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Abstract  

The tetrabutylammonium (TBA) salts of the octa-/~a-chloro-hexahalogeno-octahedro- 
hexamolybdate(2-)  ions [(MosClh)X~;] 2- with X~---F, Cl, Br, I were synthesized from 
the appropriate free acid of the type H2[(Mo6Clh)X~] with Xa-=(BF4) -,  Cl-, Br-, I -  and 
the corresponding TBA halide. The crystal structures determined from single crystals 
show systematic changes in bond distances and angles with the F a ~  I a ligand exchange 
(increasing Mos octahedron; slight compression of the Clh cube). Infrared and Raman 
spectra were measured in solution and in the solid state (80 K). The vibrational modes 
of the cluster kernel MoBClh are approximately site constant, but all vibrations with 
contributions of the X ~ ligands show characteristic shifts. The most important bands are 
assigned by use of normal coordinate analyses. 

1. Introduct ion 

X-ray  s t ruc tu re  ana lyse s  have  b e e n  car r ied  out  on  m a n y  m o l y b d e n u m  
c lus te r  c o m p o u n d s  wi th  the  cen t ra l  Mo6Clh unit  [1 -3 ] .  However ,  the  inter-  
p r e t a t i on  of  the  v ibra t iona l  spec t r a ,  which  are  p r e d o m i n a n t l y  b a s e d  on IR 
and  a few R a m a n  m e a s u r e m e n t s ,  is con t rad ic to ry .  This  is espec ia l ly  t rue  for  
the  a s s i g n m e n t  o f  the  me ta l - t o -me ta l  v ib ra t ions  of  the  Mo6 o c t a h e d r o n  [4 -7 ] .  
The  p r e p a r a t i o n  of  s ingle  c rys ta l s  o f  the  t e t r a b u t y l a m m o n i u m  (TBA) sal ts  
o f  [(Mo6Clh)X~] 2-  wi th  X a = F ,  Cl, Br, I now m a k e s  avai lable  a h o m o l o g o u s  
se r ies  o f  i so typic  c o m p o u n d s  which  a l lows sys t ema t i c  s tudies  o f  the  influence 
of  the  X a subs t i tu t ion  on  i n t e r a tomic  d i s t ances  and  v ibra t iona l  f requencies .  

2. Preparat ion and propert ies  

The  p r e p a r a t i o n  o f  a l k y l a n u n o n i u m  sal ts  [(MosClh)X~] 2-  with Xa-C1 ,  
Br, I h a s  a l r eady  b e e n  d e s c r i b e d  in the  l i te ra ture  [5]. W e  mod i fy  the  p r o c e d u r e  

*Dedicated to Professor Ch. J. Raub on the occasion of his 60th birthday. 
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by taking the molybdenum chloro acid [8] instead of Mo~C112 as starting 
material. On adding a (TBA)C1 surplus to an ethanolic solution, the salt 
(TBA)2[(Mo~CIh)CI~] is precipitated quantitatively as a light yellow powder: 

H2[(MosClh)CI~] +2(TBA)C1 ) (TSA)2[(MosClis)Cl~] ~ +2HC1 (1) 

To prepare the bromo and iodo compounds,  the weakly bound C1 a ligands 
are separated as AgCl(s) from the ethanolic solution by adding a stoichiometric 
amount of  AgBF4: 

H2[(MosCI~)CI~] + 6AgBF4 , He [(Mo6CI~)(BF4)8] + 6AgCl(s) (2) 

Solutions of the molybdenum bromo and/or  iodo acid yield by addition of 
a surplus of  NaBr and/or  NaI, and after addition of the corresponding 
TBA halides, the light yellow TBA salts, which precipitate quantitatively 
(X=Br ,  I): 

H2[(MosCI~)(BF4)8] ÷ 6NaX , H2[(Mo6CI~)X~ ] ÷ 6NaBF4 (3) 

He[(Mo6CI~)CI~] + 2(TBA)X , (TBA)2 [(MosCl~)X~] $ + 2HX (4) 

Up to now, only the ammonium and caesium salts of the fluoro acid 
are known [9]. To prepare the TBA salt, a large surplus of solid (TBA)F 
trihydrate is added to the BF4- intermediate (see eqn. (2)). Because of the 
large solubility in ethanol, one has to evaporate to dryness in  vacuo. After 
dissolving with some acetone, complete  precipitation of the light yellow 
(TBA)2[(MoBCI~)F~] powder  results on adding some ether: 

H2[(Mo6CI~)(BF4)~] + 6(TBA)F , (TBA)2[(MosCI~)F~] $ 

+ 2HBF4 + 4(TBA)BF4 (5) 

The light yellow solids are not hygroscopic and are stable in air. They 
increasingly dissolve with the same colour in dichloromethane, acetone and 
acetonitrile. They are insoluble in water, methanol, ethanol and ether. From 
saturated solutions (room temperature) of  the TBA salt in dichloromethane 
or acetonitrile, light yellow isometric crystals of up to 1 mm in size crystallize 
during slow cooling to 5 °C. When placed in mother-lye, these crystals are 
absolutely transparent,  but  become dull during washing and drying. 

3. Structure invest igat ions  

3.1. Crystal  s tructure analys is  
All structures were determined on single crystals. The hexachloro and 

hexabromo compounds  crystallize free of  solvent molecules and are isotypic. 
The hexafluoro compound crystallizes with one CH2C12 molecule and the 
hexaiodo compound with one CH3CN molecule per  formula unit. The refinement 
of the data of  the hexabromo compound was not quite sufficient (Table 1) 
because of  the poor  quality of  the crystals (twinning), but  this is mostly 
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reflected in the parameters of the cations and therefore we finished the work 
at  this stage. Crystallographic data and details of the structure determination 
are compiled in Table 1. Tables 2-5  contain the atomic parameters and 
Table 6 the most important interatomic distances and angles. Figure 1 shows 
the anions with the atomic labelling. Further details on the crystal structure 
investigation are available on request from the Fachinformationszentrum 
Karlsruhe, Gesellschaft f'tir wissenschaftlich technische Information m.b.H., 
W-7514 Eggenstein-Leopoldshafen 2, FRG on quoting the depository number 
CSD-56251, the names of the authors and the journal citation. 

TABLE 2 

(TBA)2[(MosCI~)F~]" CH2C12 (1): positional parameters (× 104) and mean displacement param- 
eters U~ (pm2× 10-1); standard deviations in parentheses 

x y z Ueq 

Mo(1) 368(1) 5677(1) 9377(1) 41(1) 
Mo(2) 749(1) 4487(1) 9566(1) 43(1) 
Mo(3) - 623(1) 4776(1) 9111(1) 44(1) 
CI(1) 230(1) 6358(1) 10664(1) 64(1) 
C1(2) 1671(1) 5369(1) 9846(1) 56(1) 
C1(3) - 960(1) 5931(1) 8968(1) 61(1) 
C1(4) 471(1) 4941(1) 8134(1) 58(1) 
F(1) 772(2) 6410(2) 8705(2) 66(1) 
F(2) 1574(2) 3949(2) 9061(3) 75(2) 
F(3) - 1293(2) 4523(2) 8144 (2) 78(2) 
N(1) 3605(3) 1629(3) 4428(3) 49(2) 
C(2) 2919(4) 2027(3) 4210(4) 54(2) 
C(3) 2879(4) 2691 (3) 4615 (5) 65(3) 
C(4) 2116(4) 3005(3) 4388(5) 72(3) 
C(5) 1437(4) 2687(4) 4780(5) 79(3) 
C(6) 4334(4) 1935(3) 4091 (5) 66(3) 
C(7) 4378(5) 2063(4) 3166(5) 84(3) 
C(8) 5181 (6) 2309(5) 2974(7) 134(6) 
C(9) 5323(7) 2589(6) 2267(6) 172(8) 
C(10) 3472(4) 978(3) 4002(4) 52(2) 
C(11) 4069(4) 475 (3) 4150(5) 62(3) 
C(12) 3828(4) - 152(3) 3761(4) 64(3) 
C(13) 4410(5) - 681(4) 3862(5) 86(4) 
C(14) 3717(4) 1559(4) 5376 (4) 60(3) 
C(15) 3074(4) 1268(4) 5869(4) 72(3) 
C(16) 3274 (5) 1251 (5) 6803 (5) 91 (4) 
C(17) 2692(5) 977(5) 7365(5) 117(5) 
C1(5) 1457(2) 730(1) 1222(2) 103(1) 
Cl(6) 2369(2) 1775(1) 1885(2) 119(1) 
C(1) 2076(5) 986(4) 2028(5) 83(3) 
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TABLE 3 

(TBA)2[(MosCI~)CI~] (2): positional parameters (× 104) and mean displacement parameters Ueq 
(pm 2 × 10-1); standard deviations in parentheses 

x y z Ueq 

Mo(1) 5193(1) 533(1) 8673(1) 44(1) 
Mo(2) 5847(1) 639(1) 10482(1) 43(1) 
Mo(3) 5484(1) - 1339(1) 9695(1) 43(1) 
CI(1) 4837(1) - 1371(2) 8002(1) 58(1) 
C1(2) 5529(1) 2382(2) 9484(2) 57(1) 
C1(3) 3924(1) 1181(2) 8571(1) 52(1) 
C1(4) 6445(1) - 141(2) 8918(1) 55(1) 
Cl(5) 6962(1) 1462(2) 11132(2) 65(1) 
C1(6) 5429(1) 1183(2) 6903(2) 77(1) 
Cl(7) 6124(1) - 3078(2) 9254(2) 73(1) 
N(1) 7913(3) 4750(5) 272(4) 56 (2) 
C(2) 8061 (4) 6023(7) 41 (6) 65 (3) 
C(3) 8548(4) 6632(7) 808(6) 70(3) 
C(4) 8625(5) 7874(8) 513(8) 82(4) 
C(5) 7950(5) 8555(8) 595(9) 115(5) 
C(6) 7602(4) 4592(7) 1353(5) 64(3) 
C(7) 6908(4) 5234(8) 1604(7) 76(3) 
C(8) 6249(6) 4590(9) 1613(10) 120(6) 
C(9) 5622(6) 5196(10) 2029(9) 135(6) 
C(10) 7372(4) 4301(8) - 518(6) 68(3) 
C(11) 7605(5) 4351(11) - 1639(6) 112(5) 
C(12) 6899(7) 3995(10) -- 2420(10) 142(4) 
C(13) 7121(8) 2954(11) - 2356(12) 188(7) 
C(14) 8631(4) 4126(8) 192(7) 76(4) 
C(15) 8618(5) 2864(9) 256(9) 108(5) 
C(16) 9289(6) 2323(10) - 164(12) 126(6) 
C(17) 9308(8) 1269(14) - 374(15) 284(15) 

3.2. Discussion 
The real  po in t  s y m m e t r y  o f  the  c lus ter  anions  in the  crystals  is only 

i with the F a, C1 a and  Br ~ c o m p o u n d s  bu t  2/m with P. However ,  independen t ly  
of  the  quite  different  s t ruc tu re  types ,  the  centra l  c lus te r  cage  Mo~Cl~ exhibits  
m3m-Oh s y m m e t r y  within the  e r ro r  limits. Larger  deviat ions  o c c u r  with the 
large ex tend ing  X~ oc tahedra ,  which  may  be af fec ted  by  the  molecu la r  packing.  
The re fo re  we compi l ed  the  m e a n  m3m values  in Table  6 for  fur ther  
discussion.  

It has  been  known  for  a long  t ime tha t  meta l - to-meta l  b o n d  lengths  are 
s t rongly  inf luenced by the  size of  the su r round ing  ligand sphere  [1, 14]. 
This  is re f lec ted  with the  [(Moe~s)X~] 2- and [(V~e~s)X~] 2- c lus ter  units  in 
the  ser ies  X- -O,  C1, Br, I (Table 6 and ref. 13), where  the  bond  lengths 
dMo-Mo a n d / o r  dw_w are 2 .536  ~ ( X = O ) ,  2 .602 or  2 . 6 0 7 / ~  (X~C1),  2 .640 
or  2 . 6 3 5 / ~  ( X ~  Br) and 2 .671 /~  ( X - I )  respect ively .  Fu r the rmore ,  the  square  
MX~4 uni ts  a re  no t  a lmos t  p lanar  and the re fo re  the  M-X i d is tance is no t  the  
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TABLE 4 

(TBA)2 [ (Mo6CI~)Bff6 ] (3): positional parameters ( × 104) and mean displacement parameters U~ 
(pm2× 10-1); standard deviations in parentheses 

x y z Ueq 

Mo(1) 5155(2) 579(3) 8706(2) 49(1) 
Mo(2) 5848(2) 597(3) 10459(2) 45(1) 
Mo(3) 5468(2) - 1288(3) 9628(2) 50(1) 
CI(1) 4784(5) - 1237(10) 7998(7) 71(4) 
C1(2) 5506(5) 2333(9) 9547(8) 72(4) 
C1(3) 3900(5) 1195(9) 8705(7) 65(4) 
Cl(4) 6399(4) - 87(9) 8859(6) 66(4) 
Br(5) 7032(2) 1410(4) 11121 (3) 72(2) 
Br(6) 5348(2) 1332(5) 6881 (3) 90(2) 
Br(7) 6118(2) - 3060(4) 9044(3) 92(2) 
N(1) 7924(15) 4735(29) 184(22) 75(15) 
C(2) 8065(20) 5991 (32) 15(27) 77(13) 
C(3) 8517(21) 6591(36) 796(29) 106(16) 
C(4) 8612(22) 7751(36) 578(31) 101(15) 
C(5) 8004(26) 8367(41) 555(34) 172(24) 
C(6) 7618(20) 4565 (35) 1233(27) 86(13) 
C(7) 6962(24) 5111 (39) 1519(33) 117(17) 
C(8) 6286(31) 4620(52) 1587(43) 210(29) 
C(9) 5722(25) 5149 (47) 2092(38) 192(26) 
C(10) 7402(19) 4325(35) - 603(27) 86(13) 
C(11) 7536(23) 4417(43) - 1666(30) 136(19) 
C(12) 6771(33) 4038(50) -2467(45) 241(33) 
C(13) 7090(37) 3061 (51) - 2339(51) 284(44) 
C(14) 8647(23) 4164(37) 70(32) 109(17) 
C(15) 8629(25) 3014(41) 108(33) 129(19) 
C(16) 9293(25) 2406(38) - 404(34) 135(19) 
C(17) 9242(30) 1266(46) - 457(41) 224(30) 

only impor tan t  p a r a m e t e r  in assess ing  the relat ive s t rength  of  the in te rac t ion  
(as s ta ted in ref.  13). An M6X~8 cage  with square  p lanar  MX~ units  is 
charac te r i zed  by  an  angle  M-X~-M = 60 ° and by  2A=21/2dMM--d(Xi--xi)----O. 
If the  Me o c t a h e d r o n  ex t ends  the  X~ cube,  t hen  A > 0  and a > 6 0  ° and  vice 
versa ,  making  these  va lues  app rop r i a t e  to  measu re  the  deviat ion f rom 
MX~4 planari ty.  The  va lues  A* = d(X~-X a) - ~R(Xi~- ~) and  Q = 
d(Xi-Xi)/2R(X~ - )  m a y  be  t aken  as  m e a s u r e s  of  the  repuls ive  in terac t ions  
X~-X a and  X~-X i (see  Table  6). In the  ser ies  X ~' ~---O, C1, Br, I one  obse rves  
( tungs ten  c o m p o u n d )  5 = + 0 . 2 6 8 ,  + 0 . 0 9 5 ( + 0 . 0 7 7 ) ,  + 0 . 0 3 8 ( + 0 . 0 0 5 ) ,  
( - 0 . 0 8 5 )  /I. and  a = 7 1 . 4  °, 63 .6  ° (62.9°),  61 .4  ° (60.2°),  (57.2°).  In o the r  
words ,  only  the  b r o m o  c lus te r  exhibi ts  m o r e  o r  less p lanar  M~4 squares.  
The  va lues  Q = 1.09, 0 .96  (0 .98) ,  0 .94  (0 .95) ,  (0 .90)  demons t ra t e  increasing 
relat ive c ompre s s ion  of  the  X~8 cube  due  to  the  s t rong M-X i bonds ,  which  
also give r ise to  the  absolute increase ( d ~  bu t  relative decrease (A) in 
the  Me o c t a h e d r o n  with increas ing  size o f  X. Finally, the  va lues  A* ---- + 0.43,  
- -0 .10  ( - - 0 . 0 9 ) ,  - -0 .20  ( - - 0 . 2 1 ) ,  ( - - 0 . 4 8 )  ~ show h o w  the  externa l  X ~ 
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TABLE 5 

(TBA)2 [ (MoB CI~)I~ ]- CH3 CN (4): positional parameters ( × 104) and mean displacement parameters 
Ueq (pro2× 10-~); standard deviations in parentheses 

x y z Ueq 

Mo(1) 3847(1) 0 3108(1) 45(1) 
Mo(2) 4507(1) 631(1) 5489(1) 45(1) 
I(1) 3782(1) - 1580(1) 6257(1) 70(1) 
I(2) 2129(1) 0 233(1) 73(1) 
Cl(1) 2986(1) 0 4143(2) 52(1) 
C1(2) 6090(1) 1188(1) 6786(2) 55(1) 
CI(3) 4849(2) 0 2304(2) 55(1) 
N(1) 0 1612(4) 5000 62 (5) 
C(2) - 850(4) 2048(3) 3913(7) 67(4) 
C(3) - 1785(4) 1719(3) 2707(7) 77(5) 
C(4) - 2541 (5) 2213(4) 1693(8) 99 (6) 
C(5) - 3496(5) 1937(5) 422(8) 117(6) 
C(6) 245(5) 1171(3) 4229(8) 71 (5) 
C(7) 557(5) 1503(4) 3431(8) 82(5) 
C(8) 745(5) 1024(4) 2675(8) 89(5) 
C(9) 1123(6) 1319(5) 1969(8) 112(6) 
C(10) 7347(11) 0 2750(14) 107(10) 
C ( l l )  6385(9) 0 1404(13) 130(10) 
S(12) 8112(11) 0 3773(14) 193(11) 

ligands try to follow the escaping metal atoms and how strongly the attractive 
M-X a bonds may be countered by the repulsive Xi-X a interactions. The result 
is that the expected relation d(M-X a) < d(M-X i) is reached only with smaller 
X i, ~ ligands, which is shown by the mean ratio of  the two distances: 0.98, 
0.98, 1.00, 1.02. 

In the compounds  with the [(Mo6CI~)X~ ]2- anions one observes in principle 
the same but  not  as pronounced tendencies as follows. 

(a) The Cl~ cube becomes  slightly smaller with F~-*I  a (d- -3 .52 ,  3.49, 
3.48, 3 .48 /k)  and d(CI~-C1 ~) is about  3%-4% smaller than the anion radii. 
In other words, the internal compression of  the Cl~ cube increases slightly 
(see Q in Table 6). 

(b) The MoB octahedron becomes  larger with F~-~I ~ (2.593, 2.602, 
2.604, 2 .615/~) .  

(c) The A* values ( + 0 . 0 6 ,  - 0 . 1 0 ,  - 0 . 1 3 ,  - 0 . 2 1  /~) show that only 
the F ~ compound is free of  strain with respect  to X~-to-X ~ repulsive interactions 
and that these interactions become more and more pronounced with F~--* I ~. 

The effects (a) and (b) are also reflected in the changes in the angle 
Mo--Cl~-Mo (62.8 °, 63.6 °, 63.8 °, 64.1 °) and in A (0.075, 0.095, 0.100, 
0 .107 /~). 

Altogether, one has the impression of a relatively soft M e ~  unit, where 
also the rigidity of  the planar Mo--C1 i coordination is not  very strong. The 
refined MoC12 data [11] demonstrate  this relative softness especially in the 
dMo_Mo and d(Mo--C1 ~) distances, which obviously depend on the different 
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(c) 
Fig. 1. Cluster anions [Mo~CI~)X~] 2- 
Tables 2 -5) .  

and atomic labelling for X a-= (a) F, (b) C1, (c) I (see 

distances d(Mo--CP)¢ d(Mo-CP -~) (CP -a are bridging outer ligands). Where 
d(Mo-CP) becomes smaller, the Mo~ octahedron is stretched and the Cl~ 
cube is compressed, e.g. A becomes larger (see the P complex in Table 6). 
Simultaneously A* becomes more pronouncedly negative, corresponding to 
the more compressed XLX a region. Finally, the difference in the d(Mo-CP) 
values of the neutral MoC12 (2.379 /~) and the charged anion (2.420 /~) 
should be mentioned. 

There is no doubt that pure steric factors as well as electronic interactions 
[13] contribute to the structural changes and it is not easy to separate these 
contributions, which very often go in parallel. Recently published nuclear 
magnetic resonance (NMR) studies [15] may be very helpful. The 95Mo 
resonance signal of the F a compound is located at the lowest field and thus 
indicates the lowest electron density in the Mo6 octahedron. Corresponding 
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to the increasing polarizability in the series Cla<Br~<I  ~, a high field shift 
is observed, which indicates an increasing electron density in the Mo6 cage. 
One may assume an increasing occupation of antibonding MoB orbitals because  
of the parallel bond length expansion. The decreasing ligand field strength 
from F ~ to I ~ will reduce the HOMO-LUMO distances [16] and therefore 
the decreasing bond strength should mainly result from the increasing 
participation of  antibonding cluster orbitals. 

4. Vibrational  spectra  

4.1. In frared spectra, R a m a n  spectra 
The normal vibrations of the cluster anions [(MosCI~)X~] 2- ( X a - F ,  C1, 

Br, I) with the symmetry Oh--m3m are represented by the following terms: 

/~cli --Alg +Eg + Tlg + 2T2g +A2u +Eu + 2Tlu -I- Teu 

/'Mo =Alg +Eg + Tlg + T2g + 2T1~ + T2u 

Fx.=Alg + Eg + Tlg + T2g + 2TI~ + T2u 

FMo~c~x~ = 3Alg + 3Eg + 3Tlg + 4T2g +A2u +E~ + 6T1~ + 3T2~ 

After elimination of  the rotational Txg and translational TI~ terms, the internal 
vibrations of the cluster anions are 

/~Mbo6C~X~ = 3A1g + 3Eg + 2Tlg + 4T2g d-A2u +E~ + 5T ~  + 3T2u 

According to the selection rules, the five normal vibrations of Tlu symmetry 
are IR active and the 10 vibrational modes  of  symmetry A~g, Eg and T2g are 
Raman active; all the others are inactive. 

The IR and Raman spectra of the cluster compounds  
(TBA)2[(Mo6CI~)X~], X---F, C1, Br, I, are shown in Fig. 2 with the fre- 
quencies and labelling of  the most  important bands. The high symmetry of 
the cluster anions is reflected in the clearly arranged vibrational spectra. 
Despite the complicated crystal structures, factor group splittings and po- 
sitional group splittings are not detectable. 

The interpretation of  the spectra  may start with the assumption that 
those vibrations which appear  at approximately constant  frequencies are due 
to the invariant double-cage system Mo6Cl~, whereas the vibrations that 
include participation of  the external halogen ligands X a should show char- 
acteristic shifts. For  the band-rich Raman spectra it is important that the 
detection of  the total symmetrical stretching vibrations of  A~g symmetry is 
made possible through measurements  of  the depolarization order in con- 
centrated solutions of the TBA salts in propylene carbonate. Figure 3 shows 
the four most  important vibrational modes.  

The antisymmetric Mo-X ~ stretching mode 7'~a is clearly recognized as 
an intensive band in the IR spectra. This band is strongly shifted to higher 
wavenumbers  with decreasing mass of  the ligands. A further vibration v~5, 
which also depends on the mass  of the ligands, results from the deformation 
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Fig. 2. Infrared (left) and Raman (right) spectra at 80 K of (TBA)2[MooCI~)X~] , X'=(a) F, (b) 
C1, (c) Br, (d) I; A0=514.5 nm. 

o f  the C l i -Mo-X a angle. The c o r r e s p o n d i n g  bands  are obse rved  at 151 c m -  1 
with the fluoride and at 108 c m - 1  with the  chloride.  With  the bromide  and 
iodide this band  mus t  be loca ted  be low the measu r ing  range.  The remaining 
bands  in the ranges  360,  300--348 and  2 2 0 - 2 3 1  c m  -1 can  be ass igned to 
the  internal vibrat ions  of  the Mo~Cl~ unit  [5]. The dist inct  shift o f  the m o s t  



424 

(a) @ (c) (~ 
v 1 Ql=qMo *qx ° v 3 Q3=qHo-qx ° 

. "  . . . . . .  - .  i J 
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Fig. 3. Stretching modes vj, 122, /23 (Alg) and v]4(T]u ) of the cluster anions [MoeClh)X~] 2- . 

intensive band f rom 300 to 348 cm -1, which is related to the X a mass, 
points towards a considerable vibrational coupling of  the double cage 
Mo6Clh with the outer  substituents X a. The large intensity of the band at 
230 c m -  I speaks against an assignment as a pure metal-to-metal vibration, 
but  indicates considerable contributions of  C1 i and X a. 

The Raman spectra  of  the solutions of  all four compounds  show only 
t w o  totally polarized bands instead of  the three expected ones. The ap- 
proximately site-constant strong maximum which appears between 310 and 
320 cm-1 is assigned to the breathing mode v2 of the MoBClh group (Fig. 
3). The second band, which disappears completely with perpendicular  po- 
larization, clearly refers to the total symmetric vibration u~ with contributions 
from the terminal X a ligands because of the strong shift with changing X ~. 
The absence of the third completely polarized band is due to a vibrational 
coupling, as already discussed in the related cluster compounds  Nb6F~5 [17]. 
While for  3 i ~-~ [ ( N b ~  12)F6/2 ] an in-phase motion and/or  a counterphase motion 
of the Nbe octahedron and the F~2 cuboctahedron were taken into account,  
corresponding in-phase and/or  counterphase vibrations of the stacked MoB 
and X~ octahedra have to be taken into account  in the case of  the 
(Mo6Clh)X~ system. A high intensity is expected for the in-phase vibration 

QI = qMo +qx------- v1(Alg) 
where qMo and qx" define the Azg symmetry coordinates of the MoB and 
X~ octahedra. A low intensity is expected,  on the other  hand, for  the 
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c o u n t e r p h a s e  v ibra t ion 

Q3 = qMo -- qx- -- v3(Alg) 

b e c a use  o f  the  ant iphase  c o m p o n e n t s  of  the  polarizabi l i ty  change.  The 
brea th ing  m o d e  "2 of  the  Mo~CI~ g roup  is r ega rded  as be ing  i ndependen t  
of  the  X ~ l igand and is descr ibed  as  

Q2 = q c v -  "2(Alg) 

4.2. Normal coordinate analysis 
F or  the  a s s ignment  of  the  Raman bands  m e a s u r e d  on  He[(Mo6CI~)CI~], 

Har t ley  and W a r e  [7] have calcula ted the fol lowing f requenc ies  by  appl ica t ion  
of  a s imple  va lence  force  field model  with f~=f (Mo-C1  i) = 1.1 m d y n  /~- i ,  

fs  - - f ( M o - M o )  = 1.6 m d y n / ~ -  1 and f t  = f ( M  o--Cla) -- 1.8 m d y n / ~ -  i. 

vl(qMo+qcla)=236 cm -1 (239  cm - I )  

"2(qcli) = 3 1 8  cm -1 (320  cm -1)  

v3(qMo -- qcl') = 402 c m -  i 

The  f r equenc ies  are  in good  ag reemen t  with the exper imen ta l  values  of  "1 
and  v'2 (in pa ren theses ) .  For  the IR-active vibra t ions  v14 this mode l  yields 
va lues  which  are  too  high. It  seems  to  be  m o re  favourab le  to  fol low the  
more  deta i led  analysis  of  Mattes  [4]. This p r o c e d u r e  includes  in te rac t ion  
fo rce  field cons tan t s  fst, and allows more  accura te  ca lcula t ions  o f  the  fre- 
quenc ies  "1, "3 and  "14. The force  cons tan ts  for  Xa-=C1, Br, I are  t aken  f rom 
ref.  4. F o r  Xa- -F  the  fol lowing values  were  de t e rmined  by fitting " ~ s = 4 9 7  
a m -  x: 

f~ = 1.30 m d y n / k -  1 

f t - -  2 .38 mdyn/~ -~ 

f s t  = 0.46  m d y n / ~ -  ' 

The  ca lcu la ted  "1 and  "~ f requenc ies  as well as the  potent ia l  en e rg y  dis t r ibut ion 
(PED) are shown  in Table  7. While the  ca lcula ted  "1 f requenc ies  fit the  
expe r imen ta l  va lues  quite well, the  cou n t e rp h ase  vibra t ions  "3 are  no t  
observed .  Indeed,  the  b r o m o  c o m p o u n d  shows a weak  band  at  280  cm-1 ;  
however ,  be c ause  o f  the  small intensity, its polar iza t ion  behav iour  could  no t  
be measured .  

F r o m  the  PED it fol lows that  the  vl band  of  the  Raman spec t r a  co r r e sp o n d s  
to  an M o - M o  vibra t ion for  X a -  F, bu t  tha t  this  v ibra t ion is a s t rongly  mixed  
one  for  X ~= C1 and  finally c o r r e s p o n d s  to  a pu re  Mo -X  ~ vibra t ion for  X" = I. 

I nde pe nden t l y  of  the  calculat ions,  which  only  cons ide r  to ta l  symmetr ica l  
vibrat ions,  one  can  conc lude  f rom the  Raman spec t r a  tha t  the  bands  which 
are  prac t ica l ly  si te cons tan t  and of  m e d i u m  and  lower  intensi t ies  (248--251,  
2 1 4 - 2 1 9  and  1 9 7 - 2 0 1  cm -1) mus t  be  ass igned to  the  MosCl~ c lus te r  jus t  
as fo r  "z. They  p robab ly  be long  to  the  Eg and Tug m o d e s  of  this group.  This 
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experimental result agrees with the model, according to which the vibrations 
of the Mo6Clh unit are mostly independent of the X a ligands. 

A complete normal coordinate analysis including the Eg, Tzg and Tla 
modes is not yet possible because of the large number of interatomic force 
constants and their numerous interactions. Further investigations are necessary 
to extend the experimental data, especially those for molybdenum isotopes 
as well as those for [(Mo6BIas)X~] z- cluster compounds. 

5. E x p e r i m e n t a l  de ta i l s  

The starting material for the synthesis of compounds 1--4 was the 
molybdenum chloro acid (H30)2[(Mo6Clh)Cl~]. 6H20 [8]. It was prepared by 
boiling a mixture of an ethanolic solution of MoCl2 (-Mo8Cl12) [18] and 
conc. HC1. 

5.1. Preparation of (TBA)2 [(Mo6Clis) Cl~] 
To a solution of 500 mg (0.41 mmol) (HaO)z[(Mo6Cl~)Cl~].6H20 in 20 

ml absolute ethanol an ethanolic solution of 285 mg (2 .5×0.41 mmol) 
(TBA)C1 was added. The precipitation yielded 95% light yellow 
(TBA) z [ (Mo6Cl~)Cl~ ]. 

5.2. Preparation of (TBA) 2[ (Mo6CI~s)Br~] and (TBA)2 [ (Mo6CI~s)I~ ] 
A solution of 300 mg (0.25 mmol) (H30)z[(Mo6CI~)CI~]. 6H20 in 20 ml 

absolute ethanol was charged with a solution of 315 mg (6 x 0.25 mmol + 10%) 
AgBF4 in 5 ml absolute ethanol. Precipitated AgC1 was removed and finely 
pulverized NaBr (455 mg, 18 × 0.25 mmol) or NaI (655 mg, 18 × 0.25 retool) 
was added and the mixture stirred for 2 h. The sodium halides were dissolved. 
Reprecipitated silver halides as well as excess sodium halides caused a 
cloudiness and were removed by centrifuging. After adding 240 mg (3 X 0.25 
mmol) (TBA)Br or 275 mg (3 X 0.25 mmol) (TBA)I dissolved in 5 ml absolute 
ethanol, (TBA)e[(Mo6CI~)B~] or (TBA)2 [(MosCI~)I~] precipitation resulted in 
a 95% yield of a light yellow crystalline powder. 

5.3. Preparation of (TBA)2[Mo6CI~)F~] 
An ethanolic solution of 300 mg (0.25 mmol) (HaO)2- 

[(MosCI~)CI~] • 6H20 was charged with 315 mg (6 × 0.25 mmol + 10%) AgBF4. 
After separation of AgC1, 1400 mg (18×0 .25  mmol) solid (TBA)F.3H20 
was added and the mixture was stirred for 2 h in a Teflon beaker. Subsequently 
the batch was completely evaporated in a desiccator over KOH, dissolved 
in 10 ml acetone and purified from insoluble residues (excess AgBF4) by 
centrifuging. After addition of ether, light yellow (TBA)2[(MosCI~)Fg] was 
precipitated with a 95% yield. All TBA compounds were recrystallized from 
dichloromethane-ether.  
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5.4. Analysis 

C (%) H (%) N (%) C1 (%) Br (%) I (%) 

(TBA)2 [(MoeCI~)F~ ] calc. 26.35 4.97 1.92 19.45 - - 

obs. 26.46 5.08 1.96 19.30 - - 
CrBA)2[(MoeCI~)CI~] calc. 24.86 4.66 1.79 31.87 - - 

obs. 24.83 4.74 1.79 31.56 - - 
(TBA)2[(Mo~CI~)B~ ] calc. 21.07 3.97 1.53 15.55 26.28 - 

obs. 21.22 3.96 1.53 15.32 26.53 - 
(TBA)e[(Mo6CI~)I~] calc. 18.25 3.44 1.33 13.46 - 36.16 

obs. 18.14 3.43 1.44 13.62 - 36.50 

5.5. Spectra 
The IR spectra  were measured on an NIC 7199 F]?-IR spect rometer  

(Nicolet, Offenbach/Main, FRG) in pressed polyethylene. The Raman spectra 
were measured on a Cary 82 (Varian, Darmstadt, FRG) with an argon laser. 
The solids were measured as rotating samples at 80 K. About 20 mg of the 
pure substance pressed into the ring-shaped cavity ( 0  = 8 ram, 1.75 mm 
wide) of a brass disk at 2 t cm -2 yielded a glass-like material [19, 20]. The 
degree of  depolarization was determined using saturated solutions of  the 
TBA salts in propylene carbonate  at room temperature  in rotating quartz 
cuvettes.  
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