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Many lanthanide, actinide, and transition elements form 
binary hydrides that are metallic in appearance, have metallic 
conductivities, and show other metallic properties such as 
ordering at low temperature.’ Substantial regions of non- 
stoichiometry and transition to semimetallic behavior as the 
trihydride composition is approached also characterize these 
materials. Yttrium and lanthanum typify lanthanide behavior 
by combining with hydrogen at  moderate temperatures and 
low hydrogen pressures to approach a cubic fluorite structure 
for the dihydride with the hydrogen atoms occupying tetra- 
hedral sites in the cubic metal lattice. Recent neutron dif- 
fraction2 and nuclear magnetic resonance3 results for YH, 
confirm earlier neutron diffraction studies for analogous Ce, 
La, and Pr compounds4 as well as optical studies5p6 for YH2, 
ScH2, and LuH2 that suggest filling of octahedral sites begins 
well before the dihydride composition, which would ideally 
have only tetrahedral sites occupied, is reached. Further ad- 
dition of hydrogen to lanthanum (or Ce, Pr, Nd) retains the 
cubic metal arrangement continuously as the octahedral sites 
are filled and the stoichiometry approaches that of the tri- 
hydride, while yttrium (or Sm, Gd, Tb, Dy, Ho, Er, Tm, Lu) 
forms a hexagonal trihydride with slightly distorted tetrahedral 
and much more distorted octahedral sites.’ 

Simple bonding theories for these metallic hydrides have 
treated the hydrogens as atoms in a metallic lattice, as H+ ions 
with the valence electron added to the conduction band, or as 
H- ions with an electron withdrawn from the conduction band.’ 
That the lanthanide metal has transferred three electrons to 
the conduction band and can be considered a trivalent ion is 
generally accepted on the basis of magnetic data. Until re- 
cently, some controversy existed as to the relative merits of 
the protonic and hydridic models for hydrogen. Recent 
Mossbauer data7-10 for Dy, Er, and Gd, both as pure dihydrides 
and diluted in YH2, support the hydridic model, as do self- 
consistent band calculations6 that indicate a shift of electron 
density away from the metal atom and toward the hydrogen. 

The present study was undertaken to confirm the oxidation 
state of the metal and the hydridic nature of the hydrogen by 
obtaining electron paramagnetic resonance (EPR) parameters 
sensitive to the oxidation state of the metal and to the sign 
of the charge on the hydrogen for representative lanthanides 
(Er, Dy, and Gd) diluted in the nonmagnetic host materials 
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Table I. Summary of EPR Observations at  - 10 K 

ion mol % host observations 

Er3+ 0.6 YH, 
0.6 YH, 

5 LaH,-, 
Dy3+ 1 YH, 

1 YH, 
4 LaH2-, 

Gd3+ 2 YH, 
2 YH, 
5 LaH,., 
5 LaH2.4 
5 LaH,., 

single line, g =  6.60 f 0.05, AH= 125 G 
complex spectrum, principal lines 

no spectra observed 
single line, g = 6.9 c 0.2, AH= 287 G 
weak lines a t g =  6.1 * 0.5 a n d g =  14 c 1 
no spectra observed 
single line, g =  2.00 f 0.02, AH= 305 G 
complex spectrum from g = 19 to 1.0 
single l ine,g= 1.96 c 0.04, AH= 195 G 
single l ine,g= 1.96 2 0.04, AH= 300 G 
single l i ne ,g=  2.00 c 0.05, AH= 433 G 

at  g = 10.9, 5.0, 3.7 

YH, and LaH,. For hydride compositions near x = 2.0, the 
environment of the dopant metal ion should be cubic for the 
majority of the ions present, thus providing a convenient sit- 
uation for determining the oxidation state and electronic 
ground state of the ion in question so as to distinguish between 
protonic and hydridic crystalline electric fields. 

By the treatment of Lea, Leask, and Wolf,” Dy3+ in a cubic 
crystal field should have either a r7 ground state to give an 
isotropic EPR transition at g = 7.56 or an anisotropic rE 
ground state. Similarly, Er3+ in a cubic crystal field yields 
a r7 ground state with an isotropic transition at g = 6.80 or 
a r6 ground state with an isotropic transition at  g = 6.00. 
Gd3+, with an 8S712 ground state, should have an isotropic 
transition in a cubic field at g = 2.00, although with a large 
zero-field splitting such as is seen for Gd3+ doped into CaF2.12 
Crystal fields of lower symmetry as in YH3, should produce 
anisotropic EPR transitions and correspondingly more complex 
spectra. For the cubic case, a r7 ground state for both Er3+ 
and Dy3+ is consistent with the hydridic point charge mod- 
el.’v9J0 Similar arguments may be used to predict the ground 
states for other lanthanide ions in cubic crystal fields.” 

After this work was completed, we discovered that Venturini 
and c o - w o r k e r ~ ’ ~ - ~ ~  have applied the EPR technique to de- 
termine the local site symmetries of dilute Er in group 3B and 
4B metal hydrides. 
Experimental Section 

Metal alloys were made by arc melting weighed amounts of the 
host and dopant metals. Nominal dopant concentrations were con- 
firmed (within a factor of 2) for several alloys by X-ray fluorescence. 
Alloy samples were first held a t  600 OC for 30 min under vacuum, 
then maintained at 600 OC and 200 torr hydrogen pressure until no 
further hydrogen uptake was observed (typically 2 h), and finally 
quenched to room temperature rapidly by removing the furnace. This 
procedure produced Y H 2  whose composition was confirmed by its 
X-ray powder pattern, although precise stoichiometry was not es- 
tablished since the X-ray lattice parameter is insensitive to stoi- 
chiometry within the dihydride phase region.Is LaH2 was produced 
similarly, but with 20 torr of hydrogen. Y H 3  and LaH, with x > 
2 were p r o d u d  by heating the alloy to 600 OC under vacuum, adding 
H 2  to 700 torr, maintaining that pressure and temperature overnight, 
and then cooling slowly to room temperature. X-ray powder patterns 
were used to confirm the YH, phase and to establish the actual 
stoichiometry of the LaH, since the lattice parameter for LaH, varies 
significantly with composi t i~n.’~ X-Band EPR spectra were recorded 
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with the samples in flowing helium gas at a temperature of - 10 K. 
Samples of YH2 and YH3 doped with Yb, Sm, Eu, and Ce failed to 
give observable signals. However the cerium samples were particularly 
sensitive to air oxidation and formed some oxide prior to arc melting 
so the hydride samples may not have contained significant amounts 
of Ce. 
Results and Discussion 

The EPR spectra summarized in Table I are characteristic 
of the trivalent ions of Er, Dy, and Gd, thus confirming the 
+3 oxidation state for the metal ions with three electrons 
presumably donated to the conduction band in the dihydrides. 
Sm3+, with a I's ground state in a cubic hydridic crystal field,9 
should have an anisotropic EPR transition so that failure to 
observe spectra for samarium is consistent with the +3 state. 
Europium might be expected to remain as Eu2+ with an easily 
observable isotropic 8S7/2 ground state since pure EuH2 cannot 
be converted to a higher hydride,' so failure to observe spectra 
for samples doped with europium is consistent with Eu3+ in 
YH,. Ytterbium, which could be expected to exhibit an iso- 
tropic r7 ground state if present as Yb3+, apparently remains 
in the diamagnetic +2 state as it does in pure orthorhombic 
YbH2 since spectra are not observed for Yb in this cubic host. 
Preliminary studies of pure YbH2, however, did give EPR 
transitions at  g = 4.7 and 3.9 perhaps indicating some Yb3+ 
in this lower symmetry environment as has been suggested' 
to explain the slight room-temperature paramagnetism of 

In the cubic environment of YH2, Er3+, and Dy3+ both 
exhibit isotropic g values characteristic of a r7 state consistent 
with the hydridic point charge model and not with the protonic 
point charge model for the crystal field.7-'0 The g value for 
Er of 6.60 f 0.05 in YH2 is lowered only slightly from the 
value of 6.77 predicted for a F7 ground state and the value 
6.778 f 0.003 measured by VenturiniI4 for Er3+ in YHl,99 at 
2 K. The difference in the measured g values is due to the 
measurements being done at  different temperatures. The 
observed g value of 6.9 for Dy in YH2 is somewhat further 
lowered from the predicted value of 7.56 for a I?, ground state, 
presumably due to the temperature dependence of the con- 
duction electron coupling.20B2' As the symmetry of the crystal 
field is reduced upon going from YH2 to YH3, the powder 
spectra of Er3+ and Dy3+ become considerably more complex. 
The g values for Er3+:YH3 reported in Table I agree with the 
values assigned to Er in a biaxial site in YH2.94 by Vent~rini . '~ 
No specific assignments were made for the Dy:YH3 spectrum. 

Gd3+ gives a single isotropic line at g = 1.996 in YH2 and 
g = 1.96 in LaH2,0 as expected for an S-state ion, although 
the zero-field splitting expected even in a cubic environment12 
is absent. Such collapse of a zero-field multiplet into a single 
line is characteristic of exchange narrowing through coupling 
via conduction electrons as is found for Gd in goldZo and for 
Gd in d-band intermetallic compounds.21 The broadening of 
the Gd3+ resonance line in LaH, as x increases from 2.0 to 
2.6 could reflect either the decrease in conductivity or the 
decrease in site symmetry, or both, as hydrogen occupies ad- 
ditional octahedral sites. The complex spectra obtained for 
Gd3+ in YH3 show that exchange narrowing by coupling 
through conduction band electrons is no longer effective as 
the hydride loses its metallic character. 

The absence of EPR signals for Er and Dy in LaH2-3 could 
be due to a number of factors. First of all the experiments 
were performed at  - 10 K where Venturini has shown that 
cubic lines could be considerably broadened.I3 Second, the 
concentrations of Er and Dy were considerably higher than 
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in the YH2-3 samples which also could cause line broadening. 
This work and Venturini's work show that considerable 

information may be obtained from EPR experiments on hy- 
dridic materials and point the way for future experiments. 
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In a recent discussion of the application of hard/soft 
acid/base (HSAB) theory to rearrangements in the mass 
spectra of organometallic compounds,' an important class of 
comparable data appears to have been overlooked. In addition 
to rearrangements of fluorine from ligands such as C6F5 to 
a variety of central atoms, there exists a body of data for a 
similar rearrangement from a variety of fluorinated 0-di- 
ketonate ligands to several  metal^.^-^ That these rear- 
rangements occur as unimolecular gas-phase ion reactions is 
well established by the observation of metastable transitions 
corresponding to these  reaction^.^ Whether HSAB correctly 
predicts the importance of the fluorine migration in these 
systems is an important test of the hypothesis of Miller, Jones, 
and Deacon (MJD). We would expect, pursuing the reasoning 
of MJD, to find the relative importance of M-F produced to 
be dependent on the acidity of the metal site for a given 
fluorinated ligand. Further, if more electron-rich ligands are 
used we might reasonably expect a softening of the acidity at 
the metal accompanied by a corresponding change in reactivity. 

The complexes of the anions of 1,1,1,5,5,5-hexafluoro-2,4- 
pentanedione (hfa) with Co(II), Fe(III), Fe(II), Cr(III), 
Al(III), Zn(II), Ni(II), Mn(II), and Cu(1) have been exam- 
ined in a mass spectrometer. Many exhibit peaks corre- 
sponding to rearrangement of a fluorine to the metal, and 
several demonstrate the loss of neutral metal fluorides via 
metastable transitions. It is important to note that Co(II), 
Fe(II), and Cu(1) result from intramolecular reduction of 
complexes of metals of one unit higher oxidation. This process 
was first noted by Lacey and Shannon6 and has been verified 
by a number of g r o ~ p s . ~ ? ~  
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