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H2CHCH2 (3) along with a trace of [(CH3)3Ge]2PCH2CHCH2 (4); 4 
condensed at 0 OC. Repeated fractionation yielded pure 3 and 4. 

Characterization of 3. 'H NMR (40% in C6D6) 6 2.25 (d oft, J = 
186.0 Hz, 'JHH = 7.0 Hz, area 1 ;  PH) 0.3 [d, 'J = 4.0 Hz, area 9; 
(CH3),Ge], 2.0-2.6 (complex, area 2; CH2), 4.7-6.1 (ABX, area 3; 

spectral, IR, and and elemental analyses not obtained, owing to rapid 
sample thermal decomposition. 

Characterization of 4. Anal. Calcd for C9H15PGe: C, 35.16; H, 7.54. 

Hz, area 9; (CH,),Ge], 2.45 (d, J = 9 Hz, area 1; CH), 4.7-6.1 (ABX, 
area 3; CH2CH); ,'P NMR (20% in C6D6) 6 -149.6 (s); mass spectrum, 
parent at m / e  308 [C9H2376GezP+]; IR 3081 (s), 2978 (vs), 2913 (vs), 
2801 (m), 1818 (m), 1637 (s), 1428 (m), 1410 (s), 1238 (vs), 1199 (m), 
1059 (s), 990 (s), 909 (vs), 754 (s), 592 (vs), 512 (s), 406 (m) cm-I. 

Reaction of 1 and 3. Compounds 1 and 3 in C6D6 in NMR tubes in 
separate experiments were allowed to warm to 25 OC, while being mon- 
itored periodically by IIP NMR spectral analysis. 1 reacts rapidly, 
yielding only resonances due to 2 (6 -168.1) and CH2CHCH2PH2 (6 
-132.6). 3 after 100 h at 25 OC underwent redistribution, exhibiting 
resonances attributed to 3, 4, and CH2CHCH2PH2 in a ratio of 
1.0:2.4:2.4. 

Radical reactions of 3 were carried out in NMR tubes, typically by 
heating 3 (1.5 m o l )  with ca. 8 mg of AIBN in C6D6 (5.0 m o l ) .  After 
3 h at 75 OC, the 31P NMR spectrum showed a major doublet resonance 
at 6 -228.1 [J = 182.0 Hz, singlet in 3LP('HJ NMR spectrum] and a 
collection of very small peaks between 6 -30 and 6 -100. No 3 remained, 
and no 4 or CH2CHCH2PH2 formed. Volatile material was removed in 
vacuo, separated by fractional condensation, and characterized as 
[(CH3),GeI2PH (5). Anal. Calcd for C ~ H I ~ G ~ ~ P  C, 26.96; H, 7.16; 
P, 11.58. Found: C, 27.10; H, 7.21; P, 11.39. ,IP NMR 6 -228.0; 1H 
NMR 6 0.4 [d, J = 4.5 Hz, area 18; (CH3),Ge], 1.0 (d, J = 174 Hz, area 
1 ;  PH); mass spectrum, parent at m / e  268 [12C6Hl:6Ge2P+]; IR (neat 
film) 2977 (s), 2896 (vs), 2291 (vs), 406 cm-' 

NMR 
spectra of this material exhibited complex resonances in the 6 -30 and 
6 -100 regions; however, the material was not characterized further. 

The rapid thermal decomposition of 1 in solution precluded studying 
its AIBN-promoted radical reactions. 

Hydrolysis of 1 and 2 yields CH2CHCH2PH2 and [(CH3),SiI2O 
rapidly; 3 and 4 react slowly with H20 to form [(CH3),GeI20 and 
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Mixed valency' is a widespread phenomenon in the periodic 
table. In the groups 1 1-17,15 particularly for post-4d and -5d 
elements, the oxidation state N -  2, where N is the group oxidation 
state, is frequently stabilized. Thus, the usual combination of 
oxidation states when mixed-valency compounds are formed by 
these elements is ( N  - 2, N). Other examples of mixed valency 
with a difference of 2 in oxidation state are provided by the later 
4d and 5d transition elements, where compounds with electron 
configurations d6, d8 (e.g., Pt(NH,),CI,) and d8, d'O (e.g., 
CsAuC13) are found. 
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Figure 1. Potential energy surfaces for two-electron-difference mixed- 
valency systems. EA, E g ,  and Ec refer to (1). 

In such crystals, a charge-ordered class 11' ground state results 
from the localization of electron pairs on alternate metal ion sites 
and charge density alternation between neighboring sites. An 
alternative way of viewing ( N  - 2, N) mixed-valency compounds 
is to say that disproportionation of the type e' + e' - ez + eo has 
taken place. These two-electron-difference mixed-valency systems 
are then examples of what solid-state physicistsZ have called the 
"negative U" effect;z Le., in the Hubbard' model the Hamiltonian 
of the system includes a single-center Coulomb repulsion param- 
eter Uen that appears to be negative. Physically this means that 
the repulsion U of two electrons occupying the same orbital is 
outweighed by the gain in lattice Coulomb energy and the gain 
in elastic energy associated with strong electron-phonon coupling. 

In the gas phase the energy U required to accomplish the 
disproportionation 5s' + 5s' -+ 5sz + 5s0 for isolated ions is simply 
the difference between the Nth and the ( N  - 1)th ionization 
potentials of the elements involved: Cd, Zz - I, = 7.9 eV; In, Z3 
- Z, = 9.2 eV; Sn, Z4 - Z3 = 10.2 eV; Sb, Z5 - Z4 = 11.9 eV. In 
a solid, Ueff < U as a result of increasing effects, reduced ionicity, 
and electron correlation. 

Considering the Sb(II1, v )  salt CszSbC16 as an example, recent 
experiments in this laboratory have accumulated enough infor- 
mation to place an upper limit on U,, for the above dispropor- 
tionation reaction. We have determined the crystal structure of 
CszSbClsS and identified the superlattice ordering of Sb(II1) and 
Sb(V), including the bond lengths and angles of the constituent 
SbCls3- and SbC16-. Further, a set of force constants and ionic 
charges for this lattice is available from a rigid-ion6*' lattice 
dynamical calculation* fitted to publishedg infrared and Raman 
data, which also gives a good account of the complete phonon 
density-of-states up to 400 cm-I measured by incoherent inelastic 
neutron scattering.8 Consider the following thermodynamic cycle: 

C 
Cs~Sb"o,,Sbvo~,Cl~ - Cs2SdV0 sSb1:,,C16 

CCspSb"; 5Sbv0 sC161* 

CszSb11'05SbVo 5Cls refers to the equilibrium state of the (111, V) 
mixed-valency salt. In step A, we produce an excited state 
[CSzSb"'o.sSbvo,5C16] * by contracting the Sb"W1 and extending 
the Sbv-Cl bond lengths to the Sb"-Cl equilibrium bond lengths. 
In step B, electron transfer between the Sb"' and SbV sites results 
in the relaxed CszSb1vo,5Sb'vo,5C16 state. 

The chemical fact of the nonexistence of C S ~ S ~ ' ~ C I ~  indicates 
that the overall reaction in (1) is endothermic. In step A, there 
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is partly a change in the elastic energy of the crystal, while in step 
B the energy involved is partly Ucff, while a change in Coulomb 
energy occurs in each step. To clarify the various energy changes 
involved, we use the one-dimensional potential energy surfaces 
of the Sb(II1, V) system drawn in Figure 1. Starting from the 
bottom of the potential well of the surface (111, V), in step A (eq 
1) we end up on the crossing point of the surfaces (111, V) and 
(V, 111) at q = 0. The second step B (eq 1) involves relaxing down 
to the (IV, IV) potential energy surface. q is some important 
vibrational coordinate along which electron transfer takes place. 

Within the formalism of the rigid-ion lattice dynamical model 
the total potential energy change in these steps can be separated 
into Coulomb and short-range contributions. To calculate the 
Coulomb contributions to the total potential energy 9 for Csz- 
Sb11'~.sSbvo.sC16 and Csz~~vo,s~b 'Vo,5C16,  we note that from the 
definition of the Coulomb energy, if only the interaction of point 
charges is taken into account, the first derivative of the Coulomb 
energy aC'(R) = -9c(R)/R, where R is the distance between sites 
K and K' in the lattice. This leads to the resulti0 that the total 
Coulomb energy is given by aC = -C&, (CY = x, y, z), where 
fa, is the Coulomb contribution to the macroscopic stress of the 
crystal. The stress matrix has been explicitly calculated as part 
of the lattice dynamical calculations to ensure the stability of the 
crystal against external strain. For the hypothetical Cs2Sb"CI6 
compound, the SbIV-CI bond length is taken as the average of 
the Sbrrr-CI and SbV-Cl bond  distance^;^ similarly, the charge 
of the SbIV ion and the Sbn%l, Cs-CI, and Cl-Cl force constants 
are taken as averages of the corresponding parameters* of the 
Cs2Sb11'o,sSbvo,sC16 compound. From our calculation, we find 

A@' = ~c(CSzSb"'o,sSbVo,5C16) - @C(CS2Sb'vC16) = 3.8 eV 

Considering only axially symmetric forces between neighboring 
atoms within the OLeary and Wheelel.6 lattice dynamical model 
and making use of the force constants of CSzSbCl6, we can Cal- 
culate the short-range energy needed to excite Cs~Sblllo.~Sbvo.~C& 
to the equal bond length [Cs2~b11'o,s~bvo,sC16]* state as A*SR = 
2.1 eV. Since the reaction (1) is endothermic, we have 

-Ueff + AQSR + AaC > 0 Ueff < 5.9 eV 

An approximate value of the endothermicity of the reaction 
can be obtained from the available optical data of CszSbCb. The 
intervalence band maximum occurs at ca. 2 eV, and it has been 
shown" that its position varies only slightly by doping it into the 
CszSnC16 lattice. The energy of step C corresponds to the onset 
of the intervalence band, i.e. to the zero phonon line. A reasonable 
value for this energy can be taken as 1.5 eV.iiJ2 Then, Uen < 
4.4 eV. The value of Ucff obtained can be compared with the 
free-atom values above that indeed show a marked decrease with 
decreasing effective charge as expected. However, U c ~  has been 
reduced from 1 1.9 eV in the gas phase to 4.4 eV in the solid; this 
value is smaller than even the gas-phase lJ,, for the dispropor- 
tionation 2Cd+ - Cdo + Cd2+. Some idea of the reduction in 
Ueff due to screening by outer 5p electrons can be obtained by 
estimating the energy of the disproportionation 2(5si) - 5s0 + 
5s2 in the presence of 5p electrons in the gas phase. For antimony 
we can estimate4 the following energies 

2(5si) - 5s0 + 5s2 

2(5s1p1) - 5s05p1 + 5s25pi 

2 [ 5 ~ ' ( 5 p ~ ~ P ) ]  - 5s0(5pz3P) + 5sZ(5pz3P) 

Ucfr = 11.9 eV 

Ucff = 10.8 eV 

Uerf = 10.4 eV 

Again, only small changes in Ueff occur in the gas phase. This 
is because we have added only one or two electrons to Sb3+, 
compared with 12 added from six chloride ions. 

However, the reductions in the value of U,, are always large 
on going from the gas phase to the solid. Coxl3 has shown that 
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as a result of polarization effects, both electronic correlation and 
lattice relaxation, the value of the intraatomic electron repulsion 
U,n is reduced from about 15 eV in the gas phase to around 5 
eV for the process 2(3d") - 3d"' + 3d"+' in oxides. Similarly, 
a study of the band structures of rare-earth metals by X-ray 
photoelectron spectroscopy and Bremsstrahlung isochromat 
spectroscopyi4 afforded an estimate of the intraatomic electron 
repulsion energies Ucff that are consistently lower by 11-12 eV 
than the corresponding free-atom values for the lanthanide series. 
So far as we are aware, there are no other data on the reduction 

of U .  in s shells of these elements and we are continuing our work 
for the estimation of Ucff in further mixed-valency systems in- 
volving post-4d and -5d elements. 
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Cerium(IV) alkoxides can now be readily prepared in a one-step 
synthesis using ceric ammonium nitrite (CAN) as a starting 
material. CAN is a commercially available, stable, and soluble 
salt of cerium(1V). Previously reported syntheses have either been 
unsatisfactory or have required difficultly prepared starting 
material. A number of cerium(1V) alkoxides have been prepared 
from a tediously made dipyridinium cerium he~achloride.~ 
Reaction of cerium metal with isopropyl alcohol in the presence 
of HgClz catalyst has been reported? as well as the preparation 
of tricyclopentadienylcerium(1V) alkoxide.6 There are relatively 
few reported studies and uses of cerium alkoxides, as compared 
to alkoxides of other metals. This may be partially a result of 
the difficulty of synthesis. 

When CAN dissolved in a low molecular weight alcohol such 
as methanol, ethanol, or isopropyl alcohol is reacted with an 
appropriate base, the ceric alkoxide is formed readily and quan- 
titatively. It is necessary for CAN to be in solution prior to the 
addition of the base. Since higher alcohols are less solubilizing 
for CAN, they can be used in admixture with methanol. In this 
case, methoxide is probably formed first and solubilized in the 
form of a complex with the higher alcohol. The alcohol exchange 
takes place very easily at relatively low temperatures. In some 
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