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THESIS ABSTRACT* 

John Michel 

Two new d e r i v a t i v e s  o f  t h e  [ ( M O . ~ C ~ ~ ) C ~ ~ ]  c l u s t e r  have - . . . * - .  . - . . . 

been prepared .  Na2[(~o,6C18)(SC2H5)6]*3(C5H5N) was made by 

f i r s t  r e a c t i n g  molybdenum d i c h l o r i d e  w i th  sodium e t h y l  

mercapt ide  (1 :  6 mole r a t i o )  ' i n  r e f l u x i n g  methanol.  The :orange --: 

product  was recovered  i n  pure  c r y s t a l l i n e  form by e x t r a c t i o n  

of t h e  s o l i d  r e s i d u e  w i t h  . p y r i d i n e .  This  compound was 

c h a r a c t e r i z e d  by i t s  X-ray powder p a t t e r n ,  e l emen ta l  a n a l y s i s ,  

and i n f r a r e d  and e l e c t r o n i c  s p e c t r a .  It d i s s o l v e s  i n  most 

p o l a r  s o l v e n t s ,  y i e l d i n g  reddish-orange'  s o l u t i o n s .  Treatment 

o f  a l c o h o l  s o l u t i o n s  w i t h . h y d r o c h l o r i c  ac.id causes  r a p i d  

2- convers ion  t o  [ ( M o ~ C ~ ~ ) C ~ ~ ]  , accomp&~i~ed  by t h e  e v o l u t i o n  

of  e t h y l  mercaptan. .  

[(Mo6C18)(SC H ) ( C  H N )  1 was p repa red  u s i n g t h e  same 
2 5 4  5 5  2  

p rocedure ,  s t a r t i n g  w i th  a  1: 4 mole r a t i o  of  molybdenum 

d i c h l o r i d e  and sodium e t h y l  mercap t ide  . This  m a t e r i a l  was 

i s o l a t e d  as a  r e d ,  amorphous s o l i d .  It was c h a r a c t e r i z e d  by 

e lementa l  a n a l y s i s  and i n f r a r e d  and e l e c t r o n i c  s p e c t r a .  I t .  

i s  s o l u b l e  i n  p y r i d i n e ,  ;DMSO, and DMF; o t h e r  pLbllar. s o l b e n t s  

EUSERDA Report IS-T-746. T h i s  work was performed under  
c o n t r a c t  W-7405-eng-82 w i t h  t h e  U .  S .  Energy Research and 
Development ~ d m i n i s t r a t i o n .  



must be  6 c G e x b e f o r e  i t  w i l l  d i s s o l v e .  Trea tment  o f  t h i s  

compound w i t h  a  s o l u t i o n  of  c o n c e n t r a t e d  h y d r o c h l o r i c  a c i d  i n  

2- methanol  a g a i n  y i e l d e d  [ ( M o ~ C ~ ~ ) C ~ ~ ]  . , I t s  amorphism a n d .  

i n s o l u b i l i t y  i n  most p o l a r  s o l v e n t s  s u g g e s t  t h i s  compound 

might  be  po lymer ic .  I n d i v i d u a l  c l u s t e r  u n i t s  a r e  p r o b a b l y  

l i n k e d  i n  a random way by i n t e r c l u s t e r  m e r c a p t i d e  b r i d g e s .  

More e x t e n s i v e  c h a r a c t e r i z a t i o n  of  t h i s  compound i n  i t s  

s o l i d  s t a t e  i s  r e q u i r e d  t o ,  c o n f i r m  t h i s .  



INTRODUCTION 

The purpose of this research is the preparation and 

characterization of some new sulfur-derivatives of the 

hexanuclear molybdenum dichloride cluster. Recent develop- 

ments reported in the chemical literature indicate that 

these compounds may be both -interesting and synthetically 

accessible. Much research effort is currently being expended 

on a series of superconductors with high critical tempera- 

tures and fields. They are solid state compounds with the 

I formulas Mo6Y8 and MxMo6Y8 (Y = S, Se, Te; 0<x<2). The metal 

! cations M have been taken from all parts of the periodic 
I 

table except the 5d-transition metals and elements of the 

actinide series (1-6). The ckoice of M determines the 
'! 

I variable x, and whether a discrete phase'or a solid solution 

is isolated. 

The compounds are.usually synthes%zed by mixing together 

molybdenum and chalcogen powders, and for the ternary phases, 

the m.etal. chalcogenide W. Alternately, a mixture of 

Mo6Y8 and M powders may be used to prepare the ternary 

phases. The mixture is then pressed into a pellet and 

heated at elevated temperature. The X-ray powder diffraction 

pattern is intermittently checked, and the reaction stopped 

as soon as the material pr.o.ves to be homogeneous. Reaction 

temperatures and t'imes are usually near 1 0 0 0 ~ ~  and twenty 

hours, respectively. Mo6S8 is a notable exception (7). It. ' 



can be prepared only by reduction of a ternary sulfide. It 

is thermodynamically unstable above 468OC. The critical 

temperature of the superconducting transition for these 

materials is quite dependent on the sample's preparation 

(8,g). For P ~ M O ~ S ~ ,  Tc varied between 11.0 and 14.5 K. 

Very recently, crystalline PbMo6S8 was synthesized using an 

isothermal vapor transport process (.9). This sample had 

the highest critical temperature yet reported for PbMo6S8, 

14.7OK. The transport technique yielded crystalline 

material.in useful quantity. Previously', the very small 

quantity of crystals available l'imited characterization to 

single crystal X-ray diffraction experiments. For other 

studies, less pure microcrystalline powder was used. 

Correlation of structural features with the super- 

conducting behavior is the area of greatest interest 

generated by these compounds (5,6,10-15). Clustering of the 

molybdenum atoms wfth intercluster distances short enough so 

that a three-dimensional metallic lattice is maintained 

is believed to be an important factor (11). These molybdenum 

chalcogenides are quite closely related structurally to the 

better-characterized molybdenum di.halides (7,16). Both have 

approximately octahedral- metal-metal bonded cluster units 

of molybdeniim atoms. The six molybdenum atoms occupy the 

face-centers of a surrounding cube of eight anions (chalco- 

genides or halides). These anions are the so-called 
I 



/ "bridging ligands" since they are placed centrally above the 

/ molybdenum octahedron's triangular faces. In addition, the 

I molybdenum dihalides have six "terminal ligands", each bound 

/ to a single molybdenum atom. They are located directly 

I above the face centers of the cube. The chalcogenides have 
I 
I no terminal ligands. In molybdenum dichloride, all the 

0 
intracluster metal-metal distances are 2.61 2 '  0.01 A, 

forming a perfect octahedron (17). In all the molybdenum 

\ chalcogenide compounds, the molybdenum octahedron, as well 

\ as the cube of anions, is trigonally distorted (7,15,16,18- 

2 )  Their symmetry is lowered to D 
3d ' 

Mo6S8, for 

\ example, has two intracluster metal-metal distances of 

\ 2'.698 and 2.862 8 .  All the crystal structures completed 

\ to date for this series of compounds have had similar 

\\ 
t distortions. Intercluster Mo-Mo distances are greater than 
i 

; 3.08 1 in all cases, indicating these are hexanuclear 
\\, clusters. 
i 

Because of the basic structural s'imilarity of the 

dihalides to the cha.l.cogenides, it is tempting to apply 

existing bonding ideas to explain the differe.nces in 

structural details. Both the Cotton and.Haas (22) and the 

Guggenber.ger . . and Sleight (2.3) molecular orbital schemes 

indicate twenty-four e1ectron.s may. b e  acco'modated in the 

-4+ 
' metal-metal bonding orbitals ,of the (Mo6C18) cluster. 

[ (Mo6Clg ) ~ 1 4  1 has. the full complement of twenty.-.four .. 



Mo6S8, PbMo6S8, and N i  Mo S  may b e . r e g a r d e d  a s  having 
2 6 8  

twenty,  twenty-two, and twenty-four e l e c t r o n s ,  r e s p e c t i v e l y .  

Thus, a  dec rease  i n  t h e  i n t r a c l u s t e r  Mo-Mo d i s t a n c e  i s  

expected i n  t h i s  sequence.  The average  d i s t a n c e s  a r e  

2.780, 2 .702(1)  and 2 .72 (8 )  8, r e s p e c t i v e l y  . ( 7 , 1 9 , 2 1 ) .  The 

Mo-Mo d i s t a n c e s  i n  t h e  cha lcogenides  a r e  s i g n i f i c a n t l y  

l onge r  t han  t h a t  i n  molybdenum d i c h l o r i d e  i n  a l l  c a s e s .  

This  comparison i s  e s p e c i a l l y  impor tan t  f o r  t h e  p a i r  

Ni*Mo6S8 (21 )  and.[ (Mo6Cl8)Cl4]  (17 )  which may be regarded  

as i s o e l e c t r o n i c .  A l l  t h r e e  cha lcogenides  . . have t r i g o n a l l y  

d i s t o r t e d  molybdenum oc t ahed ra .  A s  a measure o f  t h i s ,  t h e  

d i f f e r e n c e s  between t h e  two Mo-Mo i n t r a c l u s t e r  d i s t a n c e s  

f o r  Mo6S8 ( 7 ) ,  PbMo6S8 ( l g ) ,  and Ni2M06S8 (21 )  a r e  0.164, 

0 .048 (0 ) ,  and'  0.07 ( 4 )  1, r e s p e c t i v e l y .  Using . . t h e  Cot ton 

and Haas scheme, J ahn -Te l l e r  d i s t o r t i o n  i s  p r e d i c t e d  i n  

t h e  s t r u c t u r e s  o f  Mo6S8 and P ~ M O ~ S ~ .  This  means a  lowering 

of s t r u c t u r a l  symmetry w i l l  occur  t o  remove t h e  e l e c t r o n i c  

s t a t e ' s  degeneracy.  The Guggenberger . . and S l e i g h t  scheme 

p r e d i c t s  no such d i s t o r t i o n  f o r  any of t h e  t h r e e  compo.unds. 

Ne i the r  scheme accounts  f o r  t h e  d e v i a t i o n  from i d e a l  oc t a -  

h e d r a l  symmetry found i n  Ni2M06S8. These c o n s i d e r a t i o n s  

a r e  n e c e s s a r i l y  of a q ~ u a l i t a t i v e , i ~ z c o n c l u s i v e  n a t u r e .  

S o l i d  s t a t e  e f f e c t s  may be a p r i m a r y  f o r c e  de te rmin ing  t h e  

chalco.genidesl  s t r . u c t u r e s .  Also,  t h e  n o n c l u s t e r  c'omponents 

of  t h e  d i h a l i d e  and chalcogeni.de compounds a r e  .very 



different. The application of these two molecular orbital 

schemes to clusters with nonhalogen bridging ligands is 

undocumented. Similarly, the usefulness of the two schemes 

in describing oxidized or reduced versions of the (M6X8) 

cluster is not known. [ M O ~ C ~ ~ . ~ ( P ( C H ~ C H ~ ) ~ ) ~ I ,  recently 
1 .  

/ reported by Hamer"et"al., is the only such molybdenum 

/ cluster known (24). Evidence indicates it should be formu- 

I lated as [ (Mo6Clg) ( P C H ~ C H ~ ) ~ ~ ' + C ( M O ~ ~ ) C I ~ I ~ - .  If this is 
i 

correct, the cation is a reduced 26-electron species. Its 

structure has not been solved. The isostructural tungsten 

' dihalides are more susceptible to nondegradative oxidation ! 
than their molybdenum analogs. Reaction of tungsten 

dibromide, [(w6Br8)Br4], with bromine produced a series of 

oxidized, 22-electron clusters containing the (W6Br8) 6+ 

species (25,26). The structure of [(~~Br~)Br~]-has been 

solved (27). Two of the terminal ligands are tetrabromide 

( ~ r ~ ) ~ -  ions, shared between cluster units. The other 

four terminal ligands are bromide ions. The Cotton and 

H a a s  molecular orbital scheme predicts Jahn-Teller distor- 

6+ tion for a 22-electron (M6X8) cluster. However, the 

cluster is octahedral, within experimental error. This 

agrees with the prediction of Guggenberger and Sleight's 

soheme. Chemical evidence indicat~d that oxidation of 

', [(W618)14] produced a [ w ~ I ~ ] ~ +  cluster (28). This is a 

I 23-electron species. No physical characterization was done. 
k 
i. 



I I n  m a n y c a s e s ,  o x i d a t i o n  of  a (M6x8) c l u s t e r  y i e l d s  a 

( (M6X12) c l u s t e r .  Th i s  i s  t h e  common s t r u c t u r a l  u n i t  of low 

1 o x i d a t i o n  s t a t e  niobium and t a n t a l u m  h a l i d e s  ( 2 9 ) .  Keper t  

e t  a l .  ( 30 )  r e p o r t e d  t h a t  o x i d a t i o n  of  [ ( M o ~ c ~ ~ ) c ~ ~ ]  y i e l d e d  1 -- 
i [(Mo6Cl12)C13]. The ave rage  o x i d a t i o n  s t a t e  o f  molybdenum 

I h a s  increased.  t: +2.5 .  Ox ida t i on  of ~ ( ~ 6 C 1 8 ) c 1 4 1  produced 
I 7 -  - - 

[ a W ( I I I )  c l u s t e r ,  [ ( W 6 C l 1 2 ) C 1 6 ]  ( 30 ,31 ) .  The s t r u c t u r e  o f  

1 . t h e  t u n g s t e n  compound has  been s o l v e d .  [ (W6Br12)Br61 h a s  

I a l s o  been made ( 3 2 ) .  These  (V6Xl2) c l u s t e r s  canno t  be 

d i r e c t l y  compared t o  t h e  (M6X8)  u n i t s ;  T h e m e t a l - m e t a l  

bonding i s  s i g n i f i c a n t l y  d i f f e r e n t  i n  t h e  t w o ' c a s e s  ( 2 2 ) .  

L The a p p a r e n t  e a s e  of  r e d u c t i o n  of  Mo6S8 l e a d s '  t o  

s p e c u l a t i o n  whether  a  h y b r i d ,  mixed s u l f i d e - h a l i d e  c l u s t e r  

would' p o s s e s s  i n t e r e s t i n g  o x i d a t i o n - r e d u c t i o n  p r o p e r t i e s ;  

Holm's f e r r e d o x i n  models ,  [ ( F ~ ~ s ~ )  ( S R ) ~ ] " -  ( n  = 1, 2 ,  3 ,  

4 )  ( 3 3 ) ,  f u r t h e r  suppo r t  t h e  s u i t a b i l i t y  of  s u l f i d e  l i g a n d s  

t o  c l u s t e r s  w i t h  e x t e n s i v e  o x i d a t i o n - r e d u c t i o n  chemis t ry .  

I t . w o u l d  be  i n t e r e s t i n g  t o  f i n d  whether  a  r ecogn5zab le  

t r a n s i t i o n . f r o m  s o l i d  s t a t e  t o  molecu la r  compound o c c u r s  i n  

a n . e n v i s i o n e d  . s e r i e s  o f  compounds between Mo6S8 and 

[ ( M o ~ C L ~ ) C ~ ~ ] .  S t r u c t u r a l  d a t a  would a l s o  be. v a l u a b l e ,  t o  

b e t t e r  unde r s t and  t h e  bonding.  

The obvious  s y n t h e t i c  choi.ce f o r  a s t a r t i n g '  ma . t e r i a1  

i s  mol.yb.denum d i c h l o r i d e  . It , w i l l  - d i s so . l ve  i n  ' .s .e.veral 

s o l v e n t s ,  and t h e  chemis t ry  of  t h e  molybdenum d i h a l i d e  



c l u s t e r s  ha s  been e x t e n s i v e l y  s t u d i e d .  The bonding d i f f e r -  

ences  between t h e  b r i d g i n g  and t e r m i n a l  h a l i d e s ,  which a r e  

c l e a r l y  i n d i c a t e d  i n  t h e  c r y s t a l  s t r u c t u r e s ,  a r e  j u s t  a s  

c l e a r l y  h i g h l i g h t e d  by a  comparison of t h e i r  r e a c t i v i t i e s .  

S u b s t i t u t i o n  of  t h e  s i x  t e r m i n a l  l i g a n d s  i s  a f a c i l e  

4+ p r o c e s s .  The (Mo6C18) c l u s t e r  c o r e  i s  u s u a l l y  i n e r t  i n  

s o l u t i o n .  For  example, i f  t h e  t e r m i n a l  l i g a n d s  a r e  h a l i d e s ,  

they  may be t i t r a t e d  a r g e n t o m e t r i c a l l y  w i thou t ' decompos i t i on  

of t h e  c l u s t e r  c o r e  ( 3 4 ) .  Les sme i s t e r  and Schae fe r  have 

r e c e n t l y  measured t h e  k i n e t i c s  o f  t e r m i n a l  c h l o r i d e  s u b s t i -  

t u t i o n  by bromide i n  aqueous s o l u t i o n  ( 3 5 ) .  They found i t  

i s  s t a t i s t i c a l l y  c o n t r o l l e d .  The r e a c t i o n  i n v o l v e s  two 

s t e p s :  

The a c t . i v a t i o n . e n e r g y  i s  on ly  18  kcal /mole .  Some t y p i c a l  

s u b s t i t u t i o n  r e a c t i o n s  are d e s c r i b e d  t o  i l l u s t r a t e  t h e  

v a r i e t y  o f  s p e c i e s  o b t a i n e d  u s i n g  s imple  s y n t h e t i c  r o u t e s .  

(H30)2[(Mo6C1R)X6]=6H70 - - w i t h  X = C 1 ,  B r ,  o r  I may be p r epa red  

by r e c r y s t a l l r z i n g  [(Mo6C18)C14] from a one molar  s o l u t i o n  of  

t h e  a p p r o p r i a t e  h y d r o h a l i c  a c i d  i n  e t h a n o l  ( 3 6 ) .  Thfs  may 



t h e n  be conve r t ed  t o  [ ( M O ~ C ~ ~ ) X ~ ( H ~ O ) ~ ]  by r e c r y s t a l l i z a t i o n  

from aqueous  hyd roha l i c  a c i d  ( 3 7 ) ,  o r  by h e a t i n g  a t  200°C 

i n  vacuo ( 3 6 ) .  F u r t h e r  h e a t i n g  a t  300°C produces  anhydrous  - 

[ ( M O ~ C ~ ~ ) X ~ ] .  [(Mo6C18)C14(Dm)21 and C(Mo6C18)C14(DMSO)21 

a r e  p r epa red  by d i s s o l v i n g  [ ( M O ~ C ~ ~ ) C ~ ~ ]  i n  t h e  r e s p e c t i v e  

l i q u i d ,  fo l lowed  by p r e c i p i t a t i o n  ( 3 8 ) .  Other  b i s - adduc t s  

a r e  formed w i t h  such d i v e r s e  l i g a n d s  a s  a ce tone ,  e t h a n o l ,  

t e t r a h y d r o f u r a n ,  p y r i d i n e ,  and t r i pheny lphosph ine  ( 3 9 ) .  

[ ( M O ~ C ~ ~ ) ( D ~ ) ~ I ( C ~ O ~ ) ~  and C(Mo6C18)(DMS0)61(C104)4 a r e  

made by f i r s t  p r e c i p i t a t i n g  t h e  t e r m i n a l  c h l o r i d e s  o f  

[ ( M o ~ C ~ ~ ) C ~ ~ ]  w i t h  a l c o h o l i c  AgC104, f o l l owed  by a d d i t i o n  

o f  t h e  a p p r o p r i a t e  l i g a n d  ( 3 8 ) .  

Only ve ry  few n u c l e o p h i l e s  a r e  known which i n t e r a c t  i n  

s o l u t i o n  w i t h  t h e  b r i d g i n g  l i g a n d s  of t h e  (Mo6C18) 4 +  

c l u s t e r  c o r e .  C o n t r o l l e d  h y d r o l y s i s  i n  weakly b a s i c  so lu -  

t i o n  y i e l d e d  [ ( ~ o ~ C l ~ ) ( O H ) ~ 1 * 1 4  H20. At tempts  t o  promote 

f u r t h c r  s u b s t i t u t i o n  l e d  t o  i n t r a c t a b l e  s o l i d s ,  and 

u l t i m a t e l y  d e s t r o y e d  t h e  c l u s t e r  ( 4 0 , 4 1 ) .  Even under  m i ld  

c o n d i t i o n s ,  f l u o r i - d e  y i e l d s  decompos i t ion  p r o d u c t s .  Both 

t h e s e  r e a c t i o n s  p robab ly  i n v o l v e  i n i t i a l  d i sp l acemen t  o f  t h e  

brbidglilg c h l o r i d e s .  Methaxide is, t h e  on ly  l i g a n d  lcnown 

which y i e l d s  comple te ly  s u b s t i t u t e d  d e r i v a t i v e s  from s o l u t i o n  

w i thou t  d e s t r o y i n g  t h e  c l u s t e r .  N a n n e l l i  and Block p re -  

2- 
pa r ed  [ ( M O ~ C ~ ~ ) ( O C H ~ ) ~ I  , and under  v e r y  f o r c i n g  c o n d i t i o n s ,  

.[(Mo~(OCH~)~)(OCH~)~~~- ( 4 2 ) .  T h i s  work sugges t ed  t h e  



sulfur analog of an alkoxide, a mercaptide; as a suitable 

sulfur ligand for the proposed investigation. 

Although the reactivity of the bridging ligands is quite 

limited in solution, the situation is quite different in 

fused salt'media. Sheldon first noted that in lithium halide 

melts, complete exchange occurred (43): 

(X -= Br, I) 

Baumann'.'et"al. -- found that tempering of mixed halides 

[(Mo6C18)Y4] at 45O0C for four weeks produced [ ( M o ~ C ~ ~ Y ~ ) C ~ ~ ]  

(40). Complete exchange of the bridging halides was accom- 

plished by similar treatment of [ ( M o ~ C ~ ~ Y ~ ) ~ ~ ] ,  where for 

both steps, Y = ,Br or I. In both Baumannls and Sheldon's 

experiments, the heavier.halide moved preferentially to a 

bridging position, displacing the lighter halide to a 

terminal position. Baumann also found that similar tempering 

or [(IVIO~';'~)(~~)~] y i e l d e d  [(M~~C~~(OA))(OH)~C~] and 

[(Mo~C~~(OH)~)C~~(OH)~]. Further substitution decomposed 

the cluster, In a separate study, Lesaa.r and' Schaefer used 

mercuric halide',melts for further exchange experiments (44): 



The a n i o n i c  component of  t h e  m e l t ,  Y ,  d i s p l a c e d  t h e  c l u s t e r ' s  

t e r m i n a l  h a l i d e s  i n  a l l . c a s e s ,  However, t h e r e  was a compe- 

t i t i o n  f o r  e a c h ' o f  t h e  c l u s t e r ' s  b r i d g i n g . p o s i t i o n s  between 

t h e  h a l i d e  X which o r i g i n a l l y  occupied i t  and Y ,  t h e  a n i o n i c  

component of  t h e  m e l t .  The l i g h t e r  h a l i d e  of  t h e  two i s  

thermodynamical ly p r e f e r r e d .  Th i s  was a  complete  r e v e r s a l  

o f  t h e  c l u s t e r ' s  behav io r  i n  l i t h i u m  h a l i d e  m e l t s .  Le saa r  

and Schae fe r  used  a. s imple  thermodynamic argument t o . e x p l a i n  

t h i s  a p p a r e n t  anomaly. 

Th i s  propose'd r e s e a r c h  i s  n o t  t h e  f i r s t  a t t e m p t  t o  

p r e p a r e  s u l f u r  d e r i v a t i v e s  o f  t h e  molybdenum d i h a l i d e  

c l u s t e r s .  Molybdenum d i c h l o r i d e  has  been r e a c t e d  w i t h  b o t h  

s u l f u r  an%l se len ium powders y i e l d i n g . p r o d u c t s  of' t h e  compo- 

s i t i o n  Mo C1 Y ( Y  = S,  S e )  ( 4 5 ) .  S ' imi la r  p r o d u c t s  were 
3 . 4  7 

o b t a i n e d  u s i n g  molybdenum dibromide.  The s t r u c t u r e  o f  

t h e s e  amorphous m a t e r i a l s  i s  unknown. I n  a n o t h e r  s t u d y ,  

Perrin"et"a1. -- r e a c t e d  mo.lybdenum dibromide w i t h  t h e  cha lcogen  

powders a t  1 1 5 0 ' ~  f o r  twenty-four  hou r s  i n  a  s i l i c a  t u b e  

( 4 6 ) .  Th i s  p rocedure  produced Mo6BrioY ( Y  = S, S e ) .  Using 

molybdenum d i i o d i d e  y i e l d e d  Mo61i0Y. These compounds a r e  

cyys ' l ; a l l lne ,  alld aye l a u b t r . u c t u y a l  with Nb 1 
6 11' l J e i t h e r  o f  

t h e s e  e f f o r t s  adequa t e ly  employed t h e  s y n t h e t i c  p o s s i b i l i t i e s  

p r e s e n t e d  by t h e  molybdenum d i h a l i d e  c l u s t e r s .  

For  t h i s  p r o j e c t ,  o r g a n i c  me rcap t i de s ,  SR-, have been 

chosen a s  t h e  s u l f u r  l i g a n d s .  They o f f e r  a  number o f  



advantages. Reactions may be'carried out in solution. 

They are uninegative anions, like.the chloride ions they 

will displace. As was already mentioned, they are closely 

related to the alkoxide ligands used by Nannelli and 

Block (42,47,48). These workers1 success leads to the 

expectation that it should be possible to introduce mercap- 

tide ligands into both the bridging and terminal positions 

of the cluster. Strictly by analogy to the alkoxides, the 

two compounds Na2[(~06~18)(SR)6] and Na2[(~~6(SR)8)(SR)6] 

should be synthetically accessible. Modifications might 

yield their neutral congeneras [ ( M O ~ C ~ ~ )  (SR) 4]-  and 

[(MO~(SR)~)(SR)~]. Thermal tempering experiments similar 

to those of Baumann;et -- al. (40) would be of interest to 

determine whether-migration of, mercaptide from a bridging 

to a terminal position, ,or,vice-versa, might occur. 



EXPERIMENTAL 

Handl ing and P u r i f i c a t i o n  Procedures  

Most o f  t h e  compounds hand led  i n  t h i s  p r o j e c t  a r e  

mo i s tu r e  s e n s i t i v e .  To p r e v e n t  t h e i r  h y d r o l y s i s ,  a l l  

r e a c t i o n s  were performed e i t h e r  on a  s t a n d a r d  Pyrex high-  

vacuum l i n e  (working vacuum of  t o  l o L 6  t o r r ) ,  a s m a l l  

combinat ion  vacuum-nitrogen (Sch l enk )  l i n e ,  o r  i n  a  n i t r o g e n  

atmosphere d r y  box (de.w point ' . ' ca .  - -80°c) .  A l l  n i t r o g e n  g a s  

used f o r  t h i s  work was p r e p u r i f i e d  n i t r o g e n  ( g g , g g 5 % ' p u r e  

from A i r  P roduc t s  Co rp . ) .  

'Re'a'ge'n't s 

E t h y l  mercaptan ( C H  CH SH, p r a c t i c a l  g r a d e )  w a s  o b t a i n e d  
3  2 

from Matheson, Coleman, and B e l l .  Due t o  i t s  h i g h  vapor  

p r e s s u r e  and s t e n c h ,  a . g r e a t  d e a l  o f  d i s c r e t i o n  and c a r e  was 

r e q u i r e d  i n  i t s  hand l i ng .  The l i q u i d  was t r a n s f e r r e d  t o  a 

round-bottom Pyrex f l a s k .  A f t e r  a t t a chmen t  t o  the .  vacuum 

l i n e ,  i t  was ou tga s sed  d u r i n g  s e v e r a l  f r eeze- thaw c y c l e s .  

The' main f r a c t i o n  o f  t h e  l i q u i d  was t h e n  vacuum d i s t i l l e d  

i n t o  a s i m i l a r  f l a s k ,  where it was s to r . ed  .over Linde. 4A 

molecu la r  s i e v e s .  The f l a s k  was f r o z e n  w i t h  l i q u i d  n i t r o g e n  

and eva'cua.ted d u r i n g  thawing p r i o r  t o  e ach  u se .  

Alurr~irlum t r i c h l o r i d e  ( A l C 1  c e r t i f i e d  anhydrous)  was 
3' 

o b t a i n e d  from F i s h e r  S c i e n t i f i c  Co. Before  u s e ,  i t  was 



resub l imed  a t  - c a .  125OC under  dynamic vacuum. The p u r i f i e d  

m a t e r i a l  was s t o r e d  i n  t h e  d r y  box. 

Molybdenum p e n t a c h l o r i d e  (MoC1 nominal  p u r i t y  99 .5%)  
5' 

was o b t a i n e d  from Research Organ ic - Inorgan ic  Corp. Sodium 

c h l o r i d e  (NaC1, c e r t .  ACS r e a g e n t )  was o b t a i n e d  from F i s h e r  

S c i e n t i f i c  Co. Both compounds, packed under  vacuum, were 

opened i n  t h e  d ry  box and s t o r e d  t h e r e  w i t h o u t  f u r t h e r  

p i ~ r i  f i c a . t i o n .  

Aluminum me ta l  was o b t a i n e d  i n  t h e  form o f  s m a l l  c h i p s  

machined from l a b o r a t o r y  s t o c k .  Nominal p u r i t y  i s  99 .5%.  

No f u r t h e r  p u r i f i c a t i o n  was r e q u i r e d .  Sodium m e t a l  w a s  

o b t a i n e d  from F i s h e r  S c i e n t i f i c  Co. It was s t o r e d  i n  a i r  

under  o i l .  Immediately p r i o r  t o  u se ,  a n  a p p r o p r i a t e  q u a n t i t y  

was s l i c e d  o f f  and p l a c e d  i n  a  beaker  o f  hexane;  It was 

t h e n  t r a n s f e r r e d  d i r e c t l y  t o  t h e  r e a c t i o n  v e s s e l .  A b l a n k e t  

of  n i t r o g e n  was main ta ined  o v e r , t h i s  f l a s k  d u r i n g  t h e  

t r a n s f e r .  The f l a s k  was t h e n  capped, a t t a c h e d  t o  t h e  vacuum 

l i n e ,  and evacua ted .  Some t a r n i s h i n g  of  t h e  m e t a l l i c  s u r f a c e  

was v i s i b l e  d u r l n g  t h e s e  m a n i p u l a t i o n s .  

P y r i d i n e  ( C  H N ,  B o i l i n g  Range 115'.0-115.3°C) was ob- 
5  5  

t a i n e d  from F i s h e r  S c i e n t i f i c  Co. The h a n d l i n g  p rocedu re  

was i d e n t i c a l  t o  t h a t  used f o r  e t h y l  mercap tan . .  

Methanol .(CH OH, c e r t .  ACS r e a g e n t ,  B o i l i n g  Range' 64.5- 3 
6 4 ; 8 O ~ )  w a s  o b t a i n e d  from MalPinckrodt ,  I nc .  I t . w a s  



t r a n s f e r r e d  t o  a  round-bottom Pyrex f l a s k  w i t h  a s t a n d a r d  

t a p e r  24/40 ground g l a s s  j o i n t .  Ni t rogen  was bubbled th rough  

t h e  l i q u i d  f o r  t h i r t y  m inu t e s .  While c o n t i n u i n g  t h e  purg ing ,  

chunks o f  sodium me ta l  were c a r e f u l l y  added t o  t h e  methanol .  

A f t e r  t h e  r e a c t i o n  was .completed ,  and t h e  f l a s k  had coo l ed ,  

i t  was capped.  The sodium methoxide s o l u t i o n  was t h e n  

a t t a c h e d  t o  t h e  vacuum l i n e ,  and ou tga s sed  d u r i n g  s e v e r a l  

f reeze- thaw c y c l e s .  The f l a s k  was f r o z e n  and re -evacua ted  

p r i o r  t o  each  u se .  

E thano l '  ( a b s o l u t e )  was o b t a i n e d  from Commercial 

S o l v e n t s  Corp. It was. used w i thou t  f u r t h e r  p u r i f i c a t i o n .  

' S t  ar't'Tnng ma't'e'r'i'a'l s 

Molybdenum d i c h l o r i d e  (Mo6Cl12) was p r epa rcd  by t h e  

method o f  Dorman and McCarley ( 3 6 ) .  I n  t h i s  p rocedu re ,  

aluminum was used t o  r educe  molybdenum p e n t a c h l o r i d e  i n  a  

s l i g h t l y  a c i d i c  sodium t e t r a c h l o r o a l u m i n a t e  m e l t .  The 

r e a c t i o n  i s :  

T h e , p u r i f i c a t i o n  p rocedure  was s l i g h t l y  modifi .ed t o  produce  

l a r g e  c r y s t a l s  o f  t h e  a c i d  h y d r a t e ,  (H 0 )  (Mo6Cl14)*6 H20. 3 2  

Although t h i s  r e q u i r e d  more t ime ,  i t  was done t o  e n s u r e  a  

pure product. An u n i d e n t i f i e d  brown impur i t y  had s o l u b i l i t y  - - 

p r o p e r t i e s  s i m i l a r  t o  t h o s e  o f  t h e  a c i d  h y d r a t e .  The c r y s -  

t a l s . o f  (H30)2[Mo6C114]*6 H20 were t h e n  p u l v e r i z e d  u s i n g  



a  mor ta r  and p e s t l e ,  added t o  a  Pyrex r e a c t i o n  t u b e ,  and 

a t t a c h e d  t o  t h e  vacuum l i n e .  Under a  dynamic vacuum, t h e  

t u b e ' s  t empe ra tu r e  was i n c r e a s e d  t o  350°C ove r  a  p e r i o d  o f  

f o u r  t o  f i v e  h o u r s .  The s o l i d  was ma in t a ined  - i n  vacuo a t  

t h i s  t empe ra tu r e  f o r  - c a .  twenty h o u r s .  While c o o l i n g ,  t h e  

compound's c o l o r  changed from a  deep reddish-brown - - back t o  ' 

a  d u l l  ye l low,  c h a r a c t e r i s t i c  of amorphous molybdenum 

d i c h l o r i d e .  The t u b e  was opened i n  t h e  d r y L b o x ,  and t h e  . - - 

sample s t o r e d  t h e r e .  I t s  p u r i t y  was o c c a s i o n a l l y  checked 

by e l e m e n t a l  a n a l y s i s  and i n f r a r e d  spec t ro scopy .  

Sodium e t h y l  mercaptide.(NaSCH CH ) was p repa red  by 
2 3 

r e a c t i n g  exces s  e t h y l  mercaptan w i t h  sodium me ta l  i n  a 

n i t r o g e n  a tmosphere .  Th i s  r e a c t i o n  r e q u i r e d  ext reme c a r e .  

An a p p a r a t u s  hav ing  two Pyrex round-bottom f l a s k s  i n t e r -  

connected  a t  t h e  ba se  of t h e  neck was used.  Using a  b l a n k e t  

o f  n i t r o g e n  ga s ,  sodium me ta l  was i n t r o d u c e d  i n t o  one o f  

t h e  f l a s k s .  The a p p a r a t u s  was q u i c k l y  capped,  a t t a c h e d  t o  

t h e  vacuum l i n e ,  and evacua ted .  E t h y l  mercaptan was vacuum 

d i s t i l l e d  i n t o  t h e  o t h e r  f l a s k .  A f t e r  r e p l a c i n g  t h e  

a p p a r a t u s  on t h e  Schlenk l i n e ,  n i t r o g e n  w a s  b l e d  i n t o  t h e  

sys tem.  A s l i g h t  p o s i t i v e  p r4essure  was ma in t a ined  d u r i n g  

t h e  r e a c t i o n  h y  means o f  a mercury b u b b l e r .  Th i s  a l s o  

s e rved  a s  an e x i t  f o r  t h e  hydrogen ga s  evo lved  d u r i n g  t h e  

r e a c t i o n .  The f l a s k  c o n t a i n i n g  t h e  sodium was kep t  immersed 

i n  a  Dry-Ice a c e t o n e  b a t h .  Smal l  q u a n t i t i e s  o f  e t h y l  



mercaptan were i n t e r m i t t e n t l y  poured over  i n t o  t h e  sodium 

f l a s k .  Unless g r e a t  c a r e  was e x e r c i s e d ,  t h e  r e a c t i o n  became 

t o o  v igorous ,  even a t  t h e  b a t h ' t e m p e r a t u r e  o f  -78Oc. When 

t h i s  occur red ,  t h e  f l a s k  was t empora r i l y  immersed i n  a 

l i q u i d  n i t r o g e n  bath.,  The r e a c t i o n  produc t  was a  l a r g e  

q u a n t i t y  of whi te  -powder. Excess e t h y l  mercaptan ;as d i s -  

t i l l e d  o f f  on t h e  vacuum l i n e .  Due t o  i t s  s t e n c h  and 

s e n s i t i v i t y  t o  mo i s tu re ,  t h e  s o l i d  was s t o r e d  i n  t h e  dry  

box. 

P h y s i c a l  C h a r a c t e r i z a t i a n  Methods 

,An'dl'y.t.f"'dl' , . .p.L.. , o'c'e'du.l . , 'e - 

The procedure  used f o r  sample decomposit ion was n e a r l y  

i d e n t i c a l  f o r  t h e  de t e rmina t ions  of bo th  molybdenum and 

c h l o r i d e .  A sample was removed from t h e  d ry  box i n  a  screw 

cap v i a l .  The v i a l  was qu i ck ly  weighed, t h e  s,ample emptied 

i n t o  a  f l a s k ,  and t h e  recapped v i a l  weighed. Two p e l l e t s  

of  potass ium o r  sodium hydroxide were added t o  t h e  sample. 

Then 100 m l  o f  wa,tes w a s  added, fo l lowed by. 2-3' m l  o f '  30% 

hydrogen pe rox ide ;  The a n a l y t i c a l  s o l u t i o n s  t u r n e d  da rk  

~ a e ~ ~ . ~ ~ ] ~ - b ~ ~ u w n  wl-,efievel- hydrogen perox ide  waa added t o  them. 

The c o l o r  d i s appea red  a f t e r  a  few minutes .  Gent le  h e a t i n g  

was used i n i t i a l l y .  When t h e  hydrogen perox ide  had n e a r l y  

a l l  r e a c t e d ,  t h e  r a t e  of  h e a t i n g  was i n c r e a s e d  s o  a s  t o  

b o i l  t h e  s o l u t i o n  n e a r l y  t o  d rynes s .  The r e s i d u e  was 



allowed t o  c o o l .  Another sma l l  p o r t i o n  of 30% hydrogen 

perox ide  was added t o  t h i s  small volume,. The sample was 

l e f t  a t  room tempera ture  u n t i l  bubbl ing  s topped .  The volume 

was i n c r e a s e d  t o  100 m l .  This  p roces s  was r e p e a t e d  u n t i l  a  

c o l o r l e s s  r e s i d u e  was ob t a ined  a f t e r  b o i l i n g  t o  d rynes s .  

With , t h i s  completed,  t h e  sample s o l u t i o n  w a s  a d j u s t e d  t o  

1 0 0  m l  and.  hea t ed  t o  expk l  remaining pe rox ide .  The r e s u l t i n g  

s o l u t i o n  was l e f t  ove rn igh t  a t  room tempera ture  p r i o r  t o  

a n a l y s i s .  Sample decomposit ion f o r  a  c h l o r i d e  d e t e r m i n a t i o n .  

d i f f e r e d  s l i g h t l y .  The s o l u t i o n . w a s  never  hea t ed  t o  d rynes s .  

Sample volume w a s  mainta ined at"ca. - 1 0 0  m l  d u r i n g . t w o  or ,  

t h r e e  c y c l e s  of  hydrogen pe rox ide  a d d i t i o n  and subsequent  

expu l s ion  

The s o l u t i o n s  used f o r  molybdenum de t e rmina t ions  were 

ana lyzed  .according t o  t h e  method of Yagoda and F a l e s  ( 4 9 ) .  

The'molybdate was p r e c i p i t a t e d  and c o l l e c t e d  a s  t h e  s u l f i d e ;  

MoS 
3 ' This  was i g n i t e d  t o  molybdenum oxide ,  and weighed. 

The sample was reweighed a t  hou r ly  i n t e r v a l s  u n t i l  we igh ts  

were c o n s t a n t  w i t h i n  0 .2  mg. 

The pH of t h e  s o l u t i o n s  used f o r  c h l o r i d e  a n a l y s i s  was 

a d j u s t e d  .to. ' c a .  - 4 with  .nil;x>l.c, a c i d .  The volume was i n c r e a s e d  

t o  150' m l .  . The s o l u t i o n  : w a s  t hen  t i t r a t e d  w i th  s t a n d a r d i z e d  

0 . 1  N s i l v e r  n.i t r a . t e  s o l u t i o n :  A s i l v e r / s i . l v e r  c h l o r i d e  

e l e c t r o d e  was used wi th  a double. j u n c t i o n  r e f e r ence .  e l e c t r o d e  

, . ob t a ined ,  fr'om Orion ,Re.search, I n c .  



Analys i s  f o r  carbon and 'hydrogen  was done by M r .  John 

Richard of  t h e  Ames Laboratory  a n a l y t i c a l  group,  o r ~ b y  

G a l b r a i t h  L a b o r a t o r i e s .  Samples were removed from t h e  d r y  

box and s e a l e d  under vacuum p r i o r  t o  a n a l y s i s .  

'I'n'f r'ar'e'd 's'p'e'c't'r a 

I n f r a r e d  s p e c t r a  were recorded  u s i n g  a  Beckman IH 4250 

r e c o r d i p g  spec t rome te r  i n  t h e  4000-200 cm-l r e g i o n .  A l l  

s p e c t r a  were c a l i b r a t e d  w i th  . the  9 0 6 . 9  cm-' a b s b r p t i o n  of 

p o l y s t y r e n e .  Peak l o c a t i o n s  a r e  e s t ima ted  t o  be a c c u r a t e  

t o  w i t h i n  two cm-l. S p e c t r a l  samples were n u j o l  mul l s  

p r e s sed  between cesium i o d i d e  windows. S ince  most o f  t h e  

compounds a r e  mois tu re  s e n s i t i v e ,  t h e  n u j o l  was s t o r e d  over  

sodium s a n d ' i n  t h e  d ry  box. The mulled samples were p re -  

pared i n  t h e  dry  box and were removed i n  screw-cap b o t t l e s  

which were l e f t  s e a l e d  u n t i l  t h e  spectru,m was recorded .  The 

sample h o l d e r  a l s o  provided some p r o t e c t i o n  from t h e  

atmosphere.  - - 

The s p e c t r a  of t h e s e  two mercap t ide  c l u s t e r  complexes 

were c l o s e l y  compared t o  s i m i l a r l y  recorded s p e c t r a  of 

sodium e t h y l  mercapt ide ,  p y r i d i n e ,  and molybdenum d i c h l o r i d e .  

No a t t emp t  was made t o  a s s i g n  a l l  t h e  a b s o r p t i o n s  t o  s p e c i f i c  

v i b r a t i o n a l  modes. 



Electr'on'i'c' 'abs'orp'ti'on 'sp'e'ct'ra 

E l e c t r o n i c  a b s o r p t i o n  s p e c t r a  were scanned on a Cary 1 4  

r e c o r d i n g  spec t rome te r .  S i l i c a  sample c e l l s  w i t h  a  one- 

c e n t i m e t e r  p a t h  l e n g t h  were used.  The exper imenta l  condi-  

t i o n s  were cons idered  s u f f i c i e n t  t o  p r even t  sample decompo- 

s i t i o n ;  The spectFum of  Na2[(Mo6Clg)(SCH2CH3)63'3(C5H5N) 

i n  methanol was recorded  u s i n g  a vacuum-tight sample c e l l  

equipped wi th  a  Tef lon need le  va lve .  The sample was loaded 

i n t o  t h e  c e l l  i n  t h e  dry  box. The c e l l  was t h e n  c l o s e d ,  

a t t a c h e d  t o  t h e  vacuum l i n e ,  and evacua ted .  Dry  methanol 

s o l v e n t  was vacuum-dis t i l l ed  i n t o  t h e  c e l l .  The need le  

va lve  was then  c lo sed ,  and t h e  c e l l  was removed from t h e  

vacuum l i n e  and t h e  spectrum recorded .  Convent ional ,  

capped c e l l s  were used f o r  t h e  s p e c t r a  of  samples d i s s o l v e d  

i n  DMSO. P r e - p u r i f i e d . n i t r o g e n  was bubbled through t h e  

DMSO f o r  t h i r t y  minutes immediate ly  p r i o r  t o  i t s  u s e .  

Exposure of t h e  s o l u t i o n s  t o  a i r  was minimized. None of  

t h e  s o l u t i o n s  bec'ame cloudy d u r i n g  t h e  experiment a s  would 

be expected i f  decomposit ion had occur red .  The  capped 

c e l l s  were a l s o  used f o r  s p e c t r a  o f . s ample s  d i s s o l v e d  i n  

methanol /hydrochlor ic  a c i d  ' ( 'ca.  - 1 .2  M) . No at.t'empt was 

made to avo id  exposure of  theoe  o o l u t i o n ~  t o  a i r .  
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SYNTHESES 

P r e p a r a t i o n  of [(MO~C~~)(SCH~CH~)~(C~H~N)~] - Compound I 

The equa t ion  f o r  t h i s  p r e p a r a t i o n  is :  

[ ( M o ~ C ~ ~ ) C ~ ~ ]  + 4 NaSCH2CH3 -> + 4 N a C l  

l ' . 00  g  Mo6Cl12 and.  0.34 g  NaSCH CH (1:4 mole r a t i o )  were 
2  3 

weighed o u t  i n  t h e  d ry  box. These r e a g e n t s  were added t o  a  

r e f l u x  f l a s k  a long  wi th  a magnetic s t i r r i n g  b a r .  The r e f l u x  

f l a s k ' w a s  a one-piece combination of a  round-bottom f l a s k  and 

water-cooled condenser ,  equipped w i t h  a 24/40 ground g l a s s  

j o i n t  and a  vacuum-tight Te f lon  need le  v a l v e .  The f l a s k  was 

capped, brought o u t  of t h e  d ry  box and a t t a c h e d  t o  t h e  

vacuum l i n e .  A f t e r  evacua t ing  t h e  f l a s k ,  d ry  methanol was 

vacuum d i s t i l l e d  i n t o  i t .  The f l a s k  was warmed t o  room 

tempera ture ,  c l o s e d  o f f ,  and a t t a c h e d  t o  t h e  Schlenk l i n e .  

. Nitrogen was b l e d  i n  and was main ta ined  a t  a  s l i g h t  p o s i t i v e  

p r e s s u r e  by u s i n g  a mercury bubb le r .  The r e a c t i o n  s l u r r y  

was magne t i ca l l y  s t i r r e d ,  and hea t ed  t o  r e f l u x i n g  tempera- 

t u r e  w i t h  a mine ra l  o i l  b a t h ;  The r e a c t a n t s  were r e f l u x e d  

'ca.. - e i g h t  hours. Du.ring t h i s  t ime ,  t h e  c o l o r  changed from 

y e l 1 . n ~  to orange .  Someti~ues sodium c h l o r i d e  p r e c i p i t a t e d  

from t h e  r e a c t i o n  mix ture ,  depending on t h e  volume of 

s o l v e n t  used.  A f t e r  r e f l u x i n g ,  t h e  r e a c t i o n  mix ture  was 

coo.led t o  ro'om . temperature  and f i l t e r e d  under a n i t r o g e n  



atmosphere.  The f l a s k  c o n t a i n i n g  t h e  orange f i l t r a t e  w a s  

capped and a t t a c h e d  t o  t h e  vacuum l i n e .  Methanol was removed 

by vacuum d i s t i l l a t i o n ,  l e a v i n g  a  s o l i d  orange r e s i d u e  i n  t h e  

f l a s k .  This  evacuated f l a s k - w a s  taken  i n t o  t h e  d ry  box and 

a t t a c h e d  t o  a  modif ied  Soxhle t  e x t r a c t o r .  The e n t i r e  appara-  

t u s  was a t t a c h e d  t o  t h e  vacuum l i n e  and evacua ted .  Some d ry  

p y r i d i n e  '( 'ca. - 30 m l )  was vacuum d i s t i l l e d  i n t o  t h e  e x t r a c t o r .  

Sepa ra t i on 'was  ach ieved  s i n c e  sodium c h l o r i d e  i s  i n s o l u b l e  i n  

p y r i d i n e ;  t h e  product  d i s s o l v e d  forming a deep r e d  s o l u t i o n .  

Continuous e x t r a c t i o n  was no t  p o s s i b l e  s i n c e  t h e  sodium 

c h l o r i d e  was so  f i n e l y  d iv ided  t h a t  i t  always clogged . . t h e  

s i n t e r e d  g l a s s  f i l t e r .  A f t e r  most of t h e  product  had been 

extrac. ted away -from t h e  s o l i d  r e a c t i o n  r e s i d u e ,  t h e  p y r i d i n e  

w a s  d i s t i l l e d  o f f  under vacuum. The produc t  was i s o l a t e d  a s  

a  sh iny  r e d  g l a s s .  

X-ray powder photographs of s .evera1 sampl'es of t h e  prod- 

u c t  i n v a r i a b l y  i n d i c a t e d  t h a t ,  t hey  were amorphous. Calcu- 

l a t e d  and exper ' imental ly  observed e l emen ta l  composi t ions  a r e :  

Found Ca'l'culated Values 

The. exper'ime.nta1 Cl/Mo r . a t i o  i s  1'. 32  (1'. 33 c a l c u l a t e d ) .  



P r e p a r a t i o n  of Na2[ (Mo6C18) (SCH2CH3)63'3 ( C 5 H 5 N )  - 
Compound I1 

The equa t i on  f o r  t h e  f i r s t  s t e p  of  t h i s  p r e p a r a t i o n  

i s :  

[ ( M o ~ C ~ ~ ) C ~ ~ ]  + 6  NaSCH2CH3 -> Na2[(~06C18)(SCH2CH3)6] 

+ 4 NaCl 

1 . 0 0  g  Mo6Cl12 and 0 .51 g  NaSCH2CH3 (1 :6  mole r a t i o )  were 

used f o r  t h e  p r e p a r a t i o n .  Except f o r  t h e  amount of sodium 

e t h y l  mercap t ide ,  t h e  s y n t h e s i s  was i d e n t i c a l  t o  t h a t  of --- - 

compound I u n t i l  t h e  i s o l a t i o n  of  t h e  p roduc t  from t h e  - - .  . .  - 

p y r i d i n e  e x t r a c t i o n .  Th i s  compound i s  a l s o  q u i t e  s o l u b l e  i n  

p y r i d i n e .  However, slow removal o f  t h e  p y r i d i n e  under 

vacuum y i e l d e d  a r e d ,  c r y s t a l l i n e ' p r o d u c t .  Some e t h e r  was 

. d i s t i l l e d  i n  w i t h  t h e  p roduc t  and t h e  remain ing  p y r i d i n e  

s o l u t i o n  t o  improve t h e  y i e l d .  N a 2 [  (Mo6Cla) (SCH2CH3)61* 

3(C5H5N) was i s o l a t e d  as a n  orange powder. C a l c u l a t e d  and 

observed e l emen ta l  composi t ions  a r e :  
\ ed Va.~u.e.s. ,. . . . ' ' ' 

B b'u'nd . . . ' . . . c.a.l'c.u.l.a.t' ' ' 

Na2[(Mo6C18) ( S C H ~ C H ~ ) ~ ] ' * ~ ( C ~ H ~ N )  

Mo ' 38 .34 .  38.14 

c l  18 .51  18 79 

c 21.. 78 21.49 

H 3'. 02 3'. 01 

The Cl/Mo r a t i o  i s  1 . 3 1  (1 .33  c a l c u l a t e d ) .  X-ray powder 

photographs  i n d i c a t e  t h i s  d e r i v a t i v e  i s  c r y s t a l l i n e .  A 



i 
l i s t i n g  o f  t h e  e s t i m a t e d  i n t e n s i t i e s  a n d . c a l c u l a t e d  d- 

spac ings  i s  p r e s e n t e d  i n  Tab le  l .  

Table  1. X-ray powder p a t t e r n  d a t a .  f o r  ~ a ~ [  ( M O ~ C ~ ~ )  ( s ~ ~ ~ ~ )  61 ' 
. . . . . . . . . . . . . . . . . . . . . . . .  . . . . . . . . . . .  .3.(.C. H N.). a , b  5 '5 

E s t  . d-spacing E s t .  
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a ~ a t a '  o .b ta ined w i t h  Cu K .  r a d i a t i o n .  a 

b ~ b b r . e v i a t i o n s  ( i n  t h i s  and .  subsequent  t a b l e s )  : 
s ,  s t r ong ; '  m,'.medi'um; w,  ,weak; v ,  v e r y ; '  b r ,  broad;  
sh ,  s h o u l d e r .  -. 



RESULTS AND DISCUSSION 
1 

I n f r a r e d  S p e c t r a  

The i n f r a r e d  s p e c t r a  were s t u d i e d . w i t h  t h e  i n t e n t  o f  

o b t a i n i n g  t h e  maximum amount of c h a r a c t e r i z i n g  d a t a  f o r  t h e  

two compounds. Table  2 l i s t s  t h e  a b s o r p t i o n s  of compounds I 

and I1 i n  t h e  r ange  from 2000 t o  200 cm-l. F i g u r e  1 i s  a  

r e p r o d u c t i o n  o f  t h e  s p e c t r a l  t r a c e s  of  b o t h  compounds. The 

s p e c t r a  i n d i c a t e  p y r i d i n e  i s  a component o f  bo th  compounds. 

G i l l " e t ' a 1 .  -- have shown t h a t  i t  i s  p o s s i b l e  t o  deduce from 

t h e  i n f r a r e d  s p e c t r a  of  complexes c o n t a i n i n g  p y r i d i n e  

whether  p y r i d i n e  i s  c o o r d i n a t e d  t o  t h e  me t a l  ( 5 0 ) .  One 

i n d i c a t o r  i s  a  s h i f t  . o f  t h e  unbound m o l e c u l e ' s  s t r o n g  

a b s o r p t i o n  a t  1578 cm-I t o '  c a .  - . l 6 0 0  cm-l. I n  .compound I ,  

t h i s  band appea r s  a t  1501  cm-l. Th i s  i n d i c a t e s  t h a t  

p y r i d i n e  i s  c o o r d i n a t e d  t o  t h e  molybdenum c l u s t e r .  I n  

compound 11, t h e  c l u s t e r  of peaks  between 1570 and 1 6 1 1  cm-l 

resemh1.e~ t h e  co r r e spond ing  peaks  of  compound I more c l o s e l y  

t h a n  t h o s e  of  f r e e  p y r i d i n e .  Th i s  may be caused  by l a t t i c e  

e f f e c t s .  However, t h e  major  band ' s  l o c a t i o n  a t  1588 cm-I i s  

n o t  s i g n i f i c a n t l y  s h i f t e d  from t h e  f r e e  molecu le .  It may be 

concluded t h a t  p y r i d i n e  i s  n o t  bound t o  t h e  c l u s t e r  i n  

compoilnd 11. Other  c r i t e r i a  s u p p o r t  t h e s e  c o n c l u s i o n s .  A 

band o c c u r r i n g  a t  601 6m-l i n  p y r i d i n e  i s  s h i f t e d  t o e a .  - 

625 cm-l upon c o o r d i n a t i o n .  I n  compound I, t h i s  s t r o n g  band 



T a b l e  2 .  I n f r a r e d  d a t a  f o r  [ (Mo6C18) (SC2H5) 4(C5H5N)21 - 
compound I, andNa2[(~06~18)(S~2H5)61*3(C5H5N) - 

-1 
. . . . . . . . c.omp.o.un.d. .I.I. .(.2.0.0.0. .-. .2.0.0. .cm . ) .  

I I1 Comments 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . . . . . . .  . 

1601  w-m 

1572 s h  

1560 s h  

,1482 s h  

1460 w 

1 4 4 3  m 

13.75 m-s  

1309 vw,br( .?)  

1246 s 

3.2.1-4 m - s  

1152 w;br 

l i o g  VW(.?)  

i o 6 2  s 

i04 l '  m-s  

i024 '  m-s  

i o o y  m-s  

988,  vw 

964' rn 

874. VW(.?) 

' ,854 w(.?) 

805. vw(!!) 

'(54. v s  

1 6 1 1  w 

1588 m-s  

1570 w-m 

1482 w 

1455 m,br 

1440 s 

1375 m-s  

1249 s 

1213 w 

1146 w-m 

i 0 6 2  w-m 

i o 4 0  s h  

1029  s 

i 0 1 4  s h  

993 w-m 

963 m 

879 w 

7.97 w(? 

: 7 4 4  s 

(1478)  1484 py 

N u j o l  

(1436)  1439 PY 

N u j o l  

1309 NaSEt 

1258 NaSEt 

(1217)  1218 py 

(1145)  1146 py 

( i o 6 7 )  i 0 6 8  py 

1033  NaSEt , 

( i03 .1 )  i o 3 o  py 

1015  NaSEt 

(99.1) 990 PY 
968 NaSEt 

(7.47 7.47 PY 
7.45 NaSEt 

a Values i n  pa re .n the . se s  a r e  .p .ubl ished.  v a l u e s ;  a l l  . o t h e r s  
we.re .re.cor.ded i n  t h i s  .work. 



Comments 
. . . . . . . . . . . .  . . 

720 vw 

694 vs 

678 sh 

664 vw,sh 

640 m-s 

600'vw,br 

390 w-m 
I 380 doublet 

362 vw,sh 

340 sh 

319 s 
294 sh 

282 sh 

275 sh 
236 vw(?) 

654 m-s 

610 m-s 

403 m 

660 NaSEt 

(601) ' 603 py 

(403) 406 PY 

v (Mo-S) 

v (MO-S) 
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i s  n o t  s e e n .  I n  compound 11, a s t r o n g  band i s  found a t  

610 cm-l. Also ,  a medium s t r e n g t h  band a t  40.3 cm-l i n  

p y r i d i n e  s h i f t s  to .  Ca. - 4 2 0  cm-I a f t e r  c o o r d i n a t i o n .  A 

s t r o n g  b a n d ' o c c u r s  a t  403 cm-l i n  compound 11; n o c o m p a r a b l e  

b a n d ' i s  found f o r  compound I .  

- S e v e r a l  s t u d i e s  o f  t h e  v i b r a t i o n a l  s p e c t r a  o f  t h e  

hexanuc lea r  molybdenum a n d . t u n g s t e n  d i h a l i d e s  have been 

made ( 5 1 , 5 2 ) .  They compared t h e  s p e c t r a  of  a l a r g e  number 

of c l o s e l y  r e l a t e d  d e r i v a t i v e s  t o  , a i d  i n  making s p e c i f i c  

a s s i gnmen t s .  No.such scheme i s  p o s s i b l e  h e r e .  I n s t e a d ,  

t h e s e  a u t h o r s '  a s s ignments  a n d ' d a t a  were compared w i t h  t h e  

s p e c t r a  of  t h e  two mercap t ide  c l u s t e r  complexes. The 

purpose  o f  t h i s  was t o  de t e r l r~ lne  whether  t h e  (Mo6Clg) 
4+ 

c l u s t e r  i s  i n t a c t  i n  t h e s e  complexes. The s p e c t r a  o f  

compounds I and I1 a r e  q u i t e  complex between 300 and 400 

-1 cm . (Mo6C18) a b s o r p t i o n s ,  as w e l l  a s  a  v(Mo-S) s t r e t c h i n g  

band a r e  expec ted  i n  thj .s  r e g i o n .  T h e r e f o r e , t h e  a s s i g n -  

ments f o r  t h e s e  bands a r e  ve ry  t e n t a t i v e .  

F i v e  v i b r a t i o n a l  modes a r e  expec ted  t o  be  i n f r a r e d -  

a c t i v e  f o r  a n  o c t a h e d r a l  [(Mo6CI8)Y' 6  ] c l u s t e r .  There a r e  

two (Mo CL ) s t r e t c h e s ,  a (MO-Y) s t r e t c h ,  a (MO-MO) s t r e t c h ,  6  8 
and a (C-1-lVIo-Y) bend.  None of these modes a r e  c 'ompletely 

independen t .  Same mixing does  occu r  ( 5 1 ) .  Neve r the l e s s ,  

bands occu r  c o n s i s t e n t l y  n e a r  330 a n d  220 cm-l i n  a  v a r i e t y  

o f  [(Mo6Clg)L61 complexes ( 5 2 ) .  These two a b s o r p t i o n s  have 



30 

been designated as the two (Mo6C18) stretching modes. The 

band at . ca. - 330 cm-L is often split into two strong bands at 

. . ca. 300 and350 cm-l. This is due to a reduction in sym- - 

metry usually caused by interaction with ions in,the lattice. 

In these two mercaptide derivatives of,the cluster, the 

alkyl tails of the mercaptide ligands could conceivably 

lower the overall symmetry to C1. As in previous studies, 

the contribution of nonlinear terminal ligands to the 

cluster's overall symmetry is neglected. In compound 11, 

N~,[(MO~C'~)(SCH~CH~.)~]*~~Y, the cluster unit should have 

+ 
octahedral symmetry. However, the two Na ions and three 

pyridine molecules in the lattice may lower this symmetry. 

Compound I, [(Mo6C1b),(S~t) py I ,  has at most symmetry. 4 2 

This lower symmetry should cause splitting of the infrared 

bands. In a series of [(W6C18)L4] complexes, this splitting 

was observed in the spectra of crystalline samples (51). 

However, it was not i n  the spectra of amorphous samples of 

the same compounds. Apparently, the terminal ligands 

surrounding the cluster core in the amorphous samples are 

disordered, resulting in closer approach to octahedral 

symmetry. All samples of compound I were amorphous, 

Compound I has a very strong, broad absorption at 

-1 319 cm , wlth many shoulders on it. It resembles the 

332 cm-l band in a spectrum of amorphous Mo6Cl12. No well- 

defined absorption occurs in the 220 cm-' region for 



compound I. Compound I1 has a much sharper spectrum in this 

region. Two strong, completely resolved bands at 302 and 

340 cm-I are probably due to (Mo6C18) stretching. The 

splitting in this case may be due to the previously mentioned 

lattice effects. A well-defined band. occurs at 222 cm-l in 

the spectrum of compound 11, and is assigned to the other 

(Mo6C18) vibration. 1t.resembles the 221 cm-l band in a 

spectrum of an amorphous Mo6Cl12 sample. The infrared 
4+ 

spectra support the retention of the (Mo6c18) cluster core 
( 

in these mercaptide complexes. 

Assignment of the bands arising from ethyl mercaptide 

absorptions is based primarily on the spectrum of a mulled 
I 

- 
sample of N~+SCH CH 

2 3 '  
Bands due to ethyl mercaptide are 

- 
clearly v i s i b l e  in the spectra of compounds I and ITT q 

4+ Several (Mo6C18) compounds containing anions not coordi- 

. nated to- the cluster aye known (38). It is not possible to - - 
! 

determine from the frequencies associated with ethyl- 
I 

mercaptide's absorptions whether it is coordinated. 

Nevertheless, the infrared spectra do provide shaky.proof 

that these' mercaptide ions are coordinated. After all the 

other' major bands have..been assigned, a band in the spectrum 

of. each' c'ompound remains to be accounted for, In ,II, this 

band occurs at' 375 cm-'; in I, it is split and occurs at 

390 and380 cm-l. These are tentatively assigned to the 

(Mo-S ) ' s t.r.e.t c hing mo.de . The.se. frequenc.ies are s'omewhat 



lower t h a n  v ( M o - S ) =  450 cm-I i n  M O ( S C H ~ ) ~  ( 5 3 ) .  I n  t h i s  

l a t t e r  compound, molybdenum i s  i n  t h e  3+ o x i d a t i o n  s t a t e ;  

i n  compounds I and 11, i t  i s  i n  t h e  2+ s t a t e .  The f requency  

a s s i g n e d  t o  t h e  t e r m i n a l  chloride-Mo s t r e t c h  i n  Mo6Cl12 

shou ld  a l s o  be a  good s t a n d a r d ' f o r  comparison.  A band a t  

250 cm-l i s  u ~ u a l l y  d e s i g n a t e d  as v(Mo-Clt). However, 

t h e r e  i s  some q u e s t i o n . o f  t h e  v a l i d i t y  o f  t h i s  a ss ignment .  

T h i ~  f requency  i s  q u i t e  low when compared w i t h  v(Mo-Clt) = 

340 cm-l i n  [ ( M O ~ B ~ ~ ) C ~ ~ I  ( 5 2 )  and ~ [ w - c ~ ~ I  = 305 cm-I i n  

[(W6C18)C14] ( 5 1 ) .  There i s  r ea son  t o  b e l i e v e  ~ ( M o - c l ' ) ~  

i n  Mo6Cl12 may be h idden by t h e  (Mo6Clg) a b s o r p t i o n  a t  

330 cm-l. I f  a  ' va lue  of  c a .  - 330 cm-I i s  assumed f o r  

v(Mo-Clt), t h e  a s s i g n e d  v a l u e s  f o r  v(Mo-S) i n  compounds I 

and .  I1 seem t o o  h i g h .  

Th i s  a n a l y s i s  of  t h e  i n f r a r e d  s p e c t r a  of  t h e s e  two 

compounds i n d i c a t e s :  
4+ 

a )  . bo th  compounds p robab ly  c o n t a i n  t h e  ( M O ~ C ~ ~ )  

c l u s t e r ;  

b )  p y r i d i n e . i c  c o o r d i n a t e d  t o  t h e  c l u s t e r  i n  

c'ompound I bu t  n o t  i n  11; 

c )  bo th  compounds c o n t a i n  e t h y l  mercap t ide ;  

d )  . e t h y l  me rcap t i de  i s  p robab ly  c o o r d i n a t e d  t o  

the.  c l u s . t e r  i n  b o t h  c a s e s ;  



E l e c t r o n i c  

The e l e c t r o n i c  s p e c t r a  were s t u d i e d  w i t h  t h e  i n t e n t  t o  

p rov ide  a d d i t i o n a l  suppo r t  f o r  t h e  p r e s e n c e  of  t h e  (Mo C 1  ) 4+ 
6  8  

c l u s t e r  i n  b o t h  compounds. Fergusson -- e t  a l .  observed bands 

a t  317, 342, and 359 nm i n  a  s o l i d  s t a t e  r e f l e c t a n c e  
2- 

spect rum of  a  [ ( M O ~ C ~ ~ ) C ~ ~ I  s a l t  ( 3 9 ) .  A f t e r  comparing 

t h e  s p e c t r a  of a v a r i e t y  of  c l u s t e r  d e r i v a t i v e s ,  s u b s t i t u t e d  

i n  t h e  t e r m i n a l  and /or  b r i d g i n g  p o s i t i o n s ,  he concluded t h a t  

t h e  317 nrn band may be a s s i g n e d  t o  t h e  ( ~ 0 ~ ~ 1 ~ ) ~ '  c l u s t e r  

co r e ;  i t s  p o s i t i o n  changes  on ly  when t h e  b r i d g i n g  h a l i d e s  

a r e  exchanged. The o t h e r  two bands depend on t h e  t e r m i n a l l y  

bound h a l i d e s .  Nonhalo t e r m i n a l l y  bound l i g a n d s  seem t o  

have no e f f e c t  on any o f  t h e  bands .  The mode o f  bonding of 

t h e  t e r m i n a l  h a l i d e s  ( b r i d g i n g  between two c l u s t e r s  o r  

bound t o  one  c l u s t e r )  a l s o  has  no e f f e c t  on  t h e  spec t rum.  

Thus, C s 2 [  (Mo6Clg ) C l 6 I y  [ ( M o ~ C ~ ~ ) C ~ ~ / ~ C ~ ~ ]  and 

[ ( M o ~ C ~ ~ ) C ~ ~ P Y ~ ]  a l l  have  e s s e n t i a l l y  i d e n t i c a l  s p e c t r a .  

Mackay found bands a t  224, 312, and 336 nm i n  t h e  spec t rum 

of  a n  e t h a n o l  s o l u t i o n  o r  Cs2[(Mo6C18)C16] ( 5 2 ) .  The molar 

a b s o r p t i v i t y  of t h e  band a t  224 nm i n d i c a t e s  i t  p robab ly  i s  

a t e r m i n a l  l i g a n d - c l u s t e r  c h a r g e  t r a n s f e r  band. 

S ince  s o l i d  samples o f  compounds I and I1 decompose i n  

t h e  a i r ,  a l l  s p e c t r a  were r eco rded  of  samples i n  s o l u t i o n .  

Compound I, [ ( M o ~ C ~ ~ ) ( S E ~ ) ~ P Y ~ ~ ,  i s  i n s o l u b l e  i n  methanol .  

It d i s s o l v e d  i n  DMSO, forming a  c l e a r  ye l low s o l u t i o n .  



Compound 11, Na2[(M~6C18)(SEt)61'3PY, d i s s o l v e d  i n  b o t h  

s o l v e n t s ,  y i e l d i n g  c l e a r  ye l low s o l u t i o n s .  A l l  t h r e e  

sample s o l u t i o n s  gave  i d e n t i c a l  r e s u l t s  i n  s c a n s  from 600 t o  

300 nm. They began t o  a b s o r b  a t  480 nm; t h e  a b s o r b a n c e  

k e p t  i n c r e a s i n g  a l l  t h e  way t o  300 nm. However, no 

d i s c r e t e  peaks  a p p e a r e d .  S i n c e  DMSO i t s e l f  a b s o r b s  s t r o n g l y  

below 300 nrn, o n l y  t h e  methanol  s o l u t i o n  o f  compound I was 

scanned f u r t h e r .  Absorbance was s t i l l  i n c r e a s i n g  below 

300 nm. There  i s  p robab ly  a  c h a r g e  t r a n s f e r  band h e r e .  

None of t h e  c l u s t e r ' s  c h a r a c t e r i s t i c  a b s o r p t i o n s  between 

300 and 350 nm showed up  i n  any of  t h e s e  s p e c t r a .  
_ _ _  - A 

Although t h e s e  e f f o r t s  were d i s c o u r a g i n g ,  a n o t h e r  ap-.  

4+ 
preach was t a k e n  t o  s h o w - t h a t  t h e  (Mo6Clg) c l u s t e r  i s  . -  . 

i n t a c t  i n  t h e s e  compounds. Samples of  b o t h  compounds were 

weighed o u t  from t h e  d r y  box and d i s s o l v e d  i n  1 . 2 ' s M  - hydro-  

c h l o r i c  a c i d  i n  methanol .  G e n t l e  h e a t i n g  was r e q u i r e d  t o  g e t  

compound I1 i n t o  s o l u t i o n .  A sample of C(Mo C 1  ) C 1 4 1  was 
6 3  

s i m i l a r l y  t r e a t e d .  A l l  t h r e e  s o l u t i o n s  were c l e a r  y e l l o w .  . 

T h e i r  s p e c t r a  were scanned from 600 t o  300 nm. A s  t h e  d a t a  

i n  Tab le  3 ,show,  a l l  t h r e e  s p e c t r a  were i d e n t i c a l .  S i n c e  i t  

i s  known [ ( M o ~ C ~ ~ ) C ~ ~ ]  i s  c o n v e r t e d  t o  [ ( ~ 0 ~ ~ 1 ~  )c1612- under  

t h e s e  c o n d i t i o n s ,  compounds I and I1 r e a c t e d  w i t h  t h e  hydro- 

c h l o r i c  a c i d  y i e l d i n g  t h i s  same s p e c i e s .  The s p e c t r a  a r e  

q u i t e  s imilar  t o  t h o s e  r e p o r t e d  by Mackay ( 5 2 )  and Fergusson 

e t  -- a l .  ( 3 9 )  f o r  [ ( M O ~ C ~ ~ ) C ~ ~ ] ' -  s a l t s ,  e x c e p t  t h e  band.  a t  



[(Yo C l  ) (SC H ) ( C  H N) ] (M0.6C18 ) C.1.4 I. . . . . . . . . 6  . 8  . . . 2 5 4 5 5 2 Na2[(~06C18)(SC2H5)63'3(C5H5N) 

- -- 

a S p e c t r a  o b t a i n e d  i n  met .hanol /hydrochlor ic  a c i d  s o l u t i o n s .  

-1 -1 b ~ o l a r  e x t i n c t i o n  c o e f f i c i e n t s  a r e  i n  u n i t s  o f  l o 3  l i t e r  mole cm . 



359 nm observed  i n  Fergusson '  s s t u d y  was n o t  found.  However, 

t h e  band which Fergusson -- e t  a l .  no ted  as c h a r a c t e r i s t i c  of 

2- t h e  [ ( M o ~ C ~ ~ ) C ~ ~ ]  c l u s t e r  was observed i n  t h e s e  s p e c t r a .  

The s l i g h t  d i s c r e p a n c i e s  between t h e s e  s e t s  o f  d a t a  c an  

p robab ly  be a t t r i b u t e d  t o  s o l v e n t s  and p rocedu re s  used i n  

r e c o r d i n g  t h e  s p e c t r a .  

2- As was s t a t e d  above,  t h e  [(Mo6C18)C161. c l u s t e r  i s  

p r e s e n t  i n  methano l ic  s o l u t i o n s  o f  compounds I and I1 which 

have been a c i d i f i e d  w i t h  h y d r o c h l o r i c  a c i d .  The s m e l l  o f  

l i b e r a t e d  e t h y l  mercaptan  i s  a p p a r e n t  as t h e  compounds a r e  

d i s s o l v i n g ;  t h e  me rcap t i de  l i g a n d s  a r e  r e p l a c e d  by c h l o r i d e ,  

and a r e  conver ted  t o  e t h y l  mercaptan  i n  t h e  a c i d i c  s o l u t i o n .  

It may be concluded t h a t  some form o f  the  ( M O ~ C ~ ~ ) ~ '  c l u s t e r  

i s  a  s t r u c t u r a l  u n i t  o f  compounds I and 11. It  i s  v e r y  

u n l i k e l y  t h a t  t h e  ( M O ~ C ~ ~ ) ~ '  c l u s t e r  shou ld  be formed from 

a  nonc lu s t  e r  e n t i t y  i n  methano l /hydroch lor ic  a c i d  s o l u t i o n  

w i t h  g e n t l e  h e a t i n g .  The absence  of any bands c h a r a c t e r i s t i c  

4 +  of (Mo6C18) i n  t h e  s p e c t r a  of compounds I and I1 i n  d r y  

DMSO o r  methanol  ha s  two p o s s i b l e  e x p l a n a t i o n s :  

1) The peaks  h a v e - b e e n  s h i f t e d  t o  wavelengths  

below 300 nm, where til-~ey a r e  h idden  by a 

cha rge  t r a n s f e r  band. 

3 )  T h e  cha rge  t r a n s f e r  band i s  s h i f t e d  t o  lower  

energy i n  compounds I and I1 t h a n  i n  p r e v i o u s  

c l u s t e r  compounds. The t a i l  between 300  and 



400 nm i s  i n t e n s e  enough t o  o b s c u r e  t h e  

4+ ( ~ o g c l ~ )  bands t h e r e .  

The f i r s t  e x p l a n a t i o n  i s  l e s s  l i k e l y .  S i n c e  i t  i s  

b e l i e v e d  t h e  band a t  317 nm i s  c h a r a c t e r i s t i c  o f  t h e  

4 +  
(Mo6C18) c l u s t e r  and i s  independent  of  t h e  t e r m i n a l  l i g a n d s ,  

t h i s  i m p l i e s  t h e  c l u s t e r  ha s  been a l t e r e d .  For  example, one 

o r  more o f  t h e  b r i d g i n g  h a l i d e s  may have been s u b s t i t u t e d  

by a mercap t i de .  The o t h e r  peaks  may be s h i f t e d  due  t o  t h e  

mercap t i de  l i g a n d s  i n  t e r m i n a l  p o s i t i o n s .  When r e a c t e d  w i t h  

methano l /hydroch lor ic  a c i d ,  t h e  hypo thes ized  c l u s t e r ' s  

b r i d g i n g  mercap t i de s  a r e  r e p l a c e d  by c h l o r i d e .  The charac -  

2- 
t e r i s t i c  spect rum of [(M0gC18)C1g1 would t h e n  be obse rved .  

Much h a r s h e r  r e a c t i o n  c o n d i t i o n s  and /or  much s t r o n g e r  

n u c l e o p h i l e s  up t o  now have been r e q u i r e d  t o  r e p l a c e  a  

b r i d g i n g  h a l i d e  i n  nonbas ic  media ( 4 0 , 4 2 ) .  However, 

no th ing  i s  known abou t  t h e  r e a c t i v i t y  of a  me rcap t i de  i n  a 

b r i d g i n g  p o s i t i o n .  N a n n e l l i  and Block were a b l e  t o  r e p l a c e  

f o u r  b r i dg ing .me thox ide  l i g a n d s  w i t h  phenoxide l i g a n d s  a t  

120°C i n  s o l u t i o n .  

The second e x p l a n a t i o n  i s  more p l a u s i b l e .  The s h i f t  of 

t h e  cha rge  t r a n s f e r  band t o  lower energy might  be caused  by 

t h e  t e r m i n a l  me rcap t i de  l i g a n d s .  They a r e  s o f t e r  b a s e s  t h a n  

c h l o r i d e ,  and so  t h e y  might cause  such a s h i f t .  The molar  

a b s o r p t i v i t y  of  a  spectrum of compound I i n  DMSO between 

300 and 350 nm i s  a n  o r d e r  6f magnitude l a r g e r  t h a n  found 



by Mackay i n  t h i s  r e g i o n .  T h i s  s u g g e s t s  t h e  c h a r a c t e r i s t i c  

c l u s t e r  bands  a r e  c o v e r e d .  I n  m e t h a n o l / h y d r o c h l o r i c  a c i d  

s o 3 u t i o n ,  t h e  m e r c a p t i d e  l i g a n d s  would be  d i s p l a c e d  by 

2- c h l o r i d e ;  t h e  a b s o r b i n g  s p e c i e s  would b e  [ ( M o ~ C ~ ~ ) C ~ ~ ]  . 
F u r t h e r  s u p p o r t  f o r  t h e  f o r m u l a t i o n  of  compounds I and I1 as  

4+ 
(Mo6C18) c l u s t e r s  i s  p r o v i d e d  by t h e i r  e l e m e n t a l  a n a l y s i s ,  

which c o n s i s t e n t l y  i n d i c a t e  a  Cl/Mo r a t i o  o f . 1 . 3 3 ,  and  t h e i r  

i n f r a r e d  s p e c t r a .  



CONCLUSION 

Additional insight into the structures of compounds I 

and I1 can be gained from consideration of their chemical 

behavior. The solubility of compound I in a variety of 

solvents was checked in a futile attempt to prepare crystal-. 

line samples. It is insoluble in weakly polar and nonpolar 

solvents. However, compound I .dissolves in the strongly 

donating solvents pyridine, DMSO and DMF, and also in 

acidified polar solvents. For example, although it is 

insoluble in neat methanol or acetonitrile, compound I 

dissolves in both if they are acidified with nitric or 

hydrochloric acids; Compound I1 is soluble in these 

solvents, and also dissolves in neat methanol or ac.e:to- 

nitrile. Although compound I1 dissolves in water, 

compound I is not even wetted by it. 

Its 'amorphism and.insolubility in most common solvents 

suggest compound I might be polymeric. There are several 

points of similarity between compound I and [ ( M o ~ C ~ ~ ) C ~ ~ ] .  

[ ( M o ~ c ~ ~ ) c ~ ~ ]  dissolves in a limited number of solvents, 

but its solubility in.methano1 i s  greatly enhanced by the 

addition of hydrochloric acid. This behavior reflects a 
4+ 

polymeric structure where each (Mo6C18) cluster is linked 

to other clus.ters through four doubly-bridging terminal 

chlorides. For this reason, the structural formula is best 

writted a s  [ ( M O ~ C ~ ~ ) C ~ ~ , ~ C ~ ~ ]  (17). Unless C ( M O ~ C ~ ~ ) C ~ ~ ]  



is formed or annealed at high temperathre, it,is amorphous. 

Its amorphism is attributed to disorder caused by the random 

formation of the intercluster bridges. By analogy, it seems 

likely that the clusters of compound I are linked in a dis- 

ordered way by mercaptide bridges. Attempts to promote 

crystallization by annealing lead to decomposition of this 

compound. However, mercaptides do frequently serve as 

doubly-bridging ligands, as for example in [Ni6(SR)12] (54) 

and ((CH ) N) ](cosP~)~(sP~)~].(~~). Th.is propensity for 
3 4  2 

bridging can lead to more extensive polymerization, as in 

the caee of MO(SCH ) -  (53). 
3 3 

Extending the analogy, amorphous [ ( M o ~ C ~ ~ ) C ~ ~ , ~ C ~ ~ ]  
- - . -- 

reversibly absorbs' moisture from the air to form 

C ( M O ~ C ~ ~ ) C ~ ~ ( H ~ O ) ~ ] ,  a crystalline compound (37). This 

amorphous to crystalline transformation is probably 

facilitated by a more ordered arrangement of the cluster 

units in the dihydrate, permitted by the destruction of the 

intercluster bridges. Compound I also absorbs moisture 

Srom the air. However, this process is irreversible, and 

the product is amorphous. The obvious smell of ethyl 

mercaptan during exposure of compound I to air indicates 

hydrolysis as in the process 

It is not necessary to postulate intercluster mercaptide 

bridges to rationalize the amorphism of compound 1. If the 



known structural features of compound I are'contrasted with 

those of crystalline compound 11, another explanation is 

apparent. Py~idine is coordinated to the cluster in 

compound I. This bulky ligand probably hinders efficient 

packing. 1n.compound 11, the uncoordinated pyridine 

molecules are.free to occupy optimal lattice positions. 

However, this rationalization does not account for the 

differing solubility characteristics of compounds I and I1 

as well as the postulated intercluster mercaptide bridges. 

The analytical data indicate there are two pyridine 

molecules .per cluster in compound I. The infrared spectrum 

indicates both these pyridine molecules are'coordinated. . 

To acc'ornmodate the.se facts, and the possibility of inter- 

cluster' mercaptide bridges, compound I should be formulated 

a s  [(Mo~C~~)(C 5 5  H N) 2 (SC2H5)x/2.(sC2H5)4-xI(sC2H5)x/2; 

x ='0,2,4. The existing data.are.not sufficient to suggest 

the exact formula. More extensive characterization of the 

compound in the solid state would be required. Since 

compound 1 is amorphous, it is doubtful whether this would 

be worthwhile. 

It can be confidently stated that the correct formula 

of compound I1 is Na2[(Mo~Clg)(SC,H5)63'3(CfiN). ,L 



SUGGESTIONS FOR FUTURE WORK 

The most impor tan t  g o a l  f o r  any e x t e n s i o n  o f ' t h i s  work i s  

t h e  p r e p a r a t i o n  of a s e r i e s  of  c r y s t a l l i n e ,  mercap t ide -  

s u b s t i t u t e d  c l u s t e r s .  Mercap t ides  w i t h  a l k y l  c h a i n s  s h o r t e r  

t h a n  e t h y l  might be t h e  key.  P r e p a r a t i o n  of  c l u s t e r  compounds 

w i t h  CH S- o r  HS- l i g a n d s  might be acc'omplished by a r o u t e  
3 

s i m i l a r  t o  t h e  one used i n  t h i s  work. Reac t i on  o f  compounds I 

and'  I1 w i t h  t h e s e  two l i g a n d s  might  a l s o  l e a d  t o  t h e  d e s i r e d  

r e s u l t .  

S y n t h e t i c  e f f o r t s  shou ld  a l s o ' i n c l u d e  a t t e m p t s  t o  p r e p a r e  

c l u s t e r s  more mercap t i de - r i ch  t h a n  compounds I and 11. Pre-  

1 i m i n a r y . a t t e m p t s  t o  make [ ( ~ o ~ ( S E t . ) ~ ) ( s E t ) ~ l  produced a n  

amorphous brown s o l i d .  This '  m a t e r i a l  sti.11 c o n t a i n e d  'ca .  - 12  

.pe rcen t  c h l o r i d e .  A s o l v e n t  w i t h  a  b o i l i n g  p o i n t  h i g h e r  t h a n  . . 

t h a t  of methanol  was r e q u i r e d .  

The o x i d a t i o n  s t a t e  of  molybdenum i n  a l l  o f  t h e  hexa- 

n u c l e a r  molybdenum cha lcogen ide  pha.ses i s  g r e a . t e r  t h a n  2+. 

For  t h i s  r e a s o n ,  r e a c t i o n s  between a molybdenum d i h a l i d e  

c l u s . t e r  and a n  o x i d i z i n g  "mercapt ide"  l i g a n d ,  such as 

CH SSCH3, would be i n t e r e s t i n g .  3 
Thermal exchange of  t h e  b r i d g i n g  and t e r m i n a l ' l i g a n d s  

(hal ide ' -mercapt ide ,  mercaptide-mercaptide-') o f  a mercap t ide -  

s u b s t i t u t e d  c l u s t e r  might l e a d  t o  more new and p o t e n t i a l l y  

i n t e r e s t i n e  compounds. 



More e x t e n s i v e  characterization of a l l ' t h e s e  c'ompounds 

i n  t h e  s o l i d  s t a t e  would be neces sa ry .  Fa r  i n f r a r e d ,  Raman, 

and p h o t o e l e c t r o n  spec t roscopy  might a l l ' p r o v i d e  v a l u a b l e  

a s s i s t a n c e .  
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