
Notes 

tube 0.763 g of this complex was added to 1.00 ml of water at 0". 
At timed intervals 0.100-ml samples were taken and about 5% of the 
water was distilled and collected under vacuum. This water was 
converted to C02. The reaction of the dioxy complex with water to 
give the oxyhydroxy complex and OH- is essentially complete and 
places the [OH-] at greater than 1.5 M .  

C. To 25 ml of water containing 0.05 g of KCN at 0" was added 
1.0 g of K3[Mo(O)(OH)(CN)4] ( 1 8 0  enriched). At timed intervals 
5-ml samples were treated with 0.5 ml of a saturated [Cr(en)31Ch 
solution at Oo and seeded, and the green crystals of [Cr(en)3]- 
[Mo(O)(OH)(CN)4].HzO were collected, washed with normal water 
and acetone, and dried under vacuum at room temperature for 12 
hr. The salt was then converted to C02. 

D. This was experimentally similar to procedure C but no cyanide 
ion was present. 

The solid complexes and water samples were converted to pure C02 
for isotopic measurement by heating in a sealed tube with a mixture 
of HgC12 and Hg(CN)2 followed by purification of the gases volatile 
at -78' by preparative vapor-phase chromatography over silicon oil 
on firebrick. All operations have previously been shown not to induce 
exchange. Isotopic analysis was carried out on a Nuclide RMS 
instrument utilizing the 46/(45 4- 44) ratio ( R N ) .  A value of 4.00 
X 10-3 was given a C02 standard and all reported ratios are nor- 
malized to it. 
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Table I. Molar Susceptibility 
r, K 1 o 4 X M  T, K 1o4XM r, K 1 o 4 X M  

Registry No. [Mo(O)(OH)(CN)4]3-, 52920-70-4; [M0(0)2- 
(CN) 41 4-, 5 2920-7 1-5. 
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The study of copper dimers with triplet ground states has 
been of much current interest.3 In particular, it has been shown 
that the Cu2C162- ion in Ph4AsCuC13 existed with a triplet 
ground state with a singlet excited state a t  approximately 40 
cm-1.4 The esr spectra of single crystals of the corresponding 
bromide salt and a mixed bromo-chloro salt are anomalous 
and suggest the possibility of interdimer interactions.5 To 
investigate this possibility, as well as to determine the mag- 
nitude of the singlet-triplet splitting, a susceptibility study of 
Ph4AsCuBr3 and Ph4AsCuBrClz was initiated. 

Experimental Section 
The compounds are prepared by the slow evaporation of an aqueous 

solution of equimolar amounts of Ph4AsBr and CuBrz or CuC12.2HzO. 
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Crystal X-Ray analysis showed that the deep purple crystals of both 
cornpounds are isomorphous with the corresponding chlorides and gave 
no evidence of a supercell structure. Major constituent analyses were 
performed by Chemalytic, Inc., of Tempe, Ariz. Anal. Calcd for 
Ph4AsCuBr3: C, 41.73; H, 2.92; Cu, 9.25; Br, 34.70. Found: C, 
41.73; H, 2.85; Cu, 9.06; Br, 34.40. Calcd for Ph4AsCuBrC12: C, 
44.61; H, 3.12; Cu, 10.63; C1, 5.48; Br, 24.73. Found: C, 44.84; H, 
3.22; Cu, 10.74; Cl, 5.64; Br, 24.84. 

The Faraday technique6 was used for magnetic susceptibility 
measurements in the temperature region from 78 to 300 K. Sus- 
ceptibilities in the temperature range 4.2-78 K were measured utilizing 
the inital susceptibility technique.7 In both cases, data were collected 
on polycrystalline samples obtained by grinding up single-crystal 
specimens. The data are tabulated in Table I. 

Results 
The crystal structure of Ph4AsCuC13 contains isolated 

Cu2C162- dimers, with dimers well separated by the Ph4As+ 
cations except along the c axis where the shortest C1-C1 
distance was 6.7 A.8 This had no apparent effect on the 
magnetic properties, which were readily interpreted in terms 
of an isolated dimer with a triplet ground state and a singlet 
excited state.9 For Ph4AsCuB1-3 and Ph4AsCuBrCl2, pre- 
liminary plots of 1 / x  vs. T indicated that a similar analysis 
might be valid. However, the plots of X T  vs. T,  shown in 
Figure 1, reveal more complex behavior in these cases. At  high 
temperature, the plots extrapolate to Curie constants consistent 
with equal populations of the singlet and triplet levels (C = 
3/4Ctriplet). As the temperature is lowered, the apparent Curie 
constants increase as the systems depopulate into the lower 
energy triplet states. However, instead of extrapolating to the 
expected value, Ctriplet, the apparent Curie constants start to 
drop rapidly below 20 K. 

Two possible explanations for this behavior were explored. 
One involves the assumption that the ground state possesses 
a large zero field splitting with the Ms = f l  levels lying an 
energy, D, above the MS = 0 level. The appropriate Ham- 
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Table 11. Singlet-Triplet Energy Separation 1 in 
Various Cu,X,*- Dimers 
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Figure 1. Plot of X M T  l is. T, showing the experiaental points (0) 
ai;<; theoretical curves (-) for (Ph,As),Cu,Br, as well as the ex- 
pcl.liimatal points (A) a d  theoretical curves (- - -) for (Ph,As),Cu,- 

Cia, For each salt, the upper line corresponds to the expected 
e of xr~lT at T =  0 while the lower lines represent the expected 

iies ai  7‘- w. The rnicklle line in each case is the calculated curve 
f c i  a 1,ine;rr ch.ain of di:r,ers (as defined in eq 1) for the ,values or the 
parameters Wed. 

ia.a for the system is then 

and the susceptibility i s  given by 

3kjq = l.____...l__ 

Here, -;LE = -2J in the usual Heissenberg Hamiltonian, N = 
--2Jsa.sb; that is, a positive AE corresponds to a triplet ground 
state. The above notntion allows one to write the Hamiltonian 
in teinns oi’ the spin quantum numbers of the dimer, r a t k r  
r i m  of the Individual copper ions. 
A n  exccllent fit of the data is obtained with 46 = 1.4 cm-1 

and the siiig:cl-triplet energy separation, AE, is 31 cm-1 for 
P:~.kCuaBr~ and D = 1.1 crn-1 and AE = 45 ~111-1 for 
e.>n.AsC~:.Er@!z. ifowever, these vali.aes of 6) are an order of 
ni.a,gnitrtde larger than that found in Ph4AsCuCl3.lo There 
is no reason to suspect that it should be that much larger in 
these compounds. In addition, no %-band epr spectrum (except 
for the m = f 2  transition) would be expected for such a iarge 
zero-field splitting. Since a rich epr spectrum is observed, this 
cannot b:: the correct model for this system. 

The second explanation involves the assumption that the 
larger size of the Cu2Br62- and Cu2Br2C142- dimers, as 
compared to a Cu2C162- dimer, brings the adjacent dimers 
along the c axis close enough together so that appreciable 
excha!ige coupling exists between dimers. Thus, the appro- 
priate description of the system is that of a or!e-dimensional 
chain of copper dimers. In the Ising limit for thc interdimer 
intcractions, the Hamiltonian11 is 

2Ng2E.d Ye-D/kT 

3 , k ~  1 -1.. 2e-”/hT .+ e-AEE’IkT^‘ 

- .  
rrl , 

+ -a Ii := --iSEzCSi - 2J’;’iM,iM,’ + ’ -1 gl-lpxJ[9i 

and the susceptibility is given by7 

KClLX, -5 5 -195 
Me NH .~ cux - -5 -120 
Ph,ASCUX, 40 31 

where a1 = a i b, a2 -rr a - 15, a3 = 2efl.iE sinh (20.4 
a = ‘/z [(I -4- PI{) -i- 2(cosh (2fiJf>>efl”-\”] 

b = ‘12. [ I  4- 10ePAE - 4(ccsh (2pf))ePBE i- 9eZPAE - 
4(cosh (2f iJ~))e”AE 4- 4.(cosh~ (2flW’)pe2a*”y 

and p := 1/A7’. 
As can be seen from Figure 1, the model. gives an excellent 

fit to the data. The interdimer coupling, 0.4 and 0.3 cxn-1, 
respectively, for i h e  Cu2 1-42- and CwBr2Q3142- dimers, is very 
small, but its effect on the apparent Curie constant is quite 
marked. Since It is expected that the CuzBr62- dimer would 
be the larger of the two, the trend i s  in the correct direction, 
The singlet--triplet separatiiln in both salts i s  comparable to 
that for Ph4AsCue13. Again, a reasonable trend is 
~ 6 t h  A6 z’i 49, (1~5, ar~d 31 <:I!-’ in tht: @~Cl6’-, CU 
and Cu2BT62- dime;s, respcctively. 

iseesslon 
This studji thus confirms the existence of a ground-state 

Ph4AsCuBr3, the first such case to be reported for 
2.- dimer. Other CiuBr62- dimers have ge 
antif‘eP,rron.,agi.eeicaily coupled; indeed, 

diarnagnetkl2, (probably due to strong interdim 
however) while the txiplet state is 21 0 and 120 cm-1 above the 
singlet ground state i n  KCu r313 and ( c f 1 3 ) 2 N M [ 2 ~ ~ B r 3 , ~ ~  
respectively. 

Examination of Table I1 shows that the rnagnetic inter- 
actions in the bromide salt are more antiferronragnetic than 
in thc corresponding chloride salts and that, the range of 
singlet--kiplet energy separations is larger. This can be ex- 
plaiced on the basis of expected struxturai changes. l t  has 
been shown thhat the coupling in the ohloride salts becomes 
more ferromagneti.a as the bridging angle decreases due to the 
distcrtion of the C112Cl62- ion from piafiarity.4 While the 
correspoiiding bromide salts are isomorphous with the chloride 
salts, detailed structures are not lmown. Nevertheless, for the 
planar dimers (ICCuX3.salts), it is anticipated that thc large 
Br- ion will cause the CLI-B~--@U angle to be larger than 
Cu-:C--Cu angle, thus making the intcractioris in K.Ch 
more aiztiferroinagnetic than in KCuC13. However, for 
salts xith tetrahedrally distorted coordination geometry around 
the Cu2-‘- ion (Me2KFH2CuX3 and Ph4AsCuX3), ligand-ligand 
repulsions wil!, be greater i n  the bromide salts, thus giving a 

tion. This will cause the Cu--Br-Cu 
rapidly than the Cn-Cl--Cu angle, 

explaining the larger variation in singlet-trip!et energy splittirags 
observed in the bromide salts as compared to the chloride salts. 

The fact that siisceptibiiity data can be fit equally well by 
two physically different models has been noted previously.15 
It is thus necessary to make the selection of the best model 
based on other information (in this case, the epr data), 
Significantly, the singlet-triplet separation is insensitive to 
which model is used, which allows us to place confidence in 
the values of‘ AE derived from thc experimental data. This 
is not surprising, since h E  is determined largely by the 
high-temperature (>20 M) portiori of the data, while the effect 
of the lnterdirner coupling (or zero-field splitting) only 
manifests itself a 1 the loww temperatures. 

Interciuster interactions and their effect on magnetic 
properties havi: recently gained attention.16 The superexchange 
pathways are not readily apparent in most cases. Far the 
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Ph4AsCuX3 salts, the pathway is probably not a direct 
through-space interaction, the X-X distances between adjacent 
dimers being just too long. Rather, the interactions probably 
involve either the protons or the ?r system on the phenyl groups. 

Ginsberg and Lines16 have shown that, if the susceptibility 
of the cluster is given by 

x M =  N&F(J, kT T )  

then interdimer interactions, J‘,  can be accounted for, in a 
molecular field approximation, by the equation 

with 8 = 2J’z’(F(J, T ) ) / k ,  where z’ is the number of nearest 
clusters. Thus 8 is (hopefully) only weakly temperature 
dependent. In the temperature regime 2J’ << AE - kT, the 
susceptibility for a linear chain of dimers (eq 1) reduces to 

xM = k(T - 0) 1 + 3eAE/kT 

again with AE = 2J. In this regime 

Ng2pp2 eAEhT 

3 =”[ 2eAEfiT 

k 1 + 
Thus, the results for the one-dimensional Ising model are 
identical with that of the molecular field approximation. For 
our system, 0 i= 4 / 3 3 .  In KCuBrs, whose structure consists 
of a linear chain of dimers, 8 = 1 7 O  was deduced from the 
susceptibility measurements.13 This corresponds then to 2J’ 
= 18 cm-1. 

It should be emphasized that the interdimer coupling could 
easily have missed if a plot of’ xT  vs. T had not been made. 
While existence of triplet ground-state systems is relatively 
rare, if interdimer interactions are suspected, it is recommended 
that such plots be examined, since the effects discussed here 
will not be apparent on a l / x  vs. T plot. 

Registry No. (Ph4As)zCuzBr6, 52873-77-5; ( P ~ ~ A s ) ~ C U ~ B ~ ~ C ~ L I ,  
53 154-28-2. 
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The unusual behavior of neutral or alkaline aqueous 
KMn04, which, unlike most stronger and weaker oxidizing 
agents, fails to yield coupled products but instead degrades 
the polyhedral ions BioHio2- and B12H122- to boric acid, has 
been reported before.1 The reaction with BioHio2 is SO rapid 
that it has been used for a calorimetric determination of the 
reaction heat? but B12H122- reacts much slower so it appeared 
a logical reactant in our attempt to isolate the suspected 
reaction intermediates. §ince hydroxylation is known to reduce 
the oxidative stability of the BioHio2- and B12Hi22- ions,3 a 
search for hydroxy derivatives appeared to be a reasonable first 
step in any attempt to elucidate the full mechanism of this 
interesting reaction. The results of this search are reported 
below. 

Results and Discussion 
The boric acid content of reaction mixtures with a prog- 

ressively larger Mn04-:8nHi22 ratio was determined. The 
data shown in Table I reveal that except at very high ratios 
the yield of boric acid lags far behind the amount expected 
if no stable intermediates had been formed. Column 2 gives 
the maximum yield based on the stoichiometry of eq 1. Each 

3B,,H, ,2” + 50Mn0,‘ -t 64H,O = 36B(OH),’ + 
50Mn0, + 2 0 0 H -  (1) 

experimental value in column 3 represents the average from 
three mixtures of same reagent ratio. The mixtures were made 
up with the two sets of solutions listed in the Experimental 
Section. 

Three complete series of runs were made. In each series 
the amount of BizH122- was maintained constant while that 
of Mn04- was raised by dilution with a stock Mn04- solution 
in fixed increments. Each increment was equivalent to the 
amount needed to substitute one hydroxy group in accordance 
with eq 2, and it may be referred to as “hydroxylation 

3B,,H,,Z- + 2nMn0,- + nH,O = 3B,,H,,-,(OH)nZ- -+ 
2nMn0 ,  + 2nOH‘ (2) 

equivalent.” Thus each series of runs began with a 2:3 and 
ended with a 50:3 molar reagent ratio. Though the only 
intermediates that we have been able to identify positively are 
B12H110H2- and Bi2Hio(OH)22-, the progressive changes in 
the ir spectra and the tlc characteristics of the precipitated 
cesium salts leave little doubt that a number of more highly 
substituted ions are formed too. 

If the Mn04- required for the observed boric acid formation 
according to eq 1 is subtracted from the total permanganate 
added and the remainder is assumed to have been used for 
hydroxylation according to eq 2, the average value of n shown 
in the fourth column of Table I can be obtained with the aid 
of a simple formula: nav = (no - ~~XBA)/(I - XBA), where 
no is the number of hydroxylation equivalents shown in the 
first column of Table I and XBA is the fraction of B12H122- 
converted to boric acid, computed from data in column 3. 
Examination of the last column of Table I reveals that as the 
yield of boric acid approaches the theoretical maximum, the 
average degree of hydroxylation falls steadily behind its 


