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TABLE 111 
BODLENGTH DATA FOR BORON TRIIODIDE 

Bond Bond Bond 
X %best fit) length Y m U .  length Ymin. length 

0.025 0.373 2.11 A. 0.380 2.08 A. 0.365 2.13 A. 
.030 .370 2.10 A. .375 2.08 A. .365 2.12 A. 
.035 .367 2.09 A. .375 2.07 A. .360 2.06 A. 

TABLE 1V 
CONDITIONS FROM OBSERVED INTENSITIES~ 

Reflection 23 > 10 N 13 
Reflection 27 < 7<< 10 - 13 

Brockway’ find 0.79 A. as the trigonal radius 
and 0.89 A. as the tetragonal radius. They inter- 
pret these results by remarking that the covalent 
radius for boron should change as the double bond 
character varies : when the boron-halogen T- 

bond character increases from O to l/3, the hy- 
bridization changes from trigonal to tetragonal 
and the boron covalent radius increases from 0.79 

Nuclear quadrupole data can be used to ob- 
tain the T bonding in these compounds. This 
method gives 0.06, 0.12, and 0.16 as the halogen 

to 0.89 A. 

(6) loa for reflections 23 and 27 weakened more by thermal 

(7) H. A. Levy and L. 0. Brockway, J .  Chcm. Sod., 69, 2085 
motion than for the other three reflections. 

(1937). 

double-bond character in BCISls BBr3,s and B13,2 
respectively. Note that the two parameters- 
the nuclear quadrupole coupling constant and the 
asymmetry parameter-were obtained directly in 
BBr3 and BIa. In  BC13, however, the parameters 
were determined on the assumption of a value 
for the ionic character of the B-C1 bond, which 
might lead to some error in this case. The pre- 
ceding *-bond characters yield boron covalent 
radii of 0.82, 0.83, and 0.84 A. for the trichloride, 
tribromide, and triiodide, respectively. With 
Coulson’s valuese for the halogen covalent radii 
and taking into account the electronegativity and 
*-bond contractions, we calculate these bond 
lengths for BClr, BBr3, and BI3: 1.71, 1.88, and 
2.09 Hi., which compare well with the experimental 
values of 1.75 ( L i p s ~ o m b ~ ~ ~ ~ ) ,  1.87 (Levy and 
Brockway’), and 2.10 A. (this paper). 

(8) T. Chiba, J .  Phys. SOC. Jopnr ,  13, 860 (1958). 
(9) C. A. Coulson,“Valence,” Oxford Press, 1952. 
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The bonding in the molecule ion VO(HzO)&*+ is described in terms of molecular orbitals. In particular, the most 
significant feature of the electronic structure of VO*+ seems to be the existence of considerable oxygen to vanadium 
r-bonding. A molecular orbital energy level scheme is estimated which is able to account for both the “crystal 
field” and the “charge transfer” spectra of VO( H20)sZ+ and related vanadyl complexes. The paramagnetic 
resonance g factors and the magnetic susceptibilities of vanadyl complexes are discussed. 

Introduction 
The high oxidation states of metal ions occurring 

a t  the beginning of the transition and actinium 
series usually are found in complex oxycations of 
the types MOn+ and Motn+. The remarkable 

(1) Presented at the Symposium on Ligand Field Theory, 140th 

(2) National Science Foundation Postdoctoral Fellow, 196C-51. 
National A.C.S. Meeting, Chicago, September, 1961. 

stability of these complexes, along with their in- 
teresting spectral and magnetic properties, has 
aroused considerable theoretical speculation con- 
cerning their electronic structures. The uranyl 
ion, UOt2+, has been discussed most often,3 but 
partly due to the lack of good wave functions for 

Phys., 84, 1330 (1961). 
(3) For example, see R. L. Belford and G. Belford, J .  Chem. 
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the uranium atom, many features of the electronic 
structure of UOZz+ are still uncertain. 

One of the simplest oxycations of the above 
type is the vanadyl ion, V02+. It may be for- 
mulated as containing V4+, with the electronic 
structure [Argon J 3d1, and an oxide ion. As might 
be expected, V 0 2 +  always occurs coordinated to 
other groups both in the solid state and in solution, 
bringing the total coordination number of vana- 
dium to five or six. Many complexes containing 
the V02+ ion have been described, and in most 
cases they have a characteristic blue or purple 
color. For example, a number of common biden- 
tate ligands form 2:l complexes with V02+.4 

The energy level scheme for vanadyl has been 
considered by J@rgensen6 and by FurlaniJ6 both 
using a simple crystal field model. Furlani’s cal- 
culation considered only the C,, symmetry of 
V02+ alone, and therefore cannot hope to account 
for all the observed levels. By considering V02+ 
in aqueous solution as a tetragonal V0(H2O)P- 
molecule ion, with axial destabilization, Jgrgensen 
obtains a level scheme which qualitatively accounts 
for the “crystal field” part of the spectrum. 
However, Palma-Vittorelli, et d,’ first pointed out 
that the electrostatic model could not account for 
the observed magnetic properties of VOSOc5H20 
and concluded that n-bonding between vanadium 
and oxygen must be important. 

There is now an appreciable collection of struc- 
tural, spectral, and magnetic data available for the 
vanadyl ion and its complexes. Therefore i t  
seems desirable to develop a theory of the elec- 
tronic structure of V 0 2 +  which will be consistent 
with its physical properties. It also might be 
hoped that an understanding of the principal 
features of the bonding in V 0 2 +  will be a helpful 
guide in attempts to develop a general theory of the 
electronic structures of MOn+ and Moln+ com- 
plexes. 

Structure of. the Vanadyl Ion Complexes.- 
The structures of at least three different com- 
pounds containing vanadyl ion have been deter- 
mined by X-ray methods. It is significant that 
VOz crystallizes in a highly distorted rutile (Ti02) 
structure, in which there is one conspicuously 
short V-0 bond (1.76 A,) in each VO6 unit.* 
Thus there seems to be a greater driving force to 

(4) M. M. Jones, Z. Nafurjorsch., lab, 595 (1957). 
(5) C. K. J#rgensen, Acta Chem. Scand., 11, 73 (1957). 
(6) C. Furlani, Ricerca sci. ,  27, 1141 (1957). 
(7) M. B. Palma-Vittorelli, M. U. Palma, D. Palumbo, and 

(8) G. Andersson, Acta Chem. Scand., 10, 623 (1956). 
F. Sgarlata, Nuoao cimenlo, S, 718 (1956). 

form V02+ in VOZ than there is to form Ti02+ in 
Ti02, since the Ti06 units in the rutile structure 
contain no distinguishable Ti02+ fragments. 

Anhydrous VO(aca)2 (aca is acetylacetone) ap- 
pears to be only five-coordinated in the crystal, 
with the V02+ group perpendicular to the oxygen 
base of a square pyramid.@ The V-0 bond 
length in this complex is only 1.59 A. 

The structure of VO(SOJ-5H20 is a distorted 
octahedron, which clearly contains the V 0 2 +  
group situated perpendicular to a base containing 
the four water oxygens.’ The V-0 bond length 
for V 0 2 +  is 1.67 %.., while the V-0 bond lengths to 
the wakr ligands are approximately 2.3 A. A 
sulfate oxygen completes the tetragonal structure 
by occupying the other axial position. The V 
atom is coplanar with the water oxygens. 

The vanadyl ion in aqueous solution presumably 
has an analogous tetragonal structure; a V-02+ 
group with five more distantly coordinated water 
molecules completing the coordination sphere. 
There are other possibilities for the solution struc- 
ture, of course. For example, potentiometric 
measurements confirm the existence of the doubly- 
charged vanadyl cation in aqueous solutions of 
V4+, but fail to tell us whether it is V02+ or V- 
(OH)22+.10 However, the accumulated spectral 
and magnetic evidence, which will be discussed 
later, strongly support the assumption that the 
vanadyl ion actually retains its V 0 2 +  identity in 
solution, and is surrounded by water molecules to 
complete a distorted octahedral array. 

The electrostatic model for the hydrated vana- 
dyl ion consists of V4+ situated in a tetragonal 
electric field caused by the oxide ion and five 
water dipoles. The crystal field energy level dia- 
gram for such a situation is given in Fig. l. 

The parameters Ds and Dt specify the degree of 
tetragonality present in the field.ll If the tetrag- 
onal perturbation results in axial compression, 
as in VO(Hz0)62+, the axial al orbital is less stable 
than bl, but the ordering of the e and bz orbitals 
depends on the relative values of Ds and Dt. 
Magnetic data on vanadyl complexes which will 
be discussed later indicate an orbitally non-de- 
generate ground state, and so the e orbitals are 
less stable than b2 in this case. Thus for the 
ground state configuration the one d electron in 

(9) R. P. Dodge, D. H. Templeton, and A. Zalkin, J .  Chem. 

(10) F. J. C. Rossotti and G. S. Rossotti, Acta Chem. Scand., 9, 

(11) W. Moffitt aid C. J. Ballhausen, Ann. Rev. Phys. Chem., 7, 

Phys., 36, 55 (1961). 

1177 (1955). 

107 (1956). 
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Fig. 1.-Energy levels in crystalline fields of o h  and COD- 

pressed symmetry, with ( - 3 D s  + 501) > 0. 

V02+ is placed in the bz orbital. The predicted 
transitions are bz -c e (-3Ds + 5Dt), bz 4 bl 
(lODq), and bz+ al (10Dq-4Ds-5Dt). The spec- 
trum of VOS04*5HzO in aqueous solution shows 
two crystal field bands, at 13,000 cm.-' and 16,000 
cm.", which from Fig. 1 can be assigned to the 
transitions bz -c e and bz 4 bl, respectively. The 
bz -c al transition is expected at higher energies, 
but i t  is not observed, presumably being covered 
by the broad charge transfer band which sets in a t  
about 30,000 cm.-l. 

The value of lODq is obtained directly from the 
bz 4 bl transition, which gives Dq = 1600 cm.-' 
for V4+ in aqueous solution. This Dg is consider- 
ably smaller than a value of 2600 cm.-l which 
might be expected for V4+ by extrapolating the 
Dq's for V(HeO)e2+ (1220 cm.-l) and V(HzO)s3+ 
(1900 cm.-1).12 The values of Ds and Dt can be 
calculated by making the reasonable assumption 
that the bz --c a1 transition for VOS04.5Hz0 occurs 
at approximately 35,000 cm.-' (this transition is 
actually observed in a number of vanadyl com- 
plexes in the neighborhood of 30,000 cm.-l). This 
calculation gives Ds = -4570 cm.-' and Dt = 
- 143 cm,-1. These values may be compared with 
the values Ds = -117 cm.-l, Dt = -33 cm.-*, 
for tetragonal cobaltous oxide.I8 

From these results it is clear that a rather ex- 
aggerated tetragonal distortion is present in VO- 
(H20)a2+, and that a pure crystalline field model, 
that is, a model which only considers u-bonding to 
be present, cannot provide an adequate descrip- 
tion of the electronic structure of V02+. It thus 
is evident that an accurate description of the elec- 

(12) L. E. Orgd, J .  Chem. Phys., 48, 1819 (1955). 
(13) T. S. Piper and R. L. Carlia, ibid., 38, 1208 (1960). 

m 

Fig. S.--Structure of the VO(HZO)~+* molecule ion. 

tronic structure of the vanadyl ion and its com- 
plexes must include provisions for 1-bonding, and 
this will be accomplished by the method of mo- 
lecular orbitals. 
The Molecular Orbital Description of Vanadyl 

Ion.--Since the crystal structure of VOSO4*5H20 
is known, the molecule ion VO(Hz0)5*+ will be 
taken as the example. The ligand oxygens will 
be numbered as shown in Fig. 2. In this model the 
axial sulfate oxygen, present in the crystal, is 
replaced with a water oxygen. Such a substitution 
does not affect any of the energy states of interest, 
and has a conceptual advantage for a discussion of 
the V02+ ion in aqueous solution. 

The 3d, 4s, and 4p metal orbitals will be used for 
bonding, along with the 2s, 2p, (2p,), and 2p,- 
(2p,, 2pJ orbitals of oxide oxygen, and the sp, 
hybrid orbitals for the water oxygens. In View of 
the longer vanadium to oxygen bond lengths (2.3 
k), *-bonding involving the water oxygens seems 
unlikely, and thus will be ignored. 

The transformation scheme for the metal and 
ligand orbitals in CqV is given in Table I. In 
specifying the form of the molecular orbitals, use 
has been made of the fact that the vanadyl VO 
bond is undoubtedly the strongest link, the four 
waters in the square plane are equivalent and are 
attached more strongly than the axial water mole- 
cule, which is the weakest link of all. With this in 
mind, the bonding in VO(HSO)~~+ can be pictured 
as follows: a strong u bond of symmetry a1 be- 
tween the sp, oxygen hybrid orbital and the (4s 
+ 3dZr) vanadium hybrid orbital (there is some 
experimental justification for sorting out a local- 
ized u molecular orbital involving only the 3d,z 
and 4s vanadium orbitals, and the 2s and 2p, oxy- 
gen orbitals-this is the fact that no nitrogen 
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TABLE I 
ORBITAL TRANSFORMATION SCHEME IN C4v SYMMETRY 

Representation Metal Orbitals Ligand Orbitals 

a1 3dza + 4s UG 

1 
-(UL + uz i- us f ~ 4 )  
2 

4s - 3d.3 

4P. 0 6  

e 3dxs, 3dys T S ( ~ P = ,  ~ P Y )  
* 

.&rl - UQ).  ' ( u 2  - u,) 
4 2  4 2  
1 
-(u1 - uz + u3 - u,) 2 

4Px, 4PY 

bl 3ax2-y2 

bz 3dXY 

hyperfine structure is found in the paramagnetic 
resonance spectrum of vanadyl  porphyrin^)^^^^^; 
two ?r bonds of symmetry e between the oxygen 
2px and 2py orbitals and the vanadium 3d,, and 
3d,, orbitals, making a total of three vanadium 
to oxygen bonds in V02+; four bonds involving 
the sp, hybrid orbitals of the equivalent water 
oxygens and vanadium (4s-3dZ2)(al), 4p, and 
4py(e), and 3dxLy, (bl) orbitals; the sixth ligand, 
the axial water oxygen, is considered bonded to 
the remaining vanadium 4p,(al) orbital; finally, 
the 3dxy vanadium orbital, of symmetry b2, is non- 
bonding. 

The hybrid atomic orbitals used can be written 
in the form 

$(hybrid) = (sin 8)o(s) f (cos 0 ) q p  or d) (1) 

The values of 6 are estimated by methods described 
in the Appendix; th is gives 0 = 0.455 for the sp, 
oxygen hybrid orbital and 6 = n/4 for the sd,z 
vanadium hybrid orbital. The tetrahedral hy- 
brid, 6 = ?r/6, is used for the water oxygen u orbi- 
tal. 

In order to obtain some idea of the relative 
strengths of the bonds; and thus the positions of 
the one electron molecular orbitals, overlap inte- 
grals were evaluated, using the SCF radial fmc- 
tions for vanadium given by Watson,16 and oxygen 
radial SCF functions taken from data given by 
Hartree.17 Bond distances used were taken di- 
rectly from the VOSOI-~H~O crystal results, and 
are given in Fig. 2. The overlap results are sum- 
marized in terms of the usual group overlap inte- 
grals (Gij's) for each molecular orbital, and are 
given in Table 11. The Appendix should be con- 

(14) C. M. Roberts, W. S. Koski, and W. S. Caughcy, J~ Chem. 

(15) D. E. O'Reilly, ibid., 29, 1188 (1958). 
(18) R. E. Watson, Quart. Prog. Rept., M.I.T., April, 1960. 
(17) D. R. Hartree, "The Calculation of Atomic Structures," 

Phys.  84. 591 (1961). 

John Wiley, New York, N. Y.,  1957, pp. 169-171. 
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Fig. 3.-Molecular orbital scheme for VO@ltO)b* +, The 
levels are drawn to scale. 

sulted for details concerning any of the calculations 
discussed in this sectioa 

Using the criterion that bond strengths are 
proportional to overlap, the ordering of the molec- 
ular orbitals is shown in Fig. 3. It is gratifying 
to note that the order of increasing energy of the 
crystal field levels b2, e=*> bl*, and Ial* is the same 
as given in Fig. 1 €or the crystal field model. 

The bonding molecular orbitals all can be writ- 
ten 

$b  = cl@(metal) + czO(1igand) (2) 

and similarly the antibonding levels 
I,&* = q*@(metal) + cz*Q(ligand) (3) 

with 
C i C i *  + CZC?* + cicz*Gij + ci*czGij = 0 (4) 

where @ (metal) and 9 (ligand) refer to the proper 
combination of metal and ligand orbitals for the 
molecular orbital in question. Approximate 
values of the energies of these orbitals can be ob- 
tained by solving the secular equation IH;, -Gijei 
= 0. The estimation of the one electron orbital 
energies follows closely the procedures outlined by 
Mullikenl* and Wolfsberg and Helmhol~.'~ The 
Hii and Hjj integrals are approximated as the 
VSIE's (valence state ionization energies) which 
are discussed in Section A of the Appendix. The 
Hij resonance integrals are set equal to -2Gij0 

(18) R. S. Mulliken, J .  Chem. Phys. ,  28, 1841 (1955). 
(19) M. Wolfsberg and L. Helmholz, ibid. ,  110, 837 (1952). 
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TABLE I1 
GROUP OVERLAP INTEGRALS AND ESTIMATED ORBITAL ENERGIES FOR THE VO(HZO)~*+ MOLECULE ION 

Bonding levels Antibonding levels 
Symmetry -6 -€ 

of M.O. Gi j (cm. -1) 61 ct (cm. -1) C l *  C2 * 
e+ 0.139 140,026 0.446 0.834 100,422 0.907 -0.567 
bi .194 157,126 .381 .853 94,130 .946 -0.555 

Ial .305 173,500 .345 .883 68,158 .996 -0.620 
IIal .390 185,837 .409 .765 43,395 1.006 -0.770 

JIIal .313 150,750 .154 .941 42,750 1.042 -0.474 
e .467 152,931 .a1 .888 10,244 1.113 -0.698 

Coulomb 
eneFgy 

Atomic orbital (cm. -1) 

Vanadium 3d -112,924 
4s - 96,792 
4P - 64,528 

Oxygen (2s + 2p0) -162,933 
2P* -132,282 

Oxygen(H20) (2s + 2p0) -148,414 

TABLE I11 
ANALYSIS OF TEE VOSOC~HZO SPECTRUM 

Predicted Predicted 
energy Obsd.' oscillator 

(polarization) (cm.-1) for strength 
Transition (cm. -1) VOSOv5H:O f.10' Obsd. 

BB2 + 'E( I) 12,502( I) 13,060( "L 1 3.9 1.1 
'Bz 4 'Bi 18,794 16 ,OOO Vibronic 0.45 
'Bz + 'AI 44,766 Covered Vibronic ... 
2B2 4 "(11) 38,8OO( L) 41,700( I) 26.4 50.3 
SBs 4 'Bz 44,Ow I t  1 ~ 5 0 , O O o  44.7 150 

a Experimentally observed energies and f's refer to aqueous solution, 0.01-0.10 M in H~SOI. In the VOSOCBHZO 
crystal the 2B2 'E( I) and the 2B: +. 'E( 11) bands are observed at the Same energies in I polarization only. 

d(Hii)(Hjj) ; the geometric mean is preferable 
since the resonance energy is expected to decrease 
rapidly as the difference in the coulomb energies 
becomes greater. Since the VSIE's for the dif- 
ferent atoms vary considerably with the degree of 
ionization, a charge distribution for VO(HzO)a2+ 
must be assumed for the initial calculation. After 
completing one calculational cycle, the resulting 
charge distribution is calculated, using Mullikens' 
suggestionm that the overlap contribution be 
divided equally between two atoms. This proce- 
dure is continued until a self-consistent answer 
appears. The h a l  charge distribution is V+O-s7 

The VSIE's for atoms with fractional charges 
are obtained by extrapolation of VSIE vs. degree 
of ionization curves. This procedure is used for 
all the atoms except the vanadyl oxygen. In this 
case the coulomb energy is raised by the excess 
positive charge on the neighboring atoms, and it is 
senseless to adjust the VSIE for any fractional 
charge. Therefore the coulomb energies for the 

04.@ (5H20) 

(20) R. S. Mulliken, J .  Chem. Phys., 28, 1833 (1955). 

vanadyl oxygen are estimated as the proper u and 
'K VSIE's of the neutral oxygen atom. 

The results of the calculation in terms of cl, cZ, 
and e values are given in Table 11. For purposes 
of comparison, Fig. 3 is drawn to this energy scale. 

There are 17 electrons to place in the molecular 
orbitals shown in Fig. 2. The ground state is then 
[(Ialb)z (IIa1b)2 (blb)2 (e.b)l (IIIab)2 (eTb)* (bz)'], 
2Bp. There are several excited states with energies 
less than 50,000 cm.-' above the ground state. 
Table I11 gives the predicted energies of the transi- 
tions to these excited states, along with assign- 
ments of the solution spectrum of VOSOc5Hz0, 
which is shown in Fig. 4. The oscillator strengths 
0 s )  of the orbitally allowed transitions have been 
calculated using the M.O. wave functions, and also 
are given in Table I11 for purposes of comparison. 

Consider first of all the so-called crystal field 
transitions; these involve moving the bz electron 
to the e,*, bl*, and Ial* M.O.'s, which are of course 
essentially the 3d metal orbitals, resulting in 
2E(I), 2By, and ?Al excited states, respectively. 
To a good approximation electron repulsion 
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- - - -pred/kt‘e a 

Fig. 4.-The electronic absorption spectrum of VOSO4.5HzO in aqueous. solution: (a) complex = 0.0237 M, &SO4 
= 0.1 M :  (b) complex = 0.00237 M, HzSOd = 0.01 M. 

effects can be considered to be the same for all 
these states. Therefore transitions are expected 
to occur to 2E(I), 2B1, and 2A1 in order of increasing 
energy. Since the electric dipole vectors transform 
as AI and E in Cdv, only transitions to B2 and E 
exsited states are orbitally allowed; thus the 
?Bz -t 2E(I) transition is expected to have some- 
what greater intensity than the other crystal field 
transitions. These observations support the as- 
signment of the more intense first band (13,000 
cm.-l) of VOS04.5Hz0 to the transition 2B2 -t 
2E(I). The agreement is satisfactory between the 
calculated and the observed f values. 

The second transition (16,000 cm. -I) appears as 
a weak shoulder and is assigned to 2 B ~  -t2B1, it is 
allowed vibronically and should appear in all 
polarizations. The 2Bz + 2A1 transition apparently 
is hidden under the first charge transfer band of 
VOSOc5H20; it is observed, however, at  approxi- 
mately 30,000 cm.” in a few vanadyl complexes. 

The charge transfer spectrum below 50,000 
cm.-l is due to the promotion of an electron from 
the oxygen ?r orbital (e:) to the crystal field 
levels bz and e,*. Denoting the inner core U- 

bonding M.O.’s as IC, the first charge transfer 

band (41,700 cm.-l) is assigned 

*Bz[( IC)12(e,b)4(b,)1]~2E( 11) [( IC)lZ( e2)3( b2)2] 

There is considerable repulsion energy involved in 
this transition, since an electron must be moved 
from a delocalized x orbital into an occupied b2 
orbital which is localized on the vanadium. This 
repulsion energy is estimated as cu. 11,700 cm.-’ 
by comparing the positions of the first charge 
transfer band of V 0 2 +  with the first band of VO- 
C13.21 This 11,700 cm.-’ estimate is included in 
the predicted energy for the 2Bz + 2E(II) transi- 
tion. Both the predicted energy and the predicted 
f value agree well with the experimentally observed 
values. 

Moving an electron from eTb to e,* results in 
the excited orbital configuration [(IC)12 (eTb)3 
(bz)l (e,*)l]. From this configuration doublet 
states can be constructed that transform as 2A1, 
2A2, 2B1, and 2B2 in CdV. Since only a transition to 
a 2Bz state is orbitally allowed, the other states will 
not be considered. The energy of the first 2B2 --+ 

2B2 transition can be predicted by adding together 

(21) F. A. Miller and W. B. White, Spectvochim. A d a ,  9, 98 
(1957). 
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Absorbance 
A 

Ld p 

LO. 

(a rb/'tr a ry uni fs) 

Visible spectra 

D 

ro, 000 r$ouo 20,000 25,000 3r,ooo 38 000 
Fig. 5.-Absorption spectra of a single crystal of VOSO4.5HzO: Curve A (cm.-I), light polarized I t o  the V-0  axis; Curve 

B, light polarized 11 t o  the V-0 axis. 

the orbital promotional energy and the repulsion 
energy contributions. The repulsion energy esti- 
mate of 11,700 cm.-' must be corrected for the 
difference in repulsion energy between the 2E(II) 
and 2B2 excited states. This difference can be ex- 
pressed in terms of the usual coulomb and ex- 
change integrals, calculated from the proper deter- 
minantal wave functions for the *E(II) and the 
most stable 2Bz excited state. This calculation 
predicts that the 2 B ~  3 2Bz transition should occur 
a t  about 44,000 Thus it is reasonable to 
assign the broad band found at about 50,000 em.-' 
to the 2B2 3 2 B ~  transition. Furthermore, the 
calculated f value agrees rather well with the f 
value which can be estimated from the band shape. 

The Crystal Spectrum of VOS04.5Hz0 and 
Spectral Properties of other Vanadyl Com- 
pounds.-The electronic absorption spectra of a 
single crystal of VOS04.5Hz0 have been deter- 
mined for light polarized both parallel and per- 
pendicular to the molecular V-O axis. These 
spectra are shown in Fig. 5. It is important to 
note that the positions of the absorption maxima 

(22) Calculations of this type wiU be discussed In more detail by 
€I. B. Gray and C. R. Hare in a forthcoming publication. 

found for the crystal are virtually the same as those 
found for an aqueous solution of VOSOc5H20. 
This must mean that there are no significant struc- 
ture changes in going from crystal VOSOc5HzO to 
aqueous solution. The other important observa- 
tion is that the 13,000 cm.-' band (2B~ -+ 2E(I)) 
and the 41,700 cm.-l band (2B2 + *E(II)) appear 
principally in I polarization, providing a rather 
convincing confirmation of these band assign- 
ments. Since it was not possible to obtain an ac- 
curate spectrum above 45,000 cm.-l, the predicted 
1 1  polarization of the second charge transfer band 
( 2 8 8  + 2 B ~ )  could not be checked. 

In addition to the above study, the reflectance 
spectrum of a powdered sample of VOSOc5HzO 
has been determined, and the crystal field bands 
at 13,000 

The reflectance spectrum of VOs has been meas- 
ured by Riidod, Walter, and Stadler.23 This 
measurement shows the charge transfer band at 
41,700 cm.-l which is characteristic of vanadyl ion, 
but the crystal field bands were not resolved. 

A survey of the spectra of common vanadyl 

and 16,000 cm.-' were resolved. 

(23) W. RCidorff, 0. Walter, and J. Stadler, 2. mwg. u. ollgcm. 
Chum., 197, 1 (1958). 
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TABLE IV 
SURVEY OF THE SPECTRA OF VANADYL COMPLEXES 

Mcdiiim 

0.5 to 2 M HCIO4 

Crystal 

Powder 
Powder 

C6HsOH 

Hz0 

HzO 

Mnxitna 
Y (cm.-I) 

13,100 
16,000 
41,700 
13,0OO( I) 
16,000 
41,7OO( I) 
41,700 
12,900 
16,100 
12,800 
17,300 
12,800 
17,200 
29,800 
12,600 
16,500 
29,400 
11,000 

18,800 
j 17,000 

25,300 

/.IO' 
1.1 
0.48 

50.8 
. . .  
. . .  
. . .  
... 
... 
. . .  
2 . 6  
1 . 0  
1.5 
1 . 2  
2 . 0  
2 . 5  
0.70 

15.6 
1 .7  
1 . 4  
2 . 2  
4 .1  

complexes is given in Table IV. The bands are 
assigned in a way consistent with the energies and 
intensities expected from a comparison with the 
VOSOg5H20 spectrum. In fact, the main features 
of the spectra of vanadyl complexes are strikingly 
similar; a band at  about 13,000 cm.-', followed 
by a second, less intense band at about 17,000 
cm.-'. For the enta, oxalate, and tartrate van- 
adyl complexes, the 2B2 4 2A1 transition is ob- 
served before charge transfer spectra set in. 

Magnetic Properties of Vanadyl Compounds.- 
The paramagnetic resonance of V02+ has been 
investigated for a number of complexes and 
< g > values are all very nearly 2.7014915t24-29 A 
survey of g values for different complexes is given 
in Table V. In the molecular orbital description 
of VO(HzO)i,+ the formulas for the g values be- 
come 

(24) C .  A. Hutchinson, Jr., and L. S.  Singer, Phys. Rev., 89, 256 

(25) R. N. Rogers and G. E. Pake, J .  Chem. Phys. ,  38, 1107 

(26) N. S .  Garif'ianov and B. M. Kozyrev, Doklady Akad. Nauk 

(27) B. M. Kozpev, Discussions Faraday Soc., 19, 135 (1955). 
(28) R. J. Faber and M. T. Rogers, J .  A m .  Chem. Soc., 81, 1849 

(29) F. W. Lancaster and W. Gordy, J .  Chem. Phys., 19, 1181 

(1953). 

(1960). 

S.S .S .R. ,  98, 929 (1954). 

(1959). 

(1951). 

Ref. 

5 

This work 

23 
This work 

5 

5 

5 

5 

(7) 
1 k> = 3 (%l + gll) 

if it is assumed that 12 + 251 qZ > = 8. 
Since the approximate charge on vanadium is 

+ 1 in the M.O. approximation, a value of the spin 
orbital coupling constant 4 = 135 cm.-' is taken 
for V+.30 The calculation then gives gL = 1.983, 
gll = 1.940, with (g) = 1.969. This is in excellent 
agreement with the accurately known (g) = 1.962 
value for aqueous solutions of V02+.2s--n The 
measurements on powdered samples of the vanadyl 
sulfates also give (g) values in reasonable agree- 
ment with this calculation. 

Several measurements have been made which 
clearly show the predicted anisotropy of the g 
factor. In the case of VO(etioporphyrin 11) gl = 
1.988 and gll = 1.947,14 which indicates that this 
complex has an electronic structure which resem- 
bles VOS04.5HzO. The somewhat lower g values 
indicate that the energy levels are closer together, 
which is reasonable since the porphyrin nitrogens 
probably can T bond with the bz (3d,,) metal orbi- 
tal, thus raising its energy relative to e,* and 

It is possible to study V4+ in a more symmetrical 
environment by substituting i t  into the Ti02 
la t t i~e .~ '  The symmetry is almost octahedral 
and presumably the dominant axial field of V02+ 

bl*. 

(30) T. M. Dnnn, T~ans.  Faraday Soc , 57, 1441 (1961). 
(31) H. J. Gerritsen and H. R. Lewis, Phys. Rev., 119, 1010 

(1960). 
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Compound 

VOSO, * 5H?O 

VOSO‘ *2H20 
VOZ + 

VOZ+ 

VO(etioporphyrin 11) 
VO(etioporphyrin I)  
VOZ+ 

VOClZ 

TABLE V 
PARAMAGNETIC RESONANCE g FACTORS FOR VANADYL COMPLEXES 

Details 81 PI1 

Powder, temp. range 4- ... ... 
Powder ... . . .  
Aq. soh. . . .  ... 
Alcohol or glycerol soh., ... . . .  

300’K. 

temp. WOK. 
Castor oil soh. 1.988 1.947 
Petroleum AI soln. 1.987 1.948 
Adsorbed on (a) IR-100 1.983 1.93 

(b) Dowex-50 1.979 1.88 

( 4  
1.99 

1.96 
1.962 
1.96 

1.974 
1 I 974 
1.97 
1.95 

Ref. 

7 

24 
25-27 

27 

14 
15 
28 

(c) Charcoal 
(d) IR-4B 

Powder 

is eliminated. This means that an increase in 
AE(2B2 --+ 2B1) is expected, accompanied by a cor- 
responding decrease in AE(2B2 --+ 2E (I)). The 
observed values of gL = 1.914 and gll = 1.957 
strongly support this interpretation. A reasonable 
value of = 150 cm.-’ gives AE(2Ba + 2B~)  = 
28,000 cm.-l and A.E(2B2 + %(I)) = 3500 cm.-*. 
Recall that for the crystal field model, AE(2B2 -* 
2B1) is equal to 10 Dp, and the value 28,000 cm.-l 
is now in agreement with expectations for V*+. 

The other magnetic property of interest for 
V02+ complexes is the susceptibility. The theoret- 
ical expression for the magnetic susceptibility is 
of the forms2 

C 

where C is the Curie constant and XH.F. stands for 
the temperature independent contributions to the 
susceptibility (high-frequency terms). In this 

(8) X E + -.F. 

CaSe 

where /3 is the Bohr magneton, N is Avogadro’s 
number, and where is the transition energy 
from t)o to t)i. Since values of gL and gll have been 
calculated above for VO(H20)s2+, they will be 
used to calculate C. The major contributions to 
xH.F. are from the 2B1 and 2E(I) excited states; 
contributions from the other excited states will 
be ignored. Thus eq. 8 becomes 

~ 

(32) J. H. Van Vleck, “Electric and Magnetic Susceptibilities,’’ 
Oxford University Press, 1932, 

1.983 ... . . .  
1.989 1.93 1.97 
... ... 2 . 0  29 

A’@*[( 1.940)* + 2( 1.983)2] + 

12kT X =  

so 

Xoalc. = 0.363 - + loo x 10- (13) T 

The magnetic susceptibility of VOSOd(3.5 
H2O) has been measured by PerrakisSa over a 
temperature range of 145’. A plot of x vs. 1/T 
gives a straight line with slope 0.335 and intercept 
130 X lo-‘. Thus 

Xexp. = 0’335 __ + 130 X 10-6 T 

in satisfactory agreement with the predicted 
equation (13). 

Several room temperature magnetic suscepti- 
bility measurements have been made for both 
powdered samples and aqueous solutions of van- 
adyl complexes. 34336 The effective magnetic mo- 
ments arrived at are listed in Table VI. The 

TABLE VI 
MAGNETIC SUSCEPTIBILITY DATA 

FOR VANADYL COMPLEXES 
Temp., lraff 

Component” “C. B.M. Ref. 

voso~~5Hz0 26 1.73 This work 
VOz+ (aq. HClO,) 20 1.72 34 
VO(aca)z. H20 17.5 1.72 35 
VO(aca)z 22.5 1.73 This work 
VO(salicylaldehydeethy1ene- 18.5 1.68 35 

VO(salicyla1dehyde-0-phenyl- 17 1.68 35 

(NH4)~(VO(malonate)~] -3H20 17 1.70 35 

diimine) 

enediimine) 

a Powder sample unless otherwise indicated. 

(33) N. Perrakis, J .  phys. radium, 8 ,  473 (1927). 
(34) S. Freed, J .  Am. Chem. SOC., 49, 2456 (1927). 
(35) R. W. Asmussen, “ Magnetokemiske Unders6gelser over 

Uorganiske Kompleksforbiudelser,” Gjellerups Forlag, Copenhagen, 
1944. 
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moments all are approximately equal to the spin 
only value of 1.73 B.M. for one unpaired spin, as is 
expected when the orbital contribution is com- 
pletely quenched in the low symmetry field. 

Discussion 

It is worthwhile to summarize the main points 
of evidence concerning the structure of the vanadyl 
ion in solution. First, the position of the 2Bz -+ 

2E(I) band (13,000 cm.-l) is the same in the crys- 
tal and for an aqueous solution of VOSOd.5H20. 
Also, the first charge transfer band (41,700 cm.-l) 
is found a t  the same place in an aqueous solution 
of V02+,  in the reflectance spectrum of powdered 
VOZ, and in the absorption spectrum of crystalline 
V0S01.5H20. Since these transitions involve the 
V02f z orbitals, it is convincing evidence that the 
solution structure a t  least contains the V 0 2 +  en- 
tity. Protonation of V02+, resulting in V(OH)22+, 
wouid significantly affect the amount of a-bonding, 
and thus completely change the positions of the 
energy levels. 

Secondly, the magnetic data are consistent with 
the V 0 2 +  formulation for the vanadyl ion in solu- 
tion. For example, the values of (g) reported for 
vanadyl complexes are approximately the same 
both for the crystal, powder, and aqueous solution 
measurements. A smaller (g) value would be ex- 
pected for the more symmetrical V ( 0 H ) P  ion, 
similar to the (g) = 1.938 found for V4+ in the 
TiOz lattice. Finally, the magnetic susceptibility 
of an aqueous solution of V02+ is the same as the 
susceptibility of powdered VOSOI.  51120, within 
experimental error, and corresponds to the spin 
only moment of 1.73 B.M. This constancy might 
not be expected if the complex undergoes a 
structural change in going from the crystal to 
aqueous solution, although i t  must be admitted 
that the susceptibility difference for a structural 
change would hardly lie outside the realm of ex- 
perimental error. 

The resistance of V 0 2 +  to protonation can be 
understood in terms of the M.O. bonding scheme. 
With the oxygen 2p orbitals used for n-bonding, 
only the non-bonding sp, hybrid is left for a pro- 
ton; i t  has considerable 2s character, and is ener- 
getically unsuited for bonding purposes. 

The extreme importance of ligand to metal R- 

bonding in the oxycations must be emphasized. 
In the case of V02+, this n-bonding accounts for 
the drastic reduction (-45%) of the free ion [ 
~alue ,~B the resistance of YO2+ to protonation, 

(36) Reference 30 gives a value of 250 cm.-1 for the E of V4+. 

and the charge transfer features of the electronic 
spectrum of VOSOI.~H,O. Indeed, it is clear 
that any complete discussion of the electronic 
structures of the oxycations of the transition and 
actinium series must allow for substantial oxygen 
to metal n-bonding. Furthermore, i t  can be 
qualitatively understood why ions of this type in 
the first transition series usually have the formula 
MOn+(Ti02+, V02+, Cr03-F); while similar ions in 
the actinium series are invariably M02n+(U022+, 
Np0t2+). The two 2p, orbitals on oxygen can 
satisfy the a-bonding capacities of the two 3d, 
orbitals of a first transition series metal ion, but it 
takes a t  least two oxygens tc satisfy the combined 
n-bonding capacities offered by the 5f .and (id 
orbitals of the metal ions in the actinium series. 

Appendix 
A. Ra.dial Functions and Atomic Orbital Ener- 

gies.4elf-consistent field (SCF) radial functions 
for vanadium 3d and 4s orbitals were taken from 
Watson’s report.ls Watson gives no 4p function, 
so it is estimated as having approximately the 
same radial dependence as the 4s function. An- 
alytic 2s and 2p oxygen SCF radial functions were 
obtained by fitting the numerical functions given 
by Hartree” with a linear combination of Slater 
functions. These radial functions are summarized 
Vanadium R(3d) = O.5243$3( 1.83) -f- 

0.4989$3(3.61) + 0.1131$,(6.80) $- 
0.0055$3( 12.43) (15) 

(4s) = -0.02245r$1(23.91) - 0.01391r$2(20.60) + 0.06962r$*( 10.17) + 0.06774$3(9.33) 
- 0.0970&3(5.16) - 0.2462&(3.51) + 0.044124~(3.87) + 0.3607$s( 1.88) + 0.6090r$5(1.15) 4- 0.1487&,(0.78) (16) 

R(4p) = 43(1.024) (17) 
Oxygen R(2s) = 0.5459$4 1.80) 4- 0.4839$2(2.80) 

R(2p) = 0.680442( 1.55) + 0.4038$2(3.43) 

(18) 

(19) 

where +,(p) = IvpP-le--’”‘, and Np is a normali- 
zation constant. 

Valence state ionization energies for u and n 
electrons in these orbitals are calculated for dif- 
ferent degrees of ionization using the formulas and 
methods given by Moffitts7 along with the spectro- 
scopic data compiled by Moore.38 

The degree of mixing in the hybrid orbitals 

$(oxygen U )  = (sin B ) @ ( ~ s )  f (cos e)@(2pZ) (20) 

$(vanadium u )  = (sin B)@(4s) f (cos 0)@(3da2) 

is estimated by requiring that the quantity 

(21) 

(37) W. Moffitt, Rcpts. Progu. Phys. ,  17, 173 (1954). 
(38) C. E. Moore, “Atomic Energy Levels,” U. S. Natl. Bur. 

Standards Circular 467, 1949 and 1952. 
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be a minimum, where S(6) is the overlap 
VSIE(0) 

s(e> 
between the hybrid orbital and the appropriate 
orbital on the neighboring atom, and VSIE(0) is 
the valence state ionization energy for different 
amounts of mixing 0. This gives 0 = 0,455 for the 
oxygen u and 8 = 71/4 for the vanadium u. The 
sp, tetrahedral hybrid orbital, 8 = ~ / 6 ,  is used for 
the water oxygen. 

B. Overlap Integrals,-The two atom overlap 
integrals (Sij’s) between the various atomic orbi- 
tals were found in the tabulations available in the 
literature. 39-42 The group overlap integrals 
(Gij’s) of interest in the M.O. calculation are re- 
lated to the Sij’s a-~ 

G(e,) = S(2ps,3dn) (22) 

(23) 

G(Ia1) = S(u6,sdo) (24) 

G( bl) = &S( teu,3dU) 

G(IIa1) = 2 [2S(teo,4s) + S(teu,3ds)] (25) 2 / 2  
G(IIIa1) = S(teo,4po) (26) 

G( e,) = &9(teo,4pu) (27) 

where tecr is the tetrahedral sp, hybrid for the 
water oxygens, and the oxygen orbitals are always 
listed first in parentheses. 

C. Intensity Calculations.-The theoretical 
expression for the oscillator strength of a transi- 
tion is given by4* 

f = 1.085 X ~ O - Y Y ~ , , . - ~  [ a n  &I I S $I* I r I $11 dr I 21 (28) 

where #I and $Ir refer to the initial and final states, 

respectively, and r = i, + j ,  + k,. 
For the transition 2 B ~  --t 2E(II) 

$1 = [(IC)*z(ebxx)(eblrx)(eb~~)(eb~y)(bz)] = BZ (orbital) 
(29) 

+ 

4 

Simplifying, eq. 28 reduces to 

2[S(3d#”P, 3da)]* (31) 

where N2p is the normalization constant for the 

(39) R. S. Mulliken, C. A. Rieke, D. Orloff, and H. Orloff, J .  

(40) H. H. Jaff6 and G. 0. Doak, ibid., 21, 196 (1953). 
(41) H. H. Jaff6, ibid., 21, 258 (1953). 
(42) D. P. Craig, A. Maccoll, R. S .  Nyholm, L. E. Orgel, and 

(43) C. J. Ballhausen, Progr. in  Inorg. Chcm., I, 261 (1950). 

Chem. Phys., 11, 1248 (1949). 

L. E. Sutton, J .  Chem. Soc., 354 (1954). 

original ligand orbitals, and N8drpmp is the nor- 
malization constant a 3d,, orbital would have 
with an exponential factor plP in the radial func- 
tion. 

Supplying the proper values of c2 and vcm.-‘ for 
the 2B2 -+ aE(II) transition, and obtaining the 
overlap integral from Jaffd’s table,“f = 2.64 X 
lo-* is calculated. 

For the 2B2 + 2E(I) transition, the same inte- 
grals are involved as in the above calculation. 
Only the constants vom.-l and c2 are different. 
Thus eq. 31 is written 

2[S(3dsW, 3da)]2 = 3.92 X IO-’ (32) 

For the 2B2 - 2 B ~  transition 
1 

$11 = -- [ [(IC) lz(eblrx)(e*nx)(ebny)(eb?ry)( bdl t 4 2  
[(IC)lz(eb,,)(eb*,)(ebr,.)(e*~y)( b ~ ) ]  = Bz( orbital) 

(33) 

and therefore 

~ ( Z B ~  ZB,) = 1.085 x 10-5(~~~.-1) x 

Experimental 

Anhydrous VO(aca)z was prepared as described in the 
l i t e r a t ~ r e . ~ ~  Analyzed VOSO, ~5H20 was obtained from 
Struers Co., Copenhagen. Solution spectral measurements 
were made using a Zeiss instrument. Reflectance spectra 
were obtained with a Beckman DU equipped with a stand- 
ard reflectance attachment. Magnesium oxide was used 
as a standard. The resolution of the bands in the reflect- 
ance spectrum of VOSOd*5Ht0 did not differ from the res- 
olution achieved for the crystal absorption spectrum A 
shown in Fig. 5. 

The crystal absorption spectra were obtained with a Zeiss 
instrument modified for double beam operation. I t  was 
equipped with a calcite polarizer and quartz optics which 
allowed accurate spectral measurements up to 45,000 
cm.-‘. The optical system was designed to record spectra 
of very small crystals (about 2 mm.). The details of the 
design and operation of the crystal spectrophotometer will 
be reported elsewhere.46 

The prismatic crystals of VOSO, *5&0 have four mole- 
cules in the monoclinic cell, with the VO groups arranged 
approximately parallel to the wedge of the prism. The A 
spectrum in Fig. 5 was recorded with the light incident on 
the 110 face and vibrating in a plane perpendicular to the 
wedge of the prism; the B spectrum was recorded with the 
light vibrating in a plane parallel to the wedge. 

The magnetic susceptibilities of VOSO,.5H20 and VO- 

(44) Inorganic Syntheses, 6, 115 (1957). 
(46) A. E. Nielsen, t o  be published. 
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(acah were determined by the Gouy method.’# Sample 
tubes were calibrated with Hg[Co(SCN)r]. 
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The reactions of the donor molecules triphenylarsine oxide, triphenylphosphine oxide, and dimethylsulfoxide 
with molybdenum pentachloride have been investigated. The new compound MoC16.( C&JaAs0 has been pre- 
pared, but analogous compounds using triphenylphosphine oxide and dimethylsulfoxide could not be prepared. 
Some complexes of the oxychlorides of molybdenum have been prepared by two routes: the reaction of the donor 
molecules with solutions of molybdenum pentachloride or with solutions of the oxychlorides themselves. The 
new compounds MoOCl3.2( CeH&PO, MoO2C122( C&)3PO, MoOCb2( CH&SO, Mo0&12-2( CH3)2SQ, MoOCI3- 
2( CeH&AsO, Mo02C12.2( C~H&ASO, MoOCl,y( CJ-I&AsO.( CH&CO, and MoO&dCEXI6N0 have been prepared. 
The compounds have been characterized by magnetic moment measurements, melting points, and infrared spectra. 

Introduction 
In recent years, considerable attention has been 

focused upon the donor behavior of various oxygen- 
type donor molecules toward metal salt acceptor 
species. Several decades ago the syntheses of tri- 
phenylphosphine oxide-metal complexes were re- 
ported. t Recently the behavior of phosphine 
oxides as ligands has been elucidated more fully.*v3 
Lindqvist4 has reported complete structure deter- 
minations for a few crystalline complexes of phos- 
phine oxides with metal halides. CottonK has 
published a, complete analysis of the infrared 
spectra of triphenylphosphine oxide complexes. 
A study of the donor properties of triphenylarsine 
oxide has been carried out in this Laboratory,6 

(1) R. H. Pickard and J. Kenyon, J .  Chem. Soc., 262 (1906). 
(2) J. C. Sheldon and S. V. Tyree, Jr., J .  Am.  Chem. Scc., 80, 

4775 (1958). 
(3) (a) F. A. Cotton, E. Bannister, R. Barnes, and R. H. Holm, 

Proc. Chem. Soc. (London), 158 (1859); (b) F. A. Cotton and E. 
Mannister, J .  Chcm. Soc., 1873, 1878, 2276 (1960). 

(4) (a) I .  Lindqvist and C.-I. Branden, Acla r v y s ! . ,  12, 643 
(1959); (b) C.-I. Branden and I. Lindqvist, Acla Chem. Scond., 14, 
726 (1960); (c) I. Lindqvist, private communication. 

(5) F. A. Cotton, R. L). Barnes, and E. Bannister, J. Chem. Suc., 
2199 (1960). 

(6) D. J. Phillips and S. Y. Tyree, Jr., J .  Am.  Chem. Soc., 83, 
1806 (1961). 

while compounds of triphenylarsine oxide with 
some metal carbonyls have been reported from 
Hieber’s laboratory.7J 

The preparation and properties of compounds 
using dimethylsulfoxide as the donor group have 
been reportedg-ll and DragoI2 has prepared and 
studied the infrared spectra of some similar com- 
plexes. Complexes of pyridine N-oxide have been 
reported by Quagliano and workers in our own 
Laboratory, l3  along with a complete study of their 
infrared ~1pectra.l~ Other compounds of pyridine- 
N-oxide have been synthesized by Carlin, lri and 
some visible spectra measurements reported. 

We wished to extend the study of oxygen donor 
(7) W. Hieber and A. Lipp, Chem. Ber., 92, 2075 (1959). 
(8) G. Franz, dissertation, Technischen Hochschule, Mtinchen, 

(9) F. A. Cotton, R. Francis, and W. D. Horrocks, Jr., J .  Phys. 

(10) I. Lindqvist and P. Einarsson, Acta Chcm. Stand., 13, 420 

(11) U. W. Meek, D. K. Straub, and R. S. Drago, J .  Am.  Chem. 
Soc., 82, 6013 (1960). 

(12) R. S. Drago and Devon Meek, J .  Phys. Chem., 66, 1446 
(1961). 

( la )  J. V. Quagliano, T. Fujita, G. Franz, D. J. Phillips, J. A. 
Walmsley, and S. Y. Tyree, Jr., J .  Am.  Chem. SOL., 83, 3770 (1961). 

(14) J. V. Quagliano, et al., to be published. 
(15) R. L. Carlin. J .  Am.  Chcm. Soc., 83, 3773 (1961). 

1959. 

Chem., 64, 1534 (1960). 

(1968). 


