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A similar intermediate can be drawn with a hydride 
ion as the bridging ligand, again rearranging to (CH3)3- 
NBH3 + LiHB*F3. This mechanism also involves a 
transfer of trimethylamine from the labeled to the un- 
labeled boron. While the single hydrogen bridges 
are known in other casesj6 the fluorine bridge should 
be favored here for steric reasons. It should be easier 
to develop a coordination member of five for boron 
with four hydrides and a fluoride than with three fluo- 
rides, a hydride, and a trimethylamine. However, 
the nature of the bridging ligand is unimportant to 
the argument below. 

To test these hypotheses, a series of exchange and 
tracer studies was conducted. No exchange was ap- 
parent between (CH3)3NB10H3 and LiB11H4. When 
B10eH6 and LiB11H4 had equilibrated and had been con- 
verted to (CH3)3NBH3, their n.m.r. spectra were iden- 
tical (see Experimental section). Similarly, B112Hfi 
and (CH3)3NB1°H3 were found to give a random 
distribution of isotopes. Moreover, the reaction 
(CII~)~I\'B''FJ + '/aBl'aHc + (C?H;)?O = 

(CHa)aSB"Hd + B'OF3 (C2H;)ZO 

goes t o  completion with only a small (10-.W70) excess 

In the reaction between (CH3)3NBl0F3 and LiB11H4, 
both boron isotopes were randomly distributed between 
the amine borane and the diborane products. This 
gives no indication as to the course of the reaction, 
since this exchange could occur through the diborane 
produced. Lithium hydride in large excess was added 
to another reaction between normal LiBH4 and (CH3)3- 
NBF3 enriched in Bl0 where the ratio of salt to adduct 
was 1.2: 1. Diborane generated was consumed by 
the reaction 

of B ~ H c . ~  

LiH + 1/2B2FIe = LiBH, 

Thus the quantity of free B2H6 in the system was kept 
low and its exchange with other species reduced. In 
this system the B'O:B1' ratio in the borane adduct 
was 1.1, while in the LiBH4 it was 1.6. That the B'O 
would accumulate in the salt implies that  the conversion 
of (CH3)3NBF3 to the borane involves a cleavage of 
the nitrogen-boron bond, with displacement of BF3 
by BH3 (or BHd-) as the more favored of the two re- 
action paths. There is some mixing of the isotopes. 
This might arise either from some exchange of F- for 
H- without cleavage of the B-N bond or from ex- 
change between the diborane and the borane adduct 
before reaction with LiH. 
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In the course of a series of studies of complex coin- 
pound formation in aqueous solutions of strong elec- 
trolytes by the Raman spectroscopic method, we have 
obtained considerable evidence of the formation in 
solution of aquo-metal ion complexes involving a signif- 
icant degree of electron sharing in the metal-oxygen 
bond. The appearance of a vibrational Raman line is 
dependent upon there being a change in bond polariz- 
ability with bond length ( I  E ( d ~ , l d v ) ~ ) ) ,  which in turn 
depends on a finite electron density in the bond, Thus 
purely ionic or ion-dipole bonding does not give rise to 
a Raman line characterizing the bond.' Table I lists 
Raman lines observed from nitrate, sulfate, and per- 
chlorate salts of various metals after the lines due to 
the oxyanions and to the solvent water have been sub- 
t r a ~ t e d . ~ - ~  In each case the new lines were best ob- 
served from very concentrated, near-saturated solutions 
of the salts listed in Table I. Spectra were obtained 
using a Cary Model 81 Raman spectrophotometer, 
with calibrated polarizing screens wrapped around the 
sample tubes for depolarization measurements. 

TABLE I 
Low FREQUEUCY, POLARIZED RAMAN BAUDS FROM AQUEOUS 

SALT SOLUTIOXS 
Salt Raman line cm -1 

CU( NO312 440 
Zn( SO?)S 390 
Hg(XO,h 3 80 
Mg(X0Yh 370 
In(SOa)3 
CUSOl 340 
MgSO, 360 
ZnSOl 400 
GadS04h 475, shoulder on 436 cm 

InLS04)d 350-550 
TlzS04 470 
CU(CI0,)a 440 
Hg(C104)2 380 
In(C1O~h ca 420, shoulder on 466 cm -l 

nIg(C104)L 360 

410 and 460 overlapying bands 

Y Z ( E )  line of Sod2- 

Y L ( E )  line of CIOi- 

The new lines were in all cases highly polarized and 
therefore readily distinguishable from the restricted 
rotational" water band at 450 cm.-l. However, the 
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often severe overlap of the weak new bands with 
either this water band or an oxyanion line made quanti- 
tative measurements of their intensities, and hence of 
their degrees of depolarization, impractical in most 
cases. Depolarization ratios of p = 0.2 and p = 0.11 
were obtained for the new lines from solutions of cupric 
and mercuric ions, respectively.3 

The absence of a low frequency polarized line from 
the spectrum of liquid water, the lack of dependence 
of the new lines on the nature of the oxyanion in solu- 
tion, and the constant frequency obtained from solu- 
tions containing the same metal ion lead to the conclu- 
sion that the origins of these new lines are in some 
symmetric forms of vibration within the hydration 
sheaths of the dissolved metal ions. Evidence in sup- 
port of this assignment is found in the work of Mathieus 
and Lafont6 on solid hydrates containing the ions Mg- 
(H20)e2+ and Zn(H20)62+. The polarized nature of the 
new lines suggests their assignment to metal-water- 
oxygen symmetric stretching modes, and the smallness 
of the frequency dependence on the mass of the metal 
ion then follows from the necessity for the metal to 
remain stationary in such vibrational modes. Thus all 
divalent ions except copper listed in Table I give lines 
in the narrow region 360-400 em. -l, consistent with the 
formation of hexacoordinated aquo complexes in each 
case. Jahn-Teller modifications in the case of the 
copper complex may account for its nonconformity. 
The line intensities, as well as the frequencies, were 
higher for the gallium and indium aquo complexes than 
for the other metals studied. These are clearly related 
to the stronger bonding of the hydration sheaths 
brought about by the increased ionic charges. The 
gallium and indium solutions were also found to be ex- 
ceptionally viscous-a property fully consistent with a 
high degree of h y d r a t i ~ n . ~ ~ ~  
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Recent reports from our laboratory have dealt in 
detail with complex formation in aqueous solutions of 
calcium nitrate2 and indium sulfatea3 These earlier re- 
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sults arose from the more general study of metal- 
oxyanion associations in aqueous solutions which we 
briefly report on here. 

The complete Raman spectra of the uncomplexed 
oxyanions nitrate, sulfate, and perchlorate are well 
known, that of the nitrate ion being consistent with its 
D3h symmetry, those of sulfate and perchlorate ions 
being consistent with T d  symmetries.‘ In  concen- 
trated aqueous solutions i t  is known from a variety of 
physical measurements that many metal n i t r a t e P  
and  sulfate^^^^ form associated species, and though the 
evidence is much less abundant, i t  appears that  in con- 
centrated perchloric acid even the perchlorate ion 
forms a c ~ m p l e x . ~  

We have used a Cary Model 81 Raman spectropho- 
tometer to obtain Raman spectra of a wide range of 
metal nitrates, sulfates, and perchlorates, taking the 
usual precautions to ensure precise frequency, inlen- 
sity, and depolarization values. 2 , 3  The spectra re- 
ported were all obtained from near-saturated solutions 
a t  room temperature, in order to force as much ion as- 
sociation as possible. Tables I, 11, and I11 summarize 
our spectral frequency data and demonstrate that  using 
the criterion that strong association between an oxy- 
anion and a metal ion will distort the symmetry of the 
oxyanion, i t  is evident that  nitrate complexes are much 
more common than are sulfate complexes, while there is 
no evidence here for perchlorate complexes. However, 
conductivity and solubility measurements show that 
most metal sulfates are very highly associated even in 
dilute aqueous s ~ l u t i o n . ~ ~ ~  The Raman frequencies 
suggest that, with the single exception of indium, these 
metal sulfate complexes are solvent separated; a t  least 
one water molecule being trapped between the metal 
ion and the sulfate ion. This interpretation is consis- 
tent with Eigen’s findings from chemical relaxation 
spectra. lo The new frequencies arising from nitrate 
complexes can all be accommodated by a CzV point 
group assignment, indicative of complexing through 
oxygen atoms of the NOS- ions rather than through the 
nitrogen atoms, but in no case can a line characterizing 
the metal-oxygen bonds be assigned. The extreme dis- 
tortions of nitrate ion symmetry make i t  probable that 
the association with metal ions is a t  least through inti- 
mate ion pairing, but some small degree of covalent 
bond formation cannot be ruled out. The magnitude 
of the splitting of the vz(E’) line of D3h nitrate into v4 

(B,) and vl(Al) lines characteristic of the distorted CzV 
ion has been used as a measure of the dissymmetry 
arising in the nitrate group as a result of interaction 
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