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V l l l  

A s tudy  of  some meta l  c l u s t e r  systems c o n t a i n i n g  

niobium, t an t a lum,  molybdenum and tungs ten*  

Will iam C l i f f o r d  Dorman 

Under t h e  s u p e r v i s i o n  of  Robert E .  McCarley 
From t h e  Department o f  Chemistry 

Iowa S t a t e  U n i v e r s i t y  

Four newmixed meta l  c l u s t e r  compounds con ta ' in ing  t a n t a -  

lum and t u n g s t e n ,  niobium and t u n g s t e n ,  and niobium and 

molybdenum were p repared  and c h a r a c t e r i z e d  by t h e i r  e l e c t r o n i c  . .  

s p e c t r a ,  f a r  i n f r a r e d  s p e c t r a ,  magnetic p r o p e r t i e s ,  and X-ray 

d i f f r a c t i o n  p a t t e r n s .  Tungsten s u b s t i t u t e d  d e r i v a t i v e s  of 

Ta6C112 n+ ob ta ined  i n  t h i s  work were fo rmula ted  a s  

[(C,H7),N]2,3[(Ta5WC112)C16]. Also ,  new compounds cons idered  

t o  be d e r i v a t i v e s  of  Nb3C18 were fo rmula ted  a s  Nb3-xMxC18 

(M = Mo, W) . 
A l l  compounds were p repared  by coreducing t h e  a p p r o p r i a t e  

p e n t a h a l i d e s ,  o r  t ungs t en  h e x a h a l i d e ,  w i t h  A 1  i n  a  NaC1-A1C13 

me l t .  A f t e r  r e d u c t i o n ,  t h e  r e a c t i o n  ampoules were opened and 

t h e i r  c o n t e n t s  c rushed  and e x t r a c t e d ,  twice  w i t h  wa te r  and a  

t h i r d  t ime wi th  e t h a n o l .  

The t h i r d  e x t r a c t i o n  of t h e  t an t a lum- tungs t en  mix ture  

a f f o r d e d  a  s o l u t i o n  of t h e  mixed meta l  c l u s t e r s .  T h i s  s o l u -  

t i o n  was s a t u r a t e d  w i t h  anhydrous H C 1 ,  and [(C3H7)4N] 

*USAEC Report  IS-T-632.  This  work was performed under 
c o n t r a c t  W-7405-eng-82 w i t h  t h e  Atomic Energy Commission. 



[(Ta5WCl12)C16] was crystallized from solution, after oxida- 

tion with C12, by the addition of excess tetrapropylammonium 

chloride. Reduction of this compound with zinc in butyro- 

nitrile yielded [ (C3H7) 4N] [ (Ta5WCl12) C16]. 

The third extraction of the niobium-tungsten and niobium- 

molybdenum preparations yielded products free from the salt 

medium and from any soluble cluster species. 

The reaction variables investigated in all preparations 

were 'the metal ratios in the starting mixtures, the reaction 

times and the. reaction temperatures. 

The electronic spectra, far infrared spectra, and magnetic 

n+ properties of theTa5WCl12 species were found to be in close 

agreement with those of .the corresponding isoelectronic mem- 

n+ bers of the Ta6Cl12 series. 
. . 

The electronic spectra of the mixed metal clusters of 

niobium and tungsten were similar to that of NbSClg The 

niobium-molybdenum substituted compound, however, displays a 

unique electronic spectrum. 

~agnetic data obtained for the tungsten substituted 

W C18 species show a reduction in moment with increasing N.b 3 - x x 
substitution of tungsten. The niobium-molybdenum compound was 

found to be diamagnetic. 

Thc vibrational spectrum of the niobium molybdenum mixed 

metal compound reveals that this species is not related to the 

Nb3C18 cluster type compounds. However, a similar study of 



the niobium-tungsten phases indicates that the NbJC18 struc- 

ture type is maintained upon substitution of tungsten into 

the Nb3C18 phase. These conclusions are confirmed by data 

obtained from X-ray diffraction studies. . . . . 



INTRODUCTION 

Recently, there has been a tremendous renewed interest in 

the study of compounds containing metal-metal bonds. It is 

wel1,known .that many of the lower halides of niobium, tanta- 
u------------ 

lum, molybdenum and tungsten contain clusters of metal atoms 

wi.th strong metal'-metal interactions. Within this area of 

interest in these elements, research-on metal atom cluster 

compounds of the type M6X12 and M6X8 has also increased. The 
' '------* .-- 

physical and chemical characterization of compounds contain.ing 

these cluster species has led to an extension of the knowledge 

and applicability of them. 

  he purpose of this investigation was to extend the chem- 

istry of hexanuclear and trinuclear metal atom clusters by 

preparing some new mixed metal cluster species and subsequent- 

ly comparing some of the characteris tics of the 'heteronuclear 

and homonuclear metal cluster compounds. 



REVIEW OF PREVIOUS WORK 

Synthesis of the Niobium and Tantalum M6X12 Cluster 

Compounds.- In 1913, Harned (1) first reported a polynuclear 

compound of niobium obtained from the reduction of NbC15 with 

Nb(Hg) at elevated temperatures. From aqueous solution, he 

obtained crystals formulated as (Nb6CllZ)Cl2.7H20. This 

formulation was later verified by an X-ray study on an efha- 

nolic solution of (Nb6C112)2*. This study by Vaughan -- et al. 

(2) showed the compound to contain an octahedral arrangement 

of the niobium atoms. The reduction of niobium pentachloride 

using cadmium at red heat - in vacuo has been shown to give 

increased yields of the hydrate, (Nb6Cl12)C12-8H20, after 

extraction of the reaction mass with water. 

Fleming, Mueller and McCarley (3) have obtained (Nb6Br12) 

Br2-8H20 in up to 30% yields by the aluminum reduction of 

niobium pentabromide in a temperature gradient reaction of 

350/280°. The reaction product was extracted with water, and 

the hydrated cluster was recrystallized from n neutral aqueous 

solution. 

SchHfer and Spreckelmeyer (4) have obtained the oxidized 

form of the hydrated niobium cluster, (Nb6Cl12)013.8H20. They 

found that the ( ~ b ~ ~ 1 ~ ~ )  '+(aq) can be oxidized by hydrogen 

perox'ide in a hydrochloric acid solition to the (Nb6C112)3+ 

(aq) and evaporation yields the brown oxidized salt. This 

brown compound is paramagnetic as opposed to the dark green 



reduced parent compound which is diamagnetic (4,5,6). 

Schafer -- et al. (7) have prepared the pure anhydrous 

(Nb6Cl12)C12 by a high temperature, 800°, equilibration with 

niobium metal and Nb3C18. In a similar experiment,  chafer 

and workers (8) prepared (Nb6F12)F3 by a high temperature 

equilibration of niobium and niobium pentafluoride. Both com- 

pounds are chemically inert and uniquely the only anhydrous 

binary halide phases containing the Nb6X12 unit. The oxida- 

tion-reduction chemistry of the niobium clusters has been 

established by McCarley et -- al. (9) , in which the. + 4  oxidation 

state of the cluster has been verified. Espenson and McCarley 

(10) were able to establish the two one-electron oxidations of 

the corresponding tantalum clusters as outlined in ~ ~ u a t i o n s  1 

and 2. 

Fleming and workers (1.1) have prepared (Nb6Cl12)'C16 by 

equilibrating either (Nb6C112)C12 or a higher niobium chloride 

with potassium chloride in a niobium tube at 800'. 

The following tetraethylammo~liunl, M y ,  and tetraphenylarson- 

ium, M', salts have been prepared by Fleming, Dougherty, and 

McCarley (12) : MX[( Nb C1 1L .)C16] ( X  = 2,3) , M'2[(Nb6Cl12)C14 
(OH) (HZo)] M'3[(Nb6C112)C15(OH)] , and M'2[(Nb6C112)C15(H20)l. 
The tetraethyl ammonium salts are prepared by oxidizing 

ethanol solutions saturated with HCl (g) of (Nh6Cl12) C12 8H20 



with oxygen to obtain the 3+ cluster and with chlorine to 

obtain the 4+ cluster. The appropriate salts immediately 

crystallize upon addition of excess tetraethylammonium chlo- 

ride, Addition of M', t e t r a p h e n y l a r s o n i u m ~ c h l o r i d e ,  to an 

aerated methanol-aqueous hydrochloric acid solution of 

(Nb6Cl12)C12.8H20 yields the 3+ M' complexes. The 4+ M' com- 

plexes, in the above mentioned order, were obtained by addi- 

tion of M' to solutions containing progressively higher 

concentrations of hydrochloric acid and by oxidation with 

chlorine gas. 

Mackay and Schneider (13) used the same method to prepare 

[(Et4N) ]X[(Nb6C112)C1.6] (X = 2,3). To prepare the reduced 

[(Et4N)]4[(Nb6C112)C16], the crystallization reaction was 

carried out under nitrogen to exclude oxygen. The magnetic 

moment of the 2+ complex, 0.47 B.M., was attributed to' some 3+ 

impurity resulting from a lack of total oxygen exclusion. The 

3+  complex was paramagnetic with an effective magnetic moment 

'l'he following complexes were also prepared and studied by 

Mackay (14) : [ (Et4N) ] [ (Nb6Cl12)X4 (EtOH) 2] (X = C1 ,Br) , 

(Nb6c112) (DMso) (C104) 2 9 [ (Et4N) 1 2 [ (Nb6C112)Br61 9 and 

[(PyMe)],[(Nb6C112)q L, (DMSO = dimethylsulfoxidc, PyMe = 

N-methylpyridinium. cation). The first two complexes are pre- 

cipitated from a refluxing ethanolic solution of (Nb6C112)C1i' 

8H20 by the addition of excess Et4NX. If the two terminal 

chloride's are precipitated by addition of silver perch1orat.e 



to the same ethanolic solution of (Nb6Cl12)C12-8H20, the DMSO 

adduct can be prepared by addition of DMSO to the resulting 

solution. The pyridinium complexes are prepared in a manner 

similar to the preparation of the tetraethylammonium salts. 

Field and Keppert (15) have reported a series of com- 

plexes of the niobium chloride cluster with oxygen donor 

ligands. If (Nb6C112)C12.8H20 in neat DMSO or DMF is diluted 

with a small amount of isopropanol, the (Nb6Cl12)C12L4 adducts 

are precipitated (L = DMSO,DMF), (DMF = dimethylformamide). 

From an ethanolic'solution of the hydrated chloride cluster, 

the triphenylarsine oxide, triphenylphosphine oxide and 

. pyridine-N-oxide adducts can be obtained by evaporating the 

ethanolic solution to dryness in the presence of the ligand. 

Chabrig (16) reported a compound in 1907 which is prob- 

ably,the first reported hexanuclear tantalum cluster compound. 

By reducing tantalum pentachloride at red heat with sodium 

amalgam under water aspiration,  hab brig, obtained a substance 

which was partially water soluble and formulated as TaC1y2H20. 

Chapin (17) reported in a similar reduction with the 

bromides that one-seventh of the bromide in a solution of his 

reduced product could be replaced by chloride, iodide, and 

hydroxide. He gave an insight to the proper formulation of 

the compounds when he reported the molecular weight of this 

reduction product to be 2275 in water or.propano1. The com- 

pounds were reported as (Ta6Br12)Br2.8H20, and the derivatives 



as (Ta6Br12)X2 *nH20 where X = C1, I, OH. At the same time, 

van Haagen reported the synthesis of (Ta6Br12)Br2 by the 

hydrogen reduction of TaBr5 (18). 

In a series of studies beginning. in 1922, Lindner et al. -- 

(19-22) investigated the lower halides of tantalum, tungsten, 

and molybdenum. One aspect of their work was the reduction of 

tantalum pentachloride with lead, aluminum or zinc under 

nitrogen. After subsequent work-up of the aqueous solutions, 

a crystalline compound was obtained and formulated as the 

trimer, H(Ta3C17-H20)-3H20. The formulation of this compound 

as one of tantalum(I1) was contended to be incorrect by Ruff 

and Thomas (23,24) who indicated it should be formulated as a 

tantalum(II1) complex, Ta3C170-3H20. 

After reduction of tantalum pentaiodide with tantalum, 

KSrosy (25) reported that a lower iodide of tantalum was 

obtained by evaporating the green aqueous extract to yield 

green crystals. 

However, Alexander and Fairbrother (26) heated tantalum 

pentaiodide and tantalum together and reported no reaction up 

to 500°, and in the range of 1000" to 1500" only thermal decom- 

position of tantalum pentaiodide. 

McCarley and Kuhn (27) reported the preparation of 

(Tn6X12)X2 (X = C1,Br I) by r e d u c i i ~ g  ~ l l e  appropriate penta- 

halide with aluminum in a thermal gradient. The reactions 

were carried out in Vycor ampules placed in a gradient furnace 

at an angle such that the reactants occupied the luwer end of 



the tube, the hot zone. The conditions were as follows: for 

X = C1, 200°/4000; X = Br, 280°/4500; and 300°/475" for X = I. 

In a study of the tantalum pentabromide-tantalum and 

tantalum pentaiodide-tantalum phase diagrams, McCarley and 

Boatman (28) reported compounds of the stoichiometry TaBr4, 

Ta14, TaBr2.83, TaBrZq5, TaBr2.33, and The expanded 

formulations of the last three compounds are [Ta6Br12]Br3 

[Ta6Br12]Br2 and [Ta61 12 ] I 2' All of the compounds,, except the 

tetrahalides, dissolve in water to'give solutions which 

exhibit electronic absorption spectra indicative and char- 

acteristic of the Ta6X12 n+ ions. 

Schafer -- et al. (29-32) reported the synthesis of (Ta6Cl12) 

C13, (Ta Br )Br3 and (Ta6112)12 by utilizing transport tech- 6 12 

niques. Bauer -- et al. also reported the preparation of the 

iodide by reducing tantalum pentaiodide with tantalum in a 

temperature gradient (33) .  chafer and workers (29,30) could 

find no crystalline anhydrous chloride of.tantalum lower than 

Ta6Cl15.  chafer and Bauer (34) verified the correct formula- 

tion of the hydrate (Ta6C112)C12*8H20. 

Oxidation of the ( T ~ ~ x ~ ~ ) ~ +  by the appropriate halogen 

in aqueous media (X = C1,Br) yields the corresponding 

( T ~ ~ x ~ ~ ) ~ ~  as reported by McCarley -- et al. (9). As indicated 

in rear.tjnn.5 1 and 2, oxidation sf the 2* .tu the 3+  cluster by 

iron(II1) is quantitative. I-Iowever, as indicated in (10), a 

large excess,of iron(II1) is necessary for the oxidation step 

from the 3+ cluster t n  the 4 +  as shown in Equation 2. 



A s  r e p o r t e d  by McCarley -- e t  a l .  ( 9 ) ,  'the ox id i zed  s u l f a t e ,  

(Ta6Cl12) (S04)2 can be p repa red  from an aqueous s o l u t i o n  t h a t  

has  been a c i d i f i e d  w i t h  s u l f u r i c  a c i d  and o x i d i z e d  w i t h - i r o n  

(111) o r  c h l o r i n e .  The p r e p a r a t i o n  of t h e  reduced s u l f a t e ,  

(Ta6Cl12)S04, can be achieved by an i o n  exchange t echn ique .  

Spreckelmeyer and Scha fe r  (35,361 r e p o r t  t h e  i s o l a t i o n  of 

t h e  h y d r a t e s  (Ta6Cll2)Cl3- 7HZ0, (Ta6Br12)Br3 ' 71-120 and (Ta6Brlz) 

Br4-nH20. Al len  and Sheldon (37) r e p o r t e d  t h e  s y n t h e s i s  of  

[Ta6Cl12] C 1 2  .8H20. 

(Ta6112)13 can be i s o l a t e d  from t h e  o x i d a t i o n  of 

(Ta6112)12 w i t h  l i q u i d  i o d i n e  a s  r e p o r t e d  by Bayer and  chafer 

( 3 8 ) .  The produc t  remains a f t e r  t h e  excess  i o d i n e  i s  pumped 

away from t h e  r e a c t i o n  mass. 

S t a r t i n g  w i t h  a  (Ta6Cll2)Cl2-8H20 e t h a n o l i c  s o l u t i o n  

s a t u r a t e d  w i t h  HCl(g),  Mackay and Schne ider  (39) i s o l a t e d  

[(C2H,)4N]3[(Ta6C112)C16] by o x i d i z i n g  t h e  s o l u t i o n  w i t h  a i r ,  

adding .excess  tetraethylammonium c h l o r i d e  and e v a p o r a t i n g  t h e  

s o l u t i o n  under oxygen f r e e  c o n d i t i o n s .  

sprecke1meyer (40) i s o l a t e d  a  number of  compounds by d i s -  

s o l v i n g  t h e  p a r e n t  compound, (M X )X *8H20, i n  5N e t h a n o l i c  6  1 2  2 

hydrogen h a l i d e ,  o x i d i z i n g  w i t h  30 p e r  c e n t  'hydrogen p e r o x i d e , .  

and a d d j n g  n e a t  p y r i d i n e  which c a s e d  c r y s t a l l i z a t i o n  of t h e  

pyr id in ium s a l  t s  , [ (C5H5NH) ] [(M6X12) C16] , where M = Ta,  Nb ; 

X = C l ,  Br ;  [(C5H5NH)IZ[(Ta6Cll2)Br6] was p repa red  i n  a  s i m i -  

l a r  manner. These s a l t s  were found t o  be i d e n t i c a l  t o  t h e  

pyr id in ium s a l t s  i s o l a t e d  by Lindner e t  a l .  ( 2 1 ) .  -- 



Hughes -- e t  a l .  (41) r e p o r t e d  a  s e r i e s  o f  o x i d i z e d  d e r i v a -  

t i v e s  o f  (Ta6X12) 4 + ,  3+ . The b l a c k  c r y s t a l l i n e  [(Ta6Br12)Br4 

(H20)2] .3H20  was i s o l a t e d  from a  methanol  s o l u t i o n  . . o f  t h e  

anhydrous  (Ta6Br12) B r 2  by o x i d i z i n g  t h e  s o l u t i o n  w i t h  bromine 

w a t e r ,  a c i d i f y i n g  w i t h  aqueous hydrogen bromide and r e d u c i n g  

t h e  volume. Beginning  w i t h  an aqueous s o l u t i o n  o f  t h e  c o r r e s -  

ponding (Ta6Cl12) '+ and t r e a t i n g  i n  a  s i m i l a r  manner ,  good 

y i e l d s  o f  t h e  red-brown ana logous  h e p t a - h y d r a t e ,  [(Ta6Cl12)C14 

(H20)2] .7H20 were  o b t a i n e d .  When a me thano l  s o l u t i o n  o f  

(Ta6C112)2+ was s o  t r e a t e d ,  t h e  a c i d  h y d r a t e  s a l t  o f  t h e  

o x i d i z e d  c l u s t e r ,  H2[(Ta6Cl l2)Cl6] .nH20,  was i s o l a t e d .  They 

a l s o  showed t h a t  . t h e  aqueous s o l u t i o n s  o f  t h e  pa ren t .  c.om- 

pounds ,  (Ta6X12)2+ X = C 1 ,  B r ,  c o u l d  b e  t i t r a t e d  s p e c t r o p h o t o -  

m e t r i c a l l y  w i t h  i r o n ( I I 1 )  o r  t h e  a p p r o p r i a t e  h a l o g e n  i n  w a t e r ,  

a c i d i f i e d  w i t h  t h e  c o r r e s p o n d i n g  h y d r o h a l i c  a c i d  and p a r t i a l l y  

) X ' (H 0 )  ] . 3H20 e v a p o r a t e d  t o  y i e l d  t h e  3+ h y d r a t e s ,  [(Ta6X12 

where X = C 1 ,  B r .  

These same worker s  a l s o  r e p o r t e d  t h e  p r e p a r a t i o n  o f  t h e  

co~~lpounds  w i r h  t h e  g e n e r a l  f o r m u l a t i o n ,  [ ( C 2 ~ , - )  4N] 

[(Ta6X12)Y6] where X ,  Y = C 1 ,  B r .  These  compounds c r y s t a l l i z e  

f i o m  a s o l u t i o n  o f  t h e  p a r e n t  compound, (Ta6X12)X2, i n  e t h a n o l  

by o x i d i z i n g  w i t h  t h e  a p p r o p r i a t e  h a l o g e n ,  sa tu ra t . in .g  t h e  

s o l u t i o n  w i t h  HY and a d d i n g  (C2H5) 4 N Y .  The [(C6H5) 4 A s ]  

[(Ta6Cl12)C16] compound c a n  a l s o  be  p r e p a r e d  i n  a s imilar  

manner.  I n  o r d e r  t o  p r e p a r e  t h e  3+ c l u s t e r  compound, 



[ ( C  I 1  ) N] [ (Ta6Cl l2 )Cl6]  i t  was n e c e s s a r y  t o  s t a r t  w i t h  2 5 4  3 

an e t h a n o l  s o l u t i o n  of  t h e  3+ hyd ra t ed  p a r e n t  compound, 

[(Ta6C112)C13(H20)3].3H20, and r igorous . ly  p r o t e c t  t h e  s o l u -  

t i o n  from a i r  o x i d a t i o n  u n t i l  t h e  s o l i d  complex had been 

o b t a i n e d .  

Fleming -- e t  a l .  (42) have r e p o r t e d  t h e  p r e p a r a t i o n  of  two 

DMSO adduc t s  , [ (Ta6Cl12) (DMSO) 6 ]  (C104) and (Ta6Cl12) C 1 3  

(DMSO) 3 ,  and K 4  [(Ta6C112)C16] . Thi s  t e t r a n e g a t i v e  an ion  

o t  t h e  t an t a lum c l u s t e r  i s  formed d i r e c t l y  i n  t h e  aluminum 

r e d u c t i o n ' o f  t a n t a l u m  p e n t a c h l o r i d e  i n  t h e  p r e sence  o f  p o t a s -  

sium c h l o r i d e .  

B r o l l ,  J u z e  and S c h a f e r  (43) r e p o r t e d  t h e  p r e p a r a t i o n  o f  

t h e  s e r i e s  o f  compounds A4[(Nb6Cll2)Cl6] (where A = Na,K, 

CS) , K 4  [(Nb6BrlZ)Br6] , and A4 [ ( T a i C 1 i 2 ) C l 6 ]  (where A = Na , K ,  

Cs ) .  The niobium compounds a r e  p r epa red  by a  h i g h  tempera-  

t u r e  d i s p r o p o r t i o n a t i o n  of  Nb3X8 i n  t h e  p r e sence  o f  AX,,  X = 

C 1 ,  B r  and A a s  o u t l i n e d  above.  The same p r o d u c t s  a r e  ob -  

t a i n e d  i f  t h e  t r i m e r  i s  reduced w i t h  niobium me ta l  i n  t h e  

p r e sence  of  t h e  a l k a l i - h a l i d e .  Beginning w i t h  e i t h e r  

(Ta6c l l2 )Cl3  O r  "TaC13", and r e a c t i n g  t h e s e  m a t e r i a l s  i n  a  

s i m i l a r  manner a s  above,  t h e  co r r e spond ing  t a n t a l u m  s p e c i e s  

a r e  o b t a i n e d .  

J u z a  and Scha fe r  (44) have used Na4[(Nb6Cl12)C16] and 



t h e  co r r e spond ing  Na4[(Ta6Cl12)C16] t o  p r e p a r e  a  mixed phase  

fo rmu la t ed  a s  Na4 [ (Nb ,Ta) 6Cl12) C16] . Thi s  was accompl ished 

by t h e  c o - r e d u c t i o n  a s  d e s c r i b e d  i n  (43) o f  Nb3C18 w i t h  Nb 

and TaC13 w i t h  Ta i n  t h e  p r e sence  o f  NaCl a t  800'. I t  was 

p o s s i b l e  t o  o b t a i n  t h e  mixed phase  beg inn ing  w i t h  (Nb6Cl12) 

C 1 2 ,  (Ta6Cl12)C13 + Ta and NaC1. A c o - r e d u c t i o n  o f  t h e  p e n t a -  

c h l o r i d e s  w i t h  cad.mium o r  sodium amalgam a l s o  y i e l d s  t h e  

mixed phase .  

S c h a f e r  and Spreckelmeyer (45) a l s o  r e p o r t  a  mixed 

p h a s e . o f  niobium and t an t a lum bromide.  These workers  p r e -  ' 

pa,red a  s o l i d  s o l u t i o n  o f  t a n t a l u m  and niobium pent'abromi'des 

by b romina t i ng  a  m ix tu r e  o f  t h e  m e t a l s  i n  compos i t ion  r anges  

from 1 : 3  t o  3 : l .  The r e s u l t a n t  pentabromides  were reduced 

w i t h  cadmium me ta l  and t h e  p r o d u c t s  e x t r a c t e d  w i t h  w a t e r .  

The cadmium was'removed a s  t h e  s u l f i d e ,  and t h e  s o l u t i o n  

was a c i d i f i e d  w i t h  aqueous hydrogen bromide.  A t  t h i s  p o i n t  

t h e  f i n a l  p roduc t  c r y s t a l l i z e d  from s o l u t i o n .  The e l e c t r o n i c  
0 

a b s o r p t i o n  s p e c t r a  of  t h e  f i n a l  p roduc t  showed t h a t  t h e  

f i n a l  s o l u t i o n  was n o t  s imply  a  m ix tu r e  o f  ( ~ b ~ ~ r ~ ~ )  '* and 

(Ta6Rr12) 2 + .  From a n a l y t i c a l  d a t a  t h e  phase  was fo rmu la t ed  

a s  [(Ta6-xNbxBr12].8H20 where x  = 1 . 6  t o  2 . 4 .  Xyray powder 

d i f f r a c t i o n  s t u d i e s  of  t h i s  phase  were v e r y  s i m i l a r  t o  p a t -  

t e r n s  of  [(Ta6Br12)Br2]-8H,20 and [(Nb6Br12)Br2].8H20. 



All hydrates of the type [M6X12]X2*nH20 have been veri- 

fied by Scha'fer and Bauer (34) to be the octahydrate, n = 8. 

For clarity and consistency, all hydrates of the 2 +  niobium 

and tantalum clusters discussed have been recorded as the 

8-hydrate. 

Meyer also reports (46) a series of mixed metal hexa- 

nuclear cluster dompounds. From a co-reduction of tantalum 

pentachloride and molybdenum pentachloride with aluminum, 

the complexes M2 [(Ta4M02Cl12) C16] , Mx[ (Ta5MoCl12)C16] (X = 

2,3) , where M is a tetraalkylammonium cation, cag be iso- 

lated. . 

.. Before beginning a review of the physical.characteri- 

iations of the hexanuclear clusters of niobium.and tantalum, 

it is interesting to point out here that there are only two 

violations of the sanctity of the (M6X12) configuration for 

the clusters of niobium and tantalum and the well-known 

(M6X8) configuration for the clusters of molybdenum and 

tungsten. Siepmann -- et al. (47), in an attempt to oxidize 

the tungsten (11) chloride cluster, reacted (W6C18) C14 with 

liquid chlorine at 100' to produce the (M6XI2) moiety in 

(W6Cl12)C16. The other exception is (Nb618)13 identified 

by Bauer -- et al. ( 3 3 ) ,  Schafer -- et al. (7) , and Simon -- et al. 



(48) who l a t e r  conf i rmed i t s  f o r m u l a t i o n  a s  (Nb618)16,2 

th rough  s i n g l e  c r y s t a l  X-ray a n a l y s i s .  Independen t ly  Ba te -  

man -- e t  a l .  (49) a l s o  a r r i v e d  a t  t h e  same f o r m u l a t i o n  s t u d y -  

i n g  c r y s t a l s  p r epa red  by Kust -- e t  a l .  ( 50 ) .  (Nb618) I 3  can 

be  p r epa red  by t h e  d i s p r o p o r t i o n a t i o n  o f  y-(Nb318) (48,491 

o r  by t h e  niobium r e d u c t i o n  o f  ' t h e  same compound ( 4 8 ) .  

Simon -- e t  a l .  (48) and Simon (51) showed t h a t  . ( N ~ ~ T ~ ) I ~  w i l l  

absorb  hydrogen above 300° a t  a tmospher ic  p r e s s u r e  t o  form 

a h y d r i d e  o f  l i m i t i n g  compos i t ion  H(Nb618)Iy 

S t r u c t u r a l  S t u d i e s . -  X-ray s t r u c t u r a l  s t u d i e s  . . have con-  

f i r m e d  t h e  e x i s t e n c e  o f  (M6X12) and (M6X8) c l u s t e r  u n i t s i n  

t h e  lower h a l i d e s  o f  n iobium,  t a n t a l u m ,  molybdenum, and 
1 

t u n g s t e n .  Simon -- e t  a l .  (48) and Bateman -- e t  a l .  (49) v e r i f i e d  

t h e  o c t a h e d r a l  c o n f i g u r a t i o n  o f  t h e  me t a l  atoms i n  (Nb618)13 

and showed t h e  compounds t o  c o n t a i n  (M6X8) u n i t s .  However, 

t h e s e  (Nb618) r l i l s te r s  were d i s t o r t e d  from Oh symmctry t o  C i .  

Th i s  d i s t o r t i o n  can be viewed a s  a  d i sp l acemen t  o f  two t r a n s  

Nb atoms abou t  S o  from t h e  i d e a l  C 4  a x i s  and a s l i g h t  compres- 

s i o n .  Th i s  compress ion l e a d s  t o  an a p i c a l  t r a n s  Nb-Nb d i s -  
0 

t a n c e  o f  3.96 A a s  compared t o  t h e  o t h e r  two t r a n s  d i s t a n c e s  
0 

of 4.08 and 4.06 A r e s p e c t i v e l y .  - Cis Nb-Ng d i s t a n c e s  rarlge 

from 2 . 7 2  t o  2.94 i. The ~ b - I ~  (b = b r i d g e )  average  d i s t a n c e  



0 '0 ' 

is 2.87 A with the .range of distances between 2.84 and 2.90 A. 

 here were three ~ b - I ~  (t = terminal) distances observed: 

2.90, 2.93 and 2.96 1. The above interatomic distances are 

listed from Bateman -- et al. (49). He suggests (49) that the 

observed distortion is a result of the Jahn-Teller effect due 

to a single electron occupying a degenerate set of molecular 

orbitals. Simon -- et al. (48), whose parameters are in general 

good agreement-with those of Bateman, suggests that the dis- 

tortion is in.part due to the intercluster bridging arrange- 

ment in the crystal. Simon (51) has completed the neutron 

diffraction study on H(Nb618)13 and located the proton in the 

center of the (Nb618) cluster. 

Utilizing diffuse X-ray scattering techniques, vaughan 

et al. (2) first determined the presence of the (M6X12) clus- -- 

ters in the lower halides of 'tantalum and niobium. These 

studies on ethanol solutions of (M6X12)X2.8H20 showed the 
0 

metal-metal distances in these compounds to be 2.85 A 

( ~ b ~ ~ 1 ~ ~ ) ~ + ,  2.88 and 2.92 for the 

(Ta6Br12 ) 2 + .  In this configuration, the cluster unit is 

described as an octahedron of metal atoms with.a bridging 

halogen over each edge of the octahedron. 

Burbank (52) asserts,. from single crystal X-ray studies 

on [(Ta6Cl12)C12]-8H20, that the Tag cluster forms a tetrag- 

onally distorted elongated tetragonal bipyramid. From this 

study,the correct formulation of the compound is [(Ta6Cl12) 



C12(1-120)4].4H20 i n d i c a t i n g  t h a t  t h e  s i x  t e r m i n a l  p o s i t i o n s  o f  

t h e  Tag c l u s t e r  a r e  occupied by two c h l o r i n e s  and f o u r  w a t e r  

mole.cules.  The o t h e r  w a t e r  molecu les  s e p a r a t e  t h e  c l u s t e r  

u n i t s  i n t o  l a y e r s  w i t h i n  t h e  c r y s t a l .  

S c h a f e r  -- e t  a l .  ( 7 )  have shown by s i n g l e  c r y s t a l  X-ray 

s t u d i e s  t h a t  (Nb6Cl12)C12 c o n t a i n s  t e t r a g o n a l l y  compressed Nb6 
0 

u n i t s .  The f o u r  b a s a l  Nb-Nb d i s t a n c e s  a r e  2.9S5 A a n d  t h e  
a 

a p i c a l  t o  b a s a l  Nb-Nb d i s t a n c e  i s  2.8g5 A.  The compound i s  

i i - a  a - i  a - a  b e s t  f o rmu la t ed  a s  ( N b 6 C 1 1 0 C 1 2 / 2 ) C 1 2 , 2 C 1 4 / a ,  a s  sugges t ed  by 

SchEfer ,  where c l i  i s  an i n n e r  b r i d g i n g  c l u s t e r  c h l o r i d e ,  

C l i - a  i s  an i n n e r  b r i d g i n g  c l u s t e r  c h l o r i d e  which i s  weakly 

bound t o  a n o t h e r  c l u s t e r ,  C 1  a - i  i s  a t e r m i n a l  c h l o r i d e  weakly 

bound from ano the r  c l u s t e r  and C 1  a - a  i s  a  normal t e r m i n a l  

c h l o r i d e  l i n k  between c l u s t e r s . .  Th i s  c o n f i g u r a t i o n  does  

accoun t  f o r  a l l  t e r m i n a l  Nb p o s i t i o n s  t o  be c o o r d i n a t e d  t o  

c h l o r i n e  atoms. 

Bauer and workers  (33) found t h a t  (Ta6112) I 2  was i s o s t r u c -  

t u r a l  w i t h  (Nb6Cl12)C12. 

The s t r u c t u r e  o f  (Nb6F12)F3 ha s  been r e p o r t e d  by  chafer 

e t  a l .  ( 8 )  t o  c o n t a i n  t h e  (Nb6F12) c l u s t e r  c o n f i g u r a t i o n  w i t h  -- 
complete  t f i r ee  d imens iona l  i n t e r c l u s t e r  b r i d g i n g  such  t h a t  a  

b e t t e r  f o r m u l a t i o n  would be (Nb6F12)F6/2. (Ta6Cl12)C13 i s .  

r e p o r t e d  t o  have a s t m i l a r  s t r u c t u r e  by Bauer and Schne r ing  

(53) 

Thaxton and Jacobson (54) r e p o r t e d  t h e  s i n g l e  c r y s t a l  

s t u d y  o f  HZ[(Ta6CllZ)C16]*6HZ0. They found t h e  s t r u c t u r e  t o  



c o n t a i n  r e g u l a r  o c t a h e d r a l  ( ~ a ~ ~ 1 ~ ~ ) ~ 1 ~ ~ -  an ion  c l u s t e r s .  

The Ta-Ta d i s t a n c e  was found t o  be 2.962 i, t h e  ~ a - c l ~  d i s -  

t a n c e  was 2.414 i and t h e  ~ a - c l ~  was 2.507 i. I n  compar i -  

s o n ,  Koknat and McCarley (55,56)  r e p o r t e d  t h e  s t r u c t u r e s  o f  

t h e  fo rmer ,  which i s  t h e  niobium ana log  t o  Ta6C1182-, t h e  

Nb-Nb d i s t a n c e  was found t o  be  3.018 i, ~ b - ~ l ~  2.425 i n d  

t h e  ~ b - c l ~  d i s t a n c e  was 2.457 i. I n  t h e  (Nb6Cl12)C16 3- an ion  

o f  t h e  l a t t e r  compound, t h e  impor t an t  average  i n t e r n u c l e a r  

d i s t a n c e s  were Nb-Nb 2.97 i, Nb-Clb 2.43 A and ~ b - c l ~  2.52 i. 
I n  comparison w i t h  t h e  s t r u c t u r e  of  K4[(Nb6Cl12)C16] r e p o r t e d  

by Simon -- e t  a l .  ( 5 7 ) ,  i t  was shown t h a t  t h e  Nb-Nb d i s t a n c e s  

g r a d u a l l y  i n c r e a s e  and t h a t  t h e  ~ b - ~ l ~  d i s t a n c e s  d e c r e a s e  upon 

s t e p w i s e  removal o f  two e l e c t r o n s  from t h e  (Nb6C112)~164-  

an ion .  These r e s u l t s  a r e  i n t e r p r e t e d  t o  mean t h a t  t h e  e l e c -  

t r o n s  removed i n  t h e  o x i d a t i o n  p r o c e s s  a r e  b e i n g  t a k e n  from 

bonding o r b i t a l s  c e n t e r e d  p r i a l a r i l y  on t h e  me ta l  atoms. 

Vibra ' t i ' ona l  Spect ' ra .  - I n f r a r e d  s p e c t r a  have be.en o b t a i n e d  

by Boorman and S t raughan  (58) on some t a n t a l u m  and niobium com- 

pounds i n  t h e  r e g i o n  of  20-450 cm-'. G e n e r a l l y ,  t h e  compounds 

s t u d i e d  c o n t a i n e d  t h e  (M6X12) 2 C  u n i t  and e x h i b i t e d  f o u r  s t r o n g  

bands i n  t h i s  r e g i o n .  The p o s i t i o n s  and i n t e n s i t i e s  were s a i d  

tu be  c h a r a c t e r i s t i c  of  t h e  2 +  c l u s t e r s .  Mackay and Schne ide r  

( 3 9 )  have r e p o r t e d  t h e i r  i n f r a r e d  s t u d y  on a  s e r i e s  o f  com- 

pounds which i n c l u d e  [(C2H5)4N]2[(Ta6C112)C16] and compounds 



containing anions of the type (Nb6Cll2)~in- where L was gener- 

ally a uninegative anion. The niobium cluster spectra were 

assigned as either metal-inner chloride, metal-terminal chlo- 

ride, or metal-metal modes. Five bands in the region 350-140 

cm-' were exhibited by the clusters including one at about 140 

cm-' assigned as a metal-metal mode. Meyer (59) has examined 

the vibrational spectra of the tantalum cluster compounds, 

K4 [(Ta6Cl12)C16] and the hydrates [ ( ~ a ~ ~ l ~ i ) C l ~ ]  hH 2. 0 ,  

[ (Ta6Br12)Br3] .6H20 and [(Ta6Cl12)Br3] .nH20. A one to one 

correspondence in bands between the 2, 3, and 4 +  oxidation 

states exists. There is a band splitting in the 2+ and 4+ 

compounds. Omitting the split band, there are five bands'in 

the infrared of the tantalum compounds as there are in the 

niobium (42). 

Fleming -- et al. (42), in a study of compounds of the type 

Rn[(M6X12)Y6], where-R is a tetraalkylammonium or n-propyl- 

ammonium cation, reported the vibrational spectra of pure and 

mixed ligand cluster compounds of niobium and tantalum. They 

conclude the 'metal -metal stretching mode is not readily identi- 

fied. The M-Y stretching modes are only recognizeable when 

these bands occur outside the immediate wave number range of 

the M6X12 "+ vibrational modes. Only one of the fuur bands 

arising from the M6X12 "* vibrational modes, usually the one of 

highest frequency, undergoes little change in intensity or' 

frequency upon substitution of the Y atoms. Because of less 



e x t e n s i v e  mixing of t h e  normal modes i n  t h e  Ta6XlZnt com- 

pounds, r e q u i s i t e  fundamental  bands can be i d e n t i f i e d  . w i t h  . 

g r e a t e r  conf idence .  

The f a r  i n f r a r e d  s p e c t r a  of t h e  mixed me ta l  c l u s t e r s  of 

3- , 2 -  t an t a lum and molybdenum, (Ta5MoCl12)C16 and (Ta4M02Cl12) 

~ 1 ~ ~ - ,  a s  r e p o r t e d  by Meyer and McCarley, c l o s e l y  resembles  

t h e  s p e c t r a  of t h e  cor responding  homonuclear t an ta lum c l u s -  

t e r s .  

E l e c t r o n i c  S p e c t r a . -  A l l en  and Sheldon ( 6 0 ) ,  u s i n g  a  MO 

bonding scheme proposed by Cot ton and Haas ( 6 1 ) ,  r e p o r t e d  d a t a  

on aqueous s o l u t i o n s  of ( M ~ x ~ ~ )  2 C  compounds and a s s igned  a l l  

t h e  a b s o r p t i o n s  t o  me ta l -me ta l  t r a n s i t i o n s .  Robin and Kuebler 

(62) r e p o r t e d  t h e  e l e c t r o n i c  s p e c t r a  of  t h e  t an t a lum s e r i e s  

(Ta6XI2) '+ (X = C 1  , B r )  . I t  was l a t e r  r e p o r t e d  by Schne ider  

and Mackay (63) and Fleming and McCarley (64) t h a t  t hey  

i n c o r r e c t l y  i n t e r p r e t e d  t h e  s p e c t r a  of (Ta6X12)3C f o r  t h o s e  of  

( T ~ ~ x ~ ~ )  4 +  (X = C 1  ,Br) . Repor t ing  t h e  e l e c t r o n i c  s p e c t r a  of  

some (Nb6Cl12) '+ d e r i v a t i v e s ,  F i e l d  and Kepert  (65) a s s e r t e d  

t h a t  t h e i r  d a t a  r e f u t e d  ass ignments  made by Al l en  and ' ~ h e l d o n  

(60) and were i n  l i n e  w i t h  t h o s e  pub l i shed  by Robin and 

Kuebler (62 ) .  Fleming and McCarley (64) r e p o r t e d  t h e  s p e c t r a  

uf s e v e r a l  ( N ~ ~ X ~ ~ ) " +  and d e r i v a t i v e s  and a l s o  

d i s a g r e e d  with t h e  ass ignments  made by Al l en  and Sheldon.  

T h e i r  ass ignments  were a l s o  made accord ing  t o  t h e  molecu la r  
J 

o r b i t a l  bonding scheme of Cot ton and Haas (61) b u t  de s igna t ed ,  



s e v e r a l  of  t h e  t r a n s i t i o n s  a s  a r i s i n g  from charge  t r a n s f e r  

bands.  The s p e c t r a l  and magnetic d a t a , o f  F i e l d  and Kepert  

.(65) i n d i c a t e  t h e  p resence  of t h e  ox id i zed  c l u s t e r ,  

(Nb6C112)3+, a s  a  contaminant  of  t h e i r  s o l u t i o n s  of 

( N ~ ~ C I ~ ~ )  2* accord ing  t o  Fleming and McCarley . Schne ider  

-and Mackay (63) r e p o r t e d  t h e  . e l e c t r o n i c  s p e c t r a  of  s e v e r a l  

4 - ( ~ b ~ ~ 1 ~ ~ ) ~ +  d e r i v a t i v e s ,  however, t h e  d a t a  f o r  c16 
have been found t o  agree. w i t h  t h a t  f o r ,  a g a i n ,  t h e  o x i d i z e d  

3+ d e r i v a t i v e  (Nb6Cl12) (64,66)  . Spreckelmeyer (66) ha s  t abu -  

l a t e d  d a t a  and reviewed t h e  d a t a  of  s e v e r a l  o t h e r  a u t h o r s  on 

t h e  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  of  a  number of (M6X12)"* 

s p e c i e s  ( M  = Nb,Ta; X = C 1  ,B r ;  n  = 2 , 3 , 4 ) ,  ('l'a6112)2f and 

Finding no enhancement of  i n n e r  c h l o r i d e  exchange upon 

a p p r o p r i a t e  i r r a d i a t i o n  of s o l u t i o n s  of  ( ~ b ~ C l ~ ~ ) ~ * ,  van 
. . 

Bronswyk (67) has  ques t i oned  t h e  assignment a s  charge  t r a n s f e r  

bands t o  some a b s o r p t i o n s  i n  t h e  u l t r a v i o l e t  s p e c t r a  of  

 chafer -- e t  a l .  (68) completed a s t u d y  of  t h e  e l e c t r o n i c  

s p e c t r a  o f  a  number of  c l u s t e r  compounds i n c l u d i n g  ( T ~ ~ I ~ ~ ) I ~ ,  

(Ta6C112)C13 9 (Ta6BrlZ)Br2 9 (Ta6BrlZ)Br3 2 [(Ta6C112)C12] ' 8 H 2 0 7  

[ (Ta6Brl2)Br2I .8H20, (Nb618)13, (Mo6C18)C14, and (Mo6Brg)Br4. 

Of t h e s e  compounds, on ly  t h o s e  which c o n t a i n  t h e  (M6X12) con- 

f i g u r a t i o n  had a b s o r p t i o n  maxima a t  wavelengths  l onge r  t han  

500 nm. The diha1, ides  of  molybdenum and t u n g s t e n ,  d i s c u s s e d  

l a t e r  i n  t h i s  work, a l l  show one o r  more charge  t r a n s f e r  bands 



i n  t h e  r eg ion  of 300-360 nm. 

Meyer ( 4 6 ) ,  i n  h i s  c h a r a c . t e r i z a t i o n s  of  t h e  new mixed 

n-  metal  c l u s t e r  compounds (Ta6-xMoxC112)C16 (x = 1 , 2 ;  n  = 2,3)  

r e p o r t s  a  one t o . o n e  band correspondence i n  t h e  e l e c t r o n i c  

s p e c t r a  of t h e  (Ta5MoCl12)C16 3- and 2 -  an ions  w i t h  t h e  i s o -  

e l e c t r o n i c  t an ta lum and niobium c l u s t e r  compounds, (Ta6Cl12) 

2 - 3  - 
C16 , (Ta6C112)C16 and (Nb6C112)~162- .  He does r e p o r t  some 

d i f f i c u l t y  i n  t h e  i n t e r p r k t a t i o n  of t h e  s p e c t r a  o f  t h e  

2 - (Ta4M02Cl12)C16 . This  i s  caused by an appa ren t  appearance 

of f i v e  e x t r a  bands i n  t h e  s p e c t r a  o f  t h i s  compound n o t  p r e s -  

e n t  i n  any of t h e  i s o e l e c t r o n i c  s e r i e s  s t u d i e d .  For t h i s  

reasorl ,  t h e  e l e c t r o n i c  s p e c t r a  were used mainly  a s  an a n a l y t -  

i c a l  t o o l  t o  a t t e s t  t o  p u r i t y .  

Magnetic S t u d i e s . -  The magnetic p r o p e r t i e s  o f  some 

( ~ b ~ ~ 1 ~ ~ ) ~ +  d e r i v a t i v e s  have been examined and r e p o r t e d  by 

Fleming -- e t  a l .  (12) and Mackay and Schne ider  (13 ) .  They 

r e p o r t  t h a t  t h e  2 +  and t h e  4+  c l u s t e r  d e r i v a t i v e s  a r e  d i a -  

magne t ic ,  whi le  t h e  3+  d e r i v a t i v e s  a r e  paramagne t ic .   chafer 

e t  a l .  (30) and Al len  and Sheldon (37) r e p o r t e d  t h a t  (Nb6Cl12) -- 

C 1 2  i s  d iamagne t ic  and t h a t  (Ta6Cl12)C13 has  an e f f e c t i v e  p a r a -  

magnet ic  moment cor responding  t o  one unpa i r ed  e l e c t r o n .  

Scha fe r  -- e t  a l .  (32) a l s o  r e p o r t e d  t h a t  (Ta6Br12)Br3 i s  p a r a -  

magnet ic .  

In  1971,  Converse and McCarley pub l i shed  (69) a  compre- 

hens ive  s tudy  of t h e  magnetic p r o p e r t i e s  of ( M ~ X ~ ~ ) " '  d e r i v -  



atives. They found the 2+ and the 4+ derivatives to be dia- 

magnetic and the 3+ derivatives paramagnetic with moments 

corresponding to one unpaired electron per cluster unit. 

These workers also published values of the temperature inde- 

pendent paramagnetism of a number of derivatives of the 

(M6X12) clusters. 

(Nb I )I was found to be paramagnetic by Simon et al. 6 8  3 -- 

(48) and that the compound has a complicated temperature de- 

pendence of the susceptibility. This magnetic behavior could 

be explained in terms of a doublet-quartet transition. The 

hydride derivative, H(Nb618) I3 was found to b e  diamagnetic by 

Simon (51). 

The magnetic susceptibilities of the mixed-metal cluster 

[(Ta4M02Cl12)C16] , [(c~H~)~N]; [ ( T ~ ~ M o c ~ ~ ~ ) c ~ ~ ]  , were reported 
by Meyer (46). The two compounds which were expected to be 

3 - 2 - diamagnetic (Ta5MoCl12)C16 and (Ta4M02Cl12) C16 , contain 

some paramagnetic impurity which was thought not to be a 

cluster species. This result was indicated by their spectral 

and analytical data. The paramagnetic cluster compound, 
2 - 

(Ta5MoCl12)C16 , showed a reduced effective magnetic moment 

indicating a diamagnetic impurity, also thought to be other 

than another cluster species. The data were compared to the 

isoelectronic series of honlunuclear tantalum and niobium 

clusters. 



Synthesis of. the. Molyb.denum .and Tungs t.en. M6X8 Cluster 

Compounds.- Investigation of the molybdenum dihalides was 

begun in 1859 by Blomstrand (70). Repeated volatilizations 

of molybdenum(III) chlorides and bromides, in a stream of 

carbon dioxide, produced the corresponding dihalides. Muth- 

mann and Nagel (71) determined the molecular wcight of molyb- 

denum(I1) chloride in absolute alcohol and found it to 

correspond to the trimeric formula (Mo3Cl6) By evaporation 

of a strongly acidic hydrochloric acid solution of the dichlo- 

ride, Rosenheim and Kohn (72) crystallized the acid salt 

(Mo3C16-HC1.4H20). They noted, as did Chapin (17) in his 

study of the reduced tantalum bromides, that only 'three- . 

. . 

sevenths of the chlorine in the compound was ionizable. - 

In the early 19201s, Lindner (19) began a study of the 

hexanuclear molybdenum clusters with the synthesis of molyb- 

denum(I1) chloride by aluminum reduction of molybdenum(V) 

chloride. Hellriegel (73) and Senderoff and Brenner (74) 

found molybdenum metal to be a sdccessful reducing agent in 

the preparation of the dihalides. Lewis -- et al. (75) thermally 

decomposed molybdenum(III) iodide in an oxygen free atmosphere 

to produce the diiodide. Similarly, the trichlorides and 

bromides can be disproportionated to produce the corresponding 

dichloride and bromide, as found by Couch and Brenner (76), 

and Robinson (77). Lindner -- et al. (20) , and Durand -- et al. 

(78) prepared molybdenum(I1) bromide directly from the ele- 



ments at 600'-700'. By reacting molybdenum metal with aqueous 

hydrogen bromide at 700' under 3000 atmospheres of supporting 

pressure, Guggenberger and Sleight (79) obtained orange crys- 

tals of the dihydrate, [(Mo6Br8)Br4]-2H20. Lindner -- et al. 

(20) found that molybdenum(I1) chloride could be synthesized 

by passing phosgene over molybdenum metal'in a dry atmosphere 

~atsuzaki -- et al. (80) followed the dispfoport ionat ion 

and hydrogen reduction of several molybdenum halide,~ by a 

thermogravimetric method. , In this study the compounds MoC14, 

were found to disproportionate M o C ~ ~ . ~ ,  M O C ~ ~ . ~ ,  and M O C ~ ~ . ~  

to MoC12 at about 390'. The compounds M o C ~ ~ . ~  and MoCIZS9 

have not been reported elsewhere and their existence needs to 

b'e verified. 

Three isomers of molybdenum(I1) chloride, which do not 

4+. seem to contain the hexanuclear (Mo6C18) moieties, were, 

prepared by Holste and Schafer (811. After tempering two of 

these isomers for 14 days at 350' a yield of about 2% or 

(Mo6C18)C14 was extracted from each of them. The third isomer 

provided about 80% of the cluster species after the same treat- 

ment. 

There are numerous anionic and neutral complexes of the 

niolybdenum dihalides. In the early literature, these com- 

plexes were reported as complexes of the tri~neric form 

(Mo3C16). Lindner (19,22) prepared the acid hydrates, 



M (Mo3C17-H20) and H(Mo3C14Br3-H20) , by e x t r a c t i n g  molybdenum 

d i c h l o r i d e  i n  t h e  a p p r o p r i a t e  aqueous hydrogen h a l i d e .  Lind- 

n e r  (19) and Lindner ,  Kohler and Helwig (20) p r epa red  t h e  

pyr id in ium s a l t s  o f  t h e  h y d r a t e s  by adding t h e  c a t i o n  t o  a c i d -  

i f i e d  s o l u t i o n s  of  t h e  d i h a l i d e s .  Such s a l t s  a s  (PyH)(Mo3C17- 

H20) and t h e  analogous bromide were p r e c i p i t a t e d .  

Sheldon (82-85) p repared  an e n t i r e  s e r i e s  of  a n i o n i c  

corr~pounds t h a t  a r e  d e r i v a t i v e s  of  t h e  a c i d  h y d r a t e s .  These 

compounds of  t h e  molybdenum c l u s t e r s  were c r y s t a l l i z e d  from 

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  and t h e  g e n e r a l  formula 
+ 

Mf2(Mo6X8)Y6 where M 1  = M(I)+ ,  H30 , P ~ H ' ,  

+ 
o r  R 4 N  : X = C 1 ,  B r ,  I ;  Y = C 1 ,  B r ,  I ,  OH.  Sheldon a r r i v e d  

a t  t h e  hexanuc lear  fo rmu la t i on  on t h e  b a s i s  o f  molecu la r  

w'eight d a t a .  Conduc t iv i t y  s t u d i e s  showed members o f  t h i s  

s e r i e s  of  compounds t o  be 2 : l  e l e c t r o l y t e s  i n  n i t r o b e n z e n e .  

Other members of  t h e  above s e r i e s  of  compounds have been p r e -  

p a r e d ,  i n  a  s i ~ n i l a r  manner, and v e r i f i e d  by t h e  fo l l owing  

workers :  Mackay ( 1 4 ) ,  Cotton e t  a l .  ( 8 6 ) ,  Clark  e t  a l .  ( 8 7 ) ,  -- -- 

and H a r t l e y  and Ware (88) .  The bromide d e r i v a t i v e s  were p r e -  

pared i n  i o d i n e  monobromide by Opalovsk i i  and Samoilov (89 ) .  

Rosenheim and: K.ohn (72) p repared  a  new s e r i e s  of anhydrous 

compounds, (M6X8)Y4, by t h e  thermal  decomposi t ion of t h e  above 

mentioned a c i d  h y d r a t e  s a l t s .  Sheldon ( 8 3 , 8 5 ) ,  Mackay ( 1 4 ) ,  

and Mat tes  (90) p repared  t h i s  s e r i e s  where M = Mo; X = C 1 ,  

B r ,  I ;  and Y = C 1 ,  B r ,  I ,  OH.  Hogue and McCarley (91) have 



publ i shed  a s t udy  of t h i s  s e r i e s  f o r  M = W .  

Using t r a c e r  t e chn iques  w i t h  r a d i o a c t i v e  c h l o r i d e  and 

bromide s o l u t i o n s ,  Sheldon (84) demonstra ted t h a t  t h e  o u t e r  

L - halogens  of  (Mo6C18) X6 exchange r a p i d l y  b u t  no exchange of 

t h e  i n t e r n a l  halogens  was observed.  F u r t h e r  s t u d y  (82) showed 

t h a t  whi le  t h e  c l u s t e r  i s  c o m p l e t e l y , d i s r u p t e d  by f l u o r i d e ,  

th ioc 'yana te  and c o n c e n t r a t e d  hydroxide  s o l u t i o n s ,  t h e r e  i s  

some exchange,  ma ' in ta ining t h e  i n t e g r i t y  of  . the  c l u s t e r ,  of  

i n t e r n a l  halogen w i t h  hydroxide  i n  d i l u t e  s o l u t i o n s  ( 8 5 , 9 2 ,  

93) , a s  demonstra ted by t h e  compound (Et4N) (Mo6C17 (OH) ) C 1 6  

( 94 ) .   chafer -- e t  a l .  (95) has  v e r i f i e d  t h e  s tudy  by Sheldon 

(85) who, s t a r t i n g  w i th  molybdenum(I1) c h l o r i d e ,  p r epa red  t h e  

dibromides  and d i i o d i d e s  o f  molybdenum i n  me l t s  of t h e  appro-  

p r i a t e  l i t h i u m  h a l i d e .  The s t u d y  by Schafe r  was much more . ,  

thorough i n  t h a t  he  p repared  t h e  e n t i r e  s e r i e s  of compounds 

( M O ~ X ~ X ' ~ ) X ; ,  where X i ,  X t i ,  X0 = C 1 ,  B r ,  o r  I .  The i n v e s t i -  

g a t i o n  of t h e  thermal  X i / X O  exchange demons t ra tes  t h a t  t h e  

h e a v i e r  halogen goes from t h e  X0 p o s i t i o n  i n t o  t h e  xi p o s i -  
. . 

t i o n .  An excep t ion  was found by Lesaar  and Scha fe r  (96) i n  

t h e  c a s e  o f  t h e  r e a c t i o n  of  (MO~XQ)X: w i t h  me l t s  of HgY2 a t  

400" where X = C 1 ,  B r ,  I ;  and Y = C 1 ,  B r ,  I .  The compounds 

Hg(Mo6X8)Y6 and Hg(Mo6Y8)Y6 a r e  found.  X-ray ev idence  r e -  

po r t ed  by Schner ing (97) shows an i n v e r s i o n  of t h e  u s u a l l y  

observed d i r e c t i o n  of s u b s t i t u t i o n  i n  ( M O ~ X ~ ) X : .  That  i s ,  i n  

these.compounds a  h e a v i e r  halogen i n i t i a l l y  i n  t h e  X i  p o s i t i o n  



is always substi.tuted by a lighter halogen originating from 

the XO positions or the HgY2 melt. 

In his extensive study, Sheldon noted (82) that 

(Mo6C18)C14 decomposes above 300' in air and 800" - in vacuo. 

The cluster is unaffected by boiling lithium iodide trihydrate 

at 200°, disproportionates slowly in fused lithium chloride -at 

610°, and in potassium chloride at 770' disproportionates very 

rapidly (85). The disproportionation products were identi'fied 

as molybdenum metal and potassium hexachloromolybdate(III)~. 

A'variety of methods have been used to synthesize the 

lower oxida.tion states of tungsten halides. Higher halides 

have been reduced with metals, hydrogen and other known reduc- 

ing agents. ~ntermediate oxidation states halides have been 

disproportionated to give the appropriate dihalide, and tung- 

sten mctal has beer1 oxidized in controlled halogen atmospheres. 

Hill (98) prepared tungsten(I1) chloride by the sodium 

amalgam reduction of tungsten(vl) chloride. It was demon- 

strated by Lindner and Kvhler (99) that aluminum would produce 

higher yields of the dichloride than would lead, zinc or mag- 

nesium when reducing the hexachloride. Murray (100) used 

aluminum in reducing tungsten(V) bromide to tungsten(I1) 

bromide in a temperature gradient furnace. Hydrogen reduction 

of tungsten(V1 bromide, at 450°, will yield the dibromide as 

indicated by Emeleus and Gutman (101). McCarley and Brown 

.disproportionated the tetrahalides of tungsten to obtain the 



corresponding tungsten(I1) chlorides and bromides (102). 

The reactions of the lower halides have been studied in 

a variety of aqueous and non-aqueous media. Anionic complexes 

have been prepared from acidic solutions and neutral complexes 

from solutions in donor solvents. Oxidation, thermal decompo- 

sition and chemical disruption of the halides have also been 

studled. 

Unlike Lindner (19,22), who formulated the chloruacid of 

molybdenum as a trimer, Hill (98) formulated the chloroacid 

of tungsten as (W6C18)C14.2HC1-9H20. I n  the same manner as 

Lindner, Hill extracted the dichloride of tungsten into 

hydrochloric acid to prepare the chloroacid. 

' -  As in the analogous study of.molybdenum by Rosenheim and 

' Kohn (72), Lindner and Kohler (99) observed the loss of hydro- 

gen chloride upon heating the hydrated tungsten chloroacid. 

As was mentioned-in the review of work pertaining to the prep- 

aration of molybdenum(I1) halides, the thermal decomposition , 

of the acid hydrates led to an entire series of pure and mixed 

anhydrous clusters, (M6X8)Yq, where M = Mo; X = C 1 ,  Br, I; 

Y = C1, Br, I, Oh, for Sheldon (83,85), Mackay (14) and Mattes 

(go), and M = W for Hogue and McCarley (91). 

Although oxidation of niobium and tantalum clusters is 

well documented, little success has been found in oxidizing 

desivati,ves of molybdenu~ik and tungsten clusters. McCarley and 

Brown (103) utilized liquid bromine as solvent and reactant to 



o x i d i z e  t u n s s t e n ( 1 1 )  bromide t o  t u n g s t e n ( I I 1 )  bromide.  S i e p -  

mann and  chafer (104-106) s t u d i e d  t h e  sys tem i n  more d e t a i l  

and found t h e  kompounds W6,Br14, W6Br16,  W6Br18 were a l l  d e r i v a -  

t i v e s  o f  t h e  ( w 6 ~ r 8 1 6 *  c l u s t e r .  Thermal decompos i t ion  o f  any 

o f  t h e  o x i d i z e d  forms produced (W6Br8)Br4. Siepmann -- e t  ' a l . ,  

a s  mentioned b e f o r e ,  (47) i n  an a t t emp t  t o  o x i d i z e  t h e  t u n s -  

s t e n ( I 1 )  c h l o r i d e  c l u s t e r  t o  ( W ~ C ~ ~ ) ~ '  i n  l i q u i d  c h l o r i n e ,  

6+ i n s t e a d  conve r t ed  t h e  (w6c18) 4 +  c l u s t e r  t o  t h e  (W6Cl12) . . 

c l u s t e r ,  (W6Cl12)C16. 

Lindner  and Kohler (99) r e p o r t e d  t h a t  t u n g s t e n  ( I  I )  c h l o -  

r i d e  was hydrolyzed i n  b a s i c  s o l u t i o n s ,  b u t  was s t a b l e  i n  

s u l f u r i c  a c i d  from which t h e y  i s o l a t e d  (W3C14)S04, which now 

shou ld  be  fo rmu la t ed  a s  (W6C18) (So4) 2 .  

S t r u c t u r a l  S t u d i e s . -  T h e . h e x a n u c l e a r  me t a l  c l u s t e r s  have 

been conf i rmed by s i n g l e  c r y s t a l  X-ray  d e t e r m i n a t i o n s .  

B r o s s e t  (107,108) ana lyzed  s i n g l e  c r y s t a l s  of (Mo3C14) (OH) ' 

8H20 and (Mo3Cl4)Cl2-4H20 and found b o t h  t o  c o n t a i n  t h e  

(Mo6C18)X4 g roups ,  where X = c h l o r i n e  o r  t h e  oxygen of  hydrox-  

i d e  o r  w a t e r .  The i n n e r  (M6X8) c l u s t e r  c o n s i s t s  of  a v e r y  

n e a r l y  r e g u l a r  oc t ahed ron  of  molybdenum 'atoms w i t h  an  ave rage  
0 

Mo-Mo d i s t a n c e  o f  2 .63  A .  A c h l o r i n e  atom i s  symmet r i c a l l y  

l o c a t e d  above each  of  t h e  e i g h t  t r i a n g u l a r  f a c e s  of  t h e  meta l  
0 

o c t a h e d r o ~ l  forming t h r e e  molybdenum-chlorine bonds a t  2.56 A .  

The remaining c o n s t i t u e r i t s ,  X ,  a r e  l o c a t e d  d i r e c t l y  o u t  from 
0 

each  molybdenum a long  t h e  C 4  axes  a t  a  d i s t a n c e  o f  2 .43 A f o r  



X = C1: B r o s s e t  ( l o g ) ,  from t h e  X-ray r a d i a l .  d i s t r i b u t i o n  

cu rves  o f  H(Mo3C17:H20)-3H20 i n  c o n c e n t r a t e d  e t h a n o l  s o l u t i o n ,  

L.- confirmed t h e  f o r m u l a t i o n  o f  t h e  i o n s  a s  (Mo6C18)C16 . 
Vaughan (11.0) ,  u t i l i z i n g  t h e  r a d i a l  d i s t r i b u t i o n  method, . .  

s t u d i e d  a  powdered sample o f  (NH4)2(Mo6C18)C16-H20 and a l s o  

v e r i f i e d  t h e  p r e sence  of  t h e  ( M O ~ C ~ ~ ) C ~ ~ ~ -  group hav ing  t h e  

above mentioned bond l e n g t h s .  S i n g l e  c r y s t a l  s t u d i e s  l e d  

S c h a f e r  -- e t  a l .  (111) t o  f o r m u l a t e  molybdenum d i c h l o r i d e  a s  

(Mo6C18) C 1 4 / 2 C 1 2 ,  w i t h  t h e  i n t e r n a l  ( M ~ x ~ )  4* c l u s t e r .  The 
0 .  

Mo-Mo bond l e n g t h s  a r e  2 .61 A and t h e  M O - ~ 1  d i s t a n c e s  a r e  
0 

2.47 A .  The f o u r  e x t e r n a l  c h l o r i n e s ,  which b r i d g e '  t o  f o u r  
0 

a d j a c e n t  c l u s t e r s ,  have a  Mo-C1 d i s t a n c e  o f  2.50 A. 'i'he non- 
. . 0 

b r i d g i n g  e x t e r n a l  h a l o g e n s ,  C 1 ,  had a  Mo-C1 d i s t a n c e  o f  2.38 A.  

Siepmann and Schner ing  (112) performed a  s i n g l e  c r y s t a l  

X-ray s t u d y  of  t h e  o x i d i z e d  t u n g s t e n  bromide c l u s t e r s .  They 

found t h a t  c r y s t a i s  of  (W6Br16) c o n t a i n e d  t h e  p o l y n u c l e a r  

( w 6 ~ r 8 )  '+ c l u s t e r  and polybromide a n i o n s ,  B r 4 2 - .  From t h e i r  

s t u d y  t h e y  a r r i v e d  a t  t h e  f o r m u l a t i o n  (W6Br8)Br4 (Br4) 2 / 2  

i n d i c a t i n g  t h a t  t h e  c l u s t e r  i s  sur rounded  by f o u r  t e r m i n a l  

bromides and two b r i d g i n g  polybromide a n i o n s .  Bond l e n g t h s  

r e p o r t e d  were :  d(W-W) = 2 .64 ,  d ( ~ - ~ r ~ )  = 2 .58 ,  ~ ( w - B ~ O )  = 

 chafer -- e t  a l .  ( 29 ,111 ) ,  McCarley and Brown ( 1 0 2 ) ,  Murray 

(100) and C la rk  -- e t  a l .  (87) have  shown t h a t  anhydrous com- 

pounds hav ing  t h e  g e n e r a l  compos i t ion  (M6X8)X4/2X2 a r e  a l l  

i s o s t r u c t u r a l .  Sheldon ( 8 5 )  used  powder p a t t c r n s  t o  show 



t h a t  (Mo6Br8) (OH) 14H20 was isomorphous w i t h  t h e  analogous  

c h l o r i d e  r e p o r t e d  i n  B r o s s e t ' s  (107) s i n g l e  c r y s t a l  s t u d i e s .  

Mackay (14) found t h a t  t h e  C S ~ ( M O ~ C ~ ~ ) X ~ ,  where X = C 1 ,  B r ,  I ,  

s a l t s  were a l l  isomorphous. The h a l o a c i d s ,  H2.(M6C18)X6.8H20, 

where M = Mo, W ;  X = C 1 ,  B r ,  a r e  a l s o  i s o s t r u c t u r a l  a s  found 

by C l a rk  -- e t  a l .  ( 8 7 ) .  T h e i r  s t u d y  a l s o  showed t h e  b i d e n t a t e  

l i g a n d  d e r i v a t i v e s  (M6C18)C14(O-phen)2for b o t h  molybdenum and 

t u n g s t e n  t o  be  isomorphous.  

V i b r a t i o n a l  S p e c t r a . -  Recen t l y  t h e  f a r  i n f r a r e d  s p e c t r a  

o f  a  number o f  c l u s t e r  compounds have been i n v e s t i g a t e d .  The 

hexaha loan ions  , (Mo6X8)Y6 2 - have been s t u d i e d  by Mackay ( 1 4 ) ,  

Co t ton  e t  a l .  ( 8 6 ) ,  C l a rk  e t  a l .  ( 8 7 ) ,  and H a r t l e y  and Ware -- -- 
( 8 8 ) .  Mackay ( 1 4 ) ,  C l a rk  e t  a l .  ( 8 7 ) ,  and Mat tes  ( 9 0 )  a l s o  -- 
i n v e s t i g a t e d  t h e  s p e c t r a  o f  t h e  anhydrous compounds (M6X8)Y4. 

The b i d e n t a t e  l i g a n d  adduc t s  o f  t h e  c l u s t e r s ,  (M6C18)C12B2Cli, 

gave s i m i l a r  s p e c t r a , t o  t h e  above hexaha loan ions  and t h e  

anhydrous d e r i v a t i v e s  a s  r e p o r t e d  by C l a r k  e t  a l .  (87) and -- 

Walton and Edwards (113) ,  Hoglie a.nd McCarley (91) r e p o r t e d  a 

s t u d y  of compounds c o n t a i n i n g  t u n g s t e n  h a l i d e '  c l u s t e r s .  T h e i r  

r e p o r t  c o n t a i n s  a  comprehensive s t u d y  of  t h e  s p e c t r a  o f  t h e s e  

compounds. 

Although t h e r e  a r e  some d i f f e r e n c e s  i n  t h e  a s s i g n m e n t s ,  

t h e  s p e c t r a  a r e  s i m i l a r  and t h e  a u t h o r s  ba se  t h e i r  a s s ignments  

on o c t a h e d r a l  symmetry w i t h  two M-X modes, one M-M mode, one 

M - Y  and one X-M-Y mode a l lowed i n  t h e  i n f r a r e d .  I t  i s  g e n e r -  



a l l y  agreed t h a t  t h e s e  modes a r e  n o t  p u r e l y  independent .  

E lec t ron ' i c  S p e c t r a  and' Magnetic S t u d i e s . -  Large amounts 

of  p h y s i c a l  d a t a  have been recorded  f o r  t h e  d i h a l i d e s  of  

molybdenum and tungs t en  and t h e i r  d e r i v a t i v e s .  Conduct , iv i ty  

measurements and molecu la r  weight  d a t a  have been t a k e n ;  mag- 

n e t i c . s u s c e p t i b i l i t i e s  and e l e c t r o n i c  s p e c t r a  have been i n t e r -  

p r e t e d  i n  terms of  t h e  c o n f i g u r a t i o n s  o f  t h e  molecu les .  Some 

s i n g l e  c r y s t a l  X-ray s t u d i e s  have been completed a long  w i t h  

some c o r r o b o r a t i v e  powder d i f f r a c t i o n  s t u d i e s  which e l u c i d a t e  

t h e  hexanuc lear  c l u s t e r s  of t h e  meta l  atoms. Along w i t h  t h e  

s t r u c t u r a l  d a t a ,  Raman and i n f r a r e d  s p e c t r a  have been ex tended ,  

through normal c o o r d i n a t e  a n a l y s i s ,  t o  i n c l u d e  s i m i l a r  c l u s -  

t e r s . '  . I n s i g h t  i n t o  t h e  chemical  a n d  p h y s i c a l  ' p r o p e r t i e s  of  

t h e  hexanuc lear  meta l  atom c l u s t e r s  has  been ga ined  through 

t h e o r e t i c a l  i n t e r p r e t a t i o n s  of  t h e  molecu la r  o r b i t a l s  and t h e  

bonding involved .  

Nothing s u r p r i s i n g  i s  found i n  t h e  magnet ic  s t u d i e s  of  

t h e  d i h a l i d e s  and t h e i r  d e r i v a t i v e s .  The pure  and mixed anhy- 

drous  d i h a l i d e s  of  molybdenum and t u n g s t e n ,  (M6X8)Y4, where 

M = Mo, W ;  X = C 1 ,  B r ,  I ;  Y = C 1 ,  B r ,  I ,  were found t o  be 

d iamagne t ic  by Tj abbes (114 ) ,  Klemm and S t e i n b e r g  (115) ,  

Sheldon ( 8 3 , 8 5 ) ,   chafer and Schner ing ( 2 9 ) ,  and Scha fe r  and 

Siepmann (106). Sheldon ( 8 3 , 9 4 ) ,  and Edwards (116) found t h a t  

d e r i v a t i v e s  such a s  t h e  a c i d  h y d r a t e s ,  t h e i r  non-pro ton  c a t i o n  

ana logs  and t h e  d i h a l i d e  t e t r a a m i n e s  were a l s o  d iamagne t ic .  
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I t  i s  i n t e r e s t i n g  t o  n o t e  t h a t  Brown ( 1 1 7 ) ,  and  chafer and 

Siepmann (106) found t h e  o x i d i z e d  fo rms ,  (W6Br14), (W6Br16), 

and (W6Br18) were pa ramagne t ic .  

The e l e c t r o n i c  s p e c t r a  o f  t h e  molybdenum(I1) and t u n g s t e n  

(11) c h l o r i d e s  and bromides have been i n v e s t i g a t e d  by s e v e r a l  

workers .  The molybdenum c l u s t e r  hexaha lo  a n i o n s ,  anhydrous 

d i h a l i d e s  and n e u t r a l  adduc t s  have been s t u d i e d  by Sheldon 

( 8 2 , 8 4 , 8 5 ) ,  Edwards (1161, Carmichael  and Edwards ( 1 1 8 ) ,  and 

Fergusson . -  e t  - a l .  (119) .  Murray (100) and S c h a f e r  and Siepmann 

(105,106) s t u d i e d  t u n g s t e n ( I 1 )  bromide.  I n  g e n e r a l ,  one o r  

more cha rge  t r a n s f e r  bands were obse rved  i n  t h e  300-360 nm 

r a n g e ,  b u t  no i n d i c a t i o n  was found f o r  t h e  l i g a n d  f i e l d  

s p e c t r a  one might expec t  from a  d 4  i o n .  

Bonding i n  t h e  MgX12 and t h e  M6X8 C l u s t e r  Compounds o f  

Niobium, Tantalum, Molybdenum and Tungs ten . -  The v a r i o u s  

approaches  t o  t h e  bonding o f  t h e s e  c l u s t e r  compounds have been 

l e f t  t o  t h i s  p o i n t  i n  o r d e r  t h a t  t h e  bonding i n  b o t h  t h e  

(M6x1 ?)  and t h e  (M6X8) c l u s t e r s  c o u l d  b e  cons ide r ed  i n  t o t a l .  

There  ha s  been e x t e n s i v e  s t u d y  o f  t h e  bonding i n  t h e  M6 

c l u s t e r  c'ompounds . 
Sheldon ( 8 2 ) ,  i n  d i s c u s s i n g  t h e  bonding i n  t h e  hexaha lo -  

an ions  o f  molybdenum, d e s c r i b e d  t h e  ha logen  c o n f i g u r a t i o n  

about  each  Mo a s  a  t e t r a g o n a l  pyramid.  Th i s  bonding c o n f i g u -  

r a t i o n  u s e d . t h e  d  sp3 h y b r i d  o r b i t a l s  f o r  Mo-X ( i n t e r n a l  
(x2-y2) 

ha logens )  and Mo-Y ( e x t e r n a l  o r  t e r m i n a l  ha logens )  bonding.  



The d  
( x z , y z )  

o r b i t a l s  were  t h e n  used  f o r  me ta l -me ta ' l  bond ing .  

The remain ing  molybdenum e l e c t r o n s  were c o n s i d e r e d  t o  occupy 

t h e  r e m a i n i n g  m e t a l  d  o r b i t a l s .  G i l l e s p i e  ( 1 2 0 ) ,  expand ing  .on 

S h e l d o n ' s  a p p r o a c h ,  c o n s i d e r e d  r e p u l s i o n s  a r i s i n g  between t h e  

Mo-X bond e l e c t r o n  p a i r s .  He d e s c r i b e d  t h e  s t r u c t u r e  i n  t e rms  

o f  a  d i s t o r t e d  s q u a r e  a n t i p r i s m  of  bonding e l e c t r o n s  around 

t h e  m e t a l s .  He a r r i v e d  a t  a  d e s c r i p t i o n  o f  t h e  bonding i n  

4+  
(Mo6Clg) , and ( ~ b ~ ~ 1 ~ ~ )  2 +  which u t i l i z e d  a l l  o f  t h e  m e t a l  

e l e c t r o n s  i n  t h e  bond ing .  H i s  d e s c r i p t i o n ,  however,  d i d  r e -  

q u i r e  s e v e r e l y  b e n t  l o c a l i z e d  Mo-X bonds .  . I n  view o f  r e c e n t l y  

o b t a i n e d  p h y s i c a l  d a t a ,  t h e  above d e s c r i p t i o n s  a r e  n,ot v e r y  

u s e f u l .  

Duffy (121) and Crossman -- e t  a l .  (122) p roposed  t h e  f i r s t  

m o l e c u l a r  o r b i t a l  t r e a t m e n t  f o r  t.he bonding i n  t h e  (Mo6Clg) 4 +  

and t h e  ( ~ a ~ ~ 1 ~ ~ ) ~ *  c l u s t e r s .  I n  e a c h  c a s e ,  t h e  bond ing  

o r b i t a l s ,  formed from h y b r i d  m e t a l  o r b i t a l s ,  a r e  j u s t  f i l l e d  

w i t h  t h e  e l e c t r o n s  t h a t  a r e  a v a i l a b l e .  

C o t t o n  and Haas (61) used  a  s i m i l a r  - approach ,  b u t  r e -  

s e r v e d  some o f  t h e  a v a i l a b l e  o r b i t a l s  f o r  s p e c i f i c  bond ing .  

Meta l  o r b i t a l s  used  t o  bond w i t h  t h e  i n t e r n a l  h a l o g e n s  were  

d  2 .  Z)ps9  p  . The m e t a l  p  
( z )  

o r b i t a l  was used  f o r  bond- 
( x .  Y ( L Y )  

i n g  t o  atoms l o c a t e d  e x t e r n a l l y  t o  t h e  m e t a l  c l u s t e r  on t h e  C 4  

a x i s .  LCAO-MO wave I u n c t i o r l s  of t h e  p r o p e r  symmetry were  con-  

s t r u c t e d  f o r  t h e  r emain ing  m e t a l  d  o r b i t a l s .  l'he r e s u l t i n g  

m o l e c u l a r  o r b i t a l  e n e r g y  l e v e l  d iagram a c c o u n t e d  f o r  t h e  



diamagnetism, t h e  meta l -meta l  bond o r d e r  and t h e  r e l a t i v e  

chemical  r e a c t i v i t y  o f  i n t e r n a l  and e x t e r n a l  halogens  i n  t h e  

c l u s t e r s .  Metal -halogen i n t e r a c t i o n s  were excluded from t h i s  

c a l c u l a t i o n .  The bonding o r b i t a l s  f o r  t h e  (M6X12) 2 +  c l u s t e r  

i n  o r d e r  of  i n c r e a s i n g  energy were found t o  be a  l g y  t l u '  t 2 g  

and a 2 u .  

Robin and. Kuebler (62) have used t h e  LCAO-MO approach 

i n c l u d i n g  meta l -ha logen  i n t e r a c t i o n s  t o  o b t a i n  r e l a t i v e  o r d e r -  

ing  of one e l e c t r o n  l e v e l s  f o r  (Ta6C112)2+. I n  o r d e r  t o  

complete t h e i r  scheme, exper imenta l  e l e c t r o n i c  s p e c t r a  were 

employed t o  o b t a i n  t h e  o r b i t a l  o r d e r i n g .  The r e s u l t ,  t h e n ,  

was c o n s i s t e n t  w i t h  t h e i r  exper imenta l  d a t a .  I t  has  s i n c e  

been shown~by  a  comparison of s p e c t r a  ob t a ined  by Espenson and 

McCarley (10) t o  Robin and Kueb le r ' s  d a t a  t h a t  t h e i r  compound 

4+ r e p o r t e d  a s  (Ta6X12) was indeed (Ta6X12) 3+.  In  a d d i t i o n ,  a  

t e t r a g o n a l  d i s t o r t i o n  of t h e  Tag c l u s t e r  and a  r e s u l t i n g  t r a p -  

p ing  of i n t e g r a l  va lence  on t h e  meta l  atoms was proposed to '  

r a t i o n a l i z e  t h e  t an ta lum c l u s t e r  s p e c t r a . .  Coulomb r e p u l s i o n  

f o r c e s  were invoked a s  p rov id ing  an i n t e r n a l  mechanism f o r  t h e  

d i s t o r t i o n .  This  mechanism would l e a d  t o  a  t e t r a g o n a l  com- 

p r e s s i o n  i n  t h e  4 +  c l u s t e r  and a  t e t r a g o n a l  e l o n g a t i o n  i n  t h e  

2 +  c l u s t e r .  

K e t t l e  (123) employed a  f o r t y  e l e c t r o n  model i n c l u d i n g  

meta l -ha logen  i n t e r a c t i o n s  t o  show t h e  s i m i l a r i t y  i n  t h e  bond- 

ing  of t h e  ( M O ~ C ~ ~ ) ~ '  and t h e  (Ta6C112)2C c1us te r . s .  
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I n  t h e  f o r m e r ,  2 4  e l e c t r o n s  were u s e d  i n  1 2  m e t a l - m e t a l  

bonding o r b i t a l s  a l o n g  t h e  o c t a h e d r a l  edges  and 16  e l e c t r o n s  

were used  i n  8 bonding o r b i t a l s  i n  m e t a l - h a l o g e n  bonds d i r e c -  

t e d  normal t o  t h e  o c t a h e d r a l  f a c e s .  I n  t h e  l a t t e r ,  16' e l e c -  

t r o n s  were used  i n  t h e  m e t a l - m e t a l  bonding and 24 e l e c t r o n s  

i n  t h e  m e t a l - h a l o g e n  bond ing .  

Mackay (14)  h a s  used  t h e  a v a i l a b l e  m o l e c u l a r  o r b i t a l  c a l -  

c u l a t i o n s  i n  c o n j u n c t i o n  wit.h new s p e c t r a l  and magne t i c  d a t a  

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

scheme c o n s i s t e n t  w i t h  h i s  s p e c t r a l  d a t a  r e s u l t e d .  An impor-  

t a n t  e l e c t r o n  s p i n  r e sonance  exper imen t  was a l s o  r e p o r t e d  by 

Mackay and S c h n e i d e r  (13) i n  which t h e y  o b t a i n e d  a  symmetr ic  

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

f i n e  l i n e s  f o r  an  e l e c t r o n  d e l o c a l i z e d  o v e r  t h e  Nb6 u n i t .  

The c a l c u l a t e d  h y p e r f i n e  i n t e r a c t i o n  c o n s t a n t  was a b o u t  one 

s i x t h  o f  t h a t  found i n  t h e  Nb(1V) complexes ,  N ~ C ~ ~ ( O C H ~ ) ~ -  

2 - and NbCI6 . T h i s  r e s u l t  i s  used  a s  s u p p o r t  f o r  u s i n g  d  

o r b i t a l s  i n  t h e  m e t a l - m e t a l  bond ing .  They c o n c l u d e  (13)  by 

a g r e e i n g  w i t h  t h e  g e n e r a l  approach  o f  C o t t o n  and Haas ( 6 1 j .  

They a l s o  a s s i g n e d  t h e  A e U  o r b i t a l  a s  t h e  t o p  o c c u p i e d  o r b i t a l  

i n  t h e  2 +  and 3+  c l u s t e r s .  

S y n t h e s i s  o f  Nb3Clg.- The t r i m e r i c  a n a l o g  o f  t h e  (Nb6ClI2) 

C 1 4  h a s  been  found by S c h a f e r  and Dohmann (124) t o  be  t h e  low- 

e s t  s t o i c h i o m e t r i c  compound i n  t h e  homogeneous c o m p o s i t i o n  

r a n g e  NbC12 67  -NbC13.1. Compounds w i t h i n  t h i s  c o m p o s i t i o n  
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range can be prepared by the thermal decomposition of NbC14, 

reduction of NbC15 with hydrogen and by the following chemical 

transport reaction: 

NbC1x (s) + (4-x)NbCl 
5 (gl 

= (5-x)NbCl 
4 (g) ' 

The Nb3C18 was found to form most readily in the thermal 

decomposition of the tetrahalide in a thermal gradient of 

500°/200 f o r  three days. Other compositions within the range 

can be converted to the same composition, Nb3C18, by annealing 

at 600' for about 27 days. 

Utilizing hydrogen reduction of NbC15, these workers 

found the best yields of NbC12,67 to be obtained in reactions 

between 500" and 600". 

They found that the trimer was not formed in the trans- 

port reaction until the temperature gradient hot zone was 

maintained at a temperature greater than 580". Further tests, 

involving the reduction of Nb3C18 with niobivm at 800°, demon- 

strated the high thermal stability of this compound even after 

cight days at this tcmperature. 

Structural and Bonding Studies of NbgC1g.- Schafer and 

Dohmann (124) also report a study of the X-ray powder diffrac- 

tion patterns of various compositions within the above homo- 

geneity range. These patterns are used in a qualitative 

manner, primarily for the identification of various composi- 

tions. Schnering -- et al. (125,126) report, however, the crys- 

tal structure parameters from such X-ray data. In a review 



(29) . o f  m e t a l - m e t a l  bonded s y s t e m s ,  S c h a f e r  and ~ c h n e r i n ~  

- d e s c r i b e d  t h e  bonding o f  t h e  NbC12.67 c o m p o s i t i o n  a s  a  c l o s e s t  

packed s t r u c t u r e  w i t h  t h e  n iobium atoms occupy ing  3 /4  o f  t h e  

o c t a h e d r a l  h o i e s  i n  e v e r y  o t h e r  l . ayer  i n  t h e  s t r u c t u r e .  T h i s  
. . 

bonding a r rangement  a l s o  a c c o u n t s  f o r  t h e  micaceous  p r o p e r t i e s  

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

' f o l l o w s :  Nb-Nb 2 . 8 1 i ,  Nb-c l tb  2 . 4 2 i  ( t b  r e f e r s  t o  t h e  t r i p l y  

b r i d g i n g  c h l o r i n e  which l i e s  o v e r  t h e  p l a n e  o f  t h e  t h r e e  

n iobium a t o m s ) ,  Nb-clpb 2 . 4 6 i  (pb i n d i c a t e s  t h e  c h l o r i n e  atoms 

b  0 

which b r i d g e  t h e  edges  o f  t h e  n iobium t r i a n g l e ) ,  Nb-C1 2.53A 

( c l b  a r e  normal  e x t e r n a l  b r i d g i n g  c h l o r i n e s  between t r i m e r s ) ,  

Nb-Cl ' tb  2 . 6 4 i  ( I  t b  d e n o t e s  t e r m i n a l  c h l o r i n e s  which a r e  

t r i p l e  b r i d g e d ) .  The compound c a n  t h e r e f o r e  b e  f o r m u l a t e d  

(Nh3C14) C 1 6 / 2 C 1 3 / 3  which g i v e s  t h e  s t o i c h i o m e t r y  Nb3Clg. 

S t r a u s e  and Dahl (127) have d i s c u s s e d  t h e  m o l e c u l a r  

o r b i t a l  bonding scheme o f  compounds o f  t h i s  t y p e  h a v i n g  C3v 

symmetry. Although t h e i r  scheme i s  n o t  r i g o r o u s ,  i t  i s  pra ,c-  

t i c a l  and c a n  be  a p p l i e d  t o  t h e  bonding i n  t h e  Nb3C18 t r i m e r .  

According  t o  t h e i r  method,  t h e  h i g h e s t  o c c u p i e d  m o l e c u l a r  

o r b i t a l  i s  an  a 2  o r b i t a l  and t h e  n e x t  h i g h e s t  an  e  o r b i t a l .  



EXPERIMENTAL 

M a t e r i a l s . -  I t  was n e c e s s a r y  t o  hand l e  a l l .  h i g h e r  h a l i d e s  

o f  aluminum, n iobium,  t a n t a l u m ,  molybdenum and t u n g s t e n  i n  a  

d r y  box main ta ined  w i t h  an atmosphere o f  p r e - p u r i f i e d  n i t r o g e n  

a t '  a  working dew p o i n t  of - c a .  -80°C. The n i t r o g e n  was c i r c u -  

l a t e d  th rough  Linde 4A molecu la r  s i e v e s  t o  m a i n t a i n  t h i s  . l e v e l  

o f  p u r i t y  and d r y n e s s .  Reac t i ons  i n v o l v i n g  t h e  above t y p e s  o f  

compounds wer,e g e n e r a l l y  c a r r i e d  o u t  i n  evacua ted  Pyrex o r  

Vycor c o n t a i n e r s  . a f t e r  t h e  n e c e s s a r y  p r e l i m i n a r y  l o a d i n g  and 

s e a l i n g  s t e p s  had been c a r r i e d  o u t  i n  t h e  d r y  box and on a  

vacuum mani fo ld .  

T.he niobium me ta l  used  i n  t h i s  work h a s  s u p p l i e d  by E .  I .  

DuPont de  Nemours and Co. i n  t h e  form o f  h igh  p u r i t y  beads  o r  

p e l l c t s .  

Mel t ing  g rade  t an t a lum powder was purchased  from F a n s t e e l  - 
M e t a l l u r g i c a l  Co rpo ra t i on  o r  t an t a lum s h e e t  was o b t a i n e d  from 

l a b o r a t o r y  s t o c k  f o r  u s e  i n  t h e  g e n e r a t i o n  of  TaC15. 

Molybdenum m e t a l ,  p u r i t y  r e p o r t e d  t o  be  9 9 . 9 % ,  was ob- 

t a i n e d  from t h e  Rembar Co rpo ra t i on  a s  4x8 i n c h  s h e e t s  w i t h  a 

t h i c k n e s s  o f  15 m i l .  

Tungsten  m e t a l ,  as 200  mesh powder, 99.9% p u r e ,  was 

o b t a i n e d  from Genera l  E l e c t r i c  Co. 

Aluminum round o f  99.999% nominal  p u r i t y  was o b t a i n e d  

from l a b o r a t o r y  s t o c k .  To m a i n t a i n  t h e  p u r i t y ,  t u r n i n g s  from 

t h e  aluminum rod were c u t  w i t h  a  t u n g s t e n  c a r b i d e  b i t  t o  p r e -  



I 

v e n t  i r o n  con tamina t ion .  

A l l  non- aqueous so lven ' t s .  we:re. 'of rea'genlt .o r  s .pec t ro  ' g r ade .  
. . 

In  some i n s t a n c e s  i t  was neces sa ry  t o  use  anhydrous and o u t -  

gassed  s o l v e n t s .  Absolute  e t h a n o l  was ou tgassed  by evacua t ion  

a t  room tempera ture  t o  remove most o f  t h e  d i s s o l v e d  g a s e s .  

The s o l v e n t  was used a f t e r .  evacua t ion  f o r  t h e  i o n  exchange 

work. Absolute  e t h a n o l  and wa te r  used i n  . e x t r a c t i o n  p roce -  

du re s  were purged w i t h  p r e - p u r i f i c d  n i t r o g e n .  Other  o r g a n i c  

s o l v e n t s  were ou tgassed  a s  d e s c r i b e d  above and s t o r e d  over 

Linde 3A Molecular  S i eves  and used a s  needed.  

Hydrogen c h l o r i d e  and c h l o r i n e  were ob t a ined  i n  l e c t u r e  

s i z e  b o t t l e s  and were g e n e r a l l y  used w i thou t  p u r i f i c a t i o n .  

However, i n  p r e p a r i n g  t h e  h i g h e r  c h l o r i d e s  of t h e  group V and 

V I  meta ls ;  t h e  b o t t l e  of c h l o r i n e  was f i r s t  coo led  t o  b o i l i n g  

l i q u i d  n i t r o g e n  tempera ture  and evacuated t o  - c a .  T o r r .  

The c h l o r i n e  was t h e n  used w i thou t  f u r t h e r  p u r i f i c a t i o n .  

A l l  o t h e r  chemica l s ,  used i n  s y n t h e s i s  and s e p a r a t i o n s  

were o f  r e a g e n t  grade p u r i t y  and used a s  o b t a i n e d .  

Analyses . -  Ana lys i s  f o r  c h l o r i n e  was c a r r i e d  o u t  by a 

p o t e n t i o m e t r i c  t i t r a t i o n  w i t h  s t a n d a r d  s i l v e r  n i t r a t e  s o l u t i o n  

i n  an a c i d i c  media. The c l u s t e r  s p e c i e s  were des t royed  i n  

s t r o n g l y  bas . ic  hydrogen pe rox ide  s o l u t i o n .  These s o l u t i o n s  

were c a r e f u l l y  hea t ed  t o  remove excess  pe rox ide  and a c i d i f l e d  

w i t h  n i t r i c  a c i d  t o  a  pH of - c a .  5 - 6 .  The s o l u t i o n s  were t hen  

t i t r a t e d  p o t e n t i o m e t r i c a l l y  u s i n g  a  s t a n d a r d  calomel e l e c t r o d e  



ve r sus  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 .  

Ana lys i s  f o r  carbon and hydrogen were determined by t h e  

Ames Labora to ry .Ana ly t i ca1  Se rv i ce  Group, Iowa S t a t e  Univer-  

s i t y  of Science and Technology, Ames, Iowa. . . 

Niobium was de te rmined ,  i n  t h e  b i n a r y  h a l i d e  compounds, 

g r a v i m e t r i c a l l y  a s  t h e  o x i d e ,  Nb205. Samples were t r e a t e d  i n  

t h e  fo l l owing  manner. Accu ra t e ly  weighed samples were we t t ed  

w i t h  a  few m l  o f  a ce tone  and wa te r  and warmed. c.arefu1.l.y t o  

d ryness  by suspending t h e  p o r c e l a i n .  c r u c i b l e s  c o n t a i n i n g  t h e  

samples over  a  h o t  p l a t e  w i t h  a  d e s i c c a t o r  p l a t e .  A few m l  of 

6N n i t r i c  a c i d  were added and t h e  samples a g a i n  warmed t o  d r y -  

n e s s .  The samples w e r e . t h e n  warmed w i t h  c o n c e n t r a t e d  n i t r i c  

a c i d  t o  y i e l d  a  wh i t e  s o l i d  hydrous ox ide .  The c r u c i b l e s  were 

t hen  hea t ed  ove rn igh t  a t  medium h e a t  t o  i n s u r e  d rynes s .  The 

oxide  was t hen  ob t a ined  by p l a c i n g  t h e  c r u c i b l e s  i n  a  muff le  

fu rnace  a t  550" and h e a t i n g  f o r  s e v e r a l  hou r s .  

To i n s u r e  complete accuracy  i n  a n a l y s i s ,  a long  w i t h  a  

t o t a l  mass b a l a n c e ,  a t o t a l  ox ide  on mixed meta l  c l u s t e r s  was 

a l s o  determined a s  d e s c r i b e d  above. From e i t h e r  s i n g l e  meta l  

a n a l y s i s ,  a  c r o s s  check on t h e  second meta l  abundance cou ld  

be c a l c u l a t e d .  

S y n t h e s i s  of S t a r t i n g  Compounds.- High p u r i t y  aluminum 

c h l o r i d e ' w a s  ob t a ined  by resub l iming  r e a g e n t  g rade  aluminum 

c h l o r i d e  i n  t h e  p resence  of a  smal l  amount of  pure  aluminum 

t u r n i n g s ,  under dynamic vacuum a t  - c a .  125'. High p u r i t y  



aluminum chloride was also obtained by passing electronic 

grade (99.99%) hydrogen chloride, obtained from Air Products . . 

and Chemicals, Inc., over turnings of the high purity aluminum 

metal at 300°. 

Kuhn,(128), using direct chlorination of the metal, has' 

outlined the method for preparation of tantalum pentachloride. . .  

As modified by Meyer (46), large amounts (ca: - 250 g) of tan- 

talum and molybdenum pentachlorides can be prep,ared. in one 

reaction. The preparations of Nb(V) and W(V1) chlorides were 

carried. out in the same manner. A Vycor reaction vessel, 

instead of Pyrex, was used in the synthesis of the tungsten 
k .  ,; . 

chloride' at higher temperatures. ~tsho'uld be mentioned that 

the tungsten metal, prior to reaction with chlorine, was re- 

duced in a quartz boat in a Vycor reaction tube at 1000' under 

a stream of hydrogen gas. 'l'he reaction temperatures for. the 
. - 

synthesis of these halides were as 'follows : NbC15, 450°, 

TaC15, 450°, MoC15, 450°, WC16, 55U0. 

X-ray ------ Diffraction . . Studies.- . . .. X-ray powder samples were 

treated in three ways. X-ray powder patterns were obtained 

with a 114.59 mm Debye-Scherrer camera or with a Nonius 

Guinier camera using a tungsten powder internal standard. For 

the Debye-Scherrer method, finely powdered samples were packed 

and sealed into 0.2 Lindemann glass capillaries. Samples were 

exposed to copper Ka radiation for twenty to forty hours. 

Finely powdered Guinier samples were intimately mixed in Dow- 



Corning High Vacuum g r e a s e  w i t h  t u n g s t e n  powder. These sam- 

p l e s  were mounted on a  mylar window and exposed t o  copper K, 

r a d i a t i o n  f o r  f i f t e e n  t o  t h i r t y  hours .  I n t e n s i t y  d a t a ,  f o r  

q u a l i t a t i v e  comparison o n l y ,  was c o l l e c t e d  on a  G . E .  powder 

d i f f r a c t o m e t e r .  The s o l i d  samples were ground t o  - c a .  200 

mesh and mounted on a  g l a s s  microscope s l i d e  w i t h  Dow-Corning 

High Vacuum g r e a s e .  

D i f f r a c t i o n  d a t a  c o l l e c t e d  f o r  Nb3C18 were compared t o  a  

computer c a l c u l a t e d  d i f f r a c t i o n  p a t t e r n  f o r  a  compound which 

c r y s t a l l i z e d  i n  a  t r i g o n a l  space  group b u t  so lved  i n  hexagonal  

3  - 
space group D 3d o r  P31m w i t h  t h e  fo l l owing  u n i t  c e l l  param- 

0 0 '  

e t e r s :  a  = b = 6.974A, c  = 12.268A, a = B , =  9 0 ° ,  y = 1 2 0 ' .  

Z = 2 ,  p = 3.75 gcm-1(126). The computer ou tpu t  l i s t s  t h e  

2 c a l c u l a t e d  8 ,  28,  d - v a l u e ,  h k l  and sir1 8 .  The c a l c u l a t e d  

va lues  were compared t o  expe r imen ta l  d a t a  f o r  index ing .  A 

l i s t i n g  of t h e  program i s  con ta ined  i n  t h e  Appendix. 

v i b r a t i o n a l  S p e c t r a . -  Samples, a s  s o l i d s ,  were mulled 

w i t h  mineral .  o i l ,  s e a l e d  between po lye thy l ene  i n  a  s p e c i a l  

c e l l  c o n s t r u c t e d  by t h e  Ames Labora tory  Shop. A 1 1  f a r - i n f r a - .  

r ed  s p e c t r a  were ob t a ined  w i t h  po lye thy l ene  windows on a  

- 1 Beckman IR-11 spec t rophotometer  i n  t h e  r eg ion  800-70 cm . 
E 1 e c t r o n i c S p e c t r a . -  - S p e c t r a  were measured on s o l u t i o n s  

of  c l u s t e r  c o n t a i n i n g  compounds i n  a  v a r i e t y  o f  s o l v e n t s  at. 

room tempera ture  w i t h  a  Cary Model 1 4  r e c o r d i n g  spectrophotom- 

e t e r .   all s o l u t i o n  s p e c t r a  were ob t a ined  i n  10 mm fu sed  



q u a r t z  c e l l s  and were measured u s i n g  a  s o l v e n t  r e f e r e n c e .  A 

b a s e l i n e  was recorded  f o r  each spectrum s o  t h a t  a c c u r a t e  

absorbance va lues  and molar e x t i n ~ t i o n  c o e f f i c i e n t s  cou ld  b;e 

ob t a ined  a t  any d e s i r e d  wavelength .  

E l e c t r o n i c  s p e c t r a  were ob t a ined  on i n s o l u b l e  s o l i d s  by 

r e f l e c t a n c e  t echn iques .  Samples were ground t o  - c a .  2 0 0  mesh, 

i n t i m a t e l y  mixed w i t h  MgC03 and mounted i n  c e l l s  covered by a  

fu sed  o p t i c a l  q u a r t z  window. A s i m i l a r  c e l l  c o n t a i n i n g  on ly  

MgC03 was used a s  a  s t a n d a r d  r e f e r e n c e .  The s p e c t r a  were 

measured on a  Beckman model DU spec t rophotometer .  

The e l e c t r o n i c  s p e c t r a  of t h e  s o l u t i o n s  of t h e  t an ta lum-  

tungs t en  mixed meta l  c l u s t e r  compounds were very  . . complex, s o  

t h e  s p e c t r a  were r e s o l v e d  i n t o  Gaussian components. A com- 

p u t e r  program was developed f o r  t h i s  purpose  by t h e  Ames . '  

Labora tory  Computer S e r v i c e s  Group', Iowa S t a t e  U n i v e r s i t y  of 

Science and Technology, Ames, Iowa. This  program used com- 

ponent peaks d e f i n e d  by an equa t ion  from Jbrgensen  (129) t o  

f i t  exper imenta l  s p e c t r a .  

2 
- (v-v,) 

E = c0 exp (3) 
e 2  

- 1 where:  E = e x t i n c t i o n  c o e f f i c i e n t  i n  2 mole-'cm , 

€ 0  
= e x t i n c t i o n  c o e f f i c i e n t  a t  t h e  a b s o r p t i o n  maximum, 

- 1 v = wavenumber i n  cm , 
v  = wavenumber a t  t h e  a b s o r p t i o n  maximum, 

0 



0 = 6 / J l n  2, 

6 = absorption half-width at half-height. 

A least squares procedure was used to obtain a best fit, 

of calculated Gaussian components to the observed'spectra. 

Input data consisted of observed wavelength and absorbance 

values, the number' of components into which the given i-egion 
. . 

of the spectrum was to be resolved, the estimated vo, EL, and 

6 values for each Gaussian component. Up to one .hu~idred ob- 

served wavelength-absorbance couples could be read into the 

computer. The maximum number of components into which the 

given region of the spectrum could be resolved was five. The' 
I 

computer varied the v0, c0, and 6 parameters two at a time, 

iterating until a variation of 0.1 percent in each did not 

improve the fit of the sum of the calculated cornpvr~ei~ts t o .  

the observed spectrum. 

and 6 Thecomputer output was the calculated vo, E ~ ,  

values for each component and a graphical representation of 

the fit of the sum o f  t.he calculated components to the ob- 

served spectrum. , A  listing of the computer program is given 

in the Appendix. . . 

Magnetic Susceptibilities.- Magnetic susceptibilities 

were determined by the Faraday method on a balance construc- 

ted by E. T. Maas. Data collected were evaluated by a com- 

puter program written by the Ames Laboratory Computer Services 

Group,' Iowa State University of Science and Technology, Ames, 



Iowa. The computer ou tpu t  was t h e  c a l c u l a t e d  molar and gram 

s u s c e p t i b i l i t i e s  a t  each tempera ture  determined and a  graph-'  

i c a l  r e p r e s e n t a t i o n  of magnetic d a t a  ve r sus  a  t empera ture  , 

v a r i a b l e .  A l i s t i n g  o f . t h e  computer program i s  g iven  i n  ' the  

Appendix. 

P r e p a r a t i o n  of [(C3H7) 4N] 2 [ (Ta5WCll2)cl6] . - A t y p i c a l  

r e a c t i o n  f o r  t h e  s y n t h e s i s  of t h i s  5-1-2  complex i s  d e s c r i b e d  

below. .Tanta lum p e n t a c h l o r i d e  and tun 'gs ten hexach lo r ide  i n  

equimolar  amounts, 28.66 g  (0.08 moles) TaC15 and 31.72 g 

(0.08 moles) W C 1 6 ,  and enough aluminum meta l  t o  reduce t h e  

tantalum(V) and t u i g s t e n ( v 1 )  t o  tantalum' (2.33) and tungs t en  

' (2.33) , 4 . 4  g  (0.163 moles) A l ,  were loaded a long  w i t h  13 .5  g  

(0.233 moles)  NaCl and 31.05 g  (0.234 moles) A 1 C 1 3  i n t o  a  

f l ame-outgassed  45 mm x  140 mm Pyrcx r e a c t i o n  tube  f i t t e d  w i t h  

an 18/9 b a l l  o r  socke t  j o i n t .  Because of  t h e  a i r  s e n s i t i v i t y  

o f  t h e  t a n t a l u m ,  t u n g s t e n ,  and aluminum c h l o r i d e s ,  t h e  tube  

was loaded  i n  t h e  d ry  box. The tube  and c o n t e n t s ,  under a  

p r e p u r i f i e d  n i t r o g e n  atmosphere,  were a t t a c h e d  t o  t h e  vacuum 

- 5 l i n e ,  and evacua ted  t o  - cq.  10 T o r r .  The r e a c t i o n  v e s s e l  was 

s e a l e d  above t h e  r e a c t i o n  t ube  about  2 .5  cm up on t h e  9  mm 

connec tor .  The c o n t e n t s  were v i g o r o u s l y  shaken t o  i n s u r e  an 

i n t i m a t e  mix tu re .  The t ube  was f i t t e d  w i t h  a  chromel/alumel 

thermocouple ,  and mounted i n  a  rock ing  fu rnace  whose tempera- 

t u r e  was r e g u l a t e d  by t h e  a t t a c h e d  thermocouple.  While t h e  

fu rnace  s lowly  rocked from an u p r i g h t  p o s i t i o n  through an 



a n g l e  o f  - c a .  100°:, t h e  f o l l o w i n g  t i m e - t e m p e r a t u r e  program was 

f o l l o w e d :  
. . 

Tempera tu re  (OC) Dura ' t ion  (Hrs)  

A t  t h e  end o f  t h i s  p e r i o d ,  t h e  r e a c t i o n  t u b e  was removed 

from t h e  f u r n a c e ,  a l l o w e d  t o  c o o l ,  and opened i n  a i r  t a k i n g  

c a r e  t o  keep  t h e  b roken  g l a s s  from t h e  c o o l e d  r e a c t i o n  s l u g .  

I n  r e a c t i o n s  w h i c h , p r o v i d e d  t h e  h i g h e s t  y i e l d s ,  t h e  c o o l e d  

m e l t  was b l a c k  w i t h  some s o l i d i f i e d  s a l t  media h a v i n g  c o o l e d  

i n  a  c l e a r  l a y e r  on t o p  o f  t h e  r e a c t i o n  mass.  , The , p r o d u c t s  

were ground i n  a  m o r t a r  and c a r e f u l l y  poured  i n t o  - c a .  500 m l  

o f  an  i c e d  s o l u t i o n  o f  0 . 1  M H C 1 .  A T e f l o n . c o a t e d  s t i r r i n g  

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

a b o u t  1 h o u r  i n  o r d e r  t o  d i s s o l v e  t h e  NaA1C14, A 1 C 1 3  and some 

Ta6Cl14. The s o l u t i o n  was c e n t r i f u g e d  and t h e  s u p e r n a t e  was 

d i s c a r d e d .  The r e s i d u e  was e x t r a c t e d  a  s e c o n d  t i m e  w i t h  an  

i c e d  s o l u t i o n  o f  0 . 1  M H C 1  f o r  - c a .  6 h o u r s  and a g a i n  t h e  s o l i d s  

were  c e n t r i f u g e d  from s o l u t i o n .  Washing o f  t h e  r e s i d u e  w i t h  

c o l d  0 . 1  M H C 1  was c o n t i n u e d  u n t i l  a  minimum amount o f  b l u e  

c o l o r  r e s u l t e d .  A 2 hour  e x t r a c t i o n  of t h e  s o l i d s  w i t h  400 m l  

o f  a b s o l u t e  e t h a n o l  y i e l d e d  a  v e r y  d a r k  opaque s o l u t i o n  which : . , 

was c e n t r i f u g e d ,  f i l t e r e d ,  d i l u t e d ~ w i t h  w a t e r  t o  make t h e  s o l u -  

t i o n  30 p e r  c e n t  w a t e r  by  volume,  and t h o r o u g h l y  o u t g a s s e d .  

The e t h a n o l - w a t e r  s o l u t i o n  was p a s s e d  t h r o u g h  a  column o f  



c a t i o n  exchange r e s i n  (Dowex SOW-X8, 50-100 mesh, i n  t h e  a c i d  
. . 

form) and t r a n s f e r r e d  t o  a  2 - l i t e r  round bott.om f i a s k . -  The 

s o l u t i o n  was coo l ed  i n  an i c e  b a t h ,  t ho rough ly  purged w i t h  

p r e p u r i f i e d  n i t r o g e n  ga s  and s a t u r a t e d  w i t h  anhydrous hydrogen 

c h l o r i d e  a t  a  r a t e  such  t h a t  t h e  t empe ra tu r e  o f  t h e  s o l u t i o n  

was ma in t a ined  below 20°C. An e x c e s s  o f  tetrapropylammonium 

c h l o r i d e  i n  a  minimum amount o f  e t h a n o l  was added t o  t h e . s o l u -  

t i o n .  A b l a n k e t  o f  c h l o r i n e  ga s  was a l lowed t o  s t a n d  ove r  t h e  

s o l u t i o n  i n  o r d e r  t o  i n s u r e  complete  o x i d a t i o n  o f  t h e  corn-. 

pounds i n  s o l u t i o n .  About s i x  hou r s  l a t e r  approximate1.y 6.80 

g  o f  v e r y  f i n e  da rk  brown c r y s t a l s  were c o l l e c t e d  on a  g l a s s  

f r i t ,  washed w i t h  c o l d  a b s o l u t e  e t h a n o l  and a i r  d r i e d .  These '  

c r y s t a l s  were t h e n  vacuum d r i e d  a t  4S°C o v e r n i g h t .  S p e c t r a l  

a n a l y s i s  of  t h i s  compound i n d i c a t e s  a  c o n s i s t e n t  o x i d a t i o n  

s t a t e ,  peak t o  peak and peak t o  v a l l e y  r a t i o s  r e p r o d u c i b l e  t o  

w i t h i n  0 . 5 % .  Anal .  Ca l c .  f o r  [(C3H7)4N]2[(Ta5WC112)~16]': 

Ta,  43 .09;  w , '  8 .76 ;  C 1 ,  30 .40;  C ,  13 .73 ;  H ,  :2 .69 .  Found: Ta; 

42 .9ga ,  4 3 . 4 ~ ~ ' ;  W ,  8 .90a ,  8 .6gb ;  C 1 ,  30 .55,  30 .63;  C ,  1 3 . 8 7 ~ ;  

b  H ,  2 .86a;  Ta/W, 4 . 9 s a ,  5.05 . ( a ,  r e s u l t s  o b t a i n e d  from s p e c -  

t r o g r a p h i c  a n a l y s i s ;  b ,  r e s u l t s  o b t a i n e d  from c o l o r i m e t r i c  

a n a l y s i s  . )  

P r e p a r a t i o n  o f  [(C3H7)4N]3[(Ta5WC112)C16].-   his 5 -1 -3  

compound can be  e a s i l y  o b t a i n e d  by r educ ing  a  b u t y r o n i t r i l e  

s o l u t i o n  of  t h e  5 -1-2  compound, [(C3H7) qN] 2 [(Ta5WCl12)C16] , 

w i t h  z i n c  amalgam. T y p i c a l l y  2.286 g  moles)  o f  t h e  



5-1-2  p a r e n t  compound, [(C3H7) 4N] [ (Ta5WCIl2)Cl6]', was  d i s -  

so lved  i n  a  minimum volume of  b u t y r o n i t r i l e ,  - c a .  60 m l ,  a l ong  

w i t h  0 . 2 2 5  g  (1 .  0 1 5 x 1 0 - ~  moles)  o f  tetraprdpylammonium c h l o -  

r i d e  i n  a  vacuum 1 i n e . a d a p t e d  doub le  f l a s k  a p p a r a t u s .  S e v e r a l  

grams of  f r e s h l y  p r epa red  z i n c  amalgam was added t o  t h e  s o l u -  

t i o n  and t h e  s o l u t i o n  was, t ho rough ly  ou tga s sed  and s e a l e d .  

Th i s  s o l u t i o n  was s t i r r e d  o v e r n i g h t  and t h e n  a l lowed  t o  s e t -  

t l e .  The s o l u t i o n  was t h e n  decan t ed  away from t h e  s o l i d s  i n t o  

t h e  s i d e  arm f l a s k .  The b u t y r o n i t r i l e  i n  t h e  s i d e  arm f l a s k  

was t h e n  d i s t i l l e d  back i n t o  t h e  main r e d u c t i o n  f l a s k  and t h e  

s o l u t i o n  s t i r r e d  f o r  abou t  30 minu t e s .  The d e c a n t a t i o n  and 

d i s t i l l a t i o n .  s t e p s  were r e p e a t e d  u n t i l  t h e  decan t ed  s o l u t i o n  

was c o l o r l e s s , '  The b u t y r o n i t r i l e  was t h e n  d i s t i l l e d  away from 

t h e  c rude  5 - 1 - 3  compound. Thc g r ccn  s o l i d ;  c o n t a i n i n g  b o t h  

i i n c  c h l o r i d e  a n d  t h e  r e d u c t i o n  p r o d u c t ,  was removed from t h e  

r e d u c t i o n  a p p a r a t u s  and e x t r a c t e d  q u i c k l y  w i t h  c o l d  a b s o l u t e  

e t h a n o l .  'The  s l u r r y  was c e n t r i f u g e d  and t h e  r e s i d u e  washed 

a g a i n  w i t h  e t h a n o l .  The 5 - 1 - 3  compound, [(CJH7)4N]3 

[(Ta5WCl12) C16] , was t h e n  vacuum d r i e d  a t  45°C o v e r n i g h t .  

E l e c t r o n i c  s p e c t r a  o f  t h i s  compound show no i n d i c a t i o n  of t h e  

5 -1-2  o x i d i z e d  ana log .  Peak t o  peak and peak t o  v a l l e y  a n a l -  

y s e s  of  t h e s e  s p e c t r a  i n d i c a t e  a  compound of  c o n s t a n t  composi- 

t i o n .  Anal .  Ca l c .  f o r  [ (C3H7I4N] [(Ta5WCl12)C16] : Ta,  

39.58;  W ,  8 .04 ;  C 1 ,  27 .92 ;  C ,  18 .92 ;  H ,  3 .70 .  Found: Ta ,  



I .  

P r e p a r a t i o n  of Nb3Clg.- A t y p i c a l  r e a c t i o n  f o r  t h i s  syn -  

t h e s i s  i s  d e s c r i b e d  a s  f o l l o w s :  12.15 g  (0.045 moles) NbC15, 

0.95 g  (0.035 moles) A l ,  4.35 g  (0.075 moles) NaC1, and 10.00 

g  (0.075 moles) A l C 1 3  were loaded i n t o  a  f l ame-outgassed  

54 mm x  140 mm Vycor r e a c t i o n  t ube  f i t t e d  w i t h  an 18/9 b a l l  

o r  socke t  j o i n t  i n  t h e  d ry  box. The t ube  and c o n t e n t s  were 

a t t a c h e d  t o  t h e  vacuum l i n e ,  evacua ted  and s e a l e d  a s  de sc r ibed  

p r e v i o u s l y .  The ampule was shaken and then  f i t t e d  w i t h  a  t h e r -  

mocouple. Again t h e  r e a c t i o n  was c a r r i e d  o u t  i n  a  rock ing  

fu rnace  accord ing  t o  t h e  fo l l owing  t ime- tempera ture  program: 

Temperature (OC) Dura t ion  (Hrs) 

A t  t h e  end of t h i s  p e r i o d ,  t h e  fu rnace  was al lowed t o  c o o l  

s lowly over  a p e r i o d  of 1 2  hours  w i thou t  rock ing .  The t ube  

was then  removed from t h e ' f u r n ' a c e  and opened i n  a i r .  The 

r e a c t i o n  mass occu r r ed  i n  two a d j o i n i n g  s e c t i o n s .  The f i r s t  

was a  l a y e r  of  very  wh i t e  s a l t  medium on t o p  of t h e  b l a c k  

i n s o l u b l e  r e d u c t i o n  produc t .  The p roduc t s  were removed from 

t h e  t u b e ,  ground i n  a  mor ta r  and c a r e f u l l y  poured i n t o  - c a .  500 

m l  o f  an i c e d  s o l u t i o n  of 0 . 1  M H C 1 .  A ~ e f l o n  coa t ed  s t i r r i n g  



b a r  was p l a c e d  i n  t h e  s o l u t i o n  and t h e  c o n t e n t s  were  s t i r r e d  

f o r  a b o u t  1 hour  t o  i n s u r e  c o m p l e t e  removal  o f  t h e  s a l t  r e a c - '  

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

d i s c a r d e d .  The r e s i d u e  was t h o r o u g h l y  washed w i t h  w a t e r  and 

. a g a i n  t h e  s o l i d s  were  c e n t r i f u g e d  from s o l u t i o n .  The r e s i d u e  

was t h e n  s t i r r e d  i n  a b s o l u t e  e t h a n o l  f o r  c a .  2 h o u r s .  T h i s  

s o l u t i o n  w a s . t h e n  c e n t r i f u g e d  and t.he r e s i d u e  washed w i t h  

e t h a n o l  and r e c e n t r i f u g e d .  The f i n a l  r e s i d u e ,  a  v e r y  d a r k  

g r e e n  (b l ' ack?)  m i c r o c r y s  t a l l i n e  powder,  was t h e n  vacuum, d r i e d  

o v e r n i g h t  a t  4 5 ' ~ .  The f i n a l  d r i e d  w e i g h t  o f  t h e  compound was 

c a .  8..45 g  and was a n a l y z e d  f o r -  Nb and C 1 .  Anal .  C a l c .  f o r  - 

Nb3C18 : Nb, 49 .56 ;  C 1 ,  50 .44 .  Found: Nb, 49 .55 ,  49 .56 ;  C 1 ,  

P r e p a r a t j . o n  n f  t h e  Niobium-Tungsten Mixed Meta l  M3X8 
I 

P h a s e s .  -   he' g e n e r a l  p r o c e d u r e  f o r  t h e s e  compounds was t h e  

same a s  f o r  t h e  p r e c e d i n g  compound Nb3C18. S t a r t i n g  m i x t u r e s ,  

a c c o r d i n g  t o  t h e  r a t i o s  i n d i c a t e d  i n  E q u a t i o n s  3 - 6 ,  were  

s e a l e d  i n  t h e  u s u a l  manner i n  Vycor r e a c t i o n  ampules .  The 

f o l l o w i n g  e q u a t i o n s  d e f i n e  t h e  s t o i c h i o m e t r y  w i t h  s t a r t i n g  

amounts i n d i c a t e d :  

For  t h i s  r e a c t i o n ,  16.27 g  (0.06 moles)  NbC15, 3 .97  g  ( . 0 1  

moles )  W C 1 6 ,  1 . 5 6  g  ( .057  moles  A l ,  9 .0  g  (0 .154 moles )  NaCl 

and 21 .0  g  (0 .155  moles)  A l C 1 3  were  u s e d  a s  t h e  s t a r t i n g  mix- 

t u r e .  



36NbC15 + 9WC16 + 38A1 = 12Nb3C18 + 3W3C18 + 38A1C13 (4) 

A s  above,  10.80 g  ( .04 moles) NbC15, 3.97 g ( .01  moles) W C 1 6 ,  

and 1 . 1 4  g C.042 moles) A 1  were loaded i n t o  a  .vycor r e a c t i o n  . . 

. t u b e . '  I n  a l l  o f  t h e s e  r e a c t i o n s ,  t h e  amounts of NaCl and 

~ 1 ~ 1 ~  were h e l d  c o n s t a n t ,  9.0 g  ( . I 5 4  moles) NaCl and 21.0 g  

(. 155 moles) A 1 C I 3 .  

The amounts o f  t h e  s t a r t i n g  m a t e r i a l s  were a s  f o l l o w s : ,  10.80 

g  ( .04  moles) NbC15, 7.94 g  ( .02 moles) WC16 and 1 . 4 4  g  (.054 

moles) A l .  

For t h i s  r e a c t i o n ,  12.16 g  ( .045 moles) NbC15, 11.90 g (..03 

moles) W C 1 6 ,  and 1 .85 g  (.0684 moles) A 1  were loaded and 

s e a l e d  i n  a  Vycor r e a c t i o n  t ube .  

In  g e n e r a l ,  t h e  t r e a t m e n t  of each sample from t h e  i n . i t i a 1  
. . 

l oad ing  i n  t h e  d r y  box through e x t r a c t i o n  was i d e n t i c a l  t o  t h a t  

f o r  t h e  p r e p a r a t i o n  of  t h e  Nb3C18. A f t e r  each tube  was l oaded ,  

evacuated and sea l ed . ,  t hey  were thoroughly  shaken and p l aced  

i n  t h e  rock ing  f u r n a c e .  The fo l l owing  t ime / t empera tu re  p ro -  

gram was fol lowed i n  each c a s e .  

Temperature (OC) Dura t ion  (Hrs) 

1 7  5 4 



Temperature ("C) Dura t ion  (Hrs) 

375 2 

A t  t h e  end of t h i s  p e r i o d ,  t h e  power was s h u t  o f f  t o  t h e  f y r -  

nace  and t h e  fu rnace  was a l lowed t o  c o o l  s lowly  over  a . 1 2  hour 

p e r i o d  i n  an u p r i g h t  p o s i t i o n .  I n  each c a s e ,  t h e  coo led  r e a c -  

t i o n  mass occur red  i n  two l a y e r s ,  an i n s o l u b l e  b l a c k  p o r t i o n  

a t  t h e  bottom of t h e  tube covered by a  wh i t e  l a y e r  of  s a l t  

media. The r e a c t i o n  t ubes  were opened i n  a i r  and t h e  r e a c t i o n  

produc ts  thoroughly  ground and poured c a r e f u l l y  i n t o  - c a .  500 

m l  of i c e d  0 . 1  M H C 1 .  Th is  s l u r r y  was s t i r r e d  f o r  about  2 

hours  t o  i n s u r e  complete removal of  t h e  s a l t  r e a c t i o n  medium 

and any s p e c i e s  o t h e r  t han  t h e  M3XB phase  expec ted .  The 

s l u r r y  was c e n t r i f u g e d  and t h e  r e s i d u e  washed w i t h  i c e d  w a t e r .  

The r e s i d u e  was s e p a r a t e d  from s o l u t i o n  by r e c e n t r i f u g i n g  and 

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

about  2 hours  i n  a b s o l u t e  e t h a n o l .  A t  t h e  end of t h i s  p e r i o d ,  

thb  s l u r r y  was c e n t r i f u g e d  and t h e  s u p e r n a t e  d i s c a r d e d .  .The 

r e s i d u e  was s t i r r e d  f o r  about 15 minutes  i n  e t h a n o l  and r e -  

s e p a r a t e d  from s o l u t i o n .  The f i n a l  r e s i d u e s ,  v e r y  d a r k  b l a c k  

m i c r o s c y s t a l l i n e  powders were t hen  vacuum d r i e d  o v e r n i g h t  a t  

45°C. In  each c a s e ,  a t o t a l  a n a l y s i s  was ob t a ined  f o r  niobium, 

t ungs t en  and c h l o r i n e .  I n  each c a s e ,  t h e  r e a c t i o n s  appeared 

q u a n t i t a t i v e  based on t h e  p h y s i c a l  o b s e r v a t i o n  o f  t h e  s u p e r - .  



n a t a n t  l i q u i d s  o b t a i n e d  from t h e  v a r i o u s  e x t r a c t i o n  p r o c e s s e s .  

These l i q u i d s  showed no s p e c i e s  o t h e r  t h a n  t h e  s a l t  medium 
. . 

from t h e  r e a c t i o n ,  t o  be p r e s e n t .  Anal .  From.Equat ion 3  Ca lc .  

f o r  6Nb3C18/W3C18: Nb, 39 .73;  W ,  13 .10;  C 1 ,  47.16.  Found: 

Nb, 40.27;  W ,  13 .65 ;  C 1 ,  45.45. From g q u a t i o n  4 Ca lc .  f o r  

4Nb3C18/W3C18: Nb, 36.15; W ,  17 .88 ;  C 1 ,  45.97. Found: Nb, 

36.68;  W ,  14 .9 ;  C 1 ,  46.32.  From Equa t ion  5 Ca lc .  f o r  Nb2WC18: 

Nb, 28.44;  W ,  28.14;  C 1 ,  43 .41.  Found: Nb, 29 .72;  W ,  29 .52;  

C 1 ,  39.21. From Equa t ion  6  Ca lc .  f o r  3Nb3C18/2W3C18: Nb, 

24 .91;  W ,  32 .86;  C 1 ,  4 2 . 2 4 .  Found: Nb, 24.11;  W ,  32 .99;  C l ,  

45.40. 

Attempted P r e p a r a t i o n  of  t h e  Niobium-Molybdenum Mixed 

Metal  M3X8 Phases . -  Only one s t a r t i n g  mix tu r e  w a s . u s e d  i n  t h e  

p r e p a r a t i o n  o f  t h e s e  phases  a cco rd ing  t o  Equa t ion  7 .  

A s  i n  p r e v i o u s  p r e p a r a t i o n s  o f  t h e  M3X8 p h a s e s ,  10.80 g  ( .04  

moles)  NbC15, 5;46 g  ( . 0 3  moles)  MoC15, 1 .26 g (0.046 moles)  

A l ,  9 . 0  g  (. 154 moles)  NaCI, and 2 1 . 0  g  ( . I 5 5  moles)  A l C 1 3  

were loaded  i n t o  t h e  r e a c t i o n  t u b e s  i n d i c a t e d  below. The 

r e a c t i o n  v e s s e l s  were evacua ted  and s e a l e d  o f f .  The t u b e s  

were thoroughly  shaken t o  i n s u r e  a  w e l l  mixed: r e a c t i o n  medium. 

The t u b e s  were p l a c e d  i n  t h e  rock ing  f u r n a c e  and t h e  r e a c t i o n s  

were a l lowed t o  p roceed  acco rd ing  t o  t h e  f o l l o w i n g  t ime/ tem- 

p e r a t u r e  programs:  



Temperature Reac t i on  1 Reac t i on  2 Reac t i on  3 
Pyrex Vycor Vycor . . 

Dura t i on  Dura t i on  Dura t i on  
Hrs. ' ' Hrs'. ' ' H r ' s  . 

A t  t h e  comple t ion  o f  t h e  r e a c t i o n  t i m e ,  t h e  f u r n a c e  was 

a l lowed  t o  c o o l  s l owly  i n  an u p r i g h t  p o s i t i o n .  The coo l ed  

r e a c t i o n  mass was ground i n  a  mor t a r  and poured c a r e f u l l y  i n t o  

an i c e d  s o l u t i o n  of  .1 M H C 1  a s  u s u a l .  The s o l u t i o n  was s t i r -  

r e d  f o r  about  2 hou r s  and t h e n  c e n t r i f u g e d .  The r e s i d u e  was 

c o l l e c t e d  and washed t ho rough ly  w i t h  c o l d  w a t e r  t o  i n s u r e  com- 

p l e t e  removal o f  a l l  aqueous s o l u b l e  m a t e r i a l s .  Th i s  

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

r e s i d u e  was s t i r r e d  i n  a b s o l u t e  e t h a n o l  f o r  abou t  1 hou r .  'The 

s o l i d s  were a g a i n  c o l l e c t e d  and rewashed w i t h  e t h a n o l .  A f t e r  

c e n t r i f u g i n g  t h e  samples and c o l l e c t i n g  t h e  r e s i d u e s ,  t h e  r e s i - .  

dues  were vacuum d r i e d  o v e r n i g h t  a t  4S°C. The r e s i d u e  from 

r e a c t i o n  1 a t  320°C was a  da rk  s c a r l e t ,  from r e a c t i o n  2 a t  

550°C was a  l i g h t  brown and from r e a c t i o n  3  a t  650°C a  da rk  

b l a c k .  Anal .  f o r  NbZMoClg Ca l c :  Nb, 32 .87;  Mo, 16 .97 ;  C 1 ,  



. . 

50.16. Found f o r  r e a c t i o n  1: Nb, 33.41;  Mo, 16.99,; C 1 ,  5 1 . 7 2 .  

Found f o r  r e a c t i o n  2 :  Nb, 34.82;  Mo, 17 .51 ;  C 1 ,  50.50.  Found 

f o r  r e a c t i o n  3 :  Nb, 39.80;  Mo, 17 .80 ;  C 1 ,  44.63. 

Attempted P r e p a r a t i o n  of Nb4Mo2C111.- The procedure  f o r  

t h e  p r e p a r a t i o n  of t h i s  compound i s  i d e n t i c a l  t o  t h a t  f o r  t h e  

M3X8 phases .  For t h i s  compound, 10.80 g  (. 04 moles) NbC15, 

5.46 g  ( .02  moles) MoC15, 1 . 7 1  g  ( .063 moles) A l ;  9 .0  g  ( . I 5 4  

moles) NaCl and 21.0 g  ( . I 5 5  moles) ~ 1 ~ 1 ~  were l oaded ,  i n  t h e  

d r y  box, i n t o  a  Vycor r e a c t i o n  ampule. 'The  ampule was evacu- 

a t e d  t o  about Tor r  and s e a l e d  i n  t h e  u s u a l  manner. The 

c o n t e n t s  were shaken thoroughly  t o  i n s u r e  a  good .mix ture  and 

t h e  r e a c t i o n  v e s s e l  was p l aced  i n  t h e  rock ing  fu rnace .  The 
I 

fo l lowing  t ime / t empera tu re  program was fol lowed d u r i n g  t h e  

cou r se  o f  t h e  r e a c t i o n :  

Temperature (OC) Dura t ion  (Hrs) 

The fu rnace  was p l aced  i n  an u p r i g h t  p o s i t i o n  and a l lowed t o  

c o o l  s lowly  o v e r n i g h t .  The c o n t e n t s  were removed from t h e  

t u b e ,  ground i n  a  mortar  and poured ve ry  c a r e f u l l y  i n t o  c a .  - 

. 8 .  



500 m l  o f  i c e d  0 . 1  M H C 1 .  The s o l u t i o n  was s t i r r e d  f o r  a b o u t  

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

t h e  r e m a i n i n g  r e s i d u e  was washed t h o r o u g h l y  w i t h  i c e d  w a t e r  

and r e c e n t r i f u g e d .  T h e  r e s i d u e  was t h e n  s t i r r e d  f o r  c a .  1 - 

hour  i n  a b s o l u t e  e t h a n o l .  T h i s  s l u r r y  was c e n t r i f u g e d  and t h e  

r e s i d u e  was washed a g a i n  w i t h  a b s o l u t e  e t h a n o l .  ,The r e s i d u e  

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

o v e r n i g h t  a t  4S°C u n d e r  dynamic vacuum. Ana l .  C a l c .  f o r  

Nb4M02Cl11 : Nb, 38 .98 ;  Mo, 20 .12 ;  C 1 ,  40.90.  Found: 'Nb ,  

3 7 . 7 8 ;  Mo, 1 9 . 6 9 ;  C 1 ,  39 .25 .  



RESULTS AND DISCUSSION 

Syn t he s.i,s of T.an t,a.lum -Tun.g.s,t.en. Mg C.1,us.t.e.r Compounds . - 
~ o l l o w i n ~  t h e  method o u t l i n e d  by Meyer ( 4 6 ) ,  t h i s  work r e p r e -  

s e n t s  an  e x t e n s i o n  o f  t h e  s t u d i e s  o f  mixed me ta l  M6X12 c l u s t e r  

. s y s t e m s .  The b a s i c  p r e p a r a t i v e  r e a c t i o n  i s  d e s c r i b e d  by Equa- 

320° ,  3  days 
GTaC15 + 6WC16 + 1 2 A 1  - Ta6Cl15 

50 m/o NaCl + W6C115 

50 m/o A 1 C 1 3  + 1 2 ~ 1 ~ 1 ~  (8 1 

Although Scha fe r  and Spreckelmeyer ( 45 ) .  showed t h a t  an i n t i -  

mate m ix tu r e  o f  t an t a lum and niobium bromides cou ld  be  c o r e -  

duced t o  g i v e  a  mixed. t an ta lum-n iob ium c l u s t e r  comhound, Meyer 

(46) ha s  shown t h a t  t h i s  method g i v e s  no y i e l d  of  c l u s t e r  com- 

pounds when t h e  s t a r t i n g  component m e t a l s  a r e  t a k e n  from d i f -  

f e r e n t  g roups .  Thus t h e  mixed me ta l  c l u s t e r s  r e p o r t e d  h e r e  

and by Meyer (46) were accompl ished by r e d u c t i o n s  i n  a  s o l v e n t .  

The s o l v e n t  sys tem sodium ch lor ide -a luminum t r i c h l o r i d e  

was s e l e c t e d  because  o f  i t s  wide l i q u i d  range wj..t.h 3ow vapor  

p r e s s u r e  and v a r i a b l e  a c i d i t y  ove r  t h e  t empe ra tu r e  r ange  

de . s i r ed .  Th i s  s o l v e n t  sys tem was a l s o  chosen because  i t - a d d s  

.no a d d i t i o n a l  component t o  t h e  sys tem t h a t  was l i k e l y  t o  

i n t e r f e r e  w i t h  t h e  r e a c t i o n  o r  subsequen t  t r e a t m e n t s  o f  t h e  

r e a c t i o n  mass. 

Aluminum was chosen a s  t h e  r educ ing  a g e n t  because  i t  

would add no a d d i t i o n a l  component t o  t h e  sys tem.  I t  h a s  p r e -  
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v i o u s l y  been no ted  t h a t  aluminum w i l l  reduce t h e  h a l i d e s  o f  

t h e  group V and V I  heavy t r a n s i t i o n  me ta l s  t o  t h e i r  r e s p e c t i v e  

c l u s t e r  compounds. 

I n i t i a l l y  i t  was f e l t  t h a t ,  from fo rego ing  expe r imen ta l  

ev idence ,  two t h i n g s  were t r u e :  

1 )  I t  appears  from t h e  TaqMo2Cl12 
4+ and Ta5MoCl12 3+ ,4+ 

t h a t  t h e  heavy me ta l  atom governs t h e  c l u s t e r  con f igu ra t . i on ,  

2 )  Tantalum be ing  t h e  most a c t i v e  me ta l  w i l l  n o t  

approach t h e  2 +  o x i d a t i o n  s t a t e  c l o s e r  t han  2.33+. 

I t  has  been shown by Dorman and McCarley (130) ,  t h a t  t h e  

r e d u c t i o n  of  t u n g s t c n  hexach lo r ide  occu r s  a t  an a p p r e c i a b l e  

r a t e  on ly  a t  t empera tures  i n  excess  o f  500°C. However, Meyer 

(46) has  shown t h a t  t h e  y i e l d  of  mixed meta l  c l u s t e r s  i n  t h e  

tantalum-molybdenum system i s  s i g n i f i c a n t l y  reduced a t  temper-  

a t u r e s  exceeding 350°C. 

S ince  t h e  homonuclear t an ta lum c l u s t e r  beg ins  forming a t  

an a p p r e c i a b l e  r a t e  a t  325"C, a  t e i l pe ra tu re  of 320°C was 

chosen f o r  t h e  r e a c t i o n  c o n d i t i o n s .  I t  was thought  t h a t ' t h i s  

t empera ture  would minimize t h e  fo rmat ion  of t h e  i n d i v i d u a l  

tanta lum and t u n g s t e n  c l u s t e r s  wh i l e  a l lowing  t h e  r e d u c t i o n  

t o  proceed a t  a  r ea sonab le  r a t e .  The mixed me ta l  c l u s t e r  was 

indeed formed a t  t h i s  t empera ture  a long  w i t h  s u r p r i s i n g  

amounts of t h e  pure tanta lum and tungs ten .  c l u s t e r s .  I t  . 

a p p e a r s , t h a t  t h e  t an ta lum c l u s t e r  i s  more r e a d i l y  formed i f  



a  group V I  meta l  i s  p r e s e n t  i n  t h e  r e d u c t i o n  mix tu re .  The 

amount of  t ungs t en  c l u s t e r  c e r t a i n l y  was shown t o  be dependent 
. . 

on t h e  amount of  t u n g s t e n  hexach lo r ide  used i n i t i a l l y .  Also 

t h e  amount of mixed metal  c l u s t e r  formed was c l o s e l y  dependent 

on t h e  amount of  t u n g s t e n  p r e s e n t  i n i t i a l l y .  S e v e r a l  p r e l i m i -  

n a r y r e a c t i o n s  i n  which t h e  r a t i o  of  TaC1,-/WClb was v a r i e d  a s  

f o l l o w s :  5 /1 ,  4 / 2 ,  1/1, 1 / 5 ,  showed on ly  t h a t  t h e  1/1 s t a r t -  

ing  r a t i o  gave s i g n i f i c a n t  y i e l d s .  

React ion t ime seemed t o  have l i t t l e  e f f e c t  on t h e  y i e l d  

of t h e  mixed metal  t an t a lum- tungs t en  c l u s t e r .  A s t udy  of r e -  

a c t i o n  t ime w i t h  a  s t a r t i n g  r a t i o  of  TaC15/WC16 of 1/1 was 

under taken .  Three r e a c t i o n  t imes  were compared 2 4  h r s ,  48 

h r s ,  and 7 2  h r s  a t  320°C. The r e a c t i o n .  a f t e r  2 4  h r s  showed 

on ly  T a - C l U  
6 

2 +  c l u s t e r  w i t h  no mixed meta l  c l u s t e r  and no 

tungs t en  c l u s t e r .  There was a  s i g n i f i c a n t  amount of un reac t ed  

aluminum meta l  found i n  t h e  r e a c t i o n  mass a f t e r  t h e  a p p r o p r i -  

a t e  ' e x t r a c t i o n s .  There was on ly  a  s l i g h t  d i f f e r e n c e  i n  t h e  

amounts of  c l u s t e r  s p e c i e s ,  Ta6ClI2 2+  , W 6 C l g 4 + ,  and TaSWC1, ,, 3+ 
.L# 

found i n  comparing t h e  48 hour  r e a c t i o n  t o  t h e  7 2  hour r e a c -  

t i o n .  

A h i g h e r  t empera ture  was a t t empted  f o r  a  1/1 s t a r t i n g  

r a t i o  f o r  a  3 day p e r i o d .  No s i g n i f i c a n t  amount of mixed 

meta l  c l u s t e r  was found.  

The most e f f e c t i v e  c o n d i t i o n s  found were t h r e e  days a t  

320°C wi th  a  s t a r t i n g  r a t i o  of TaC15/WC16 of  1/1. A t  t h e s e  

c o n d i t i o n s  a  f i n a l  y i e l d  of 4 8 . 5 %  of t h e o r e t i c a l  based o n .  ' 



recrystallized [(C H )  N] [(TagWCll2)Cl6] was realized. 
3 7 4  2 

The reduced product, [(C3H7) 4N] [(Ta5WC1i2)C16] , obtained 

by the zinc reduction of [ (C3H7)4N] [(Ta5WCllZ)C16] , could be 

recovered almost quantitatively from the reduction procedure. 

When the coreduction reaction had been completed, the 

reduction mass contained aluminum chloride, sodium tetra- 

chloroaluminate, tantalum chloride cluster, tungsten chloride 

cluster and the desired tantalum-tungsten mixed metal chloride 

cluster. No special problems were presented by any of these 

contaminants in the process of separation. Most of these con- 

taminants were completely leached out by the water extraction. 

A cold solution, it was felt, would keep the final tem- 

perature of the extracting solution at about room temperature, 

i.e. it would off-set the tremendous heat of solution of 

aluminum chloride and sodium tetrachloroaluminate. By keeping 

the solution at about room temperature, there appeared to be 

no loss of mixed .metal cluster by hydrolysis. This first 

water extraction removed the sodium tetrachloroaluminate and 

the aluminum chloride. This extraction also removed some of 

the pure tantalum cluster and most of the pure tungsten clus- 

ter. A second water extraction served to complete the removal 

of all thc solublc componcnts exccpt somc of thc tantalum 

cluster which was slow to dissolve. These two aqueous extrac- 

tions wcre completed i.n about six hours of stirring. 

Even though continued aqueous extraction might have re- 



m0ve.d all of the tantalum cluster, it was felt that prolonged. 

exposure of the tantalum-tungsten cluster to water would 

increase the probability of loss of yield due to hydrolysis. 

It was noted that a second kthanol extraction showed no 

significant amount of cluster species extracted. After dilu- 

tion, the ethanol-aqueous solution contained'sufficient water . 

to prevent dehydration of the ion exchange resin, and yet this 

amount of water was not sufficient to promote hydrolysis of 

the cluster. 

Outgassing the ethanol-aqueous solution prevented air 

bubbles in the column during the ion exchange process. When 

the ethanol-water solution was passed down the column, a dark 
. . 

ring of tantalum cluster was retainedat the top of the column, 

while the mixed-metal cluster was passed through the column. 

. The mixed-metal cluster apparently exists as a molecular 

species in these solutions. A solution of the corresponding 

tantalum-molybdenum mixed metal also will pass through an 

anion exchange column without loss of the cluster. 

Since the spectral data for compounds comparable to this 

mixed-metal cluster pertain mostly to anionic moieties, the 

mixed-metal cluster was isolated in the anionic form. 

The anation of the mixed-metal cluster was accomplished 

under oxidizing conditions. The solution was saturated with 

HCl(g) and oxidized with C12(g). The tantalum-tungsten mixed 

metal cluster was precipitated under oxidizing conditions 



These ethanol-water-HCl solutions 'were very susceptible 

to air oxidation. An attempt to separate the reduced species 

under these conditions would have resulted in a product con- 

taminated with the oxidized form of the cluster.. As soon as 

the solution was oxidized, often the acid hydrate, [(H30)2] 

[(Ta4WCl18)]*nH20 would separate from solution. This solid 

could be removed as a dark brown crystalline solid which is 

soluble in ethanol. As soon as the solution was s a t u r a t e d  and 

oxidized, the tantalum-tungsten mixed metal cluster could be 

crystallized out of the solution in the presence of excess 

tetraalklyammonium cation. Normally very little of.the 5-1-2 

derivative crystallized until the volume of the solution had 

been reduced by about 30 percent. If additional tetraalkyl- 

ammonium cation was added over a period of several days while 

the volume was being reduced, almost all of the mixed metal 

cluster would be crystallized from the solution to leave an 

almost colorless solution. 
. . 

Very pure 5-1-2, [ (C3H7) 4N] [ (Ta5WCl12) C16] , could be 

obtained by recrystallizing the crude tetraalklyammonium salt 

of the 5-1-2 from ethanol saturated with HCl(g) upon addition 

of a small amount of tetraalkylammonium cation. All character- 

izations were carried out on this recrystallized compound. 

The 5-1-3 analog could be obtained quantitatively by the 

zinc reduction of the 5-1-2 species in butyronitrile. The 

5-1-3 species, in solution, is very susceptible to air oxida- 



tion.. Therefore, the reduction and separation steps were done 

in vacuo. - 
The complexes were usually isolated as the tetrapropyl- 

. . 

ammonium salts, although the tetraethylammonium salt of the 

5-1-2 analog was isolated. 

It should be noted that routine preliminary assessment of 

the purity of these compounds was performed by spectral analy- 

sis and not by elemental analysis. On1.y those products whose 

spectra showed little deviation from standard peak to peak and 

peak to valley ratios were submitted for elemental analysis as 

relatively pure compounds. 

Synthesis of Niobium-Tungsten M3Xg Cluster Compounds.- 

This work represents the first preparation of mixed metal M3X8 

clusters containing metals from different groups. Several 

reactions were initially run to prepare mixed metal M6X8.0r 

M X . clusters containing niobium and tungsten. Since n,iobium 6 1.2 

and tungsten will adapt to both cluster configurations, it was 

felt that a series of cluster compounds containing a substi- 

tuted metal could be prepared. Starting ratios of NbC15/WC16 

of 5/1 and 4/2 with sufficient aluminum to reduce the Nb(V) 

and W ( V 1 )  to 2.5 and 2.67 were reacted according to.Equations 

9 and 10. 

320°, 3 days 
15NbC15 + 3WC16 + 16A1 - 3Nb5WCl12C13 + 16A1CI3 

50 m/o NaCl 
50 m/o A1C13 (9 ) 



When no appreciable amount .of cluster species wa's found in 

either the aqueous or ethanol extraction supernate, an attempt 

to prepare a mixed metal M6X8 cluster was made with a starting 

ratio of WC16/NbC15 of 5/1 and sufficient aluminum to prepare 

W5NbClgC13 according to the reaction described by Equation 11. 

550°, 3 days 
5WC16 + NbC15 + 8Al - >  W5NbC18C13 + 8A1C13 

50 m/o NaCl 
(11) 

50 mjo ~ 1 ~ 1 ~  

The aqueous and ethanol extraction showed only Nb6Cl12 3+  and 

'6"8 4+ and an X-ray powder pattcrn of the residue remaining 

after'the extractions showed only tungsten metal. 

A continued look at the residues remaining after the 

extractions of the products of the reactions described by 

Equations-9 and 10 revealed these residues gave powder diffrac- 

tion patterns very similar to those reported for "NbC13". 

Some preliminary reactions, based on Equation 12, for the 

reduction of niobium pentachloride alone showed that the low- 

est composition in the "NbC13" homogeneity range, NbC12.67, 

could be obtained by the reduction with aluminum. 

550°, 3 days 
9NbC15 + 7A1 - 3Nb3ClR + 7A1C13 

!in ~n /o  N a C l  
(12) 

t 50 m/o A1C13 

Not only was the reduction stoichiometric but also quantita- 

tive at 550°C. When the reduction had been completed, the 



produc t s  were e x t r a c t e d  a s  p r e v i o u s l y  d e s c r i b e d .  I n  bo th  ex-  

t r a c t i o n s ,  no c o l o r  appeared i n  t h e  s u p e r n a t e  and t h e  p roduc t  

was s e p a r a t e d  a s  an i n s o l u b l e  da rk  g reen  c r y s t a l l i n e  powder. 

A s  p r e v i o u s l y  d e s c r i b e d  i n  t h e  exper imenta l  s e c t i o n  i n  

Equat ions  3 -6 ,  s t a r t i n g  r a t i o s  o f  NbC15/WC16 of 6 / 1 ,  4 / 1 ,  2 / 1 ,  

and 3/2 a long  w i t h  s u f f i c i e n t  aluminum t o  reduce a l l  me ta l  

s p e c i e s  t o  t h e  2.67 o x i d a t i o n  s t a t e  were r e a c t e d  i n  t h e  u s u a l  

manner a t  550°C. In  a l l  c a s e s  t h e  coo led  r e a c t i o n  mass had 

t h e  same c h a r a c t e r i s t i c s  a s  t h o s e  observed d u r i n g  p r e p a r a t i o n  

of t h e  p a r e n t  compound, NbC12. 6.. That  i s ,  t h e r e  was an i n s o l -  

u b l e  mass of  dark  b l ack  m a t e r i a l  covered by a  l a y e r  of  wh i t e  

s a l t  medium. 

These r e d u c t i o n s  a l l  behaved s i m i l a r l y  d u r i n g  e x t r a c t i o n  

and p r o c e s s i n g .  I n  one c a s e ,  e x t r a c t i o n  of t h e  2 / 1  r educ t ion  

produc t  d,id g ive  a  p a l e  yel low aqueous s u p e r n a t e  i d e n t i f i e d  as  

w6clg4+. I t w a s  e s t ima ted  t h a t  t h e  co lo red  s p e c i e s  was of 

s u f f i c i e n t l y  low c o n c e n t r a t i o n  t o , b e  cons ide red  i n s i g n i f i c a n t .  

The f i n a l  i s o l a t e d  p roduc t s  were dark  m i c r o c r ~ y s t a l l i n e  powders 

wh ich  appeared t o  be homogeneous under o b s e r v a t i o n  w i t h  a  

p o l a r i z i n g  microscope,  w i t h  t h e  6 /1  compound g i v i n g  t h e  appear -  

ance of  be ing  more green  than  t h e  r e s t  of t h e  compounds. A s  

one might e x p e c t ,  t h e  6/1 r a t i o  compound should  be t h e  most 

l i k e  t h e  p a r e n t  Nb3Clg. 



E l e c  t.r onic .  .Spe.ct.r,a. o f  .t h.e. .T.an tal'um- Tung.s.t.en .M6 X . 1 2  Mixed 

Metal C l u s t e r  'C'ompo'un'ds.- The d e t e r m i n a t i o n  of t h e  e l e c t r o n i c  

s t r u c t u r e  of t h e  M6X12 c l u s t e r  compounds of  niobium and t a n -  

talum has  been t h e  o b j e c t  of  s e v e r a l  p r ev ious  s t u d i e s  ( 5 , 6 3 ,  

64 ,65 ,67 ) .  I t  was hoped t h a t  t h e  s u b s t i t u t i o n  of one o.r more 

of  t h e  meta l  atoms i n  t h e  c l u s t e r  c o r e  would a l t e r  t h e  e l e c -  

t r o n i c  s p e c t r a  of  t h e  c l u s t e r  d e r i v a t i v e s  i n  such a  way a s  t o  

f a c i l i t a t e  t h e  d e f i n i t e  assignment of  a t  l e a s t  some of  t h e  

observed bands i n  t h e  s p e c t r a .  , T h i s  was one of t h e  pr imary 

o b j e c t i v e s  of t h e  s tudy  i n i t i a t e d  by Meyer (46 ) .  The e l e c -  

]3 -  ,2 -  t r o n i c  s p e c t r a  of  t h e  i o n s  [Ta5WCl18 ob t a ined  i n  t h i s  

] 4 -  , 3 -  s tudy  a r e  compared below w i t h  t h e  s p e c t r a  of [Ta6Cl18 

and [ T ~ ~ M O C ~ ~ ~  ] 3 - , 2 -  , a s  ob t a ined  by Meyer (46) .  

I t  should  be a s c e r t a i n e d  whether  t h e  s p e c t r a  a r e  indeed 

of t h e  i o n s  mentioned o r  of a  d i s s o c i a t e d  s p e c i e s  where 

s o l v e n t  has  s u b s t i t u t e d  f o r  t e r m i n a l  h a l i d e  on t h e  c l u s t e r .  

Schneider  and Mackay (39,13) s t u d i e d  t h e  conductance of  

[(C2H5) 4N]n[(Nb6C112)C16] (n = 2 ,3 ,4 )  i n  n i t romethane  s o l u t i o n  
. . 

and found t h e  compounds t o  be n : l  e l e c t r o l y t e s .  These' au tho r s  

a l s o  found (13) t h a t  t h e  i n f r a r e d  s p e c t r a  o f  t h o s e  compounds 

i n  n i t romethane  s o l u t i o n  agreed ve ry  w e l l  w i t h  t h e  d a t a  on t h e  

s o l i d s ,  f u r t h e r  i n d i c a t i n g  no d i s s o c i a t i o n  of t h e  t e r m i n a l  

ha logens .  Fleming and.McCarley (64) compared' t h e  e l e c t r o n i c  

r e f l e c t a n c e  s p e c t r a  of  colnpounds c o n t a i n i n g  t h e  [(Nb6Cl12) 

C16] 7 3 9 4 -  i o n s  t o  t h e  s p e c t r a  i f  t h e s e  compounds i n  s e v e r a l  



s o l v e n t s  and found good agreement between t h e  a c e t o n i t r i l e  

s o l u t i o n  s p e c t r a  and t h e  r e f l e c t a n c e  s p e c t r a  o f  t h e  3 -  and 2- 
. . 

i o n s .  These d a t a  a r e  a l s o  i n  good agreement w i t h  t h e n i t r o -  . . 

methane s o l u t i o n  d a t a  f o r  t h e  3-  i o n  a s  ob t a ined  by Schneider  

and Mackay (13 ) .  The d a t a  of  Fleming and McCarley (64) do 

i n d i c a t e  t h a t  [Ta6C118]4" may be d i s s o c i a t e d  t o  some e x t e n t  i n '  

a c e t o n i t r i l e .  Meyer (46) found t h a t  t h e  mixed meta l  c l u s t e r s  

of t an ta lum and molybdenum could  be r e c r y s t a l l i z e d  from a c e t o -  

n i t r i l e  w i thou t  lowering t h e  c h l o r i n e  t o  meta l  r a t i o .  From 

t h e  fo rego ing  arguments i t  seems u n l i k e l y  t h a t  t h e  t an ta lum-  

molybdenum c l u s t e r  an ions  a r e  s i g n i f i c a n t l y  d i s s o c i a t e d  i n  

a c e t o n i t r i l e .  

. I t  was found i n  t h i s  work t h a t  t h e  5 -1-2  compound of 

t an ta lum and t u n g s t e n  was reduced over  a  p e r i o d  of t ime i n  

a c e t o n i t r i l e ,  bu t  n o t  i n  b u t y r o n i t r i l e .  I t  was a l s o  found 

t h a t  s o l u t i o n s  of  t h e  same 5-1-2  i on  i n  e t h a n o l  were reduced 

over  a  p e r i o d  of t ime .  For t h i s  r e a s o n ,  s p e c t r a l  measurements 

were made i n  b u t y r o n i t r i l e .  

The r e s o l v e d  e l e c t r o n i c  s p e c t r a  of t h e  t h r e e  c l u s t e r  

]3 -  , 4 -  d e r i v a t i v e s ,  [Ta6Cl18 9 [Ta5M0C118 ] 2 -  , 3 -  and 

[ T ~ ~ w c ~ ~ ~ ] ~ - ' ~ -  a r e  shown i n  F igu re s  1 - 7 .  The d a t a  a r e  com- 

pared i n  F igure  8 and summarized i n  Table  1. 

F igure  1 shows t h e  r e s o l v e d  spectrum of  t h e  [(Ta6Cl12 

c1614- ion  i n  a c e t o n i t r i l e  s o l u t i o n  a s  pub l i shed  by Meyer 

(46) .  He r e p o r t s  t h a t  a t t e m p t s  t o  f i t  t h e  observed spectrum 



ENERGY IN k K  

Figure 1. Spectrum of [ ( T ~ ~ C ~ ~ ~ ) C ~ ~ I  4 -  in acetonitrile show- 
ing observed (upper solid line), calculated (XXX) 
and Gaussian components (lower solid lines) 



Figure 2. Sp,ectrum of [[C2H5) 4 N ]  [ (TaSMoCll2)Cl6] in acetonitrile showing. 
observed (upper solid line), calculated (XXX) and ~aussi'an 
components (lower solid lines) 
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Figure 3. Spectrum of [[C4Hg)4N]2[(Ta5MoC112)C16] in acetonitrile showing 
observed (upper solid line), calculated (XXX) and Gaussian 
components (lower solid lines) 
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WAVENUMBERS CM-' x 10 

F i g u r e ' 4 .  Spectrum of  [(C3H7)4] 2 [(Ta5WC112)C16] i n  bu ty ro -  
n i t r i l e  sho'wing obse.r'ved (upper' s o l i d  l i n e ) ' ,  c a l c u -  

, l a t e d  (XXX) and Gaussian components .(lowe'.r' s o l i d  
l i n e )  



WAVENUMBERS C M ' X I ~ ~  

Figure  5 .  Spectrum of [(C3H7) 4N.I [(Ta5WCll2)C1&], i n  b u t y r o -  
n i t r i l e  show.ing obs'.erved (upper s o l i d  l i n e )  , 
' c a l c u l a t e d  (XXX) and Gaussian components (i0we.r 
s o l i d  l i n e )  



Figure 6. Spectrum of [ (C3H7) 4 N ]  [ (Ta5WCl12)C16] in butyro- 
nitrile showing observed (upper solid line), 
calculated (XXX) and Gaussian components (lower 
solid line) 



Figure 7. Spectrum of [ (C3H7) 4N] 3 [(Ta5WCl1~)Cl6] in butyro- 
nitrile showing observed (upper solid line), 
calculated (XXX) and Gaussian components (lower 
s o l i d  line) 



Figure 8. Comparison of component bands ,in spectra of 

A) [ T ~ ~ C I ~ ~ ]  4 -  in acetonitrile 

B) [ T ~ ~ M ~ c ~ ~ ~ I  '- in acetonitrile 
C) [ T ~ ~ w c ~ ~ ~ ]  '- in butyronitrile 
D )  [~agcl~~]'- in ethanol 

E) [ T ~ ~ M O C ~ ~ ~ ]  '- in acetonitrile 
F) [ T ~ ~ w c ~ ~ ~ ]  2 -  in hutyronitrile 





Table 1.- Electronic absorption dataa 

- - -- 

a~bsorptions are resolved Gaussian components. 

b ~ n  units of kiloKaysers (1 kK = 1000 cm-'1. 

C In units of liter mole" cm-' (~10'~). 



by Gaussian analysis omitting the band at 27.9 kK resulted in 

much poorer fit. This poorer fit may be due to the non- 

Gaussian shape 05 the bands in the spectra. 

It was necessary to include an extra absorption band in 

the analysis of the spectra of the tantalum-tungsten 5-1-2 

and 5-1-3, [(Ta5WC112)C16]293-, shown in Figures 4 and 7. In 

order to get a reasonably good fit of the observed spectra, 

these bands at 16.94 kK in the 5-1-3, Figure 4, and at 25.17 

kK in the 5-1-2, shown in Figure 7, were included. 

Figure 8 lists the data obtained from the Gaussian analy- 

sis of all the spectra. The spectra of all of these cluster 

compounds should indeed be comparable. Previous discussions 

have pointed out that the homonuclear clusters maintain nearly 

perfect octahedra with Oh symmetry even on oxidation. Also 

Fleming and McCarley (64) have reported that the spectra of 

the tantalum clusters in solution are qualitatively inde- 

pendent of the solvent. Therefore, if solvation does occur, 

significant distortion of the metal octahedra does not occur 

or has no effect on the spectra. The magnetic data for the 

tantalum and the niobium cluster compounds indicate that these 

compounds all have similar electronic structures,. 

Fleming and McCarley have noted (64) that the tantalum 

cluster bands generally appear at energies from 2 to 8 kK 

higher than corresponding bands in the niobium clusters. Such 

a shift is in good agreement with the shifts found in compar- 



ing the spectra of hexahalo complexes of 4dn and 5dn metals. 

Figure 8 lists the data for these spectra and 'only.the ' ,  

spectra of isoelectronic species are compared. For these iso- 

electronic compounds, dashed lines connect the bands which are 

thought to.be analogous. The dashed lines do emphasize a few 

discrepancies in the data presented. For example, 'in the 

spectra of the oxidized derivatives, Ta6Cl18 3 - ,  ~ a ~ ~ o C 1 ~ ~  2 - , 
2 - and the Ta5WCl18 , there appears to be a band missing in the 

. . 

energy range 15 to 20 kK in the spectrum of the tantalum clus- 

ter. Both the tantalum-molybdenum, spectrum E, and the 

tantalum-tungsten, spectrum F, suggest that a weak band should 

3 - be found in this energy range. Spectrum C ,  Ta5WCl18 , a l s o  

suggests that this band should also be found in this species, 

although Meyer (46) does not report a corresponding band in 

the reduced tantalum-molybdenum cluster. It is interesting to 

note that Fleming and McCarley (64) do report such a band in 

3 - the spectr'a of the Nb6CIl8 . 
Other than the band at 25.17 kK in spectrum F, spectra D, 

E and F show a one to one line correspondence. The spectra of 

the tantalum and the tantalum-tungsten oxidized derivatives 

indicate that, in general, there is a much smaller perturba- 

tion on the,electronic structure by the addition of a tungsten 

than that caused by the addition of a molybdenum atom in the 

cluster. The line that appears to be the most shifted with 

respect to the other oxidized .derivatives occurs at 39.46 kK 



i n  spectrum F .  Th is  l i n e  perhaps  can be a t t r i b u t e d  t o  a 

charge  t r a n s f e r  band i n  t h e  spectrum. I t  should  be no ted  t h a t  

4 +  t h e  charge on t h i s  c l u s t e r  s p e c i e s  i s  4 + ,  Ta5WCl12 , c o r r e s -  

ponding t o  t h e  charge  on t h e  Ta6Cl12 . Fleming and McCarley 

(64) r e p o r t  a  charge  t r a n s f e r  band f o r  t h e  t an ta lum 4+ c l u s t e r  

a t  40.3 kK. 

The correspondence of t h e  s p e c t r a  o f  t h e  reduced s p e c i e s ,  

3 - Ta5WCl18 , i n  g e n e r a l ,  shows a  poorer  agreement w i t h  t h e  

o t h e r  two reduced s p e c i e s ,  Ta6Cl18 
4 - and Ta5MoCl18 3 - .  There 

i s  a  one t o  one l i n e  correspondence i n  t h e  lower end of t h e  

spectrum,  'except  f o r  t h e  band a t  16 .01  kK d i s c u s s e d  e a r l i e r ,  

through about  2 2  kK. The absence of t h e  band a t  about  24.8 kK 

i s  obvious .  A s  can be seen  from Figure  3 ,  however, e x c e l l e n t  

agreement between t h e  c a l c u l a t e d  spectrum and t h e  observed i s  

ob t a ined  wi thou t  t h a t  p a r t i c u l a r  band. The o t h e r  major d i f f e r -  

ence i s  t h a t  on ly  t h r e e  bands a r e  observed above 25 kK. This  

may be due t o  t h e  s o l v e n t  c u t - o f f  f o r  b u t y r o n i t r i l e  obscur ing  

t h e  h i g h e s t  charge  t r a n s f e r  band which we expec t  a t  about  

42.5 kK. 

In  summary, t h e  s p e c t r a  of  t h e  t an t a lum- tungs t en  mixed 

metal  c l u s t e r s  compare very  c l o s e l y  t o  t h e  a p p r o p r i a t e  i s o -  

e l e c t r o n i c  tantalulii  c l u s t e r  d e r i v a t i v e .  Even though t h e  c o r -  

respondence i s  l e s s  f a v o r a b l e  i n  t h e  reduced s p e c i e s ,  t h e r e  i s  

e x c e l l e n t  agreement between observed and c a l c u l a t e d  s p e c t r a .  

The change from a  Tag c o r e  t o  e i t h e r  a  Ta5Mo o r  Ta5W c o r e  d i d  

no t  r e s u l t  i n  any prnfoi .~nd changes i n  t h e  s p e c t r a  of  t h e  



clusters. As previously stated, it has been hoped that the 

electronic spectra of these new compounds would provide. some 

n+ new information about the electronic structure of the M6X12 

cluster compounds. The spectra of the tantalum-tungsten 

cluster species have so far served only to substantiate the 

identity of the compounds. 

Far Infrared Spectra of the Tantalum-Tungsten Mixed Metal 

M6X12 Cluster Compounds.- The infrared spectra of the 5-1-3 

and the 5-1-2 are informative but do not yield more than com- 

parative information. The total reducible representation of 

the [ ( T ~ ~ w c I . ~ ~ ) c ~ ~ I ~ -  ion in c4, symmetry is given by the 

equation below in terms of the irreducible representations it 
. . 

contains. 

rtotal = 14A1 + SA2 + 9B1 + 6B2 + 19E 

Only the A1 and Bmodes are infrared active in C4v symmetry. 

Of the total bands permitted in the vibrational spectrum one 

expects to see a total of thirty bands in the infrared spec- 

trum. As can be seen from the data in Table 2, none of the 

four compounds possessing C4v symmetry display more than 11 

bands. 

Upon close examination of the data in Table 2, it becomes 

apparent that the-far infrared spectra of the mixed-metal 

clusters closely resemble the spectra of the homonuclear tan- 

talum cluster species given in the table for comparison. 

Structural studies already discussed have shown that the 



T a b l e  2 .  Fa r  i n f r a r e d  s p e c t r a  (cm - 1 )  a  

Band C S +  (n  - Bu) 4 ~ +  ( n - ~ r )  4 ~ *  ( ~ t 4 ) ~ +  ( E t )  ,?JC ( n - P r )  4 ~ t  

N O .  T ~ ~ c I : ,  b Ta5M0Cl18 2 - Ta5WCll8 ~ a , c l ; ,  Ta5MoCl18 3- b  2 - b  3  - b  
Ta5WCl18 

A - - -  350 s h  - - -  - - - -  352 s h  - - - 

B 332LrS (F). 336 VS 340 VS. 324 VS. 326 VS 328 VS 

C 290 S(F)  300 S  298 VS 283 VS 290 VS 285 S  

D - - -  286 W - - -  - - - -  - - -  - - -  

E 253VS (F) 261 VS 256 VS 243.VS 245 VS 238 VS 

G - - - 202 M - - - 197 M 204 W - - - 03 
W 

a  
S  = s t r o n g ,  M = medium, W = weak,  V = v e r y ,  s h  = s h o u l d e r ,  (F:I d e s i g n a t e s  

band a s  f u n d a m e n t a l  a c c o r d i n g  t o  r e f e r e n c e  ( 9 1 ) .  

b ~ a t a  f rom r e f e r e n c e  ( 4 6 ) .  



t an ta lum c l u s t e r s  can be cons ide red  t o  have Oh symmetry. The 

c l o s e  resemblance of  t h e  s p e c t r a  of t h e  t an ta lum c l u s t e r s  and 

t h e  mixed metal  c l u s t e r s  i n d i c a t e s  t h a t  t h e  e f f e c t i v e  symmetry 

of t h e  mixed meta l  c l u s t e r s  approaches  Oh.  Mat tes  ( 9 0 )  has  

no ted  from h i s  own work and from r e f e r e n c e s  (14,87,88)  t h a t  

2 - t h e  f a r  i n f r a r e d  s p e c t r a  o f  M6X8Y6 s p e c i e s  (Oh symmetry) and 

t h e  M6X8Y4 (D4h) d i f f e r  on ly  s l i g h t l y .  Hogue and McCarley 

(91) a l s o  v e r i f i e d  t h i s  c o n t e n t i o n  i n  c o m p r i n g  t h e  s p e c t r a  of 

2 - W6C18C14(CH3CN)2 and W 6 C 1 8 C 1 6  . There i s  e x t e n s i v e  mixing of  

t h e  normal modes o f  v i b r a t i o n  i n  M6X12 n+ d e r i v a t i v e s  (91) and 

t h i s  mixing could  s e r v e  t o  moderate t h e  e f f e c t  of  t h e  changk 

of one of  t h e  t an ta lum atoms. This  would seem t o  be  e s p e c i -  

a l l y  t r u e  i n  t h e  c a s e  of a  t u n g s t e n  s u b s t i t u t i o n  where t h e  

s u b s t i t u t i o n  i s  more l i k e  an i s o t o p i c  change.  If  t h e  e f f e c -  

t i v e  symmetry i s  O h ,  s i x  fundamental  bands should  be observed 

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

F u r t h e r  examinat ion of t h e  d a t a  i n  Table  2 r e v e a l s  t h a t  

s i x  o f  t h e  bands d e s i g n a t e d  a s  fundamentals  i n  t h e  spectrum of 

Cs2Ta6Cl18 (46) a r e  c l e a r l y  p r e s e n t  i n  a l l  o f  t h e  t an ta lum-  

tungs t en  s p e c t r a  l i s t e d .  These bands a r e  l i s t e d  a s  B ,  C ,  E ,  

I ,  K ,  and L i n  t h e  t a b l e .  The lower e n e r g i e s  of t h e  bands B ,  

C ,  and E i n  t h e  s p e c t r a  o f  t h e  3 +  d e r i v a t i v e s  i s  c o n s i s t e n t  

w i t h  o b s e r v a t i o n s m a d e  by Fleming ( 4 2 ) ,  arld Mackay and 

Schneider  ( 3 9 ) .  

Bands A ,  D ,  G and H a r e  seen  t o  be unique t o  t h e  s p e c t r a  

o f t h e  mixed metal  s p e c i e s ,  w i t h  band.  G observed i n  on ly  one 
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tantalum-tungsten derivati.ve, 5-1-2. Band H is observed at 

184 cm-I in both tantalum-tungsten compounds, but has a weak 

intensity. 

In general, the 5-1-2 derivative of the tantalum-tungsten' 
2 -, 

compounds agree very closely with the spectra of the Ta6C118 

compound. Bands E and I show the greatest shift, with E 

- 1 moving 10 cm to lower energy, and I to 173 cm-l, 8 cm 
-1 . .  

higher in energy than the corresponding band in the tantalum 

compound. 

The spectrum of the 5-1-3,tantalum-tungsten derivative, 

is much like that for the corresponding tantalum derivative, 

but shows shifts in the common bands from 2 to 5 cm-I. 

Magnetic Properties of the T,antalum-Tungsten Mg'X12' Mixed- 

2+ Metal Clusters.- The compounds of Ta6Cl12 , Ta5WCllZ3+ and 
3+  

Ta5MoCl12 , and the compounds of Ta6CllZ3+, Ta5WCllZ4+ and 
Ta5MoCl12 4+ are isoelectronic and should have similar magnetic . . 

properties. As discussed in the introduction, derivatives of 

Ta6C112 '+ are diamagnetic while derivatives of Ta6Cl12 3+ are 
paramagnetic .with magnetic moments corresponding to one un- 

paired electron per cluster unit. Table 3 (and Tables 12 and 

13 in the Appendix) summarize the magnetic data obtained on 

the mixed metal cluster compounds and some comparable data on 

related compounds. Detailed x versus T data are listed in the 

tables in the Appendix. 

Table 3 lists the data for [(C4Hg)4N] [(Ta5MoCl12)C16] 



Table  3 . Magnetic  s u s c e p t i b i l i t i e s  (emu/mole) a t  room t e m p e r a t u r e  

Compound zMx1o6 XDx10 
6a Xtipx10 6a 

P (obs )  IJ (talc) d e p r )  
B.M.  B .M.  ( O K )  

a ~ a t a  from R e f e r e n c e  (131) .  

b ~ e a s u r e d  by  J .  L .  -Temple ton  o f  t h i s  L a b o r a t o r y  on a powdered sample .  

' ~ a t a  from Refe rence  ( 4 6 ) .  



and [(.C2H5) 4N] L(Ta5MoC112) C16]. The observed moment of the 

former is 1.47 B.M'. as compared to the expected value of 

1.69 B.M. for a single-electron paramagnetic compound. The 

observed moment of the [(C2H5)4N]3[(Ta5M~C112)C16], a diamag- 

netic compound, is 0.76 B.M. These moments show that the 

two compounds contain significant ar~lounts of magnetic impuri- 

ties. As discussed by Meyer (46) these impurities may not be 

simple hexanuclear cluster contaminants. 

Figure 9 is a trace of the electron paramagnetic reson- 

ance spectrum of [(C3H7) 4N] [(Ta5WCl12) Cl6] obtained on a 

powder sample at room temperature. The data obtained in this 

experiment are listed in Table 3. 

The magnetic data for the tantalum-tungsten derivatives 

compare very well with those for the homonuclcar tantalum 

clusters. The g value for the tantalum-tungsten 5-1-2 cluster, 

[(C3H7)4N]2[(Ta5WCl18)], is slightly lower, as is expected, 

than that for the isoelectronic tantalum cluster, [(C2H5)4N]3 

[(Ta6Cl18)]. Likewise, the corresponding moments are lower. 

Further examination of the data in Table 3 shows the very good 

agreement between the magnetic moment calculated from the epr 

experiment and the moment calculated from the susceptibility 

data. 

The magnetic data from Table 3 for the 5-1-3, [(C3H7)4N] 

[ ( T E ~ ~ W C ~ ~ ~ ) ] ,  indicated that this compound contains a mole 

fraction of paramagnetic impurity of about 0.09. Even at this 





very low concentration, the contribution of the observed 

moment is large. Since therc is no evidence Tor the prescncc 

5 - of the paramagnetic [Ta6Cl18] , it can be concluded that this 
impurity is [Ta5WCll8IL-, present due to incomplete reduction. 

X-ray Diffraction Studies of the Niobium and the Niobium- 

Tungsten M3X8 Species.- In the course of complete reaction 

work-up, x-ray diffraction studies of final residues were 

made. It was these diffraction studies that revealed most of 

the niobium and tungsten in the insoluble residues obtained in 

attempts to synthesize M6X12 and M6X8 mixed metal cluster com- 

pounds in the residue as a species that gave a diffraction 

pattern identified as "NbC13". It was also noted that the 

product from the reaction designed to prepare Nb4W2Cl12C14 

had the same stoichiomctry as NbZWC18 arlcl did give the best 

diffraction patterns. For this reason, Nb3C18 was prepared in 
. . 

a molten salt medium and the powder diffraction pattern was 

measured. Table 4 lists the data from this study, along with 

a computer calculated diffraction pattern forNb3Clg, the film 

data collected from a Debye-Scherrer study and data collected 

on all of the preparations for the substitution of tungsten 

into the niobium trimer. 

Figure 10 points out the general line correspondence and 

the relative line intensities. As can be seen from the figure, 

the 2/1 and 3/2 Nb/W preparations give poorer diffraction pat- 

terns and reveal a very strong tungsten metal peak at 40.2'. 



Table  4 .  X-ray d i f f r a c t i o n  d a t a  (degrees  o f  2 8 )  

Indexa Calca  . ~ i l r n ~  . Powderc 
Nb3C18 Nb3C18 Nb3C18 I n t .  6 / l C  I n t  

a~ F o r t r a n  IV Program f o r  t h e  i n t e n s i t y  c a l c u l a t i o n  of 
powder p a t t e r n s  1969,  by K .  Yvon, W .  J e i t s c h k o ,  and E .  Par th6 .  

b ~ i l m  d a t a  c o l l e c t e d  on a  Debye-Scherrer  o r  ~ u i n e r i  
camera. 

'powder d i f f r a c t i o n  d a t a  c o l l e c t e d  on a  G . E .  powder 
d i f f r a c t o m e t e r  and normal ized t o  peak a t  34' w i t h  I = 100. 



, 
Table 4'. (Continued) 

4/lc Int 2 / l c  Int 3/2' Int w o c  .Int 

GO. 22 16 



Figure  10.  X-ray d i f f r a c t i o n  d a t a  (degrees  of  2 8 )  

A.  Ca l cu l a t ed  d i f f r a c t i o n  p a t t e r n  f o r  ~ b j C l ~  

B .  Powder d i f f r a c t i o n  d a t a  c o l l e c t e d  on 
d i f f r a c t o m e t e r  f o r  Nb3Clg 

C .  Powder d i f f r a c t i o n  d a t a  c o l l e c t e d  on 
d i f f r a c t o m e t e r  f o r  Nb/W-6/1 

D .  Powder d i f f r a c t i o n  d a t a  c o l l e c t e d  on 
d i f f r a c t o m e t e r  f o r  Nb/W-4/1 

E .  Powder d i f f r a c t i o n  d a t a  c o l l e c t e d  on 
. d i f f r a c t o m e t e r  f o r  Nb/W-Z/1 

F .  Powder d i f f r a c t i o n  d a t a  c o l l e c t e d  on 
d i f f r . a c tome te r  f o r  Nb/W-3/2 
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In both Table 4 and Figure 10, lines E and F indicate that 

these two reactions .have yielded a mixture of products, i.e. 

tungsten metal, Nb3C18, and possibly others. For these 

reasons, the 2/1 and 3/2 preparations will be eliminated from 

further discussion. 

Examination of the data in Table 4 and comparison of the 

patterns of the remaining compounds in Figure 10, in general, 

indicate a one to one line correspondence with the following 

exceptions. There is a drop in the intensity of the strong 

line at - ca. 15' of about 15% in comparing the Nb3C18 compound 

to the 6/1 preparation, and a 30% drop in intensity comparing 

the 6/1 to the 4/1: There are a few new lines found in com- 

paring the 4/1 and 6/1 preparations with Nb3C18. The very 

intense new line at 12.73' in the 4/1 preparation, the lines 

at 32.25' and 35.18", and .the lines at 32.82' and 34-97' in 

the 6/1 and 4/1 preparations, respectively, are strong evi- 

dence for a phase resulting from the substitution of tungsten 

into the niobium trimer. The absence .of the line which 

normally occurs at 57" indicates that Nb3C18 is no. longer 

present. 

Except for the strong line in the Nb/W-4/1 preparation 

at 12.73', the x-ray diffraction patterns of these mixed metal 

products strongly support the conclusion that they have the 

Nb3C18 structure and may be formulated as solid solutions 

Nb3-xWxC18, with 0 < x < 1. 



F.ar. .In.f.r.ar.ed. Spect ra .  .o.f. . the.  Ni.ob.ium-Tungsten .M~.x .R .  .Mixed 

Metal  Clu'ste 'r '  C'ompo'u'n'ds . - Table  5 l i s t s  t h e  d a t a  f o r  t h i s  

s e r i e s  o f  exper iments .  Examination o f  t h e  d a t a  i n d i c a t e s  

f u r t h e r  t h a t ,  t h e  compounds o b t a i n e d  from t h e  Nb/W - 2 / 1  and 

3/2 p r e p a r a t i o n s  . a r e  a  m ix tu r e  o f  two o r  more compounds, one 

be ing  Nb3C18 o r  a  d e r i v a t i v e  o f  t h a t  compound. Because of t h e  

d i f f i c u l t y  i n  de t e rmin ing  t h e i r  i d e n t i t y ,  t h e  2 / 1  and 3/2 

p r e p a r a t i o n s  w i l l  n o t  be d i s c u s s e d .  

F u r t h e r  examina t ion  of  t h e  d a t a  i n d i c a t e s  t h a t  t h e r e  has  

indeed been a  s u b s t i t u t i o n  made i n  t h e  niobium t r i m e r .  Th i s  

i s  s u b s t a n t i a t e d  n o t  o n l y  by s h i f t s  i n  t h e  bands '  p o s i t i o n s ,  

b u t  a l s o  s p l i t t i n g  o f  one band i n t o  two. Examination o f  t h e  

s p e c t r a  shows f u r t h e r  ev idence  o f  s u b s t i t u t i o n ,  i . e .  band 

b roaden ing  and d i s t o r t i o n ,  a s  would be  expec t ed  by a  lower ing  

o f  t h e  symrnctry from CSV t o  Cs upon go ing  from Nb3 t o  NbZW 

c l u s t e r s .  

Maas and McCarley (132) have p o i n t e d  o u t  t h a t  t h e  h i g h e s t  

v i b r a t i o n a l  s t r e t c h i n g  f r equency ,  a  niobium t e r m i n a l  c h l o r i n e  

s t r e t c h ,  f o r  niobium i n  an o x i d a t i o n  s t a t e  o f  2.67 shou ld  b e  

expec ted  a t  about  310 cm- l .  Band D ,  l i s t e d  i n  Table  5 ,  c o r -  

r esponds  t o  t h i s  expec t ed  v a l u e  and i s  more t h a n  l i k e l y  a r i s -  

i n g  from t h e  mode d e s c r i b e d .  Bands A and B ,  found a t  403 a ~ l d  

369 cm- l ,  r e s p e c t i v e l y ,  p o s s i b l y  a r i s e  from m e t a l - t r i p l y  

b r i d g i n g  ch l .o r ine  and me ta l -doub l e  b r i d g i n g  c h l o r i n e  i n  t h e  

Nb3C18 c l u s t e r ,  and t aken  t o g e t h e r  appear  t o  b e  a  un ique  i n d i -  

c a t o r  o f  t h e  p r e sence  of  t h i s  phase .  



T a b l e  5 .  F a r  i n f r a r e d  s p e c t r a  ( c m - l )  

6 / 1  4 / 1  2 / 1  Band Nb3C18 
No. Nb/W Nb/W Nb/W 

3 /2  
Nb/W 

A 403  M 402 M 405 M 402 S  403  S  

B 369 S  363  S  365  S  363  S  363  S  

C - - -  - - - - - -  345 , S  - - -  

D 3 0 1 ' s  309 S  309 S  305 S  309 S . '  

' E - - - 281  VS.  280 VS 282 VS . 280 VS 



There i s  a  s t r o n g  correspondence of bands i n  comparing 

the '  i n f r a r e d  s p e c t r a  of t h e  Nb3C18 w i t h  t h e  6 / 1  and 4 / 1  prep- '  

a r a t i o n s ,  b u t  a t  t h e  same t ime t h e r e  a r e  some v e r y  s t r i k i n g  

d i f f e r e n c e s  i n  t h e  s p e c t r a  o f t h e  6 / 1  and 4 / 1  compounds'. Band 

F ,  a t  2 7 4  cm- l ,  i n  t h e  p a r e n t  compound i s  s p l i t  i n t o  two bands 

upon. s u b s t i t u t i o n ,  one a t  280 cn- '  and one a t  2 7 0  cm- l .  There 

i s  a  s h i f t  of  band B t o  lower ,  and band D t o  h i g h e r  energy .  

Band J ,  153 cm- l ,  appears  t o  be unique i n  t h e  h i g h e r  s u b s t i -  

t u t e d  s p e c i e s ,  i . e .  4 / 1 ,  2 / 1  and t h e  3 /2 .  Note t h a t  bo th  t h e  

6 /1  and 4 / 1  p r e p a r a t i o n s  have developed a band a t  - c a .  145 

- 1 cm , band K .  

A summary of t h e  d a t a  i n  Table  5 and a  review of t h e  

arguments p r e s e n t e d  above i n d i c a t e  t h a t  t h e  2 / 1  and.  3/2 

p r e p a r a t i o n s  a r e  mix tures  of compounds. However, t h e  d a t a  a r e  

a l s o  conc lus ive  i n  t h a t  t h e  6 / 1  and 4 / 1  p r e p a r a t i o n s  have gen- 

e r a t e d  a new n iob ium- tungs ten  mixed meta l  M 3 X 8  phase .  

Magnetic S u s c e p t i b i l i t i e s  of  t h e  Niobium and Niobium- - 

Tungsten Mixed Metal C l u s t e r  S p e c i e s . -  Dahl has  sugges t ed  t h a t  

t h e  h i g h e s t  f i l l e d  molecular  o r b i t a l  i n  t h e  M3X8 c l u s t e r  i s  

e i t h e r  an e  o r  an a2 o r b i t a l .  I n  e i t h e r  c a s e ,  Nb3C18 i s  an 

odd e l e c t r o n  system wi th  7 e l e c t r o n s  occupying t h e  me ta l -me ta l  

bonding o r b i t a l s  and t h e  molecular  o r b i t a l  diagram accounts  

f o r  t h e  paramagnetism of t h i s  member of  t h e  M3X8 c l u s t e r  com- 

pound. I f  a  t ungs t en  i s  s u b s t i t u t e . d  f o r  one 'of t h e  niobium 

atoms i n  t h e  t r i m e r  and i f  t h e  o x i d a t i o n  s t a t e . r e m a i n s  



unchanged, t h e  molecule would be an even numbered e l e c t r o n i c  

system c o n t a i n i n g  8 e l e c t r o n s  i n . t h o s e  me ta l -me ta l  o r b i t a l s  

and can be e i t h e r  d iamagnet ic  o r  paramagnet ic .  I f  t h e  h i g h e s t  

occupied molecular  o r b i t a l  i s  non-degenera te ,  a d d i t i o n a l  

e l e c t r o n  would be t h e  second t o  be  p l aced  i n  t h a t  o r b i t a l  and 

t h e  system would be d iamagne t ic .  I f  t h e  h i g h e s t  occupied 

molecu la r  o r b i t a l  i s  d e g e n e r a t e ,  t h e  system would b.e p a r a -  

magnetic w i t h  a s p i n  on ly  v a l u e  cor responding  t o  two unpa i red  

e l e c t r o n s  accord ing  t o  t h e  p reced ing  argument. I t  was t h e r e -  

f o r e  t h e  purpose  of  t h i s  p a r t i c u l a r  s t udy  t o  e l u c i d a t e  some 

in fo rma t ion  about  t h e  e l e c t r o n i c  s t a t e  of  t h e  M3X8 sys tems .  

Table  6 ,  and Table  1 4  i n  t h e  Appendix, summarize t h e  d a t a  

from t h i s  s t udy .  The molar s u s c e p t i b i l i t i e s  were c . a l c u l a t e d  

u s ing  t h e  apparen t  molecular  weigh ts  determined from a n a l y t -  

i c a l  d a t a .  S ince  X-ray a n a l y s i s  has  shown t h e  ~ b / ~ - 2 / l  and 

3/2 p r e p a r a t i o n s  t o  c o n t a i n  tungst 'en  m e t a l ,  and t h e  e l e c t r o n i c  

and v i b r a t i o n a l  s p e c t r a  have shown them t o  c o n t a i n  t h e  NbjClg' 

phase i n  a  mix tu re ,  we w i l l  l i m i t  t h e  d i s c u s s i o n  t o  t h e  pu re  

Nb3Clg, t h e  Nb/W - 6 / 1 ,  and t h e  Nb/W - 4 / 1  compounds. 

I n s p e c t i o n  of t h e  d a t a  i n  Table  6 r e v e a l s  t h a t  t h e  appar -  

e n t  moment does indeed d e c r e a s e  a s  t u n g s t e n  i s  s u b s t i t u t e d  

i n t o  t h e  niobium t r i m e r .  I n  comparison of  t h e  e f f e c t i v e  

Inua~ents, i t  should  be no ted  t h a t  t h e r e  a r e  d e c r e a s e s  i n  

moments o f  9 . 9 %  and 7 . 9 %  i n  comparing t h e  6 /1  t o  Nb3C18 and 

4 / 1  t o  6 /1  r e s p e c t i v e l y .  From t h e  ' fo rego ing  a n a l y s i s  made i n  



Table 6 ; Magnetic susceptibilities (emu/mole) at room temperaturea 

Compound xM x 10 6 6 x 10 x 10 6 
X~ " o b ~ ) ~ ' ~ "  "(calc) B.M. O Y  8 

ab(obs) calculated from slope of Curie-Weiss plot. 



conjuncti :on wi'th ' t h e  magnet ic  s u s c e p t i b i ' l i t y  measurements, it 

i s  r ea sonab le  t o  conclude t h a t  n o t  on ly  i s  t u n g s t e n  be ing  sub-  

s t i t u t e d  i n t o  t h e  niobium t r i m e r i c  compound, Nb3C18, b u t  a l s o  

t h a t  t h e  a d d i t i o n a l  e l e c t r o n  i n  t h e  compound i s  p a i r e d  i n  a  

non-degenera te  o r b i t a l .  

E l e c t r o n i c .  Sp.ec.tr.a. .o.f Nb.3C.l.g .an.d the-  N iob  ium- Tungs t e n  

Mixed meta l  MgX8 Spec-i-es.-  The s t u d y  of t h e  e l e c t r o n i c  s p e c t r a  

of  t h i s  s e r i e s . o f  compounds was made on t h e  s o l i d  compounds by 

d i f f u s e  r e f l e c t a n c e  t echn ique .  I t  was n o t  t h e  purpose  of  t h i s  

s t udy  t o  e l u c i d a t e  t h e  e l e c t r o n i c  s t r u c t u r e  of  t h e s e  s p e c i e s ,  

b u t  more t o  use  t h e  i n fo rma t ion  ob t a ined  from t h i s  exper i - .  

mental  t echn ique  a s  a  comparat ive  t o o l  o r  probe i n t o  t h e  

i d e n t i t y  of  t h e  s u b s t i t u t e d  s p e c i e s .  I n  g e n e r a l ,  on ly  t h e  

s p e c t r a  of t h e  Nb3C18, t h e  6/1 Nb/W and 4 / 1  Nb/W r e a c t i o n  

p roduc t s  provided u s e f u l  i n fo rma t ion .  

Magnesium ca rbona t e  was used a s  t h e  r e f l e c t a n c e  s t a n d a r d  

and a s  t h e  sample m a t r i x .  The s p e c t r a  of  t h e s e  compounds were 

measiired over  t h e  energy range 10.0 kK t o  5 0 . 0  kK, In  a l l  

c a s e s ,  t h e  a b s o r p t i o n  drops  o f f  i n  going from low energy t o  

h igh  energy.  Table  7 summarizes t h e  d a t a .  

The p a r e n t  compound, Nb3C18, shows two ve ry  w e l l  r e s o l v e d  

peaks ,  one a t  13.8 kK and t h e  o t h e r  a t  20.0 kK. Upon s u b s t i -  

t u t i o n ,  t h e  peak a t  13 .8  kK i s  seen  t o  s h i f t  t o  lower e n e r g i e s ,  

13 .3  kK, i n  bo th  the'  6 /1  and 4 / 1 ,  p repara t i .ons :  Th.e peak a t  

20.0 kK, i n  t h e  spectrum of NbiC18, and 15 .4  kK, i n  t h e  spec-  



Table 7 .  E l e c t r o n i c  a b s o r p t i o n  d.at.a . . .  . . .  

trum of  t h e  4 / 1  p r e p a r a t i o n ,  a r e  unique t o  t h e i r  s p e c i e s .  The 

g e n e r a l  a b s o r p t i o n  c h a r a c t e r i s t i c s  of  t h i s  e n t i r e  s e r i e s  i s  

very  s i m i l a r .  The absorbance was always h igh  a t  low e n e r g i e s  

and dropped t o  v e r y  low v a l u e s  a t  h igh  e n e r g i e s .  That  p a r t i c -  

u l a r  c h a r a c t e r i s t i c  and t h e  a b s o r p t i o n  a t  about  13 .8  kK seemed 

t o  be i n d i c a t i v e  of t h i s  s e r i e s .  The s p e c t r a  of t h e  2 / 1  and 

3/2 p r e p a r a t i o n s  a r e  s o  poo r ly  r e s o l v e d  t h a t  t hey  a r e  b a r e l y  

d i s c e r n a b l e  a s  be ing  r e l a t e d  t o  t h i s  s e r i e s .  

I n  t h e  c a s e  of  t h e  6 / 1  and 4 / 1  p r e p a r a t i o n s ,  i t  i s  s a f e  

t o  s ay  upon s u b s t i t u t i o n  of t u n g s t e n  i n t o  t h e  niobium t r i m e r ,  

Nb3C18, t h e r e  i s  some p e r t u r b a t i o n  upon t h e  sys tem b u t  t h a t  

t h e  o v e r a l l  e l e c t r o n i c  s t r u c t u r e  b a s i c a l l y  remains unchanged. 

The s h i f t  of  t h e  major peak of Nb3C18 from 13.8  kK t o  13 .3  kK 

i n  hnt .h  t h e  6 /1  and 4 / 1  p repa ra t ions  i s  s t r o n g  ev idence  t h a t  

t h e  t u n g s t e n  has  been s u b s t i t u t e d  i n t o  t h e  t r i m e r i c  c l u s t e r  

w i thou t  d i s r u p t i o n  of t h e  c l u s t e r  o r  i t s  b a s i c  e l e c t r o n i c  

environment.  



Synthesis of the Niobium-Molybdenum Mixed Metal Cluster 

Compounds.- Because of the apparent success in the preparation 

of mixed metal M3X8 cluster compounds with niobium and tung- 

sten, analogous reactions were attempted, each one starting 

with a NbC15/MoC15 ratio of 2/1 according to Equation 13. 

6NbC15 + 3MoC15 + 7A1 4 2Nb3C18 + lMo3C18 
50 m/o NaCl 
50 m/o A1C13 (13) + 7AlC1, 

Preliminary reactions had shown molybdenum pentachloride to be 

rapidly reduced by aluminum at temperatures exceeding 450°C. 

Because it might be possible to prepare niobium-molybdenum 

mixed metal clusters of more than one type,' reactioris over a 

range of temperatures were performed in.order to'explore the 
. , 

possibility of more than one compound being formed. Following 

the method outlined by Meyer ( 4 6 ) ,  for formation of mixed- 

metal M6X12 clusters, a reaction was performed, for 3 days at 

320°C according to Equation 13'. 

320°, 3 days 

For ease of discussion, the products obtained, and this reac- 

tion in general, will. be referred to as the Nb-Mo-320 reaction. 

No special problems were encountered in the work-up of 

the reaction mass. A very light color was observed in the 

aqueous extraction and was identified as the 'Mo6C18 4 *  cluster 

species. A slight coloration was also noted in the' ethanol 



e x t r a c t i o n  and t h i ' s  c o l o r  was . a t t r . i b u t e d  t o  t h e  fo rma t ion  o f  

Nb6C112 3 +  i n  t h e  p roduc t .  Both o f  t h e s e  s p e c i e s  were found 

t o  be  i n  v e r y  low c o n c e n t r a t i o n  and were c o n s i d e r e d  t o  b e  a n  

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

The f i n a l  p roduc t  was a  d a r k  s c a r l e t  powder which 

appeared t o  be homogeneous under  i n s p e c t i o n  w i t h  a  p o l a r i z i n g  

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

n+ 
M6X1 2 c l u s t e r  d e r i v a t i v e s  because  o f  t h e  s o l u b i l i t y  d i f f e r -  

e n c e s .  I t  i s  a l s o  b e l i e v e d ,  on t h e  same b a s i s ,  t h a t  t h i s  

p roduc t  i s  n o t  r e l a t e d  t o  t h e  M6X8 4+ c l u s t e r  compounds, which 

a r e  v e r y  s o l u b l e  i n  bo t h  t h e  aqueous and e t h a n o l i c  media.  

F u r t h e r  p h y s i c a l  e v i d e n c e ,  t o  be  d i s c u s s e d  below,  i n d i c a t e s  

t h a t  t h e  compound can  be fo rmu la t ed  a s  Nb2MoC18, b u t  is  n o t  

n e c e s s a r i l y  r e l a t e d  s t r u c t u r a l l y  t o  t h e  M3X8 s p e c i e s .  

The second r e a c t i o n  i n  t h i s  s e r i e s  i s  d e s c r i b e d  below. 

Equa t ion  1 3  d e s c r i b e s  t h e  s t o i c h i o m e t r y  o f  t h e  r e a c t i o n  run  a t  

550°C f o r  t h r e e  days  i n  an  e f f o r t  t o  p r e p a r e  t h e  MIX8 s p e c i e s ,  

Nb,MoClg. Th i s  p a r t i c u l a r  p r e p a r a t i o n  fo l l owed  t h e  methods 
L 

o u t l i n e d  f o r  t h e  p r e p a r a t i o n s  o f  Nb3C18 and t h e  n iobium- 

t u n g s t e n  mixed me ta l  M3X8 compounds. 

Th i s  p r e p a r a t i o n ,  no t ed  a s  t h e  Nb-Mo-550, d e v i a t e d  from 

t h e  o t h e r  p r e p a r a t i o n s  a s  f o l l o w s :  1 )  The reduced compound 

appeared t o  be s o l u b l e  i n  t h e  mol ten  s a l t  media ,  where i t  was 

observed t o  be even ly  d i s p e r s e d  th roughdut  t h e  e n t i r e  coo l ed  

s l u g .  2) The reduced compound was . s e n s i t i v e  ' t o  h y d r o l y s i s  



upon prolonged extraction with water. For this second reason, 

special care had to be taken in the'extraction procedure of 

this product, and both.the aqueous and ethanol extractions 

were carried out using Schlenk techniques. The aqueous wash 

did indicate the presence of some Mo6C18 4+ species and the 

ethanol solution indicated a very dilute solution of the homo- 

nuclear niobium cluster, but both in concentrations deemed 

insignificant. The final product was a brown powder which 

appeared to be homogeneous under microscopic examination. 

Although the stability of this species ,is quite different 

from the previous preparation, subsequent.evidence, to b.e dis- 

cussed, shows that these two reactions provided very similar 

products.  gain the' solubility characteristics indicate that 
n+ 

this product is neither an M6X12 nor M6X8 4+ derivative. The 

above mentioned physical evidence also indicates that this 

compound is correctly formulated as Nb2MoC18, and is identical 

to that formed in the 320°C preparation above,'but again may 

not be related to the M3X8 compounds structurally. 

One further set of reaction conditions was investigated. 

According to the stoichiometry of Equation 13, a reaction was 

set up and performed in the usual manner for three days at 

650°C. The notation for the reaction and the products obtained 

from this set of conditions is Nb-Mo-650. The product obtained 

from this preparation was the most analogous tothe Nb3C18 and 

the niobium-tungsten M3X8 species'. Since the product was inert 



and i n s o l u b l e  t h e  e x t r a c t i o n  p rocedu re  f o r  t h i s  compound p r e -  

s e n t e d  no s p e c i a l  problems. .  The' f i n a l  e x t r a c t e d  p roduc t  was 

a  b l a c k  c r y s t a l l i n e  r e s i d u e  which appeared homogeneous when 

viewed under  a  p o l a r i z i n g  microscope.  I n i t i a l l y ,  i t  was f e l t  

t h a t  t h i s  p r e p a r a t i o n  was t h e  most analogous  t o  t h e  NbjC18 and 

n iob ium- tungs t en  M3X8 compounds. F u r t h e r  s t u d y  of  t h i s  com- 

pound r e v e a l e d  t h a t  it was a  m ix tu r e  o f  s e v e r a l  p r o d u c t s  i n -  

c l u d i n g  molybdenum m e t a l .  

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

of  niobium and molybdenum p e n t a h a l i d e s  was s e t  up i n  an  

a t t e m p t  t o  p r e p a r e  a  compound of  t h e  f o r m u l a t i o n  Nb4Mo-2C111. 

Th i s  compound would be analogous  t o  Nb6111, b u t  would b e  a 2 1  

e l e c t r o n  M6X8 c l u s t e r  i n s t e a d  of  a  19 e l e c t r o n  c l u s t e r .  Equa- 

t i o n  1 4  d e s c r i b e s  t h e  b a s i c  p r e p a r a t i v e  r e a c t i o n .  

650° ,  3  days 
12NbC15 + 6MoC15 + 1 9 A 1  - 3Nb4M02Cl11 + 19A1C13 

50 m/o NaCl 
50  m/o A 1 C 1 3  ( 1 4 )  

When t h e  c o r e d u c t i o n  r e a c t i o n  had been completed ,  t h e  r e a c t i o n  

mass was found t o  be s i m i l a r  t o  t h o s e  which p rov ided  compounds 

hav ing  t h e  M3X8 s t r u c t u r e .  A mass o f  i n s o l u b l e  b l a c k  m a t e r i a l  

was covered by a  l a y e r  o f  t h e  s a l t  medium. Th i s  r e a c t i o n  mass 

was t r e a t e d  i n  t h e  u s u a l  manner,  and v e r y  much l i k e  t h e  M3X8 

p h a s e s ,  t h e r e  were no c o l o r e d  e f f l u e n t s  'from t h e  e x t r a c t i o n s .  

The f i n a l  p roduc t  was a  b l a c k ,  v e r y  c r y s t a l l i n e  r e s i d u e  which 

appeared  homogeneous under  m ic ro scop i c  examina t ion .  Even 

though. t h i s  p roduc t  r e s u l t e d  from a r e a c t i o n  o f  d i f f e r e n t  s t o i -  



ch iomet ry ,  i t  was .analogous to .  t h e  'product  of t h e  Nb-Mo-650 

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

X-ray D i f f r a c t i o n '  'S'tudie's 'on 'the' Niobium'-Mo'l'ybde'num Mixed 

'Meta l  C l u s t e r  Spec i e s . -  Table  8  summarizes t h e  d a t a  c o l l e c t e d  

on t h i s  s e r i e s  of  compounds and F igure  11 p o i n t s  o u t  t h e  g e n - '  

e r a 1  l i n e  correspondence and r e l a t i v e  l i n e  i n t e n s i t i e s .  

Examination of t h e  d a t a  i n  Table  8  i n d i c a t e s  t h e  Nb-Mo- 

320 produc t  i s  a  mix ture  c o n t a i n i n g  some u n i d e n t i f i e d  phase 

p l u s  a  new phase ' a l so  found i n  t h e  Nb-Mo-550 p r e p a r a t i o n .  The 

d i f f r a c t i o n  d a t a  f o r  t h e  p roduc t  of t h e  Nb-Mo-550 r e a c t i o n  

e s t a b l i s h  t h a t  t h i s  m a t e r i a l  i s  a  new compound of unique s t r u c -  

t u r e .  The t a b l e  l i s t s  d a t a  t h a t  l e a d  one t o  conclude t h a t  t h e  

Nb-Mo-650 and t h e  Nb4M02Cl11, p r epa red  a l s o  a t  650°C, a r e  mix- 

t u r e s  of compounds i n c l u d i n g  molybdenum me ta l .  L i t t l e  w i l l  be 

s a i d  of  t h e  l a t t e r  two h igh  tempera ture  p roduc t s  s imply b e -  

cause  t h e  d a t a  c o l l e c t e d  do i n d i c a t e  a  mix ture  of  p roduc t s  and 

l i t t l e  can be s a i d  of  t h e  a c t u a l  n a t u r e  of  any new s p e c i e s  

t h a t  migh t  be p r e s e n t .  

I n  g e n e r a l ,  t h e  Nb-Mo-320 gave a  v e r y  poor d i f f r a c t i o n  

p a t t e r n  which makes i t  d i f f i c u l t  t o  make conc lus ions  about  

t h e  i d e n t i t y  of  t h e  phases  p r e s e n t .  However a s  w i l l  be shown 

l a t e r  from i n f r a r e d  s p e c t r a ,  one component of  t h e . m i x t u r e  i s  

a  phase having t h e  NbjC18 s t r u c t u r e ;  t h e  second component 

appears  t o  be r e l a t e d  t o  t h e  p roduc t  from t h e  Nb-Mo-550 r e a c -  

t i o n .  The comparison of  t h e  Nb-Mo-320 and Nb-Mo-550 powder 



Table 8. X-ray diffraction.data (line positions in 28) 

Line Nb/Mo- Nb/Mo - Nb/Mo- 
No. 2/1 Int 2/1 Int 2 / 1  Int Nb4M02Cl11 1nt M: 1nt 

320a 550a 650b 

a ~ i l n  data collected on Debye-Scherrer or ~ u i n i e r  camera (intensities 
estimated) . 

b ~ a t a  collected on G.E. powder diffractometer. 



T a b l e  8 .  (Con t inued]  

Nb/Mo- L i n e  Sb/Mo - Nb/Mo- 
No. 2 / 1  I n t  2 / 1  I n t  2 / 1  I n t  Nb4MoZCll1 1 n t  M: 1 n t  

320a  5 5  C i a  650b 



Figure 11. X-ray diffr'action data (degrees of 20)' 

A. Diffraction data from ~ e b ~ e - ~ c h e r r e r  study 
of Nb-Mo-320 

B. Diffraction data from Debye-Scherrer study 
of Nb-Mo-550 

C. Powder diffraction data collected on 
diffractometer for Nb-Mo-650 

D. Powder diffraction data collected on 
diffractometer for Nb4MoZCll1 
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p a t t e r n s  w i th  t h a t  of Nb3C18 i s  convinc ing  t h a t  t h e  new phase 

formed i n  t h e s e  r e a c t i o n s  does no t  have t h e  Nb3Clg s t r u c t u r e  

t ype .  Although based on i t s  composi t ion t h e  Nb2MoC18 b e a r s  

an obvious r e l a t i o n  t o  Nb3C18, and indeed t h e  former may a l s o  

c o n t a i n  M3 c l u s t e r s ,  c l e a r l y  t h e  two compounds pos se s s  d i f f e r -  

e n t  c r y s t a l  s t r u c t u r e s .  

Far I n f r a r e d  S ~ e c t r a  o f  t h e  Niobium-Molybdenum Mixed 

Metal C l u s t e r s . -  The s tudy  of t h e  f a r  i n f r a r e d  s p e c t r a  of  . 

t h e s e  mixed metal  c l u s t e r  compounds was ' c a r r i e d  o u t  f o r  com- 

p a r i s o n  purposes  and n o t  f o r  t h e  purpose  of making fundamental  

mode ass ignments .  Table 9 l i s t s  t h e  d a t a  c o l l e c t e d  i n  t h i s  

s t udy  a long  w i t h  t h e  d a t a  f o r  Nb3C18. I n s p e c t i o n  of  t h e s e  

d a t a  r e v e a l s  t h a t  t h e  s p e c t r a  of t h e  two h igh  t empera tu re  

p r e p a r a t i o n s ,  Nb-Mo-650 and Nb4MoZCll1, show s i m i l a r  f e a t u r e s  

t o  . the  s p e c t r a  l i s t e d  i n  Table  5 f o r  Nb/W-2/1 and Nb/W-3/2. 

These p roduc t s  a r e  shown i n  t h i s  s t u d y  t o  be m i x t u r e s , . o n e  

component of which was shown t o  be molybdenum meta l  by X-ray 

d i f f r a c t i o n  s t u d i e s .  Because of t h e  d i f f i c u l t y  i n  de te rmin ing  

t h e  e x a c t  i d e n t i t y  of  t h e s e  m i x t u r e s ,  t hey  w i l l  be e l i m i n a t e d  

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

Fu r the r  examinat ion of Table  9 r e v e a l s  t h a t  t h e  spectrum 

of Nb-Mo-320 b e a r s  a  s t r o n g  resemblance t o  t h e  s p e c t r a  of  

both  Nb3C18 and Nb-Mo-550. Bands A and B ,  i n d i c a t i v e  o f  t h e  

Nb3C18 c l u s t e r  t y p e ,  a r e  p r e s e n t  i n  t h e  s p e c t r a  of Nb-Mo-320 

b u t  consp icuous ly  absen t  from t h e  spectrum of Nb-Mo-550. This  
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- 1 T a b l e  9 .  F a r  i n f r a r e d  s p e c t r a  ( c m  ) 

Band Nb3C18 Nb/Mo- N ~ / M O -  Nb/Mo- Nb4M02Cl11 
N O .  320 550 .  650 

D - - - 327 S  328 S  - - -  - - -  

E 301  S  305 VS 304 VS 310 S  309 s 
F - - - 292 M - - - - - -  - - -  

G - - - 283 VS - - - 282 VS - - - 

H 274 VS 272 VS. - - - 271 VS 273 VS 

I - - - 256 M - - -  - - - - - - 

J 247 M 247 S  243 S  247 S  247 S  



evidence, along with other differences in the spectra of these 

three moieties, leads one to conclude that the Nb-Mo-550 not 

only is a new compound, but also has a structure unrelated to 

the Nb3C18 cluster type. 

Magnetic Susceptibilities of the Niobium and Molybdenum 

Mixed Metal Cluster Species.- The magnetic susceptibilities 

of the Nb/Mo-2/1-320 and 550 preparations were measured. 

Table 10 summarizes that data and Table 15 in the Appendix 

lists the detailed x versus T data. T h e  data, 'as is shown in 
Table 10, obey a Curie-Weiss law with Weiss constants as tabu- 

lated. In general, these data show much reduced moments when 

compared to the corresponding niobium-tungsten species listed 

in Table 6. The molar susceptibilities listed in Table 1.0 

have been calculated on the basis of the: molecular 'formulation 
. . 

determined from the analytical data.' 

Table .lo. .Magnetic susc.eptibilities (emu/mole) at room. 
temperature 

6 . . 

Compound xMx10 xDx10 x~ corrx106 "obs) B*"* 



From t h e  fo regoing  arguments out1ine.d i n  t h e  s e c t i o n  

d i s c u s s i n g  t h e  magnetic p r o p e r t i e s  o f  t h e  n iob ium- tungs ten  

compounds, t h e  s t o i c h i o m e t r i c  compound Nb2MoC18 should  b e  

d iamagne t ic .  The Nb-Mo-650 and Nb4M02Cl11 p r e p a r a t i o n s  were 

e l i m i n a t e d  from t h i s  s t udy  because  p reced ing  d a t a  d i s c u s s e d  

have v e r i f i e d  t h a t  t h e s e  compounds a r e  mix tu re s  c o n t a i n i n g  

molybdenum me ta l .  

By t h e  method o u t l i n e d  p r e v i o u s l y ,  t h e  Nb-Mo-320 p r e p a r a -  

t i o n  shows an apparen t  moment of  1 . 2 1  B .M.  Th is  moment can be 

a t t r i b u t e d  t o  0.45 mole f r a c t i o n  of a  paramagnet ic  s p e c i e s ,  

which i s  t aken  t o  be Nb3C18 because  i t s  p re sence  i s  v e r i f i e d  

by t h e  v i b r a t i o n a l  spectrum. However t h e  NbgC18 phase  p r e s e n t  

may c o n t a i n  some molybdenum s u b s t i t u t e d  f o r  niobium, hence t h e  

above e s t i m a t e  may be i n  e r r o r .  A s  no ted  e a r l i e r  s u b s t i t u t i o n  

of a  group V I  meta l  i n t o  t h e  Nb3C18 c l u s t e r  should  lower t h e  

magnetic moment. 

The apparen t  moment o f  t h e  Nb-Mo-550 compound i s  on ly  

0.41 B . M .  , cor responding  t o  a  mix ture  whose major component i s  

d iamagne t ic  and a  min0.r component o f  a  paramagnet ic  s p e c i e s . '  

Based on t h e  assumption t h a t  t h e  minor component i s  Nb C 1  an 
3 8 ,  

e s t i m a t e  of 0.05 mole f r a c t i o n  i s  made f o r  t h i s  component. I t  

i s  reasonable  t o  conclude t h a t  t h e  fo rmat ion  of t h e  new Nb-Mo 

.compound i s  i n i t i a t e d  even a t  lower t empera tu re s ,  320°C, b u t  

i s  much more r e a d i l y  formed a t  550°C.  I t  i s  a l s o  apparen t  

t h a t  t h i s  same compound undergoes d i s p r o p o r t i o n a t i o n  t o  molyb- 



denum m e t a l ,  a  phase having t h e  Nb3C18 s t r u c t u r e ,  and o t h e r  

s p e c i e s  a t  t h e  h ighe r  t empera tu re ,  650°C. . ' 

E l e c t r o n i c  S p e c t r a  of t h e  Niobium-Molybdenum Mixed Metal 

S p e c i e s . -  The e l e c t r o n i c  s p e c t r a  of  t h i s  s e r i e s  of  compounds 

a r e  r e p o r t e d  from a  s tudy  mad,e on the .  s o l i d s  by d i f f u s e  r e -  

f l e c t a n c e  spec t ro scopy .  Again,  i t  was t h e  purpose  of  t h e s e  

exper iments  t o  o b t a i n  q u a l i t a t i - v e  i n fo rma t ion  i n  comparing 

one p r e p a r a t i o n  w i t h  a n o t h e r .  

The s p e c t r a  were measured from 10.0  t o  50.0 kK u s i n g  

magnesium ca rbona t e  a s  t h e  r e f l e c t a n c e  s t a n d a r d  and a s  t h e  

sample m a t r i x .  These s p e c t r a  f a l l  i n t o  two c l a s s e s ,  t hose  

t h a t  compare r e l a t i v e l y  w e l l  t o  t h e  niobium-, tungsten corn- 
. . 

pounds and those  t h a t  a r e  unique i n  themse lves .  The two hi.gh 

 temperature^ s p e c i e s ,  Nb-Mo-650 and Nb4M02Cl11, demonstra te  t h e  

u s u a l  c h a r a c t e r i s t i c s  of  t h e  Nb3C18 and t h e  Nb2WC18 compounds: 

i . e .  poor r e s o l u t i o n  and t h e  a b s o r p t i o n  f a l l i n g  o f f  a t  h i g h e r  

e n e r g i e s .  The Nb-Mo-320 and t h e  Nb-Mo-550 bo th  g ive  t h e  

s p e c t r a  o u t l i n e d  i n  F igure  1 2 .  

Table 11 surnnlarizes t h e  d a t a  from t h i s  s t u d y ,  and F igure  

1 2  compares t h e  s p e c t r a  of  Nb3Clg, one of  t h e  n iob ium- tungs ten  

s u b s t i t u t e d  compounds, Nb/W-6/1, and t h e  Nb-Mo-550. I t  seems 

r ea sonab le  t o  conclude t h a t  t h e  s p e c t r a  of  t h e  two h i g h ' t e m -  

p e r a t u r e  p r o d u c t s ,  Nb-Mo-650 and t h e  Nb4M02Cl11, a r i s e  from 

s o l i d  s o l u t i o n s  having t h e  Nb3C18 s t r u c t u r e .  

Examination of t h e  d a t a  i n  Table  11 shows one ve ry  w e l l  
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T a b l e .  11. ~ l e c t r o n l c  a b s o r p t i o n  d a t a  

1 3 . 3  kK 
( sh )  

r e s o l v e d  s i n g l e  peak a t  abou t  26.6 kK f o r  t h e  Nb-Mo-320 and 

t h e  550 compounds. 



Figu re  1 2 .  D i f f u s e r e f l e c t a n c e  s p e c t r a  o f  Nb3Clg, Nb-W-6/1 
and Nb-Mo-550 (Nb-MO-320) 



CONCLUSIONS 

Comparison of the physical properties of the tantalum- 

n+ tungsten M6X12 mixed metal cluster,compounds with those of 

the tantalum and tantalum-molybdenum isoelectronic cluster 

analogs show a very close correlation between all of these 

compounds. The physical properties of these new mixed metal 

compounds are as expected. The vibrational and electronic 

spectra of the new tantalum-tungsten compounds show a very 

good band correspondence with the appropriate tantalum cluster 

compound. The magnetic data of the oxidized species, 

[(C3H7),N],[(Ta5WCll2)Cl6], proved that this compound is 

paramagnetic with an observed moment of 1.64 B.M. This 

moment compares very well with the isoelectronic compound, 

[(C,H,) ,N], [ (Ta6Cl12 j C16] , whose moment is observed to be 

1.67 B.M. The 5-1-3 compound, [(C3H7) 4N] [(Ta5WClI2)Cl6] , 

is diamagnetic as expected.. In general, the substitution of. 

a tungsten for a tantalum in the Tag core seems to cause a 

smaller perturbation of the properties of the core than does 

the substitution of a molybdenum atom into the core. 

As reported by Dorman and McCarley (130), the acidic 

melts formed by aluminum chloride and sodium chloride are an 

excellent medium for the preparation of reduced oxidation 

state metal cluster compounds. The quantitative preparation 

of the niobium trimeric species, Nb3Clg, further demonstrates 

the utility of this method. 



From an examination of the physical evidence obtained on 

the studies of the substituted niobium trimeric species, it 

is reasonable to conclude that both attempts to substitute 

tungsten and molybdenum into the trimer were successful. 

The extent of substitution of tungsten into the trimer 

appears to be"1imited to - ca. 60 mole %. This corresponds to 
the ratio 2Nb3Clg/3Nb2WC18. The electronic and vibrational 

spectra obtained on this series of compounds verifies the sub- 

stitution into the niobium trimer and the formation of a sub- 

stituted phase. The magnetic studies and other physical evi- 

dence indicate that this new phase can be formulated as 

Nb3-xWxC18 (O< x< 1) , with the compound of limiting composition 

N ~ Z W C ~ ~  diamagnetic as expected. X-ray analysis of 'these 

preparations also indicatc that these new compounds have the 

Nb3C18 structure type. 

Attempted substitution of molybdenum for niobium in the 

Nb3C18 cluster provides a much different result than substi- 

tution of a tungsten. Analytical data suggest that the imper- 

icalformula for this new mixed metal compound is NbZMoClg. 

Vibrational and electronic spectra verify the formation of a 

new compound and indicate that there are some very large dif- 

ferences between this compound and the Nb3C18 or Nb3-xWxC18 

phases. The x-ray diffraction studies of this new compound 

indicate that the Nb3C18 structure is not maintained. The 

reduction in the observed magnetic moment and the net dia- 



magnetic susceptibility suggests that metal-metal bonding or 

metal cluster formation is important in the compound. 
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SUGGESTIONS FOR FUTURE WORK 

With the completion of this work and the work by Meyer 

(46), it seems reasonable'to assume that the Tag cluster 

series may not be extended. Meyer (46) reports no substitu- 

tion ratio of Ta/Mo lower'than 4/2. . It was found in this 

work, that only one substitution compound of.tantalum and 

tungsten could he obtained, the Ta5W. 

Extension of this type of compound to include mixtures 

of niobium and tungsten or molybdenum may be possible. Evi- 

dence from this work does indicate a very stable phase formed 

at higher temperatures in the niobium-tungsten mixtures which 

will not reduce below the oxidation state 2.67. Limited data 

on the niobium-molybdenum system are not sufficient to indi- 

cate that this system might be extended to include the hexa- 

nuclear cluster systems. Work in this area might be pargicu- 

larly fruitful and informative. 

By preparing a complete series of substituted M6 cluster 

species containing ni.clhi.llm and mol.ybdenum, enough data might 

be collected to completely elucidate both the electronic 

structure of these cluster compounds and also provide suffi- 

cient informat2on for the complete assignment of the far 

infrared spectra. 

A study of the electronic spectra of the existing series 

of homonuclear and.mixed metal cluster compounds at liquid 

helium temperatures are needed to clarify which of the 



observed bands a r e  d i p o l e  a l lowed and which a r e  v i b r o n i c a l l y  

a c t i v a t e d .  This  i n fo rma t ion  would be of s i g n i f i c a n t  h e l p  i n  

a s s i g n i n g  t h e  s p e c t r a l  bands t o  s p e c i f i c  e l e c t r o n i c  t r a n s i -  

t i o n s .  Low tempera ture  f a r  i n f r a r e d  s p e c t r a  might have s u f -  

f i c i e n t l y  b e t t e r  r e s o l u t i o n  t o  show a d d i t i o n a l  bands o r  a t  

l e a s t  prov,i.de b e t t e r  d a t a  on t h e  e x i s t i n g  s p e c t r a .  

F u r t h e r  a s s i s t a n c e  i n  a s s i g n i n g  t h e  bands i n  t h e  f a r  

i n f r a r e d  s p e c t r a  would be p rov ided  by t h e  p r e p a r a t i o n  of 

mixed-halogen d e r i v a t i v e s  where t h e  t e r m i n a l  c h l o r i d e  atoms 

have been r ep l aced  by o t h e r  h a l i d e s  o r  o t h e r  i o n s .  P repa r -  

a t i o n  of t h e  bromide ana logs  of  t h e s e  mixed me ta l  c l u s t e r  

s p e c i e s  of  t h e  type  M6-xM'xBr12  "' (M = Ta o r  Nb;.M1 = Mo o r  W) 

might p rov ide  u s e f u l  i n fo rma t ion  i n  t h e  assignment o f  t h e  

meta l -ha logen  bands i n  t h e  v i b r a t i o n a l  s p e c t r a .  

A s t udy  of t h e  n a t u r e  of  t h e  p roduc t s  con ta ined  i n  t h e  

, f i n a l  r e s i d u e s  of  t h e s e  r e d u c t i o n  r e a c t i o n s  should  be  made. 

With s u f f i c i e n t  reduc ing  agen t  t o  reduce a l l  o f  t h e  s p e c i e s  t o  

lower o x i d a t i o n  s t a t e s  and l i t t l e  ev idence  found t o  i n d i c a t e  

t h e  r e d u c t i o n  a l l  t h e  way t o  m e t a l ,  it seems l i k e l y  t h a t  t h e r e  

a r e  some i n t e r e s t i n g  p o s s i b i l i t i e s  of o t h e r  mixed meta l  

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

The s tudy  of t h e  t r i m e r i c  s p e c i e s  of  n iob ium,and  t h e  sub- 

s t i t u t e d  t r i m e r i c  s p e c i e s  was on ly  s t a r t e d  i n  t h i s  work. 

Although t h e  co reduc t ions  of niobium and tungs t en  h i g h e r  

h a l i d e s  p rov ided  on ly  l i m i t e d  s u b s t i t u t i o n ,  c o n d i t i o n s  may 

be found t h a t  w n i l l d  provi.de t h e  s to i ch iun re t r i c  NbzWC18. 



The formulation of the new niobium-molybdenum compound 

as Nb2MoClg is shown from analytical data and x-ray data to 

be reasonable. However, further work should be carried out 

on this system to elucidate the actual nature of this'com- 

pound. Vibrational 'and electronic spectra do indicate that 

this new species might not necessarily be related to the 

Nb3Clg type compounds. Substitution reactions, in attempts 

to derivatize this compound, may lend new evidence to the 

identity of this new species. 

The experimentation in the molten salt media described 

in this work will provide a number of new compounds. In some 

preliminary work, evidence for W(II1) and Nb2 6+ was found. 

~ h e s e  systems should be thoroughly investigated along with 

other difficult-to-prepare reduced species that might lend 

themselves to preparation in this environment. 
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INTENSITY CALCULATION FOR POWDER DIFFRACTION PATTERNS 

(1969 VERSION) 
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/ / E T E p n h l E  EXEC F ~ S T G ~ P E G I @ N . F O R T = 1 1 2 K t  
/ /  TIME.GO=2,REGICN.Gn=12% 
//FOPT.SYSIN DD * 
P 

U INTENSITY  CALCULATION FCR oSWDER DIFFRACTION PATTERNS 
r 

YJPOOlO 
u ( 1 9 6 5  VERS IOP4 1 Y J P 0 0 2 0  
'C PROGQAM WRITTEN BY KoYVCN, W.JEITSCHKO AND €.PARTHE Y J P 0 0 3 0  
C SCHOOL CF METALLURGY AND MATERIALS SCIENCE Y J P 0 0 4 0  
C LABCRATORY FOR RESEARCH ON THE STRUCTURE OF  MATTER YJPOO50 . 
C UNIVERSITY PI= PENNSYLVANIA, PHILADELPHIA 1 9 1 0 4  Y  J  PO060 

ODIMENS TON Q f 1 5 0 0  ) t Y H 1 1 5 0 0 1 ~ Y K  ( 1500 )1YL (  1 5 0 0 ) t T H E T A  1 5 0 0  S U M  1 5 0 0  Y J 0 0 7 0  
l l rSU ' !B (  1 5 0 0 ) , V i N T 1 1 5 3 0 ) 1 N A ( 8 )  ~ X f 4 8 ~ 8 ) , Y 4 8 8 Z 4 8 A A A A  Y J 0 0 8 0  
2 , @ B @ ( 8 )  ~ B ~ ( R I  T C C C I  8 1 9 0 ~ ~ ~ 8 )  , E L E M T ( ~ )  ~ P L A Y ~ O O C M P D ~ O S P ~ ~ O  Y J P 0 0 9 0  
3 ) ~ ~ ( 1 ¶ O ) ~ F O C C U ( 8 ) ~ S T S U I 1 5 0 0 l ~ S F A ~ 3 0 ~ 8 ~ ~ F P L G ~ 1 5 0 0 ~ ~ F M U L ~ 1 5 0 0 ~  YJPOlOO 

7 0 0 0  F O R M A T ( / 2 7 H l I N f  ENSITY CALCULATION FOR , 2 0 A 4 / )  Y J P O l l O  
7 0 0 1  F ~ R M A T ( / ~ ~ H L O I F F E A C T I O N  PATTERN F!34 ~ 2 0 A 4 p 4 H  WL=tFRo 5 /  Y J P O l 2 0  
7C08 FORMAT ( 5 X ~ 1 5 F 5 . 0 1  Y J P 0 1 3 0  
7C09 FnRMAT ( 1 5 F 5 e 0 )  YJPOl4O 
7 0 1 0  F9RPAT(A4,F6.0,6F10.8) Y J P 0 1 5 0  

P 
7011CFORMAT ( / 4 6 H  COEFFICIENTS FOR ATCMIC SCATTER I q G  FACY9R OF A 4 9  5F10.4 YJPOl6O w 

1 , / 7H  BTEMP=FlOo5,58H TCICCUPATION FACTOR (FOCCU) OF THE FOLLOWING P YJP0170  UI 

2CSITTDNS I S  F l O o 5 9 / )  YJPO180 
7C120F?RYAT1/23H SCATTERING FACTQRS OF 84 ,  34H I N  STEPS OF .05*SIhJ(THET YJPO19O 

lA ) / LAHBDA, /  OP15F7.3,,/ OP15F7.3,//7H BYEMP=Fl0.5r58H r9CCUPATION F YJP0200  
2ACTCR (FOCCUI OF THE FOLLOWING POSITIONS I S  Fl0.5,8X,/  1  YJP0210  

7 0 2 0  FDRYAT(3FlO.O) YJPO220 
7 0 2 1  FgPMAf ( l X ;  A49 l X , 3 F 1 0 . 5 1  YJP0230  
7C22 FQRMAT( l X t A 4 ~ 1 X , 3 F l O . 5 , 1 7 H  + (  1 1 2  1 1 2  112.1 1 Y J P 0 2 4 0  
7 0 2 3  Fi3P.MA'P ( l X t A 4 r  l X t 3 F l 0 0 5 ~ 2 9 H  + ( 2 / 3  1 / 3  1 / 3 , 1 / 3  2 / 3  2 / 3 1  1  Y J P 0 2 5 0  
7C34 F ~ P . M A T ( ~ X ~ A ~ , ~ X ~ ~ F ~ O . ~ T ~ ~ H  + (  1 / 2  1 / 2  0, 1 / 2  0  1 /2 ,0  1 / 2  1 / 2 1  1  YJPO260 
7 0 2 5  F ~ R Y A T ~ ~ X , A ~ ? ~ X T ~ F L C . ~ , ~ ~ H  + ( O  1 / 2  1 / 2 1 ]  YJPO270 
7 0 2 6  F ~ P M A T ( ~ X T A ~ , ~ X ~ ~ F ~ C . ~ , ~ ~ H  + ( 1 / 2  0 1 / 2 1 ]  YJPO280 
7C27 F D P . ' A V ( ~ X , A ~ T ~ X ~ ~ F ~ C . ~ , ~ ~ H  + ( 1 / 2  1 / 2  3 1 1  Y J P 0 2 9 0  
7 6 4 9  FORMAP(lOX,' ATOMS I N  UNIT  CELL: ELEMVtM) NA(M)*NBRA*FOCCU(M) ' l  Y J P 0 3 0 0  
7 0 5 0  F3RMAT(35X,A4t5X,  I 2 9 3 H  * t  I 2 t 3 H  :*,F6.21 YJPO310 
7 0 5 2  F3P .WT (F8.1,4X,lOOI.11 ~ ~ ~ 0 3 2 0 .  
8 0 0 1  FORMAT ( 3 H  A=F9.5t3HtB=F9.5t  3H(C=F9. 5,6HtBETA=F9.5r4HtWL=F8.5) YJP0330  
5 0 0 2  F3R"AT ( 3 H  A=F9*593H,  B = F ~ O ~ ~ ~ H T C = S ~ * ~ ~ ~ H , W L = F ~ . ~ , ~ H  ANGSTROM1 YJP0340  



O'TLO~~A .( HLIM 3~n~3ntlis 31an3 v tl~d a3~vin3iv3 v~wa HE~~/).LVW~OJ 2568 
OOLOdfA ( . HlIM 3tlfii'3(itllS ltlNC:f)V~l3l V tlG3 03iVln31V3 VlVa He+/) LVwaCfj 47668 

'0690drA ( HlIM 3dfl13ndlS lVNC31ki1 V YO3 031Vln3lV3 VAVa ~0</)l~id?f~4 €668 
0830dfA ( H~IM 38nL3nlJlS 3IaWUHtlOHibC NW UOJ 031Vln31V3 V1V0 HZS/)iVKkiG3 Z538 
OL~O~~A (HIIP, 3an~3nus ~INIY~L v a04 a31vin3~v3 w~va HLW) IVW~CJ 1668 

' '0990df'A . (HIIM 3tln13fl'dlS 3.INIl30NGW V dOJ a3LVln3lV3 VLVa H8f/llVHtiL=i 0558 
OS9OdrA (NZ=>+H HllM AlNO llH'33IlLVlSIVAVti8 03'631N33-3 HLf) lWk8C:J L838 
0f90df A (NZ=l+H HlIM AlNO lNH*33IILVlSIWAV~€l 03:d31N33-8 HLf) LVWdGJ 9888 
OE90drA (NZ=l+N HLIM AlNO' 1NH0331 1LWlS IVAVd€l 03Y31N33-V HL+) IVWtlGJ 5888 
OZ90drA (000 11V 80 N3h3 11V 1'l'Hm33111V7SIVAQW3 03Y3iN3333V3 HfS) LVWdOJ +888 
0190drA (NE=l+N+H- HlIM AlNO llHm331LlVlSIVAV~Q lVtlO3HO9WOH8 HZS) PVki?lOJ E888 
0030df~ (NZ=l+N+H HLIH Alhb 7>H*33IlLVlSIWhV~B 03d31N33A009 HIS) IVWtlCj ZS88 
06SOdrA ( a3M071V S3nlVA 7MH llvm331ilV1SIWAwW 3'dIllWItld 35+) dVWtiC3 IEi88 
08SOdrA (NHI'II=7 HllM AlNO 1bC HL1)iVwkIGJ 5988 
OLSOdrA (NZ=Y HllM A3NO 016 H6Z)LVWdLJ €988 
095OdrR (NHI bII=H HlIM A7NO OOH HLT) iVWtlOJ 0988 
OSSOdf'A (Nf=l+HZ HlIM A1NO 1HH HZZ)lVkdGj US88 
OfSOdfA (NZ-1 HlIM AlhlO 1HH H61)LVWklCJ LS88 
OESOdfA (NHI'II=l+H HlIM AlNO 1OH H61)PVHUCJ fS88 
OZ5OdrA (NZ=l HlIM A1N3 1QH H6T IlVwdCJ ES8a 
OTSOdfA (NZ=H HlIM AlNO 1CH HGI).lVWtlbJ ZSd8 
00SOd fA (NHI'TI=~+N HI14 A1NO l>C H6I)LVktlCJ 6f88 
06fOdfA (NZ=~ H~IM A~NO 113 HGZ)~V~UCJ 84788 
O8fOdrA (NZ=l HIIH A3N3 110 H6f lVWlJO3 Lf8U 
OL+OdfA (NHT' I I=Y+H Hl IM h1NO ONH HGT bIVWliO4 474782 
09fOdfA (NZ=X HlIM AlNO CNH HbT)IVbJU@J Ef88 
OSfOdfA (NZ=H HlIM A7NO OlH H6I)lVbJYOJ Zf88 
0'7fOdfA (1133 lINn 30 N13IdO 1V tl31N33 hktl3WWAS HSE)IVKUb3 1'ECla 
OEfOdrA (+VOZ) lVi4tJC.j 6208 
OZf Od fA (Ak!13kWAS-3flV1 H3IH 804 Q3AV1n3lV3 Viva H6E)hVkitIL~j Zl0b 
OTfOdrA (Atl13kLiAS-ZlnVl MU1 a03 03LV1nSlV3 Viva HGE)lVbJ8Lj 1108 
OOfOdfA ( Z~~~~O=NI~~€~H~'X~'Z*~J~O=NIC~E,VH~'X~ '2 I '=~~Q~NH~'X~'+*LJ=H~ OhVI 
06EOdf'A H8'fgLj=lS N33MA38 03lVlfl3lV3 S3n7WA-VA3Hl-38Vn0S-NIS Htib)l.VdkIOjOOT08 
08EOdrA ( Im8j=1M 'H+'Sm63=.V~wV3'I 
OLEOdfA HL'~*~~=V~.~B'H~'~~~~=VHG~V'HL''S*~~=~'HE '5*5~t=€l'HE'S~64=V HC) lVi4tjL3OLOOt3 
09EOdf'A (WbtiJ.S3r\lW ~6'S'83=7~'1Hf '5'5d=V HE )lVi-,'dLJ 5038 
OGEOdfA ( WOliiSE)NV ~6 'SmBJ=lM'Hf'5 '64=3~'HE'S*63=V HE) LVwdCj E008 



8 5 5 6  FC19MAT ( / 4 7 H  DATE. CALCULATED FCR A HEXAGONAL STRUCTURE WITH 1 YJP0720 
89980FOFMAT( 130P1 H  K L  THETA S I q 2 * 1 0 0 0  INTO SCALED INTENSITY U  YJP0730 

lNSCALED / F ( H < L l / * * 2  A(HKL1 B I H K L )  PHAoANG* YU YJP0740 
2 L  T LPG 1 YJPO750 

89990FOQVAT( 132P1  H  K L THETA 2THETA D-VALUE SIW SIY2*1OOO H Y J p 0 7 6 0  
1 K  L  IMTEYSIYY /F (HKL1 / * *2  A(HKL)  B(HKL1 PHAoANGo YJP0770  
2?4ULT LPG) Y  J P 0 7 8 0  

9 9 0 0  FOPMAT(21H COMEThING WENT WRONG) . YJP0790  
99S7 F3RVAT(412,2X9712,6X~9121 YJPO803 
999A F3FVAT (F lOo092F5o0 ,4121  2x9 2F1000 )  YJP0810 
9 9 9 9  FOPYAT (6F lOoO YJPO820 
SOOOOFORMAT(31392F7o2, F8m4,2X,F6.4, 3 P F 9 o 2 ~ 1 X ~ 3 1 3 ~ O P F l l e 1 ~ O P F 1 7 0 1 ~  YJP0830  

1 O P 2 F 1 2 ~ 2 ~ O P F 8 m 3 ~ 0 P F 5 ~ 0 ~ O P F 9 o 2 I  YJP0840 
5 0 0 1  F O R ~ A T ( 3 1 3 ~ F ~ m 2 ~ 3 P l F 1 0 ~ 2 ~ 0 P F 1 0 ~ 1 ~ O P F 2 2 ~  1 0 2 0  1 0 2 1 4  0 8 3  YJP0850  

10PF5oO* OPFlOo 21 YJP0860 
P I 2  = 6 0 2 8 3 1 8 5 3  Y  J P 0 8 7 0  
E = 2.7182818 YJP0880 
FRiD=4./3.  YJP0890 

9 9 9  9EAD (5 ,80291  ENDz997)  CCMPNO YJP0900  
READ 95499 A 9B pC hLPHA,BETA, G A M M A  YJP0910 
REAC ~ ~ ~ ~ T W L , S L ~ S H ~ N O R M T I S C A T ~ I M A G E T K O D L P ~ A G U ~ N T B G U I W  YJ PO920 

OSEAD 9 9 9 7 ~ I S Y S T V , I B F A V C 9 L A U E ~  ISYMCE9 I H K O m K L  1  H L H O O  0 YJP0930  
lIOOL,NCCMPQp(NA( I I ) ~ 1 1 = 1 9 8 )  YJP0940 

I F (  (SHoECoOo) .t lRoI SkoGToOm999) )SH=0.9999 YJP0950 
N = O  YJP0960  
ICON= 0  Y  J P 0 9 7 0  
VYXINT=O. Y J P 0 9 8 0  
NLINE=O YJPO990 
I F ( L A U E I S S ~ ~ ~ O ~ T  699 PlOOO 

6 9 9  D!3 7 0 0  P=l,NCOPPO Y J P l O l O  
READ 7013,ELEMT(P)TFOCCU(M) TAAA(M) T A A ( M ) T B B B ( Y ) T B B ( V ) T C C C ( M ) T  YJP1020  

lBTEMP(M) YJP1030 
IF(ISCAP,NEmO) READ 7 0 0 8 , ( S F A ( I , M ) , I = l , l 5 )  YJP1040 
I F (  ISCAT-NE.0) READ 7009,  ( S F A ( 1  T M )  9 I = 1 6 , 3 0 )  YJP1050  
h l l=h lAiM1 ,' Y J P l 0 6 0  

7 0 0  CEAD ~ O ~ O T ( X [ ~ , M ) T Y ( ~ T ~ ~ ) ~ Z ~  I ~ P ' I T I = ~ ~ ! ' ~ L I  YJp 1 0 7 0  
809  PRINT 7000, C3MPND YJP1080 



W L S Q 4 = W L t * 2 / 4 .  
ASTPR = W L S Q 4 / A * * 2  
I F (  ( I S Y S f P o E O ~ 1 ) . ~ R o ~ ~ . I S Y S T V ~ E C o 2 )  0 %  ( I S Y S T Y m ' E Q o 7 )  I 

l B S T A R = W L S Q 4 / B * * 2  
I F (  ISVSTM.NE.5 )  C S T A R = W L S Q 4 / C * * 2  
B E T = E E T A * P  I 2 / 3 6 0 .  
? . I N B Z = ( S I V ( B E T )  ) * * 2  
CgSB=C?lS( B E T )  
I F ( I S Y S T Y o N E o 7 ) G O  TO 2 0 1  
A L P H = A L P t A * P I  2 / 3 6 0 .  
G A M P = G A Y P A * P I Z / 3 E O e  
S V = ( A L P H  +BET+GBMM ) / Z .  
V O L = 2 .  * A * B * C ~ S Q R ? [ S I N ( S V l ? S  I N ( S V - A L P H ) * S I N i  S V - B E T ) * S l N ( S V - G A M M )  I 
A S T = (  Y * C * S I N (  A L P H I  I / W L  
B S V - (  4 * C * S I N (  B E T )  ) / V 3 L  
C S T = (  a *E*S  I N (  G A M F )  ) / V C l L  
C O A S T = ( C O S B * C ~ S ( G A ~ ~ l - C O S ( A L P H l ) / ~ S I ~ ( B E T ) * S I ~ ( G A M M ) )  ' 

C D B 2 ? = ( C O S ( G A Y M ) * C O S t  ALPHI-COSBl/[SIYIGAMM~*SIN(ALPH~ 1 
C C I G S T = ( C O S ( A L P H I * C O S : B - C O S ( G A M M I  ) / ( S I N ( A L P H ) * S I N ( B E T )  

2 0 1  ZH=Oo 
ZK = 0. 
Z L  = 0. 

100 Z H = Z H + l o  
GO T G ( L 1 2 1 3 , 4 , 5 1 6 , 7 ) 1 1 S Y S 7 M  

1 Z H T E S T = ( 2 . 0 * A * S Q R T ( S H )  l /WL 
I F (  Z H ! o L E . Z H T E S T )  GO 'TO 2 0 5  
ZY=Oe 
Z K = Z K +  1. 
Z K . T E S f = ( 2 . 0 * B * S Q R T ( S H )  I IWL . 

I F ( Z K o L E . Z K T E S 7 )  GO TO 1 
ZK= Oe 
I F ( I C O Y e E C . O ) G f J  TO 2 0 3  
Z L = Z L - 1  . 
G:3. Tg 2 0 4  

2 0 3  Z C = Z L + l .  
2 0 4  Z L T E Z f = ( 2 . 0 * C * S Q F T ( S H )  1 /WL 

I F t  AElS l Z ' L ) . L E . Z L T E S P )  GO ?a 1 

Y J P 1 0 9 0  
Y J P l l O O  
Y J P l l l O  
Y J P l l 2 0  
Y J P l 1 3 0  
Y J P 1 1 4 0  
Y J P 1 1 5 0  
Y J P l l 6 0  
Y J P 1 1 7 0  
Y J P l l 8 0  
Y J P l l 9 0  
Y J P 1 2 0 0  
Y J P 1 2 1 0  
Y J P  1 2 2 0  
Y J P 1 2 3 0  
Y  J P  1240 
Y J P 1 2 5 0  ' 

Y J P 1 2 6 0  
Y J P l 2 7 0  
Y J P 1 2 8 0  
Y J P 1 2 9 0  
Y J P  1300 
Y J  P I 3 1 0  
Y J P 1 3 2 0  
Y J P 1 3 3 0  
Y  J P 1 3 4 0  
Y J P 1 3 5 0  
Y J P 1 3 6 4 3  
Y J P 1 3 7 0  
Y J P  1 3 8 0  
Y J P 1 3 9 0  
Y J P 1 4 0 0  
Y J P  1410 
Y J P 1 4 2 0  
Y J P 1 4 3 0  
Y J P  1440 
Y  J P 1 4 5 0  



I F ( I C O N . E C o l l G 0  T!l 2 0 2  Y J P 1 4 0 0  
I C E N =  Y J P 1 4 7 0  
GO T n  2 0 1  Y J P 1 4 8 0  

2 0 5  A ~ E S T = A S T A R * Z H * * 2 / S I t \ l B 2 + B S T A 9 * Z K * + r 2 + C S f A R * Z L * * 2 / S I t \ l B 2 - W L S Q 4 * 2 Z H  Y J P 1 4 9 0  
1 Z L " C C l S B / (  A* C*S I N 8 2  1 Y J P 1 5 0 0  

I F ( A T E S T o C T . S H )  GO T O  100 Y J P l 5 1 0  
I F ( ( I C O N o E B o O ) o O R o ( ( Z H m G T ~ O ~ 9 l ~ A N D ~ ( Z C o L m O m 9 G O  TO 70  Y J P l 5 2 0  
GO Tr) 100 Y J P l 5 3 0  

2 0 2  P R I Y T  8 9 9 0  Y J P 1 5 4 0  
P Q I W  S O O ~ T A T B ~ C ~ B E T ~ ~ H L  Y J P l 5 5 0  
GO TI? 2 3  Y J P 1 5 6 0  

2 A T E S T = A S ? A R * Z H * * 2 + B S T A R * Z K * * ? + C S T A R * Z L * * 2  Y J P 1 5 7 0  
I F ( A T E S f o L E . S H ) G C  TO 7 0  Y J P 1 5 8 0  
Z H  = 3. Y J P l 5 9 0  
ZK = ZK + 1. Y  J P 1 6 0 0  
B T E t T = B S V A R * 7 Y * * 2 + C S T A R * Z L * 3 r 2  Y J P l 6 1 0  
I F  ( B T E S T o L E m S H I G O  TO 2 Y  J P 1 6 2 0  
Z K  = 0. Y J P 1 6 3 0  
%L = Z C + 1 .  Y J P 1 6 4 0  
C T E S T = C S T A P * Z L * * Z  Y J P 1 6 5 0  
I F ( C T E S T . L E . S H ) G C  T O  2 Y J P 1 6 6 O  
P R I N T  8 9 S 2  Y J P 1 6 7 0  
P G  INT 8 0 0 2 ,  A, a, C, WL Y J P 1 6 8 0  
GC) Ti1 23 Y J P 1 6 9 0  

3 A T E S T = F P T D % A S I A R * (  Z W * 2 + Z H f  Z Y + Z K * t 2 )  + C S T A R *  Z L * * 2  Y J P l 7 0 0  
I F (  ( Z P o E O . O o )  e A N D o ( Z L o E Q o 0 o )  1 GO TO 100 Y J P 1 7 1 0  
I F ( P T E S T . L E . S H ) G O  TO 2 1 0  Y J P 1 7 2 0  
ZH = 0, Y J P 1 7 3 0  
Z K = Z K + l  Y J P 1 7 4 0  
B T E S T = F R T D * A S T A R * Z K * * 2 + C S T A R * Z L * * 2  Y J P 1 7 5 0  
I F  ( B T E S T . L E o S H ) G O  TO 3 Y  J P 1 7 6 0  
ZK=O. Y J P 1 7 7 0  
I F (  I C 3 N m E Q . O ) G O  TO 2 2 0  Y J P 1 7 8 0  
Z L = Z L - 1 .  Y J P 1 7 9 0  
GCl TQ 2 2 1  Y J P l 8 0 0  

2 2 0  Z L = Z L + l .  Y  J P 1 8 1 0  
2 2 1  C T E S T = C S T A R * Z L * * 2  Y J P 1 8 2 0  



I F ( C T E S T m L E m S H ) G C  T O  3 
I F ( I C C ! ~ ! o E C e l ) G G  T O  2 1 1  
I CDN= 1 
GO TCI 2 0 1  

2 1 0 0 I F ~ ( I C ~ N e E Q o 0 ) o 0 R o ( ( Z L ~ L T ~ ( - 0 e 9 ) ) o A N D e ~ ( Z H m ~ E e O e ~ m A N D o ~ Z K ~ N E e O ~ ~ ~ ~  
1 ) G O  T O  7 0  

. . .  
GT! Tn 100 

2 1 1  P R I N T  8 9 9 3  
GO TCI 7 1  

4 A T E E T = A S T A R * (  I H * : * 2 + Z K * * 2  1 + C S f  A R * Z L * * 2  
I F ( A T E S T e . L E e S H ) G O  Ti3 7 0  
Z H  = . L K + l .  
Z K = Z H  
B T E S T = A S T P R + 2 o * Z H * * 2 + C S T A R * Z L * * 2  
I F  l B T E S T e L E m S K ) G O  T 3  4 
Z H  = 0. 
ZK  = 3 0  
Z L  = 7L + 1 e  

C T E  ST=CSiAR*ZL**2 
1 F I C T E S T e L E e S H ) G C I  TO 4 
P R I N T  8994 
GO TO 7 1  

5  A T E S T  = ASTAR.* (  Z t * * 2 + Z K * * 2 + Z L * * 2 ]  
I F (  A T E S T o L E o S H ) G O  TO 70  
Z H  = Z K + L o  
Z K = Z H  
B T E I T = A S T A R * I  Zm*ZH**2+ZL* . *2  1 
I F  ( B T E S T e L E o S H . ) G O  T O  5  
ZH = Z L + B e  
Z K = Z H  
Z L =  ZF. 
C T E S T = A S T A R S 3 0 * Z H * * 2  
I F l C T E S T . L E . S H 1 G O  T O  5 
P R I N T  5 9 9 5  

. P 9 I V T  f!005,A,blL 
GO TO 2 3  

6 ATEST=FRTD*ASTAR?(ZH* *2+ZH*ZK+ZKiJ2 l+CSTAR*ZL* *2  

Y J F 1 8 3 0  
Y J P 1 9 4 0  
Y  J P 1 8 5 0  
Y J P 1 8 6 0  
Y J P  1870 
Y J P l 8 8 0  
Y J P 1 8 9 0  
Y J  P  1900 
Y  J P 1 9 1 0  
Y.JP 1920 
Y J P 1 9 3 0  
Y J P 1 9 4 0  
Y J P 1 9 5 0  
Y  J P  1960 
Y  J P 1 9 7 0  
Y J P 1 9 8 0  
Y J P 1 9 9 0  
Y  J P 2 0 0 0  
Y J P 2 0 1 0  
Y  J P 2 0 2 0  
Y J P 2 0 3 0  
Y J P 2 0 4 0  
Y J P 2 0 5 0  
Y J P 2 0 6 0  
Y J F 2 0 7 0  
Y J P 2 0 9 0  
Y J P 2 0 9 0  
Y  J P 2 1 0 0  
Y J P 2 l l O  
Y J P 2 1 2 0  
Y J P 2 1 3 0  
Y J P 2 1 4 0  
Y J P 2 1 5 0  
Y J P 2 1 6 0  
Y J P 2 1 7 0  
Y . J P 2 1 9 0  
Y J P 2 1 9 0  



I F ( P T E S T e L E e S H ) G Q  T C  7 0  Y  J P 2 2 0 O  
Z H  = Z Y + l .  Y J P 2 2 1 0  
ZY = ZH Y J  P 2 2 2 0  
B T E S T = F S T C * A S T A P * 3  . * Z H * * 2 + C S T A R * Z L * * 2  Y J P 2 2 3 0  
I F  !RTEST.LE .SH)GO T O  6 Y J P 2 2 4 0  
Z H  = 0, Y J P 2 2 5 0  
ZK = 00 Y J P 2 2 6 0  
Z L  = Z L + l .  Y J P 2 2 7 0  
C T E S T = C S T P P * Z L * * 2  Y J P 2 2 8 0  
I F ( C T E S T e L E o S H 1 G C  T t l  6 Y J P 2 2 9 0  
P R I N T  8996 Y  J P 2 3 0 0  
GO T(3 7 1  Y J P 2 3 1 0  

7 Z H T E S T = (  2 , 0 * 4 * S Q R T ( S H )  1 /WL Y J P 2 3 2 0  
I F ( Z H e L E . Z P T E S T )  GO TO 2 0 6  Y J P 2 3 3 0  
ZH=Oe Y J P 2 3 4 0  
I F (  I C ! 7 N * L T o 2 ) G O  TO 212 Y J P 2 3 5 0  
Z K =  Z K - 1  Y J Q 2 3 6 0  
GCl TO 2 1 3  Y J P 2 3 7 0  

2 1 2  Z K = Z K + l o  Y J  P 2 3 8 0  
2 1 3  ZK f  EST=(2 .0 *S*SQRT(SH) ) /WL  Y J P 2 3 9 0  

I i ( A B S ( Z K ) . L E . Z K T E S T I  GO 10 7 Y J P 2 4 0 0  
ZK=Oe Y J P 2 4 1 0  
I F ( ( I C C R e E C m O ~ . O R e ( [ C O N ~ E Q e 2 ) ) G f l  TO 2 0 8  Y J P 2 4 2 0  

Z C = Z C - l o  Y  J 02430 
GO TO 2 0 9  Y J P 2 4 4 0  

2 C 8  Z L = Z L + l .  Y J P 2 4 5 0  
2 0 9  ZLTEST=(  2 0 0 * C * S O R T (  5 H I  1 /WL Y  J P 2 4 6 0  

I F ( A B S ( Z L ) o L E e Z L P E S T )  GO T O  7 Y J P 2 4 7 0  
I C O N = X C t " B + l  Y J P 2 4 8 0  
G 7  T ~ ( 2 0 1 , 2 0 1 , 2 0 1 ~ 2 3 7 ) ( I C O N  Y J P 2 4 9 0  

2 0 6 0 A T E S T = W L S 0 4 * (  ( ZHrASf ) * ~ 2 + [ :  Z K * B S T ) * * 2 +  Z L C S 2 + 2 Z K Z * B S T C S T  Y J P 2 5 0 0  
l C ~ A E T + 2 e * Z H * Z L * A S T * t S T * C 3 8 S T + 2 o * Z H * Z K * A S T * B S ? * C O G S T ~  Y J F 2 5 1 0  

1 F I A T E S T . C T . S F )  GO T ! l  100 Y J P 2 5 2 0  
I F (  1 C ' J N e E Q e O ) G O  T O  7 0  Y J P 2 5 3 0  

O I F (  ( f Z H e E Q * O m  ) . A Y D o 4 Z K o E Q e O o )  I e O P e  1 ( Z K e  A N D Z L Q O  1 O R  Y J P 2 5 4 0  
~ ( ( Z H ~ E C . O ~ ) ~ A N C . ( Z L ~ E Q ~ O ~ I ~ ) G ~  ?n 100 Y J P 2 5 5 0  
I F ( ( I C ~ h e E Q a l ) e A N D e ( Z L ~ L 9 . ( - 0 . 9 ) 1 I G O  TO 70 Y J P 2 5 6 0  



I F (  ( I  I C O N ~ E Q . 2 ) . A N D o ( L K a L T o ( - O m 9 ) I I ~ A N D o Z H G O 9 G  TO 7 0  
I F (  (ICON.ECo3).AND.(fZH*ZK*ZL) eNEoO.1 )GO TO 7 0  
G 3  T g  1 0 0  

2 0 7  P,?IYP 8 5 5 1  
PRINT 8007 ,  A T  0 ,  CTALPHA~f3ETATGAMMAT1dL 
GS 'O 2 3  

7 0  I F ( A T E I T o L T o S L 1  GO TO 1 0 0  
XH=ZH 
X Y = Z E  
XL=ZL 

1 7 1  G3 T0(50,82r83,84,85,86~87\~IERAVC 
P 2  TESTBQ=( XH+XK+XL) /2. 

GO Tn 8 9  
83  TESTRR=(-XH+XK+XL) /3 .  

GO Tf! R5 
8 4  FACEHK=(Xk+XY ) / 2 .  

IFI(A1NTIFACEHK)-FACEHKIoNEmOmfGO TO 1 0 0  
8 5  TESTGR=(XK+XL1 /2 .  

GO TO 8 9  
86 TESTBR=(  XH+XL$ /2. 

GO T P  8'9 
8 7  TEST€!R=(Xb+XY)/2. 
@ Q  I F  ( ( A  I N T ( T E S T B 9 ) - T E S T B R )  mNEoOo IGG TO 1 0 0  
$ 3  IF(XL.ECoOo)GO TO ( 4 1 , 1 0 5 ~ 1 0 4 ,  1 0 5 ~ 1 0 2 1 , I H K O  
4 1  I F !  XH.EQ.O.)GO T 0  (42~111,110,111,108)~IOKL 
9 2  I F ( X K e E O o 0 o ) G O  TO ( 9 3 ~ 1 1 7 ~ 1 1 6 ~ 1 1 7 ~ 1 1 4 ~ ~ I H C ) L  
93 IJ= (XHeEQaXK)GO TO ( 5 4 , 1 2 0 , 1 2 2 I ~ I H H L  

IF((XK.EQ.XLIeAND.(ISYSPM.EQ.S)IGO TO ( Q 4 , 1 2 0 1 ~ 1 2 2 1 I ~ I H H L  
9 4  I F ( X K  eEQ.O.oANDoXLoEQ.0. )GO V C t 9 5 r  1 2 4 , 6 1 0 ~  1 2 4 )  T I H O O  
95  IF(XH.EQ.O.oANDeXLoEGoOmIG0 T O ( 9 6 p 1 2 8 I , I O K G  
46 I F  (XH.EQoOooAP4DoXKoEQoOo \GO T 2 (  1 7 0 , 1 3 0 , 1 3 0 ~  1 3 0 ~ 6 1 0 ~ 1 3 0 ) ,  IOOL 

G3 YO 1 7 0  
1 6 2  F IHKO=XH/2 .  
1 0 3  IF(AINT~FIHKOI-FIHKi!IlOO~91~100 
1 0 4  FIHKO=XK/2.  

GO 79 1 0 3  
1 0 5  HK@=IHKO 



FIHKi7=(Xk+XKI /HKO 
GO T r )  1 0 3  

108  F IOYL=XK/2 .  
1 0 9  I F ( A I P I T (  F1OK.L l - F I C ! K L ) 1 0 0 ~ 9 2 i  1 0 0  
1 1 0  F I O K L = X L / 2 -  

GCI T!l 104 
lil 9KL=IOKL 

F I O K L = (  XK+XL\ /OKL 
G 3  Tn 109 

1 1 4  F IHCL=XH/2-  
1 1 5  IFIAINT(F1HOL)-FIHOL)lOOi93vlOO 
116  F IVCL=XL /2a  

G? T g  1 1 5  
117  HOL=IHOL 

FIHOL=(Xt-!+XC)/HOL 
GO TO 1 1 5  

120  F I H H L = X L / 2 *  
1 2 1  I F (  A I N T (  FIHHL 1-F IHHL ) 1 0 0 q Q 4 , 1 0 0  
1 2 2  F IHHL= l2o*XH+XL)  /4a  

GO TO 1 2 1  
1 2 0 1  F IHHL=XH/2*  

G:! Tn 1 2 1  
1 2 2 1  F I H H L = t  2o*XL+XH) /4. 

GO TO 1 2 1  
1 2 4  HOO=IH3C 

FIHOO=XH/HOO 
IF(AINT(FIHOO)-FIHOC)lOOi95~1OO 

128  F lOKO=XK/2*  
I F ( A I h J T (  F I O K O ) - F I O K C ) ~ O O ~ ~ ~ , ~ O O '  

1 3 0  ClOL=IOQL 
FIOOL=XL/ODC 
I F (  (AZNT( F 1 O Q L ) - F I Q O L l ~ N E . O ~ l G O T O  1 0 0  

1 7 0  N = N + l  
Q ( N  )=ATEST 
'YH(NI=XH 
YK(K)=XU 
Y L ( N I = x C  ' 



J J  = N 
J = J J - 1  
I F (  ( L A U E o E 3 o 2 1 o O R o ( Z H o E Q o X K )  )GO TC' 1 0 0  
G J  en( 100,100, 1 0 0 , 7 2 4 , 7 2 5 ~ 7 2 4 ~  1 0 0 )  ISYSTM 

7 2 4  I F ( ( Z H o G T o Z K ) o A h ' D o ( Z K o G T o O o I ) G C  T 3  7 3 1  
G' l  Tn 1 0 0  

7 2 5  I F (  (ZHoGToZK) oANCo(ZKoGf 0ZL) )GO T O  7 3 1  
GO TO 1 0 0  

7 3 1  ?EYP=XH 
XH=XK 
XK=TFFrP 
G3 T 7  1 7 1  

7 1  PRINT R003 rA tC ,kL  
23  PRINT SOLO, SL , S H T K C ~ D L P ~ A G U I N ~ B G U I N  

I F (  ( ISYSTMoGTo3) .AND.( PSYSTM.LTo7) *AND* ( L A U E  1 P I N T  9 0 1 1  
I F ( ( I S Y 5 ~ Y o G T o 3 ) o A N D . ( I S Y S T M ~ L T . 7 l o 4 N D . ( L A U E o E Q o 2 P R I N T  8012  
I F (  1BZAVLoEQol )PRINT 8 8 8 1  
I F (  IBRAVLo EQo2)PRINT 8 8 8 2  
I F (  IB9AVL .EQo3)P i iNT  8 8 8 3  
I F  ( I B P A V L e E Q o 4 I P E I N T  8 8 8 4  
I F  ( I @ R A V L o E Q o S ) P R I N ~  8 8 8 5  
I F  ( IBRAVL.EQo6)PRINT 8 8 8 6  
I F ( I B E b V L e E Q o 7 ) P R I N T  8 8 8 7  
I F (  ( IHKCoEQa2)  o0Ro ( IHKOoEQo4) )PRINT 8844,  IHKO 
I F (  IHK f l oEQo3)PRINT  8 8 4 3  
I F ( I H K Q o E Q o 5 I P P I N T  8 8 4 2  
I F (  ( I C K L o F B o 2 )  o0Ro t ICKLaECa411  PPINT 8849,  IOYL 
I F (  IOKLoEQo3 lPRIYT  8 8 4 8  
I F  ( I O K L o E C o 5 ) P R I h T  8 8 4 7  
I F (  (THFLoEQo2) 00Ro t  IH3LoEQo41 I P P I N T  9854, IHOL 
I F  ( IHGLoEQo3)PRINT 8 8 5 3  
I F (  IHYLoECo5)  PRINT 8 8 5 2  
I F (  IHHLaEQ.21PPINY 8e57  
I F (  IHHL oECo3)PRINT 8 8 5 8  
I F (  IHOfloNEo1)PHINT 8 8 6 0 ~ 1 H C Q  
I F  (1nK"oME. 1 I P R I N P  8 8 6 3  
I F  ( IOZLoh'Eo1)"P. INT R 8 t 5 ,  IODL 



OfOfdf'A 
6EOfdrA 
OZOfdrA 
OKOf af'A 
OOOf d rA 
066EdrA 
086EdrA 
OL6EdrA 
0 96€ d f;~ 
OSbEdf'A 
Of6Edf'A 
OE6EdrA 
OZ6EdrA 
OK6EdrA 
OOSEdr'A 
068Ed rA 
Otl8EdrA 
OL8EdrA 
098Edf'A 
OS8EdrA 
047BcdrA 
OE8Edf'A 
0Z8EdrA 
OI8EdfA 
008EdrA 
06LEdf'A 
08LEdrA 
OLLEdrA 
09LEdr'A 
OSLEdrA 
OfLEdf'A 
OELEdrA 
OZLEdrA 
OILEdfA 
OOLEdrA 
0 69€ 
089Edf'A 

(W)lA = (NIlA 
(NIlA = dd3I 
dd31 = (14 l)lA 

(bl)AA = 4N)NA 
. . (hi)>lA = dd31 

dW31 = (AjHA 
(h)HA = (NIHA 

(I\I)HA = diri34. 
di43i = (A10 
(NIB = (N)D 

(tJ)B=dl.i3i 
08 01 C31*0*37*( (WID.-(NlO) 141 

ffbhN = k 08 00 
1 + 14 = FUN 

r'l=N 08 00 OSL 
(1N'T=Ib (kbI)Z'(W'I )A' tW'I)X'(W)lW373)'LZOL lNIdd tL*03*7AVliBI 131 TOL 
7'K=IwI Z'I A'~IX'1313 92 iNlkfd (9'63'1AVIiBI)jI 
(7N'T=I'[W'I 17' (WbI)A' (W'I)Xb(~)ild373)'SZ0~. ENIdd (5*83"7AWbBI 131 
(~lNbK=I'(W'I)Z'(W'I )Ab (N'I )XbtW)iW373) '+O INIdd (+*83*1AV.dflI)JI 
t7NbI='~&(~bI)Z'(~b~ )A'IW'I )~'(~)1~313) "EZOL ~tJ1Yd (E*b3*lAva8I)j1 
(1N6T=I' (W' I)Z'(kbI )A' (WbIIX'(WllW313) '1201 1NI'dd (Z*B3~lAVtiBI)J1, 
Nb=l 1 Z'I A I XbW1313'KZ0 1Nlud (T*D3*lhV~BI 141 

(ini'l VN=lN 
( Wl 

)~~~~J'~W)~~~~~'(OE'K=I'~W'I)WJS~~(W~~~~~~'~KOL~NI~~~O*~~"LW~SI~~I 
(W)fl33UJL(N)dW3LB'~d)333K 

'(W)OBb (k1888' (W)VVb (WIVWV' (W)LA~~~'TTOL LNl?Id (O*b3*1V351 131 
3ddU3Nb1=A 101 00 

VddN = dilQj 
(~)~~~~~'V~BN'(W~VN'(W)~'EJ~~~'O~OL lNI?!d 601 

om~=t~)n3:oj~*o-o3*(~)n3~lj~)j~ 
3dd03NbT =W 60L Cra 

Sf01 ilVI'tld 
2 = W~BN'(f'i3*lAV~flI)JI 

lAVt181 = V'dQN 6L8 
~L~'OSL'SL~(~~-IU~)JL 61 

TE08 iNIYd( 1*03*33~A'SI 131 



.YL ( t J )  = TEMP 
PO CONTINUE 

I F ( L A U E ) ~ ? ~ ~ T ~ ~ ~ ~ ~  8 3 9  
8 0 1  WDITE ( 6 , 8 4 1 1  
8 4 1  FgRMAT( 5 3 H l  THETA 2-THETA ' ,D-VALUE H K L SINZTHETA / 1  

03 8 0 5  N = l v J J  
I H = Y H ( N )  
I K = Y K ( N )  
I C = Y L  ( N )  
i H E T A ( ? d ) = 5 7 m 2 9 5 7 8 Q A T i 4 N ~ S G R T ( Q ( N ) , /  ( l a - Q ( N 1  1 I 1  
THE?A2=2,*THETA( N 1 
DVAL=hL / (2o*SQRT ( Q ( h ' l 1 1  
N L I N = N L I N + l  . , 

I F ( N L I N - 5 6 ) 9 0 7 , 8 0 6 , e D 7  
eoe MUTE ( 6 , 8 4 1 )  

NL I FI= 0  
8 0 7  WRITE ( 6 9  8081THEYA(N )vTHETA2fDVAL,  I H t  I K p  I L ,  Q(N1 
E C 8  F 7 R Y A 7 ( F 7 . 2 , F 1 0 o 2 ~ F l O o 4 ~ 1 X , 3 I 3 ~ F 1 2 o 5 )  
e 0 5  CONTINIJE 

G3 TO 999 
835 IF(NOE!loEQ.11 P R I N T  8999 

IF(NOP.MeNE.11 P R I N T  8998 
A G U I N = A G U I N * P I 2 / 3 6 0 . .  
0 3  2 0 0  K = 1,JJ 
T H E T A ( N ) = 5 7 e 2 9 5 7 8 * A T A F ? ( S Q R T ( Q ( N 1 / (  1 4 N I  1 )  1 
VV=THET A (  N ) * O O 0 1 7 4 5 3 3  
S X 2 = (  S I N (  VV) /WL)* *2  
IF(KQDLP.EQmO) P L G = t l m + (  1m-20*Q(N) ) * * 2 ) / ( Q ( N f * S Q P p T (  lo -Q(FJ)  1 )  
I F (  KODLP.EC.1) PLG=1 
If (KDDLPoEQ.2) P L G = l o / ( Q ( N ) * S C R T (  l < Q ( N ) )  1 

OIF(KODLPmEO.3), PLG=ClO+[  ( 1 * - 2 m * Q ( N )  I * * 2 ) * (  (COS(AGUIP411 ) * * 2 1 /  
l ( Q ( N I * S b R T I l m - Q ( N )  l l  . 

. . 

'WW=('2.*THETA( N 1 -BGUIN)*OoO174533  
OIF~K!3DLPmE61;4-1 PLG=! l .+(  [ 1 . - 2 . * ~ ( ~ )  ) * * .2 )&(  (COS.(AGUIN).~ 1 * * 2 1 / '  
1I ( S Q % ? ( Q ( N ) )  ) * C 9 S ( \ h i H ) * S I h I ( 2 m * V V ) )  
GO ?!-!(5C1,502~ 503, 5 0 4 ~ 5 0 5 ~ 5 0 6 ~ 6 0 2 )  T I S Y S T M  

501, I F (  ( Y K ( h ) o E C o O o )  mOP*( IYH(:N).EC.Om) mA!JDm(YLIN)mEQoO*') 1  )G(3 TO 6 0 2  



Oli'Lfdf A 
OLLCdfA 
09L3drA 
OSLfdrA 
OCLfdrA 
OELCdl'A 
OZLCdrA 
OTLCdrA 
OOLfdrA 
069bdrA 
0893df A 
OL9fdfA 
099CdrA 
0599 drA 
OCYCdrA 
OE9fdrA 
OZ9fdrA 
019fdrA 
009fdrA 
06SCdrA 
08SfdrA 
OLSfd rA 
09Sf drA 
OSSf drh 
OfSCdrA. 
OESCdrA 
0ZSfdl.A 
0.TSfdrA 
OOSCdrA 
06fCdfA. 
OBffdfA 
OLCCldrA ,' 

09ffd rA 
OSff drA 
OfCfdrA 
OEffdrA 
OZffdrA 

*o= (ru w+ns 
*O = cwvwns o~s 

0'21 = Iiinwd ZT~ 
OES L)I 03 

o*z= Ilinwj 209 
Z19'309'OT?( (N)lA)JI EGG 

OES OA 03 
o*$z = Ilmwj fz9 

219 OL 63 ((7'b3*3nV1)' do' ('O*B3'(bJ17A) 141 
909 Cl 03 t(T'b3'3~lV1)'ONVm~'0~33'(\1)7A) 131 

ESS 01 U3('0°03'(N )XA)jI 
ESS'Z09'0T9( (N)HA)JI [*0*93* ( (N )]A-(NIHA) I 905 

fZ9'809'0191 ~N)IA-(N)HA)JI +SS 
OEG ij~ b3 

'8f =lilnAj 
323 01 03 ((I*63~3~W7~~~G'('OmB3't(N)lA-(NIlA)) 141 

ZT9'909'019 ((N)lA)j1((1*63*3nV7)gONV*(~OmD3*(111)lA))~l 
C29'909'0T9 ((N)lA)JI (tZ'83'3flV7)mONU~~mO~B3~(V)7A) 131 

fSS'Z19'0T9((N)lA)~I(~C*B3°((h)XA-(~)HA~I SOS 
~O~'CO~'OT~(~N~~A~JI ZSS 

OES 01 03 
'91 =11inkj 

805 DL 03 (T~D~*~~v-I)JI 
809'f03'019 (1 - 3fiVl)J1('0*83'IIJ)lA)J1 

ZSS UI 03('0'03'(N)XA)JI 
ZSS'209'0T9~(N)HA~~I('0'~3't~N~lA-oHA)1 905 

OEG 01 03 
0.9 = ILinw 903 

109 01 03 ( ('0*83'fN)lA)'QNV'(~O*~3mOJ)HA) 131 EOS 
f09'239'019( (N)7~)31 15s 

OES OL 03 
0-6 = Ilm~j 809 

b09 Oi 03 ('Om33*(N)1A)31 
TSS Dl 33(*0*33*(V)NA)JI 

1S5'Z03'C~l3( (N)YA)jI ('Omb3* tE!)~h)dl 105 
OEs di 03 

0-9 = iL7nhj 909 



O f 3  7 0 3  P - 1  ,NC!?PPO 
:qa=o* 
SMB=Oe 
NL=NA ( M 1 
.DQ 7 0 4  I = l , h ! L  
A ~ G = P I ~ * ( Y H ( ! ~ ) + x ( I , Y ) + Y K ( N ) * Y (  I q M l + Y L ( N ) * Z (  1,:'l) 1 
SYA=SPA+CCS(AQ.G) 
I F  1 ISYYCE.EOe 1lGO T 3  7 0 4  
SMB=SPR+SIN(APG) 

7 0 4  CCINTINUE 
F S C A ? = A P A ( M ) * E * * ( - A A ( M ) * S X 2 ) + B B @ ( Y  l*E**(-BB(V)*sX2)+CCC(V) 
IF(ISCAT.Er3,O) G C I ' V O  7 0 2  
F L = ( S Q Q T ( S X 2 )  ) / e 0 5  + 1.0 
I F L = F L  
FF L = F L - F L C A T (  I F L  
F$CAT=SFA(  I F L , M ) + ( S F A (  i F L + l I M ) - S F A ( 1 F L q M )  l * F F L  

7 0 2  FSM~D=FSCAT*FOCCU(M~*E**(-STEMP(M)*SX~) 
S U Y A (  N )  =SUMA( N )  +SMA*FSMCD 
SUMG(NI=SUMB(N)+SMB* .FSQOD 

7 0 3  C3MTINUE 
SUMA( Nl = FBRA*SUMArb!) 
SUME!(N) = FBRA*SUMBIN) 
F P L G ( h ) = P L G  
FYUL [ N  1 =iFVULT I 
STFU(N)=TUMA(N)**Z+SUMB(N ) * * 2  
V I N T ( Y ) = P C G * F M U L T I * S T R U I N )  

2 0 0 ,  VMXINT=AMAXl(  VMXIPJTI V I N T ( N )  ) 
DCI 7 0 5  N = l , J J  

7 3 5  I H = Y H ( N )  
I Y = Y K  I N )  
I L = Y L t N )  

. D V A L = W C / f 2 e + S @ R T ( Q ( N ~ ~ . ~  
THET42=2..*THETA(N) 
P?PINT=VINT( I . J  ) *100O.  /VMXINT 
VVV=Q.(N 1 
SQUkO=(VVV)**Oe5 
SUMAN=SUYA,(N) 

Y J P 4 7 9 0  
Y  J P 4 8 0 0  
Y  J P 4 8 1 0  
Y J P 4 8 2 0  
Y J P 4 8 3 0  
Y J P 4 8 4 0  
Y J P 4 8 5 0  
Y  J F 4 8 6 0  
Y J P 4 8 7 0  
Y J p 4 8 8 0  . 
.YJ F 4 8 9 0  
Y J P 4 9 0 0  
Y J P 4 9 1 0  
Y J P 4 9 2 0  
Y J P 4 9 3 0  
Y  J P 4 9 4 0  
Y J P 4 9 5 0  
Y J P 4 9 6 0  
Y  J P 4 9 7 0  
Y J P 4 9 8 0  
Y J P 4 9 9 0  
Y J P 5 0 0 0  
YJP 5 0 1 0  
Y  J P 5 0 2 0  
Y J P 5 0 3 0  
Y J P 5 0 4 0  
Y J P 5 0 5 0  
Y J P 5 0 6 0  
Y J P 5 0 7 0  
Y J P 5 0 8 0  
Y J P 5 0 9 0  
.YJP510.0 
Y J P 5 1 1 0  
Y J P S 1 2 0  
Y J P 5 1 3 0  
Y J P 5 1 4 0  
Y J P 5 1 5 0  . 
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GO T!7 $.SF! 
610 P R I N T  9 9 0 0  
q9F3 Gn T 3  9Qc 
957 C-ALL E X I T  

EN C 



GAUSSIAN ANALYSIS PROGRAM 



//STEP3NE EXEC F O R Y G , R E 2 1 @ N o G O = 1 2 8 K ( T I M E . G O = 8  
//FclPToSYSIN D C  * 

CJMPON N ~ A ( ~ ~ I , D ( ~ ~ ) , P X ( ~ ~ ) ~ C Y ( ~ ~ ) , Y ( ~ ~ ) , Y ( ~ ~ ) T N P T N G  
DIMEI\lSION N L M Y ( ~ ~ )  ,ABSU( 99) ,YS(99961 9 ~ L ( 5 )  , Y L ( ~ ) , G L ( ~ )  TDL(SI TTITLE 

l(19) 
CALL E?PSET (208~0,-1911 
READ! 51  51 )TITLE 

1 R E A D ( 5 9 2 )  NPtNGpC 
2 F ~ F M A + ( 2 I l O ~ F l O o O )  

IF(NP)4,496 
4 STOP 
6 N=N G* 3 

R E A D ( ~ , ~ ) ( A ( I ) T I = ~ , N )  
7 F O P M A T (  3F10o0) 

READ(5,81(WLMM(I),ABSU(I)~I=lpNP) 
8 F3PMAT(8(F5o3,FSo3I 1 

Dn 10 I=l,NP 
X(I)=lo/WLMM( I)*loE+? 

1 0  Y(I )=ABSU(I)/C 
CALL FUQJFIT( 0001 921 
WRITE(69511TITLE 

5 1 FORMAT( '1' t19A41 
WRIyE(6948) 

-48 F O F M ~ T ( * O @ ~ O X ' E X T C ( M A X )  '10X'WLRC(MAX)@12X8DEL( 11') 
4 2  WRITE(6944)(A( I )  ,I=lgN) 
44 FOFMAT (3F20.5 1 

READ( ~ T ~ ~ ~ X L ~ Y L T G C , D C  
4 5  FCIFMA?( 20A4) 

CALL G P A P H ( N P , X ~ Y , ~ ~ ~ , ~ O ~ ~ ~ O ~ ~ O ~ ~ O ~ , O ~ T O ~ ,  XL,YCTGLTDLI 
CALL G P A ~ H ( ~ P ~ X ~ C Y ~ ~ ~ ~ ~ O ~ ~ O ~ ~ O ~ ~ O ~ ~ O ~ T O ~ ~ O ~ T O * T O ~ T ~ ~ ~  
DI1 50 i=l,NG 
DO 46 J=lpNP 
V=(X(J1-A(3*I-11 ) / A (  3aI 1 

46 YS(J9I)=A(3*1-21/EXP(V*V) 
50 CALL G ~ A P H ( N P ~ X ~ Y S ~ ~ ~ I ) ~ O ~ ~ ~ ~ O ~ O O T O ~ ~ O ~ ~ O O T O O ~ ~ O ~ ~ ~ T ~ * ~ ~ ~ ~  

WRITEltr 52) 
52 FOPMA? ( l H 0 9 ~ X 1 0 H L A M B D A (  .bAU 1,2XOHCM( -1) 9 4 ~ 5 ~ A S  ~ X ~ O H E X T C O B S  tlOH 



l E X T C ( C A L C 1  ,SX7HEXTC( I l l  
03 5 4  I = l r N ?  
Y R I T ~ ( ~ T ~ ~ ) W L Y Y ( I ) T X ( I ~ ~ A B ~ ~ ( I ) T Y ( I ) T ~ Y ( ~ ) ~ ~ Y ~ ( I T J ) T J = ~ T N G )  
F O P M A T ( ~ H O T F ~ . O , F ~ ~ . ~ ~  F9.39 7F10.2)  
Gi7 TO 1 
END 
SUBRO'JTlbaE F U N F I T ( D L I M 9  IP) 
CflKMC!N R D r A ( 1 )  
O Ib lEUSI@N D A ( 9 9 )  
CALL  F C M ( E P )  
POEL= 1 
SQ2=5QRT(2.)/2. 
DO 4 I=l,f'JP 
DA(  I ) = A 1  I )*PDEL 
I S = 1  
ER1=1.E70 
E R 2 = E 9 1  
DO 2 8  I = l , Y P  
A t 1  )=A!  I ) + D A (  I) 
CALL F C M ( E 2 3 )  
A ( I ) = A ( I ) - D A ( I 1  
I F (  EF3-ER) 14 ,14 ,10  
A ( 1  ) = A (  I 1 1  
C A L L  F C N ( E R 4 )  
A ( I ) = A ( I I + D A ( I I  
I F ( E R 4 - E P 3 )  1 2 , 1 4 1 1 4  
EFi3=ER4 
D A {  I ) = - D A (  I D  
I F ( E R 3 - E P 2 ) 1 6 1 2 8 , 2 8  
I F (  E h 3 - E R 1 ) 1 8 , 2 0 , 2 0  
1 2 = I l  
ER2 = E R l  
1 1 = 1  
EP. l=ER3 
GO TCI 2 8  
ES2=EP.3 
I 2 = I  



C O N T I N U E  
C O S X = D A t  I l ) * S Q 2  
S I P J X = D A (  1 2 1 * S Q 2  
A ( I l I = A ( I l ) + C O S X  
A ( 1 2 ) = A I  1 2 ) + S I N X  
Y O = E R l  
CALL F C N ( Y 1 )  
Y 2 = E R 2  
.A (  I l ! = A i I l ! - C O S X  
A (  I Z I = A [  1 2 ) - S I N X  
IFIYl-fYO+Y2)*.5)31,305,305 
z=2  
G 3  TO 3 2  
C 2 =  ( 4 . * Y l - Y 2 - 3 . * Y O ) + . 5  
C 3 - Y 1 - Y O - C 2  
z = - C 2 /  I C 3 * 4 . )  
I F (  Z  1 3 2 9  3 8 9 3 8  
GO TO ( 3 4 , 3 6 1  , I S  
I S = 2  
D A (  I 2 ) = - D P (  1 2 )  
A ( I 2 ) = A I I 2 ) + D A ( I 2 )  
C A L L  F C t J ( E R 3 )  
A ( I 2 ) = A i I 2 ) - D A ( I 2 )  
GO TO 30 
S I h ' X = O o  
C O S X = D A B  1 1 )  
A ( I l ) = A C I l ) + C O S X  
E R 3 = Y O  
GO T O  40 
S I N X -  ( l.570627*~-.64322~2*~t~+~+.07271'02*~*~*~*~*~~*~~( 12')  
A l I 2 ) = A [ I 2 1 + S T M X  . , 

z = z - 1 .  
C 3 1 X = ( - ' , 0 5 7 0 6 2 7 * ~ + . . 6 4 3 2 2 9 2 * ~ * , ~ * ~ - r  0 7 2 7 1 0 2 * Z + Z * Z 5 Z * Z ) s D A (  11 )  
A (  I l ) = A (  I l ) + C C S X  
C A L L  FCP.1 t E R 3  1 
I F (  E P 3 - E P . l 4 2 9 4 4 , 4 4  
E H =  ErF3 . . 



lLNW~3NI=d3L131dblGld 33x3 Zd3iS// 
+ 00 NlSA5*33// 

YSIO=IINn'WS3=3WVNSOb (SSPd4 )=dSIa6 ( (51 'GI 00 3d aa 1003f1ide39// 
U?u3 

b48nI3Y 
3 nh I ~103 0s 

AA3SAA3+d3=d3 
(I )A-( I )A3=AA3 

3flhILPJ03 Of - 
(A+A)~X~/(Z-~*E)V+(I)A~=(I)A~ 6E 

OQ'6E '6E(Z'£1-(A)SBW 141 
(r+c twit (I )x-(l-rspnv)=~ 

3~'1=r O)I cia 
'0=(I )A3 

dN'I=I 05 00 
O=t13 

3N'dN'(66)Ab(66)X'(66~A3b(f9)Xdbl+,9~3b(f9~' NCWbJ03 
(X31N33 3NIinOdBnS 

am 
NZn13Y 

(SbX~~~'I'f'X~03'l~d~n0d llW3 
3nNlINQ3 OL 
1 01 03 

130d rE '=I306 2 3 
Z?'Z9'O~(h110-I3Qd)3I 

XSh3-(11 )W=(Il )W 
XNIS-(ZI )V=(ZI)V +f 

3 01 03 ' 

(GIZbZ'O1311 )iVwdGJ i 
21blI'ZbY3'16CI=1' (1 Iv) (L~YI~AI~~M 

XSC3-~lI~V=~l1~W 
XNIS-tZ1 )Q=(ZI 1V EQ 

€9 b~+b~f(d+~d3)~~ 
(Ell3 IN33 13V3 

XSG3+(lIIW=(lI)V 
x~~s+~zI~w=~zI~v 



MAGNETIC SUSCEPTIBILITY PROGRAM 



/ / S T 1  EXEC FOFTG 
/ / F P c T * S Y S I N  DD * 

DIMENSIQh D (  1 0 ) , ~ (  10 l ,FC(  1 0 )  t D Y ( 2 0 )  , Y C A L C ( ~ O ) , K T ( ~ O V ~ )  , C H I S M ( 5 0 * 5 1  
~ ~ X ( ~ ~ ) , Y ( ~ ~ ) , R K T ( ~ ~ , ~ ) ~ C H I S G ( ~ O ~ ~ ) , X L ( ~ ) ~ Y L ( ~ ) , G L ~ S ) , D L ( ~ ~  

C L I S  'HE NUMBEP. i7F DATA SETS PER RUN. OIMEN 9 
PEAD ( 5 , 1 0 8 ) L  
PEAD (5 ,100)GC 
EEAD ( 5 9 1 O l ) ( F C (  I ) , I = l g L )  
PEAO ( 5 , l 0 2 ) ( X (  I ) ,  I = l , L )  

C 4 I S  THE NUMBEF 13F SAMPLES DIYEN 5  
PEAD ( 5 , 1 0 7 ) N  
DO 5  K = l , N  
PEAD ( 5 , 1 0 3 )  

C  M I S  THE NUlvlaEF nF TEMPERATURE RUNS FnR EACH SAMPLE* OIMEN 5 0  
EEAD (5,104)WM,WS,WCN9M 
WPlTE ( 6 , 2 0 0 )  
WRITE (6 ,201)GC 
WRITE (6 ,202 )  
WSITE ( C , 2 0 3 ) ( I , F C (  I ) , X (  I ) , I = l , L )  
WRITE ( 6 , 1 0 3 )  
WRITE (6,2051M,WM,HS,WCN 
DO 1 J = l , M  
READ 15,105)K?(J,K),DOl,Dc)2,CHICNpUCCN~RMD 
DECDO=DGl-DO2 
D S f  T=DELCO*GC*RMD 
DOM=( DCl+DO21/2.  

C  FORCE DATA MUST RUM SEQUENTIALLY F 9 0 Y  t i  DH/DZ=MAX V4LUE 
SEAD ( 5 ,  1 0 6 )  ( D (  119 I = l , C  
DO 2 I = l , L  
F ( I  ) =  tD(1)-D@H)*PMD*GC 
I F  ( F C ( 1 ) ) 1 0 ~ 1 0 , 2  

2 Y ( I ) = F t I ) / F C ( I )  
WSITE ( 6 , 2 0 6 ) K T (  J , K I  
W9ITE (6 ,2071DClgD02,DRFf  ,RMD 
WRITE ( f , 2 0 8 ) ( I , I = l , L )  
WRITE ( 6 , 2 0 9 1 ( 0 (  ! l , I = l r C \  
WSITE ( 6 , 2 1 9 )  I F (  I) r I = l , L )  



O'ILOO 
OOLOO 
06900 
08900 
OL900 

02900 
01900 
00900 
06500 
08500 
OLSOO 
09500 
OSSOO 
0+1500 
OESOO 
OZSOO 
CIS00 
00S00 
06900 
08900 
OL900 
09900 
OSf00 
Off00 
OE900 
OZ900 
OIfOO 
00900 
06E00 
08E00 
OLEO0 



W9ITE ( 6 , 1 0 3 )  
WRITE ( 6 , 2 1 6 )  
WRITE ( 6 , 2 1 3 )  
DO 23  Jz1.M 
I F  ( K T (  J ,K) )5 ,5 ,23  

23  R K Y  ( J , K  ) = 1 ~ / F L O A T ( K T ( J 1 K ) )  
nEAD(5,3331 JKC 
I F (  JKL)C,6,5 

6 REAC (5,33)XL,YL,GL,DL 
CALL G R A D H ( Y ~ R w ~ ( ~ ~ u ) ~ c H I S M ( ~ , K ) , ~ ~ ~ ~ ~ ~ ~ ~ O ~  lO*O,OoOOl,O,O,O,XL,YL, 

lGL,  DL 1 
5 W?ITE ! t  ,214)(J,K~(J,K),CHISM(J,K),RKT(JrK),CHISG(J,Kl , J= l ,M)  

1 0  STOP 
3 3  FnPYAT ( 2 0 A 4 )  

1 0 0  FORMAT (F10.4) 
1 0 1  FOPMAT (6E10.4)  
1 0 2  FORMAT (6E10m4)  
1 0 3  FqRMAT (1X52H 1 
1 0 4  FORMAT (F lO. l ,2FLOe4,  I 3 5  
1 0 5  FOP-MAT (13,7X,2FlOm5t2ElOw3~F10e3) 
1 0 6  FORMAT (9F7.5) 
1 0 7  FORMAT ( 1 2 )  
l o t?  F3PMAT ( 1 2 )  
2 0 0  FOPMAT (102HlMAGMETIC SUSCEPTIB IL IT IES  AT I N F I N I T E  F I E L D  FROM LEAS 

1T SQUARES F I T  TO HONDA/OWEN PLOT. FARADAY METHOD/) 
2 0 1  FOFMAY (9X20H FORCE CONVERSION 1PE15*4 ,16H DYNES/MILLIGRAM / )  
2 0 2  F'lRMAT ( 22X7HH D H / D Z l S X 3 H l / H / 1  
203  FORMAT ( (9XOP 11, lP2E20 .31 / )  
205  FORMAT ( lH08X19HRUNS I 1 0 / 9 X  19HMOL W f  F  1 

10.2, l l H  GRAMS/MOLE/9Xl9HSAMPCE M A S S  F10m4,6H GRAMS/9Xl9HCO 
2NTAINER MASS FlOm496H GRAMS//) 

2 0 6  FOPMAT (4X13,2X14HOEGREES K E L V I N / )  
2 0 7  FORMAT (9X lOHDOl  F 10m496H YG /9XlOHD02 FlOm4,6H M 

1 G  /9XlOHDRFT F10m4,bH DYNES/9XlOHRMD F10m4,5H YG / )  
2 0 8  FORMAT ( 15X9(  9 x 1  1) 1 
205 FORMAT (1HOSXlOH Y G  9F 10.4) 
2 1 9  FGRMAT (9XlOHDYNES l O F l O m 4 l  



210  F3F.MA.T 1HORXlOHY l O ( l P E 1 0 . 3 )  
2 2 0  FORMAT ( 9X1OHYCA1-C l O ( l P E l O m 3 )  I 
230 F3RMP.T (9XlOHDY 10E10.3)  
,211 FrJEM4,T ( 1HORXlO.HSgFY E15,3//9XlOHA E l  5.39 5XlQHSOFA 

€15.39 5XlOHSOFB E15.3/) 1 E15e 3/9XlOHB 
212  FOF-MP.? (9XlOHCHISM €15.4,5.X10HUCSM. El5.3,5XlOHCHlSG 

l E l F ; m 4 / / )  
213  FORMPT (8X2H J ~ O : I ( ~ H T ~ ~ X ~ H C H I S M ~ ~ X ~ H ~ / T ~ ~ X ~ H C H I  SG / )  
2 1 4  FCIFMAT ( 9 X I 2 ~ R X I 3 , O P E l 8 . 4 , 2 P E 2 O m 2 , O P E 2 0 m 4  / 1 
215  ~ 0 ~ ~ 6 7  ( l H l 1  
216  FCIPMAT (1HO) 
333 FClGMhP ( 1 2 )  

EFI D  



6 T a b l e  1 2 .  Magnet ic  s u s c e p t i b i l i t i e s '  (emu/niole)xlO 



T a b l e  1 3 .  Magnet ic  s u s c e p t i b i l i t i e s  ( e m u ' / m o l e ) x l ~  6 

[ (C.3.H7) 4N.1.3.[ (Ta.5WC11.2,) C1.6.1. 



Table 14. Magnetic susce.pt.ib.il.i.t.ies .(emu/mole)xlO 6 

a Niobium-tungsten mixed metal cluster compounds. 

b 
XD for Nb3Clg = 277, 6/1 = 287, 4/1 = ,283, 2/1 - 305, 

3/2 = 288. 



Table 15. Magnetic susceptibilities (emu/mole)xl~ 
6 




