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Crystallographic studies of hydrogen and deuterium systems with La, Ce, Pr, and Nd were carried out. Using a silica fiber 
torsion balance, dissociation pressure-composition relationships of the hydrides and deuterides of the rare earth elements were 
measured, and these were used to compute enthalpy, free energy, and entropy changes. Equations of the type log P = 
A - B / T  predicted the plateau pressures satisfactorily (two solid phases), and equations of the type log P = D n  - E ( n  = 
hydrogen : metal ratio) roughly predicted dissociation pressures in the hydrogen-rich (one solid phase) regions. An approxi- 
mately linear contraction of the fcc phase was observed as the dihydride is progressively converted to the trihydride. Statis- 
tical mechanical analysis permitted estimation of metal-hydrogen and hydrogen-hydrogen interaction energies within the 
solid phase and also provided a means of estimating the relative distribution of the hydrogen in tetrahedral and octahedral 
sites as a function of temperature. Evidence is presented 
that an actinium hydride reported in the literature is the dihydride. 

The hardness of ytterbium and its dihydride was measured. 

Since the earliest study of the reaction of misch metal 
with hydrogen by Winkler in 1891, approximately 
100 publications dealing with rare earth hydrides have 
appeared. Most of the literature up to 1960 was re- 
viewed by Mikheeva and and a more recent 
review was prepared by Bos and Gayer.a Important 
general publications on hydrides have been prepared 
by Gibb4 and by lib ow it^.^ A general picture of the 
rare earth-hydrogen systems, gleaned from the litera- 
ture and the present work, is as follows. The rare earth 
metals, nearly all of which exist a t  room temperature 
in cubic or hexagonal modifications, take up hydrogen 
a t  ordinary or slightly elevated temperatures to form 
dihydrides, RH2. The dihydrides are all face-centered 
cubic, except for those of europium and ytterbium, 
which are orthorhombic. These last two compounds 
do not react with additional hydrogen a t  1 atm pres- 
sure, but the others do and approach the trihydrides, 
RH,, as a limiting composition. The cubic dihydrides 
are deficient in hydrogen, the composition a t  room 
temperature being approximately R H I . ~ ~ .  They are 
formed with the evolution of approximately 50 kcal/ 
mole of hydrogen consumed. The rare earth dihydrides 
are increasingly thermally stable with increasing 
atomic number, up to a maximum a t  Ho or Er. The 
trihydrides of lanthanum, cerium, praseodymium, and 
neodymium are fcc, but in the cases of samarium and 
beyond, and yttrium, a hexagonal close-packed phase 
appears before RH3 is reached. These relationships have 
been thoroughly described by Pebler and Wallace.6 
The fcc dihydrides have the fluorite structure, ex- 
panded 20-25y0 over that of the parent metal, the 
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Southern California, June 1956. 

Chem. Rev., 29, 28 (1960). 
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hydrogen atoms being in tetrahedral interstices ; some- 
what less than 10% of the sites are vacant in these 
nonstoichiometric compounds. When the four fcc 
trihydrides are formed, the hydrogen atoms enter the 
octahedral sites a t  the edges and center of each unit 
cell. The hydrogen positions in the hexagonal tri- 
hydrides have been determined by neutron diffraction,’ 
which reveals that  the true unit cell is three times that 
found by X-ray diffraction and contains six rare earth 
and 18 hydrogen atoms. 

All of the hydrides are pyrophoric, graphitic-appear- 
ing materials and are semiconductors. It is considered 
that hydrogen is essentially anionic in the dihydride, 
with the third valence electron of each rare earth atom 
becoming part of the conduction band. This view 
of delocalized electrons is supported by the 106-fold 
increase in electrical resistance a t  80°K, which takes 
place when LaHl.Q8 is converted to LaH2.Qz, and the 
104-fold increase on converting CeH1.98 to CeH2 86.8 I t  
has received further confirmation from the magnetic 
studies of Wallace and his co-workers. The dihydrides 
are ferromagnetic and antiferromagnetic, the ordering 
arising via the conduction electrons. Further hydro- 
genation depopulates the conduction band, and the 
NCel temperature is thus depressed. Moreover, nmr 
studies of the lanthanum-hydrogen systemlo un- 
ambiguously demonstrate that proton self-diff usion 
takes place a t  moderate temperatures. 

The investigations described in this and the following 
pape rP  were intended to explore further the dissocia- 
tion pressures, crystallography, and other features of 
these systems. 

(7) M. Mansmann and W. E. Wallace, J .  Phys.  (Paris), 26, 454 (1964). 
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D. E. Cox, G. Shirane, W. J. Takei, and W. E. Wallace, ibid., 34, 1352 (1963); 
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Experimental Section 
A standard vacuum line assembly was employed, equipped 

with a mercury manometer, cathetometer, McLeod gauge, Toep- 
ler pump, gas buret, and gas-storage bulb. In the preparation of 
samples for X-ray diffraction, a 1-g portion of each hydride was 
prepared in an apparatus that was joined to the vacuum line 
through ground-glass joints and a stopcock. This apparatus 
consisted of a small bulb to which were attached a tubular Vycor 
reaction vessel and several capillaries as side arms. After hy- 
driding, the apparatus was removed from the vacuum line, and 
the specimen was pulverized by agitating the apparatus rapidly 
in a shaker, with a small glass-enclosed iron rod serving as a 
hammer inside the reaction vessel. A few milligrams of the 
hydride was shaken into a capillary which was then sealed off. 
Measured quantitics of hydrogen were then removed a t  700- 
800°, and in this way a series of specimens of progressively de- 
creasing hydrogen content was prepared without exposurc to any 
atmosphere other than hydrogen. 

This 
treatment caused some of the capillaries containing hydrogen- 
rich samples to burst, but X-ray diffraction patterns of such 
samples were obtained before annealing as well, as a precautionary 
measure. X-Ray powder photographs were usually prepared 
using Cu radiation; in a few cases Mo radiation was used. 
Wavelength values used were those listed by Bragg.I2 X 114.6- 
mm diameter camera having an asymmetric film mounting was 
used, and corrections were made for film shrinkage. Lattice 
constants were usually derived from lines which appeared beyond 
0 = 50 or 60' on the films, where displacement owing to absorp- 
tion is small. The average of the last several lines was used in 
most cases. 

The dissociation pressure measurements were made using either 
a torsion or helix balance to determine the composition. The 
torsion balance assembly, sketched in Figure 1, was a modifica- 
tion of that  described by Kirk, et The 13-cm silica torsion 
fiber had a mean diameter of 130 p and supported a 16.7-cm canti- 
lever beam. One end of the beam held a long silica fiber, sus- 
pending a small molybdenum foil bucket a t  its lower end, and 
the other end of the beam held a counterweight. Tension was 
applied by a spring, and torsion through a ground joint holding a 
pointer. With a 1-g rare earth metal specimen, the sensitivity 
of the balance was found to be 5-7"/mg, depending on the size 
of the torsion fiber. Smaller specimens (200 mg) were more con- 
veniently studied using a silica helix balance, the extension from 
a fiducial pointer being measured with a filar micrometer micro- 
scope. The greater sensitivity of the helix balance was to a 
large extent nullified by poorer reproducibility of the readings, 
owing to  vibration. Thc balanccs pcrmittcd dircct dctcrmina- 
tion of composition a t  all times, a distinct improvement over the 
usual means, which involve P-V-T measurements of the hydro- 
gen. 

A temperature-controlled furnace similar to that described by 
Barnes14 was constructed. The innermost shell of the furnace 
consisted of a massive Inconel spool, on which was wound a heat- 
ing element consisting of platinum and nickel-chromium wire in 
refractory spacers, making up a bridge circuit and constituting 
the temperature-sensitive element. This spool was placed in an 
Alundum core which was wound with an independent heating 
element. This core was in turn contained in a refractory shell, 
surrounded by  insulation, and an outer metal shell. The fur- 
nace could be maintained a t  any desired temperature between 
550 and 850' to  1 0 . 5 "  without difficulty. The silica tube with 
the suspended specimen w-as inserted in the hole in the spool. 
The temperature gradient over the specimen in the small molyb- 
denum bucket was found to be 0.2'. This gradient was gen- 
erally insufficient to cause detectable slope in the isothermal 
plateaus; Libowitz13 has calculated the extent of these effects. 

(12) W. L. Bragg, J .  S c i .  Imti.. ,  24, 27 (194 i ) .  
(13) P. L. Kirk, R. Craig, J. E. Gullberg, and R. Q. Boyer, Anal .  C h e m ,  19, 

(14) R. S. Barnes, J. Sci. I ? t s f r . ,  28, 89 (1961). 
(15) G. G. Lihowitz, J. Phys .  Chem.,  61 ,  296 (1058). 

The specimens were annealed a t  540' for up to 48 hr. 

427 (1947). 
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Figure 1.-Torsion balance assembly. 

Chromel-alumel thermocouples were calibrated against NBS 
zinc and aluminum. Equilibria were approached from above 
and from below, and hysteresis was no problem a t  the tempera- 
tures involved. 

The hydrogen and deuterium were generated by the decomposi- 
tion of uranium hydride or deuteride. The rare earth metals w-crc 
obtained from Dr. F. H .  Spedding of Iowa State University, 
Ames, Iowa; analyses of these materials have been given by 
Mulford and Holley.le 

Results 
Structural Studies.-Cell constants of the fcc di- 

hydrides have been reported by several authors. Table 
I gives cell constants for the annealed dihydrides of 

TABLE I 
CELL CONSTANTS FOR RARE EARTH DIHYDRIDES 

Pebler and 
This work Holley. et al.17 Wallacefi 

a, A a, A a, A 
LaHz 5.670 2C 0.005 5.667 =t 0.001 . . . 
CeHa 5.580 = 0 002 5.581 + 0,001 . .  

PrH2 5.5151 0.002 5 . 5 1 7 f  0.001 5,518 
SdH?  5.469 i 0.002 5.470 2C 0.001 5 .464  
LaD2 5.662 I 0.003 . . .  , . .  

CeD2 5.569 2C 0.003 . . .  . . .  

La, Ce, Pr, and Nd ( R H I . ~ - ~ , ~ )  and the dideuterides 
of La and Ce and the results of Holley, et aZ.,17 and of 
Pebler and Wallace6 for comparison. 

For the lanthanum dihydride phase, Goon18 ob- 
tained a cell constant of 5.663 A, also in close agreement 
with our result. 

The more closely compositions approached RH3, the 
less satisfactorily could the diffraction patterns be re- 
solved, owing to their greater diffuseness. This can be 
attributed partly to less effective annealing. Lattice 
constants of hydrogen-rich phases of several composi- 

(16) R. N. I<. Mulfor-d and C. E. Holley, Jr., i b i d . ,  59, 1222 (1955). 
( l i )  C. E. Holley, Jr . ,  12. N. R. Mulford, F. H. Ellinger, U'. C. Koehler, 

(18) E. J. Goon, ibid., 6S,  2018 (195Q). 
and 1%'. H. Zachariasen, ib id . ,  59,  1226 (1955). 



Vol. 5, No. 10, October 1966' h O P E R T I B S  O F  R A R E  EARTH-HYDROGEN SYSTEMS 172 

tions for each of the four metals were determined and 
are given in Table I1 for the specimen richest in hydro- 
gen. In agreement with Holley, et aZ.,l7 approximately 
1% shrinkage of the lattice on conversion of RHZ to 
RH3 was observed. Plots of a os. composition were 
linear within experimental error, as also noted by 
Pebler and Wallace.6 Equations giving the cell con- 
stant as a function of composition are also presented in 
Table 11; these give the lattice constant within 
h0.015 A of the observed value for n = 1.8-3.0. 
Extrapolating by these equations, lattice constants (A) 
of the stoichiometric trihydrides were obtained as 
follows: LaH3, 5.602; CeH3, 5.538; PrH3, 5.486; and 
NdH3, 5.42. The first value, for LaH3, agrees well with 
the 5.604 A obtained by Goon.18 A cell constant of 
5.539 f 0.001 A was found for CeH2.97, prepared in the 
high-pressure bomb, I1 agreeing excellently with the 
above calculated value. For CeH3, Stal inski '~ '~ value 
(5.53 A) and Streck and Dialer'sz0 value (5.52 A) are 
somewhat lower. 

TABLE I1 
CELL CONSTANTS OF HYDROGEN-RICH 

PHASES AT ROOM TEMPERATURE 
R i z  in RHn a, A a as a function of 1 2 ,  A 

La 2.78 5.619 & 0.010 a = 5.775 -0.057% 
Ce 2.83 5 .545f  0.003 a = 5.654 -0.040n 
Pr 2 .85 5 . 4 9 5 i  0.003 a = 5.566 -0.027n 
Nd 2.40 5 .433& 0.005 a = 5.52 -0.033% 

Dissociation Pressures in the Two-Solid Phase 
Area.-Isotherms were established a t  a series of tem- 
peratures for lanthanum, cerium, praseodymium, and 
neodymium systems with hydrogen and in the first two 
cases with deuterium. The isotherms displayed in gen- 
eral the behavior first described in detail by Sieverts and 
Illuller-GoldeggZ1 for misch metal-hydrogen systems a t  
800'; that  is, they consisted of three different branches. 
These are (1) an initial ascending curve a t  low hydrogen 
composition, (2) a constant-pressure plateau indicating 
the coexistence of two solid phases, and (3) a final 
ascending curve extending into the region of higher 
hydrogen composition. The two solid phases represent 
metal saturated with hydrogen (approximately RHo.4) 
and the hydrogen-deficient dihydride (approximately 
RH1.85), these two phases approaching each other in 
composition with rising temperatures. Occasionally, 
even after several sorption-desorption cycles, sudden 
additional sorption of hydrogen would occur, shifting 
the composition in the hydrogen-rich direction. This 
behavior was attributed to  breakdown of grain bound- 
aries, exposing hitherto protected areas of metal. This 
erratic behavior was prevented by saturating the speci- 
mens with hydrogen, approaching RH3, before be- 
ginning pressure-temperature-composition measure- 
ments. 

Equilibrium dissociation pressures in the plateau 
region were used in a least-squares calculation of the 

(19) B. Stalinski, Dull. Acad .  Polon. Sci., Seu. Sci. Chim., 7 ,  269 (1959). 
(20) 12. Streck and K. Dialer, Z. Anoug. Allgem. Chem.,  306, 141 (1960). 
(21) A. Sieverts and G. Muller-Goldegg, ibid. ,  131, 65 (1923). 

constants in the equation log P = A - B / T  for each 
of the systems studied. These equations are shown 
below (P in millimeters, T in degrees Kelvin, valid 
from 580 to 800') 

La-H 
Ce-H 
Pr-H 
Nd-H 
La-D 
Ce-D 

log P = 10.644 i 0.020 - (10,847 i: 19)/T 
log P = 10.630 i 0.014 - (10,761 i: 15)/T 
log P = 10.526 X!L 0.005 - (10,870 i 5 ) / T  
l o g P  = 10.482 2C 0.028 - (11,031 =k 28)/T 
log P = 10.107 2C 0.016 - (10,173 i. 14)/T 
log P = 10.205 i 0.006 - (10,123 X!L 6 ) / T  

These equations are based on relatively few plateau 
pressure measurements (5, 4, 4, 10, 4, and 5 points, 
respectively, for the systems listed above), and some 
of the pressures were in the range where the McLeod 
gauge was least accurate. The limits of error given 
above are the probable errors calculated as explained 
by Margenau and Murphy.zZ The equations yield 
plateau pressures which differ in most cases by less 
than 8% from those observed. The above data are 
in general agreement with the results of Mulford and 
Holley,16 except for the case of cerium. Jones, et a1.,23 
for the praseodymium-hydrogen system, reported 
log P,, = 10.56 h 0.16 - (10,940 f 160)/T, in close 
agreement with our result. 

From the above data, the thermodynamic quantities 
shown in Table I11 were calculated for 298'K. These 

TABLE I11 
THERMODYNAMIC FUNCTIONS FOR THE 

RARE EARTH DIHYDRIDES AT 298°K 
AH', AGO, AS' ,  

System kcal/mole of H2 kcal/moIe of Hz eu/mole of Ha 

La-H -49.6 i 1 . 0  -39.0 i 1 .0  -35.52C 1 . 0  
Ce-H -49.2 rt 1 0 -38.7 i 1 . 0  - 3 5 . 4 2 ~  1 . 0  
Pr-H - 4 9 . 7 3 ~  1 .0  -39.3 1 . 0  -35.0 X!L 1 . 0  

La-D - 4 6 . 5 1  1 . 0  -36.72C 1 . 0  -33.1 2C 1 . 0  
Ce-D -46.3 f 1 . 0  -36.3 i. 1 . 0  -33.5 i. 1 . 0  

Nd-H -50.5 i 1 . 0  -40.1 i. 1 . 0  -34.8 X!L 1 .0  

partial molal quantities pertain to the absorption of 
1 mole of hydrogen a t  a constant pressure of 1 atni 
by the hydrogen-poor phase (approximately  RHO.^), 
to form the hydrogen-rich phase (approximately 
RH1.86). In  the calculations, the usual classical as- 
sumptions were made, i.e., the validity of the ideal gas 
law, constant enthalpy with changing temperature, 
AC, = 0, negligible solid volume compared to gas 
volume, and negligible variation of the activity of the 
solids with pressure. These assumptions yielded the 
following relationships: AHo = -2.303RB, AGO = 
2.303RT(A - log 760 - B / T ) ,  and AS' = -2.303R ' 

( A  - log 760). 
I n  that the probable errors in the log P = A - B / T  

data are very sensitive to the number of experimental 
points, rather large errors are given in Table 111, 
computed by arbitrarily disregarding one observed 
point in each log P vs. 1/T plot. The value of -33.9 

(22) H. Margenau and G. &I, Murphy, "The Mathematics of Physics and 
Chemistry," I). Van Nostrand Co., N e w  York, N. Y . ,  1943, p 494. 

(23) P. M. S. Jones, J. Southall, and K. Goodhead, U .  K .  At.  Ette?'gy 
A u t h o d y ,  At.  Wiapons Res. Estab. Rept., AWRE 0-22/64 (1964); Chem. 
Abstv., 61, 7728g (1964). 
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kcaljmole of H2, reported by Mulford and Holley16 for 
the enthalpy in the cerium case, is undoubtedly in 
error. Streck and Dialer20 computed -55  kcal from 
their data. Jones, et a2.,23 found -50.0 kcallmole of 
H2 for the Pr-H case. The enthalpy terms in Table I11 
become somewhat more positive with rising tempera- 
ture, being approximately proportional to the difference 
between the compositions a t  each end of the plateaus; 
the plateaus become shorter a t  high temperature. 

The entropy changes shown in Table I11 are probably 
3 or 4 units too negative. For the formation of CaH2,24 
ASo2g8 is -30.4 eu/mole of H2;  for MgH2,25 i t  is about 
-31 eu; and for UH32G it is -29.2 eu. Using So = 

1.3 eu for H- in and 0.6 eu in RHl.8; (values 
estimated by Gibb, et a1.,26 for mono- and dihydrides, 
respectively) and the NBS value for H2 (31.21 eu), the 
expected value of is approximately -30.4 eu/ 
mole of H2, assuming the same So for the metal in both 
phases. 

The difference AG"(hydride) - AGO(deuteride) for 
the lanthanum systems a t  298'K is -2.3 + 1.0 
kcal/mole, from the data in Table 111; the correspond- 
ing difference for the cerium system is -2.4 + 1.0 
kcal/mole. These values are almost certainly too 
negative. The true values are probably closer to the 
-0.14 =t 0.08 kcallmole found by Flotow, et u Z . , ~ '  
for yttrium hydride from accurate heat capacity meas- 
urements. 

Except for the irregularity in the case of cerium, 
the plateau dissociation pressures a t  a given tempera- 
ture decreased in the order of increasing atomic number. 
Cerium hydride exhibited the highest dissociation 
pressure, as shown by Mulford and Holley.lG The 
deuterides always had dissociation pressures in the 
plateau region 1.2-1.8 times that of the hydride under 
comparable conditions. 

Dissociation Pressures in the Hydrogen-Rich, One- 
Solid Phase Area.-At the end of the plateau, the 
dissociation pressures rose steeply, the composition of 
the solid phase approaching RH3. The pressures and 
compositions could be established readily a t  various 
temperatures using the torsion balance and are pre- 
sented graphically in Figures 2-5 (La-H, Ce-H, Pr-H, 
Nd-H, La-D, Ce-D, Sm-D). The isotherms shown 
in these figures agree quite closely with those of Mulford 
and Holley, for comparable temperatures, except that 
their curves are shifted slightly to the left of ours. 
There might have been pockets of unreacted metal in 
Mulford and Holley's specimens, which would account 
for the over-all composition differences ; this would have 
no effect on plateau pressures. A11 of these dissociation 
pressures are below 1 atm; pressures in the range 10-40 
atm, where the solid phase is much richer in hydrogen, 
have also been measured. I L  

(24) R. W. Curtis and P. Chiotti, J .  Phys .  Chem.,  67, 1061 (1963). 
( 2 5 )  J. F. Stampfer, Jr., C. E. Holley, Jr., and J. F. Suttle, J .  A m .  Chum. 

( 2 6 )  T. R. P. Gibb, Jr., J .  J .  hlcShal-ry, and H. W. Kruschwitz, Jt., i t i d ,  

( 2 7 )  H. E. Floton, I ) .  Vir Osborne, and K.  Otto, J .  C h c m .  Phys . ,  36, 866 
H. E. Flotow and 1). U'. Osborne. "Thermodynamics of Suclear 

.Sot., 82, 3504 (1960). 

74, 6203 (1952). 

(19621, 
Xaterials, " International Atomic Energy Agency, 1-ienna, 1962, p 6 7 5 .  

COMPOSITION ( H : L a )  

Figure 2.-Dissociation pressure isotherms for the La-H sys- 
tem in the hydrogen-rich region. The short, vertical lirics 
pointing upward indicate that the sample was absorbing hydro- 
gen as equilibrium was approached; those pointing downward 
indicate desorption. 

Figure 3.-Dissociation pressure isotherms for the Ce-H system 
in the hydrogen-rich region. 

Ytterbium and Europium Deuterides.-It has already 
been reportedzn that ytterbium and europium dideu- 

(28) W. 1,. Korst and J. C. Warf, Acta  Cryst.,  9, 462 (IQZ6). 
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l‘igurc 5.-  Dissociation prcssurc isotherms for milie rare carth- 
deuterium systems iii the hydrogeii-rich regions. 

terides are orthorhombic and thus resemble alkaline 
earth hydrides rather than the other rare earth di- 
hydrides. Some of the other properties are recorded 
here. Ytterbium deuteride and hydride are gray-black, 
PraDhitic substances. rather stable in air and water. 

though readily soluble in dilute acids. The hardness 
of ytterbium increased markedly on hydriding, and 
lumps of YbD2 could be easily filed. Hardness measure- 
ments of ytterbium and its deuteride were made using 
a Wilson “Tukon” microhardness tester.29 A 172.5’ 
included-angle Knoop diamond indenter with a 100-g 
indenting load was employed, giving the results in 
Table IV. The hardness of ytterbium deuteride is 
approximately the same as that of fluorite, which has a 
Knoop hardness number of 163. 

TABLE I V  
HARDNESS OF YTTERBIUM METAL 

AND YTTERBIUM DEUTERIDE 
--Knoop hardness no,-- 

Sample Min Max Av 

Ytterbium metal 22 .8  25.3 23.9 
Ytterbium deuteride, specimen I 167 189 175 
Ytterbium deuteride, specimen I1 145 165 156 

Europium deuteride was also a black, hard com- 
pound, but much more reactive than ytterbium 
deuteride. Unlike the metals,30 the hydrides of europium 
and ytterbium do not dissolve in liquid ammonia. 
These compounds decomposed on heating under 
vacuum, but the metals were volatile a t  the tempera- 
tures required, and the composition of the solid phases 
became unknown. 

Ytterbium hydride was prepared and its diffraction 
pattern compared with that of the deuteride, all ex- 
posures being made with molybdenum radiation. 
These gave the cell constants in Table V (it will be 

TABLE V 
CELL CONSTANTS OF YTTERBIUM 

HYDRIDE AND DEUTERIDE 
YbH? YbDi Change, A 9% change 

a ,  A 5.905 5.861 -0.044 - 0 . 8  
b ,  A 3.561 3.554 -0,007 -0 .2  
6 %  A 6,790 6.758 -0,032 -0 .5  

noted that the cell constants for YbDz reported here 
are slightly smaller than those found using copper 
radiation, 28 owing to absorption in the front diffraction 
region). These constants, for an orthorhombic unit 
cell, were obtained by least squares, using 30 corre- 
sponding lines from each film. Calculated X-ray densi- 
ties were (in g/cc): EuH2, 6.03 =I= 0.03; EuD2, 6.18 =k 

0.03; YbHs, 8.143 =t 0.011; YbD2, 8.338 zt 0.011. 

Discussion 
Structural Considerations.-In view of the great 

difference in electronegativity between hydrogen and 
the rare earth metals (1.0 unit on the Pauling scale), 
the hydrides are undoubtedly ionic in nature to a 
dominant extent. The unit cell dimensions can be 
rationalized on this basis,31,32 and also on the basis of 
delocalized covalent bonding, 17 ,  Several previous 

(29) Hardness tests were made by Metal Control Laboratories, I n c . ,  

(30) J. C. Warf and W. L. Korst, J .  Phys. Chem.,  60, 1590 (1956). 
(31) G. G. LibowitzandT. R. P. Gibb, Jr., ibid., 60, 510 (1956). 

Huntington Park, Calif. 

D I  (32) T. R. P. Gibb, Jr., and D. P. Schumacher, z b z d ,  64, 1407 ( l ! B O j .  



1724 WILLIAM L. KORST AND JAMES C. WAKI; 

writers have pointed out that  the third electron in the 
rare earth dihydrides, monosulfides, and related com- 
pounds of subnormal valency becomes part of the 
conductance band. These concepts are in harmony 
with the high heat of formation, high conductivity, 
hardness, and brittleness of the dihydrides. 
As Gibb and SchumacheP have pointed out, atomic 

radii in general are best regarded as useful aids in 
estimating internuclear distances, with doubtful funda- 
mental significance. They showed that the radius 
of the tenuous hydride ion can be taken as 1.40 A, with 
coordination number six, and averages about 1.29 A 
in many transition metal hydrides, where the coordina- 
tion number is lower. They also showed that in most 
dihydrides, the various coordination number correc- 
tions and ion repulsion corrections very nearly cancel, 
so that the sum of the tabular radii (ClV = 6) agree 
with the observed interionic distances within i. 0.03 A. 
This was earlier noted by P a ~ l i n g ~ ~  for several oxides 
and sulfides. That this simple relationship holds 
approximately for the dihydrides, monosulfides, and 
dicarbides is seen in Table VI. In  computing the 

TABLE VI 
COMPUTED ASD OBSERVED CELL COXSTANTS FOR 

METALLIC RARE EARTH COMPOUSDS 
Structure __-- Cell constants, A----- 

type Calcd Obsd 

LaH2 CaFz 5.68 5.  6i.a 
CeHz 5 .61  5,58" 
PrHz 5 .57  5 .  51fL 
SdHz 5.53 5.47" 
LaS i\'dCl 5.80 5.84'1 
CeS 5.75 5. iW 
PrS 5 . i l  5 . 3  
S d S  5 .67  5.68b 
Laca CaCn 4 . 0 1 , 6 . 5 1  3.93,  6.57" 
CeCz 3 .96 ,6 .46  3 . 8 7 , 6  . 4gd  
PrCz 3.92,6.42 3.83,6.42d 
NdCi 3 . 8 8 , 6 . 3 8  3 , 8 1 , 6  .38d 

This work. A. Iandelli, Gazz. Chirn. Ital.,  85, 881 (1955). 
E. D.  Eastman, et al . ,  J .  A m  C h e m  Soc., 72, 2248 (1950). 
M. Atoji, et a l . ,  i b i d . ,  80, 1804 (1958); F. H. Spedding, et a l . ,  

Trans. A I M E ,  215, 192 (1959); R .  C. 1-ickery et al., J .  Chem. 
SOC., 498 (1959); G. J .  Palenik and J ,  C. Warf, Inoiy. Chem., 1, 315 
(1962). 

cell constants the radii of the rare earth metals in the 
sesquioxides were empl0yed,~4 1.40 A for H-  and 1.84 
A for S2-. The dicarbide cell constants were estimated 
by substituting twice the radius of each rare earth ion 
for twice the radius of the calcium ion (0.99 A) in the 
cell constants of tetragonal calcium carbide (a  = 3.87 A, 
c = 6.37 A). 

The neutron diffraction studies of cerium deuteride 
by Holley, et al , I 7  led to the conclusion that when 
cerium reacts with hydrogen, the first two hydrogen 
atoms enter the tetrahedral sites (CaFz-type structure, 
C2) and that the third hydrogen atom enters the octa- 
hedral sites (DOa type). The evidence for the latter 

point is less substantial than for the former, but never- 
theless the DO,? structure is probably correct. 

The contraction of the lattice on conversion of the 
rare earth dihydride to the trihydride phase is believed 
to be attributable to progressive consumption of the 
free electrons n-hich give rise to metallic character. 
9 s  the conduction band is consumed, cohesive forces in 
the lattice increase. Conduction electrons do not lessen 
repulsion between cations to the extent electrons do 
when immobilized as hydride ions. 

By selecting the radius of H-  as 1.36 A in the tri- 
hydride and using the tabular radii for R3+ ions (CiV 
of 6) as before, cell constants for fcc trihydride phases 
can be empirically computed. These are compared in 
Table VI1 with observed or extrapolated values pre- 
sented in the section on Results. 

' rARLE 1-11 
CALCKLATED A N D  OBSERVED CELL C O N S . I . A N l S  

FOR CUBIC RARE EARTH TRIHYDRIDES 
------a, a--- 
Calcd Obsd 

LaH3 5 ,60  5 .  602 
CeH3 5 ,53  5.534 
PrH3 5 .48  5.486 
XdHs 5.43 5.42 

In a similar manner, lattice constants for actinium 
hydrides may be computed. Farr, et aLja5 observed 
that the lattice constant for fcc actinium metal is 5.311 
A and that of a hydride of unspecified composition is 
5,670 9. Since the cell constant for the metal is only 
0.004 A larger than that for lanthanum metal, the 
radius of Ac3+ in a hyd,ride phase is estimated to be 
approximately 0.01 *4 larger than that of La3+. Thus, 
AcH2 is expected to have a = 5.70 A, and AcH3 is 
expected to have a = 5.61 A. The evidence indicates 
that the hydride prepared by Farr, et al.,  is AcH2. 

I t  should be emphasized that the above calculations 
merely represent empirical estimations of lattice con- 
stants, and no suggestion is made that the actual ionic 
radii are the values given. In the trihydrides, indeed! 
one finds eight hydrogen atoms inside a unit cell, 
arranged on the corners of a cube, with a ninth hydro- 
gen atom in the center of the cube. These atoms would 
interpenetrate if the actual radii were the values stated. 

Ytterbium Dihydride and Dideuteride.--Lattice con- 
stants of rare earth deuterides were always a little 
smaller than those of corresponding hydrides, a con- 
traction which has been observed in alkali metal 
hydrides,36 hafnium hydride, 37 and others. The radius 
of the deuteride ion is about 0.01 A smaller than that 
of the hydride ion. This shortening would be expected 
from the lower zero-point energy of deuterium, because 
of the smaller amplitude of vibration of the heavier 
deuterium atom, among other factors. 

In Table V i t  is shown that each of the three axes of 

(33) L. I'auling, "The Nature of t h e  Chemical Uond," ; j rd  ed, Cornell (Lis) J .  11. Vai~'. A. I>. Giwgi, i \ l .  G. 130wma11, aud K.  K. Aloriey, . I .  T U O J , ~ .  

(34) D. H. Templeton and C. H. Ilauben, J .  Am. Cizenz. Soc., 76, 5237 
Lniversity Press, Ithaca, N. Y., 1959, p 633 ff. .\ I l C l .  ChellZ., 18, 42 (1961). 

(36) S.  I<. Gunn and L, G. Green, J .  Ana. C h r i ; ~ .  . S a . ,  80,  1782 (1958). 
( 3 7 )  S. S. Sidhu, J .  Chcnz. Phys. ,  22, 1062 (1954). ( 1964). 
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orthorhombic ytterbium deuteride is shorter than the 
corresponding axis for the hydride. The smallest con- 
traction is in the b direction, in which the hydrogen 
atoms are situated a t  only two levels, on the mirror 
planes a t  l/4 and 3/4.  The contraction is greater in the 
a and c directions, reflecting the fact that hydrogen 
atoms are situated a t  six and eight different levels in 
these directions, respectively. 

Statistical Mechanical Model.--Several investigators 
have applied statistical mechanical computations to 
metal-hydrgoen systems. The procedure of Takeuchi 
and Suzuki, 39 applied to the plutonium-hydrogen 
system, permits evaluation of several component 
energy terms. If N I  and N I I ,  respectively, represent the 
number of tetrahedral and octahedral sites in the metal, 
and a and 6 represent the fractions of these sites oc- 
cupied by hydrogen atoms, then ~ N I E  is the interaction 
or potential energy between the metal atoms and hy- 
drogen atoms in tetrahedral sites. Similarly, - C Y ~ ~ V I ~ ; ~ H  
is the interaction energy between pairs of hydrogen 
atoms in tetrahedral sites, - - - P 2 N ~ ~ ~ ~ ~  is the potential 
energy between pairs of hydrogen atoms in octahedral 
sites, and - ~ N I I $  is the sum of the interaction energy 
between metal atoms with hydrogen atoms in octa- 
hedral sites and the potential energy between pairs 
of hydrogen atoms in the two kinds of sites. This last 
term is important only in the range 2 < n < 3, where 
n represents the composition (hydrogen : metal ratio). 
The sum of the four terms is the total change in crystal 
energy on absorption of the hydrogen. 

Using the graphical methods of Takeuchi and Suzuki, 
i t  was found that for the cerium-hydrogen system E = 

-69 kcal/mole, {HH = -4.5 kcal/mole, 7" = 1.6 
kcal/mole, and $ = - 72 kcal/mole ; the errors in these 
quantities are estimated a t  about *5%. Using these 
values, i t  is possible to estimate the distribution of 
hydrogen atoms between tetrahedral and octahedral 
sites a t  various temperatures. Thus, a t  absolute zero, 
CeHz.oo is expected to have the ideal fluorite structure, 
but with increasing temperature, an increasing propor- 
tion of the hydrogen atoms migrate to the octahedral 
sites. When kT becomes large compared to the energy 
difference between the two sites, quite a large fraction 
of the tetrahedral sites are vacated, and the octahedral 
positions are filled. From the four energy values given 
above, it was calculated that for CeHz.oo at  300"K, 1% 
of the tetrahedral sites are vacant, and at  873"K, 
about 23% are vacant. With increasing hydrogen con- 
tent, both kinds of sites are filled. 

Dissociation Pressures in the Hydrogen-Rich Region. 
-The statistical mechanical model also affords equa- 
tions which show the dependency of the dissociation 
pressures as a function of temperature and composition 
in the hydrogen-rich region. For a fixed temperature, 
these equations can be produced in the form 

n - 2  
3 - n  

log P = 2 log ___ + Dn - E 

(38) J. Bergsma and B. 0. Loopstra, Acta Cuyst., 15, 92 (1962). 
(39) S. Takeuchi and K. Suzuki, Tians.  J a p a n  Inst .  Metals, 8, 41 (1962). 

COMPOSITION, H / R  

Figure 6.--Test of log P = Dn - E for some rare earth-hydrogen 
systems. 

where n is the composition (H:R atomic ratio), and 
D and E are constants. Of the three terms to the right 
of the equality sign, the first is small when compared 
to the other two, except near the dihydride and tri- 
hydride compositions, and we found that dissociation 
pressures could be approximated simply by log P,, = 
Dn - E. Some graphical tests of this equation are 
shown in Figure 6, and the parameters D and E are 
given in Table VIII. The equations appear to be valid 

TABLE VI11 
COXSTANTS IN LOG P = Dn - E (P IN MM OR Hg) 

System Temp, O C  D E 

La-H 606 6 . 2  11.2 
706 7 . 5  1.3.3 
756 8 . 3  14.9 

La-I) 600 7 .8  13.7 
io0 9 . 3  15 .8  

Ce-H 60U 7 . 1  13.7 
650 8 . 1  15.5 
700 8 . 7  16.4 
7 50 8 . 9  16.8 

Ce-D 599 6 . 9  15.0 
Pr-H 600 7 .4  14.2 
Nd-H 700 8 . 1  15.6 
Sm-D 600 8 . 3  14.6 

down to the plateau. It should be emphasized that 
the equations of type log P = Dn - E are rough and 
predict values only within approximately 15% of the 
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observed dissociation pressures, between n = 1.8 and 
2.3. 
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Solid hydrides of metals behave differently toward mercury, this behavior depending to  some extent on the bonding type. 
Pulverized lanthanum and cerium hydrides were found to  be wet by mercury, forming dispersions with a strong tendency to  
adhere t o  glass. Cerium hydride dispersions decomposed into hydrogen and cerium amalgams above approximately 115' 
and reacted vigorously with water a t  room temperature. On exposure to  air, dilute dispersions oxidized to  cerium(1V) oxide, 
while the more concentrated preparations oxidized, in part, and precipitated the unchanged hydride, in part. Lanthanum and 
ytterbium hydride dispersions in mercury yielded X-ray diffraction patterns different from those of the pure hydrides, show- 
ing surface formation of new compounds. Freez- 
ing and melting curves of uranium hydride and cerium hydride dispersions showed no depression of the freezing point of the 
mercury. Filtration of cerium hydride dispersions through sintered glass removed nearly all of the dispersed phase and gave 
a filtrate 0.008% in cerium hydride. 

Uranium hydride in mercury gave the normal diffraction pattern of UHI. 

Introduction 
The behavior of hydrides toward mercury is varied 

and may afford a probe into their constitution. Lithium 
hydride, an ionic compound, was treated with mercury 
by Moers, who observed the evolution of hydrogen and 
the formation of lithium amalgam. The reaction is 
slow at  the boiling point of mercury, and there is no 
particular interaction at  room temperature. In am- 
monium amalgams3 and in the more stable tetra- 
methylammonium amalgams, the freezing point of 
mercury is depressed, showing that they are true 
solutions. There is also a large decrease in the inter- 
facial tension of mercury upon incorporation of am- 
monium radica1s.j Oxley,6 on the basis of investigations 
of the magnetic susceptibility of the palladium- 
hydrogen system, recognized a similarity in electronic 
structure between a metal containing hydrogen in a 
I: 1 atomic ratio and the metal of one higher atomic 
number. This hypothesis was extended by Ubbelohde,7 
who considered that the bonding in a metal hydride 
MH, is, with regard to further metallic bonding, ap- 
proximately like that of the atom whose atomic number 
is n higher than that of M. Thus NHl and OH,? 
amalgams are expected to resemble S a  amalgams, and 
PdH is expected to resemble Ag. 

Uranium hydride is a compound manifesting metallic 
(1) Based in part on the Ph.D. dissertation of W. L. Korst, University of 

(2) K. Moers, 2.  A?zovg. Allgem. Chem., 113, 191 (1920). 
(3) E. M. Rich and M. W. Travers, J .  Chem. Soc., 872 (1906). 
(4 )  H. N. hIcCoy and W. C. Moore, J .  Am. Chem. Soc., SS, 273 (1911); 

( 8 )  R. J. Johnston and A. R. Ubbelohde, ibid., 1731 (1951); Proc. R o y .  

(6) A. E. Oxley, ibid., A101, 2 i i  (1922). 
(7) A. K. Ubbelohde, i b i d . ,  A159, 298 (1937): J .  Cheiiz. Soc., 1143 (1950). 
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G. B. Porter, J .  Chem. Soc., 760 (1964). 

SOC. (London), A'206, 2 i 5  (1951). 

character, even though metal-metal bonding is un- 
important in its structure.8 Warf, et al.,9 found that 
it forms pseudo-amalgams ; i e . ,  the hydride surface 
is tenaciously wet by mercury, apparently through 
metallic bonding. The preparations are evidently not 
true solutions, but dispersions ranging from solids 
through gels to liquids, depending on concentration. 
The treatment of uranium hydride with mercury de- 
presses the mercury-glass interfacial tension, as strong 
adherence to the glass is noted, forming mirrors. There 
is no heat effect, in contrast to amalgamation of 
finely divided uranium, which reacts to form inter- 
metallic compounds. Other metals also wet uranium 
hydride. 

Paal and Steyer'O showed that mercury extracts 
aqueous colloidal palladium hydride. Ubbelohde' 
found that palladium hydride (PdHo.G) is wet rapidly 
by mercury, evolving considerable heat and some 
hydrogen. Both palladium amalgam (PdHgj.2) and 
the hydride amalgam (PdHo.15Hg4) are diamagnetic, 
suggesting that the d orbitals of palladium are satu- 
rated. Mercury was found to wet palladium, iron, and 
platinum after these metals, immersed in aqueous 
solutions, were connected to a cathode; this was 
ascribed to the formation of metallic bonds between 
the mercury atoms and the surface hydride groups, 
produced by electrolysis. 

There is no mention of the interaction of the hydrides 
of the rare earth metals with mercury in the chemical 
literature. The metallic character of these hydrides 

(8) R.  E. Rundle. J. Am. Chem. SOC., 73, 4172 (1951). 
($1) J. C. W a f ,  4. S. Xewton, T. A,  Butler, and F. H. Spedding, Szicleoiz- 

(10) C .  Paal and H. Steyer, B e y . ,  51, 1743 (1918). 
ics, 4,  XTO. 3, 43 (lulls). 


