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Introduction

• Metal clusters are of great current interest,
not l east d ue to th eir p ossib l e ap p l ication in
nano- tech nol ogy  and  catal y sis.

• P y y k k ö  and  R uneb erg [ 1 ]  recentl y  p red icted
th e ex istence of th e W A u12  cluster.

• H ere, th e b o n d i n g  in th e m ol ecul e is
inv estigated  in m ore d etail , using v arious
m eth od s.

Computational methods
• The quantum chemical calculations were
p erf ormed  using  the TURBOMOLE and
A m s t e r d a m  D e n s i t y  F u n c t i o n a l ,  A D F ,
p rog ram suites.  E L F  calculations were d one
with dgrid.



Level

• Density functional theory was used in most
c al c ul ations. B oth  h y b r id B 3 L Y P  and p ur e
B P 8 6  was emp l oy ed.

• E l ec tr on densities wer e c al c ul ated with  D F T
and th e ap p r ox imate sing l es and doub l es
coup led  cluster meth od,  C C 2 .

• A ug mented tr ip l e- z eta and q uadr up l e- z eta
b asis sets wer e used.

• W ith  TURBOMOLE ,  th e Stuttgart Effective
C o re P o ten tial s  with 60 core electrons were
u sed ,

• W ith A D F ,  the Z ero th  O rd er R egul ar
A p p ro x im atio n  ( Z O R A )  wa s u sed ,  with a
f roz en core of  60 electrons.

• B oth m ethod s lea v e the 5 s ,  5 p ,  5 d ,  a nd  6s
shells f ree.



• The density fitting resolution of the
identity ( R I )  a p p r o x i m a t i o n  w a s  u s ed ,  w hen
a p p l i c a b l e,  a t  b o t h D F T [ 2 ]  a n d  C C 2  [ 3 ]
l ev el s .

• The R I - D F T a n d  R I - C C 2  m et ho d s  r ed u c e t he
c o m p u t a t i o n a l  c o s t  s i g n i f i c a n t l y ,  w i t ho u t
n o t i c ea b l e l o s s  o f f  a c c u r a c y .

Electron density calculations
• The el ec t r o n  d en s i t i es  w er e s t u d i ed  b y
ev a l u a t i n g  t hem  i n  eq u i d i s t a n t  C a r t es i a n
g r i d  p o i n t s .

• D i r ec t  n u m er i c a l  i n t eg r a t i o n s  o f  t he el ec t r o n
d en s i t i es  w er e p er f o r m ed .



The accumulated electron density inside a
sp here of  radius r is def ined b y:

w here N(r) is the numb er of  integ ration p oints
and i runs ov er all three C artesian coordinates.

• I n addition to the core,  the 5s  o r b i t a l s  o f  A u
w e r e  l e f t  o u t  of  the integ rations.  This
imp rov es the numerical accuracy.

Electron Localisation Function

• The ELF i s  a  u s ef u l  t o o l  d ev el o p ed  b y  B ec k e
a n d  E d g ec o m b e.

• The el f  i s  c o n s t r u c t ed  f r o m  t he t o t a l  el ec t r o n
d en s i t y ,  i t s  g r a d i en t  a n d  t he k i n et i c  en er g y
d en s i t y .

• P l o t s  o f  t he E L F  r ev ea l  r e g i o n s  o f  h i g h l y
l o c a l i s e d  e l e c t r o n s ,  a s  i n  c o v a l en t  b o n d s  o r
l o n e p a i r s .
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Results

Atomic charges
• No definition of partial charges c a n  b e
c on s i d e r e d  p e r f e c t .

• T h e  c on c e p t  i s ,  n e v e r t h e l e s s ,  c h e m i c a l l y  v e r y
u s e f u l ,  a s  i s  t h e  r e l a t e d  c on c e p t  of  ox idation
state.

• H e r e ,  n on e  of  t h e  u s u a l  s c h e m e s  of  p a r t i a l
c h a r g e  c a l c u l a t i on s  a r e  e m p l oy e d ,  d u e  t o
t h e i r  u n r e l i a b i l i t y ;  t h e  M u l l i k e n  c h a r g e  f or
W ,  f or  e x a m p l e ,  w a s  f ou n d  t o b e  – 7 8
(B3LYP/VQZPP).

• F o r  a  h i g h l y  s y m m e t r i c a l  s p e c i e s  a s  W A u 12,
a  more direct  m e t h o d  f o r  e x t r a c t i n g  t h e
c h a r g e  o f  t h e  c e n t r a l  a t o m  e x i s t s .

• A  d i r e c t  i n t e g r a t i o n  o f  t h e  e l e c t r o n  d e n s i t y
a r o u n d  W , a s s u m i n g  a  s p h e r i c a l  a t o m ,
y i e l d s  a  g o o d  p i c t u r e  o f  t h e  c h a r g e
l o c a l i s a t i o n :





• The charge of W is clearly positive, even if
t h e d efinit io n o f t h e r a d iu s  is  no t
u na m b ig u o u s .

• T o  g et  a  neg a t ive t u ng s t en, a  ver y  l a r g e
r a d iu s  w o u l d  h a ve t o  b e u s ed .

• C o r r ec t ing  fo r  t h e a s s u m p t io n o f a  s p h er ic a l
W  a t o m , u s ing  a  d o d ec a h ed r a l  c h a r g e
d is t r ib u t io n, d o es  no t  c h a ng e t h e c o nc l u s io n.

Oxidation states

• T h e ener g y  o f t h e 4 f7/2 orbital, obtained by
Electron Spectroscopy for Chemical
A nalysis,  ESCA , h as  been u s ed f or
determ ination of  th e ox id ation state of  g old.

• H ere, w e em p loyed th is  m eth od
c om p u tationally:



• All atoms get positive oxidation states:
 W : + 2
Au : + 1

Bonding
• T h e electron density difference b etw een
W Au 12 and its c onstitu ent atoms sh ow  h ow
th e elec tr ons move u pon f or mation of  th e
c lu ster .

• T h e integr ated elec tr on density  dif f er enc e
w ith in sph er es ar ou nd W  and Au  gives an
explanation to h ow  all atoms h ave positive
oxidation states.

• T h e elec tr on density  dif f er enc e near  th e
atoms ( w h ole lines)  is negative;  b oth  W  a nd
A u  in W A u 12 are more positively charged
than  the n eu tral atoms.





• The dashed lines show the differentiated
c h ang e in el ec tro n dens ity .

• A r eas with a neg ativ e der iv ativ e su f f er  a
loss of  elec tr ons u p on m olec u le f or m ation,
p ositiv e ar eas g ain elec tr ons.

• L ar g e g ather ing  of  elec tr ons b etween W  and
the A u ' s ar e seen:  a b o nd is  fo rm ed.

• O ther  inter esting  f eatu r es ar e also r ev ealed.

• T h e E L F  also shows wher e the elec tr ons of
W  went:



• The proposed 18-electron bonding i s
c o r r o b o r a t ed  b y  t he q u a n t u m  c hem i c a l
c a l c u l a t i o n s .

• C o n t r i b u t i o n s  o f  t he 5 d ,  6 s a n d  6 p o r b i t a l s  o f
W  t o  t he M O ' s  o f  W A u 12 w er e f o u n d .

• A l s o ,  a  l o o k  a t  t he r a d i a l  d i s t r i b u t i o n s  o f
s el ec t ed  o r b i t a l s  o f  a g,  t 1 u,  a n d  hg s y m m et r y
( c o r r es p o n d i n g  t o  t he s ,  p ,  a n d  d s y m m et r i es
o f  W )  s ho w s  t hei r  p a r t i c i p a t i o n  i n  b o n d i n g :



• The Shared Electron Number analysis
s ho w s  t he strong  multicentre character o f
t he b o n d i n g  i n  t he m o l ec u l e:

"participants" S E N
W – A u 4 . 1
A u – A u 2 . 2

W – A u – A u 1 . 8
A u – A u – A u 1 . 3

W –  A u – A u – A u 1 . 2

• The SEN analysis also sup p orts the 1 8 -
electron binding ;  t he o n l y  p o s i t i v e
c o n t r i b u t o r s  t o  t he s ha r ed  4 . 1  el ec t r o n s
b et w een  W  a n d  t he A u ' s  a r e t he a g, t1u, a n d
hg o r b i ta l s .

Conclusions

• W  i s  p o s i ti v e .
• W A u 1 2  e x hi b i ts  c l e a r  m u l ti c e n tr e  b o n d i n g
b e ha v i o u r , e v e n  i f  i t i s  v e r y  f l e x i b l e  [ 4 ] .

• T he  n o ti o n  o f  W @ A u 1 2  i s  thu s  n o t m o ti v a te d .
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