of the steep 
progress in the structural chemistry of metal clusters, the 
versatility of the superatom concept for elucidating inherent 
stabilities, structures, and unusual properties has now been well 
established. Similar to conventional metal complexes, 
superatom complexes should be electronically stabilized by 
ligand binding, but the nature of the ligand–superatom 
interaction has not been clarified. In this respect, this study may 
provide impetus to further delineate the coordination chemistry 
of superatom complexes. Studies directed toward a deeper 
understanding of the ligand–superatom interaction coupled with 
the elaborate design of appropriate organic ligands are worthy 

 
Fig.	  4	  	  HOMOs	  and	  LUMOs	  of	  (a)	  1	  and	  (b)	  2.	  

 
Fig.	  5	  	  Photoluminescence	  spectra	  of	  (a)	  1·∙(PF6)3	  (λex	  =	  495	  nm)	  and	  (b)	  2·∙(PF6)3	  (λex	  
=	  525	  nm)	  in	  MeCN	  at	  25	  °C	  (absorbance	  at	  λex	  =	  0.1).	  	  Absorption	  (dotted)	  and	  
excitation	  spectra	  (λem	  =	  800	  nm;	  dashed)	  of	  2·∙(PF6)3	  are	  also	  provided	  for	  
comparison.	  
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of further investigation for the development of cluster-based 
functional materials. 
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Notes	  and	  references	  
‡	  Crystallographic	  data	  for	  2•(PF6)3•4MeCN•2Et2O:	  C162H162Au13	  
F18N4O2P13,	  M	  =	  5502.12,	  monoclinic,	  a	  =	  25.720(2)	  Å,	  b	  =	  
21.2708(18)	  Å,	  c	  =	  31.007(3)	  Å,	  α	  =	  90.00˚,	  β	  =	  96.8650(9)˚,	  γ	  =	  
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