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THE THERMOCHEMISTRY OF DI- AND TRI-VALENT EUROPIUM
John L. Burnett
Lawrence Radiation Laboratory.

" University of California
Berkeley, California

b’

December 18, 196k

ABSTRACT
The construction and operation of a semi-adiabaﬁic.@icrocalorimeter
éré discussed in detail. The heat of sélution'of europiunm metai in 0.1 N
HCL -has been measured and is -164.6 * 1.0 Kcal/mgle. This value is'c§m~

bined‘with available thermochemical data to calculate:

o [ .
AHfEu-gq) = -130.}, t 1.0 Kcal/mole. .

”The preparation and propertiéé of eurvpium monoxide, prepared by
reacting the metal with the‘sesquioxide at high temperature are described.
. It has been‘chafacterized by |
1. Crystal struétufe: fece, NaCl. type.

42'; Lattice parameter: 5.1&5 + 0.001 A.
3. Stoichiometry: 0/Eu = 1.021 * 0.001

4. Thermodyhamics: AHsoln=~-87.8 t 1.7 Kcal/mole

= ~145.1 £ 2.2 Kcal/mole.

yielding AH®

EuO(
These heats of formation are combined with other thermoéhemical

data to caiculéte'the heat of formation of Euziq): ;llh.B Kcal/mo;e;_

the Eu-EuZiq) potential:'+2.51 volts;.and'the free energy of dispropor~

tionation of Eu0: +39.9 Kecal. The Sgu+3 is estimated to be -37.1 e.u.
(4q) |



I. INTRODUCTION

In recent years,san increasing amount of thermodynam;c information'
on the rare earths and theif compounds has been published.. While the
picture is by no means complete, heats of formation are known for most
of the oxides; and some of the trihalides and tripositive aqueous ions.
Entropy data are available for many of the oxides and metals.

Until very reeently, there have been no experimental thermochemical
data on europium. Published values sfe either estimates er interpolations
from plots of available data on the otﬁer rare earths. However, europium
metal differs markedly from most of the other rare earths in its physical
properties,.and'since the metal is the reference state for the thermo-
chemical measurements, it seems reasonable to exﬁect that the heats and
free energies of formation of.europium'ions and compounds would show
marked deviations fram the corresponding values for those other rare
earths.

In the following work the experimentel procedure followed in the
determination of the hests of formation of Euzzq) and EuO(c) ;s presented.
The results are eombined with available thermodynamic data to calculate
the heat for fOrmation ef EquB(C), Eu?ﬁq),.the E'u-Eu+2 agueous poten=-
tial,‘enﬂ the free energy of disproportionation of'EuO(c).arEuO(c) is
also characterized as to lattice parameter andAsﬁoichiometry.. The

results are discussed in their comparisons with other rare earths and

the alkaline earths.
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II. MICROCALORIMETER

A. 'Construction

The micfocalorimeter used.for all heat measﬁrements is a semi~
adiabatic instrument with a vacuum jécket and water bath thermostated
at 2500. The heat capacity is approximateiy nine calories per degree
and the temperature sensitivity aboutJl X ZLO"5 degree. A general view
of the instrument is shown in Fig. 1.

. A secfional dfawing of the submarine chamber witﬁ the calorimeter

unit in place is shown in.Fig. 2.(1) The calorimeter reaction chamber,

- M, is suspended inside the stainless steel submarine chamber, 0, by

means of a hollow lucite hanger vacuum sealed at both ends with Neoprene
O—rings. This hanger is about l% inches long with a narrow neck about
4 inch long, 0.100 inch outside diaméter, and 0.065 inch inside diameter.
Halfway up the neck is a lucite guide 0.125 inch long with a 0.042 inch
coaxial hole. The stirring shaft, I, passes through this hangér and the
guide minimizes friction and eccentriéity in the stirring action. The
stirring shaft is a quartz rod about C.OHQ inch in diameter which is
élamped at the upper end by means of a Bakelite collet in the stirring
chuck: The chuck is fitted with-a spring~1oéded.screw-in-slot érrange~
ment, D, to permit depression of the éhaft a certain distance to break
the sample bulb which is attached to the lower end of the shaft.
Stirring speed is about BOO‘revolutions rer minute through a flexible'

shaft to the stirring chuck. A platinum resistance thermometer and

‘calibrating heater connecting leads, K, L, are conducted through holes

in the submarine frame to copper binding posts, A, for the thermometer
and a U-pronged plug, B, mounted in a plastic block, C, for the heater.
The stainless sfeel submarine chamber is about three inches long by

about 1-3/4 inches in diameter and is screwed onto the frame against a
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greased Neoprene gaskat for a vacuum seal. A radiation shield, N, con-
sisting of two concentric tantélum éylindefs is placed inside the sub-
marine chamber to minimize-radiapion heat transfer. This épace is evac-
uated by means of a mercury diffusion'pump and'liquid nitrogen trap

backed up by a Welch Duo-seal fore pump. The usual vacuum is 1 X 10~

to 5 X :l,O"6 mm Hg.. The thermal leaksge modulus, k, as defined by the
ekpression:' ; |
X k% -21do
6 dt

where @ is the difference between the temperature of the calorimeier
.and the temper;ture when it is in equiliﬁrium with the fhermostat and
"t 1s the time, is about 5 X 103 min.-l. The principle heat leaks now
are along the hanger, stirring shaft, and electrical leads.

The calorimeter unit is shown in Fig. 3.(1)4 The tahtalum reaction
vessel, H, has about a 9 ml. capaéity. The cap, F, the.four thérmometer
and heater conduits, G, and the spool and sleeve, I,J, are also tantalum
with-gold soldered joints where the conduits join the spool and cép.

This end of the stirring shaft, B, holds £he L4=bladed platinum propeller,

K, and the sample bulb, L, both sealed onto the shaft with Apiezon W
wax. Depressing the shaft from the étirring chuck above crushes the.
bulb against the anﬁil, 14, admitting the sample to the solution.

The construction and packaging of the thermosensitive elemeﬂt and
calibrating heater is a delicafeoperation. The thermometer is one mil
pure Pt wire and the heater'is either #44 Manganin or #40 Karma wire..
These are #ound‘ﬁon-indﬁctively on a mica strip 1.45 em. X 4.50 cm, X .
1-2 mil thick which has been ‘notched along the edges to hold the wires
"~ in place.‘ The P£ is wound on one end and the heater on the other,

This strip is then sandwiched between two moré mica strips and the

combination wrapped around the tantalum spool and held in place with
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threa longthe of 5§ mil tantalum wire. The assembly must now be annealed
. to relieve strainé in the wires., warlier, spools mede in this way had

only about 5000 ohms resistance between the thermometer and heater and
thermometer and body after énneaiing, while this resistancé should be
thousands of‘megohms. It was found tﬁat the annealing process was re;
sponsible for the lower resistance, apparently as the resﬁlt of volatili-
zation and condensation of a4conducting film of tantalum'oxide. The
parts had been cleaned in dilute acid, water, and alcohol; but it was
now thought that a much more thofough cleaning was reQuired. So all
tantalum parﬁs were heated in a 8 M HNO3-2 M HF solution at 100°C for

. about 5 minutes;‘the miéa and heaﬁer and thermometer wires were care-
fully cleaned of all contaminants; and then all parts handled with
rubber gloveé thereafter., Annealing is done at ébdut 600°C under high
vacuum for esbout 18 hours. Such spools after. ennealing have resistances
that are thousands of megohms or areﬂummeasufgﬁle.

Since the thermometer is éne leg of a-Wheatsfone bridge; its resis-
tance must be adjusted so that it wi}l’balance with the bridge circuit,
Accofdingly, the Pt wire is trimmed until tﬂe desiredfrésistance is
obtained,

Fine quartz cepillaries serve as insulators in the four conduits
and 8-10 mil Aﬁ vire is used for the thermometer lezds. No solder is
required as the Au &nd Pt are direcily wilded with a microtorch, The
heater leads are #34 Cu wire. in~joining the Cu to the Manganin or Karﬁa

"a solder is usually used, but sometimes a direct weld can be made by
melting the Cu, All leads and connections are generously coated with
polystyrene Q—dopé and arranged in the channel in the spool just above

the mica, The sleeve is slipped on and sealed in place with epoxy resin,
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After drying and curing of the epoxy, final sealing of the Spobl-sleeve
seam is doné with Apiezon W wax disséi?ed in toluene and painted on,
The quaftz insulators are sealed at the top of the cap with Q-dope or
epoxy resin, | |

As was previously indicated, the therméﬁeter circuit is a Wheét-
stone bridge as shown in Fig. 4. The decade, D, is in a steel box to
“provide proper shielding. Exteﬁﬁing from the:bottom of this box into
the thermostat is an oil filled iron pipe containing Ry, Ry, R, and
R,. A six volt storage battery cut and wirgd to giQe iwo volts provides
a source of very constant current to.thé bridge which draws about 36
‘ﬁilliamperes. The low pass filter is designedAto attenuate a. c.
frequencies much greater than one cps. The potential divider, Ry, Ril,
may be used to reduce the sensitivity b& about a facior of ten, and
under these.conditions the dntire time-temperature curve can be record-
ed graphically. Thus accurate corrections for thermal leakage can be
computed from the curve. This will be discussed in more detail . later.

The d. c. breaker amplifier is:a Beckman Model 14 with an input
‘impedance of 50 ohms. The recorder is a Leeds and Northrup Speedomax
" Type G dual range, dual speed, self-standardizing model. Erratic
behavior of the original system was traged to temperature sensitivity
of the decade box, the breaker amplifier input cable, and the breéker_
amplifier itself. Therefoge the box and cable ame wrapped in pads of
glasé wool inéulating material and the amplifier is enclosed in a
styrafoam béx aﬁd is cooked by a stream of air.

The heater and -timer circuit is shown in Fig. 5. The input to the
heater circuit is a stabilized 115 volts and the timer input is a .

standard 60 cps frequency which is divided down to 1 cps. This is
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NOTES FOR FIG.5 . 1

1. A11 fesistors are coated metal film types unless otherwise specified.
When the wattage is not indicated, 1/8, 1/4, or 1/2 watt may be used,
but 1/2 watt is preferred when space permits.

Overall operation of the divider network can be checked by putting on
"O" and pressing "start" button. It is necessary to hold the start
button down for a time not exceeding 1 sec. The register then records
the elapsed time in seconds between sounds of the bell, which can be
compared with any standard clock. The "stop" button turns off the
counter at any integral second. ° :

N
LN

3. The timing error due to delay in operation of RE-1 can be determined
- by placing the "power'" switch on'0O.1 and using:thé "“energy output" as
a ‘gate to control” a timer operating at a frequency of 10kc or higher.
The net error should not be more than a few milliseconds, and is repro-
ducible. a

L. This bell is polarized and the polarity must be determined so that the
gong sounds when current is applied.

5. These numbers indicate the fraction of maximum power being applied.
The "power" switch, S-4, should be labled with these numbers.

6. Numbers in hexagons refer to.pin numbers on Plug-In board.

7. Adjust C-9 to minimize hum between floating "Energy Output" négative
lead and ground.

8. R-53 is adjusted so that variation in line voltage has minimum affect
on "Energy Output® voltage. '

9. C-19, CR-12, and R-44 serve only to insure that when the one switch
is turned on, the flip-flop Q8-Q9 always comes on in the "stop" positioen.

10, After turning on "power" switch, the 8.4 volt regulated supply for the

. "Energy Output" is within 0.1% of the final value in 15 sec., within
0.05% in 90 sec., and within 0.01% in 2 hrs.-

1 N o

11. Q-1, Q-2, Q-3, Q-4, Q-5, and Q-6 (2N706C) may be replaced by 2N1990's.,



coupled §0‘the heater circuit output and through on and off switches

| that start.and stdp the heater power on the full seconds A Bell sounds
when the heating starts and when it stops; a register records the number
-of seconds. The accuracy of the timing and stability of the output are
‘good to a few hundreths of a percent. A multiple pole switch permits
selection of the fraotion of maximum power to be applied. These
frasctions ‘are 0.1, 0.2, 0.3, 0.4, 0.5, 0.75, and 1.0. The égrraﬂz

'measuring resistor, which is: in series with the calorimeter heater, is
of the Manganin wire-wound type and is located in an oil bath. It has
proved to be stable to a few thoﬁsandths of an ohm over a year's timee.

. A Rubicon Type B High Precision.Poientiometef and box lamp ané scale
galvonometér are used to measure the voltage drops. across the.current
measuring resistor and calorimeter heater. Calibration heat inﬁuts‘are
on-the -order of'0.2 to 0.4 cal.ahd agree to a few hundreths of a percent.

The 'sample is contained iﬁ a‘sﬁall pyrex bulb of about 59“]
capacity and about 40 mg. in weight, with a flat, very thﬁn bottom.
Pfeviously, the bulbs were sealed with an Apiezon W coated pyfex bead in
the neck, but the gas in the bulb‘that esaapés upoh sealing';ontributed’
a large uncertainty to the wéight of the sampie. Now a fine pyrei
c#pillary tube is inserted into the bulb alongside the bead. (See Fige 6J.
A;ball of Apiezon W wax is placed in the neck on top of ﬂhe bead and £he
bulb is sealed as before with a hot wire, except that the cabillary

permits re-entry of gas to-the bulb as the bulb .cools. A piecerf 3-mil
tungsten wire with a small bead of wax is now inserted intc thé outer

end of the capillary and quickly sealed with a fine poiht hot wire. The

resultant weight loss and uncertainty are 3.50 ¥ 0.22/4g. This uncertainty

is usually less than 0.1% of the sample weight. Weighings are done on a

Rodder Model E quartz fibre torsion ba}ancé sensitive tO'VOoOE/Jgp

15
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B.: Oﬁeration
Usually, a sample is ioaded one. day and run the next morning.
. The thermostat temperature is lowered‘; few tenths of a degree and the
submarine chamber is'set in place and connected to the vacuum iine.
At this point, the temperature of the calorimeter rapidly approaches
that of the bath because the &acuum in the chamber isipoor. The next
morning, however, the vacuum is good and when the thermostat temperature
is returned-tq 2500 the calorimeter temperature lags behind. From four
to six calibrating heét‘inputs are no% madé which raise the calorimeter.
temperature nearer the equilibrium point. This point is a few tenths
of a degree above the thermoétat due to stirring, thermometer current,
and friction of the stirring shaft against the hanger.

As this calorimeter is qnly semiadiabatic; there is a constant
drift of fhe calorimeter temperature toward the equilibrium‘temperature——
the drift raté,being determined by the thermal leakage modulus and the
temperature difference. This drift is tracked on the recorder. The
reaction of ihterest is initiated at the proper time, such that the
heat evolved raises the calorimeter temperatpre from a point below thé
equilibrium temperature to a point above. The more nearly_equai the
correspoﬁdiné temperature differences are, the_smallér the thermal
leakage correction. Now Seﬁeral more calibrating heat inputs are made
to complete the run. Between each heat input a sensitivity check is
made to determine the number of recorder chart divisions per ohm change
on the decade.' |

To check the performance of thé calorimeter and the technique of
the.operator, saﬁples of very pure crystalline magnesium.were run in
1.00M HC1 solutions and compared with the value obtained by Shomate and
(2) '

Huffman on a much larger scale. The samples were freshly cut and
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mechanically cleaned of all oxide, weighed on the previously mentioned

torsion balance, and the weight corrected to vacuum. The measured heat
evélution'wgs corrected for evaporation of water.into thé dry hydrogen
evolved and into the dry atmosphere in the bulb, and for the heat of
bregkage qf the sample bulﬁ. The latter was determined by breaking
several bulbé containing a small amount of watgr and was found to be

about (&t3) X 1074 calories per bulb.



C. Calculation
To exemplify the calculations involved the evaluation of one

calibrating heat input and the solution reaction for a magnesium run

\

will be presgnted..

The amount of'heat-put‘iﬁto‘the calorimeter can be répresented by
the resistance change on the decade‘required to rebalance the bridge.

For this to bev;trictly true, the position of the track on the chart
paper after a heat inbut.mqst Be returned to exactly the saﬁe position
fhat if had at the initiation of the heat input.- Héwever,.since the
heat input itself and re-equiiibration of the s&stem requife a finite
_1eﬁgtﬁ of time, extrapolations of.the'fore-slope and after-slope to

the same time—-midpoiﬁt of the'héafing interval——are used. Also, since
-the decade can be changed only by integpal amounts, t?e two extrapolated
points do ﬂot usually coincide, but are ;eparated byva certain distance
repfesented by a cértain number of chart divisions. This Aistance can
be:converted to.ohms and fractions thereof by dividing by the sensitivity
in divisions ﬁer ohm. Thus the decade change required to returﬁ the
bridge to the same bélance point can be calculated.

If, now, the calorimeter heat.capacity and the temperature coef-
ficient of resistance of the thermometer are constant in the temperature
range of the run, the fractional change of the resistance of the thermom-
eter will be constaﬁt for a given amouﬁt of heat added, reg;rdlgss of‘the
initial temﬁeratﬁre.' Thus, referring to Fig. 4, the fractional change
of the resistance in the variable arm of thé bridge and the fractional

change in the resistance of the thermometer are equal to
500(25,000 + Ra) 500(25,000 + Rf)
500 + 25,000 + R_ " 500 + 25,000 + R

f

500(25,000 + Rf)
500 + 25,000 + Re .
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where Ry and Rf are the decade values for the after-slope and fore-

slope respectively. Or, more simply: .

_ {25,000 4+ R\ (ggxéoo £ R\ -
fece = (25,000 + Re) 125,500 + Ry)” T+

"The amount of heat for a given input can be precisely calculated;;so

“the fractional changé per oalorie can be calculated. These:values are
averaged ovér several heat inputé and ﬁhe average applied to the.frace-
tioﬂal cﬁange caleulated for the heat of reaction of interest.

The example heat. input was for 60 seconds at Q.4 maximum power,
and gave fo; the voltage dropsﬁé;ross tﬁeAstandard current meaéuring
resistof and the calorimeter heétpr, 0.84235 ve. and 0.54997 v. re- |

speétiveiy. .Thus we éalculgte: |
| Rt
- 44184

= (Est)(EH)

t
Rgy LelBl

The value of Rgt is 24.809.n; thus for this heat input:
'Q 20484235 X 0454997 X et
Q= 084235 x 034997 X 7559 % Lu1es
' Z 0426778 cal.

The decade value for the foreeslopé was 29650 and for the after—
slope wés 3128n.. Both slopes were extrapolated to the midpbin£ of the
heat input. The extrapolation of the after-slope.was Le7 chart divisions
down scale from that of the fore-slope which means that the resistance
chéngé.§n the decade, 163 5. , was too large to return the bridge to its
férmér Salance peint. Sensitivity.chépks'are made at intervais‘throughp
out the run, as inqicated previously, and.are plotted as divisions per
ohm vs. average ohms on the decade. The sensitivity for tﬁisiheat |

input was 2.564 91Ve Thus the decade change required to balance the
v . . ‘[L . ’ .



bridge was:

1630 = el 8V - 94 974
2,564 4iv
-

The after-slope résistance, then, should be 3126.17.n « The fractional

‘change can then be calculated: |

| 55,000 4+ 312641 (2’ 00 4 2965
foce =125,000 + 293'5"'”' 25“‘, 500 + 312%.17 -1

‘= 1,0057632755 x 0,9943698371 = 1
040001006649

and the fractional change per calorie i then:

foce = 040001006649
cal 0.26778

= 3475924 x 1074

‘Si@ilarly, the fraotiénal éhange per calorie for the other heat
inputs is calculated and the values‘averaged.

~ The calculatiqn of the fractional change for the réaction involves
correction for the net ﬁeat leakage between the calorimeter and the
environments As wés indicated previously, the steady state témperature
is scmewﬂat higher than the environmental témperature. The thermal

leakage modulus, M{l" is expressed thus:
- aT
Mp = '&'E»/( Tactual = Tss)

‘where Tactual gnd Tss are the actual temperature of the ‘calorimeter and
the steady state temperature respectively. To é suffic.:iently‘ gobd' ap-
proximation, the resistance of the. thermometer varies linearly with
temperature so the leakage modulus can be expressed as an "ohmie

leakage moduq.us" » Ma,

-Maaz= %%/(Ractual - Rgs)

where Ryctual and Ryg are the actual decade setting and the decade

21



, éetting at Tgg respectively. M, and Rgg are caleculated from the fore- 22

slope and after-slope which are expressed as the number of chart divisions

the track crosses per unit time.. Since the chart flow-rate is constant
and the sensitivity is known, the slopes are expressed as ohms per |

' mllllmeter. The fore-slope is extrapolated to the beginning of the
¥e$ction and the after-slope extrapolated to the end of the reactlon.
These two extrapolation points differ in time by the duration of the
reaction, and also, usually, by a certain number of lelslons which is
§§rrec£ea for as it was with each heat input. (See Fige 2) In this

_case the difference was -he9 dive or -2,05a.. R, is then 3793 - 2.05

- or 3790.95a.. | o

. "Thué“for our example:

. -19. 6 div
. . fore~slope = T00mm x R 514 d1v

- - 6007796 i
. mm

+ 3300 div

after-slope = T
, P 100mm x<2.388‘%%¥
T+ 0.1382 pde
Mf\- - /(Rf 35)

- 0.07796/ (3334 - Rgg) mmt

mé = dRa
™~ 4 [(R, - Rgg)

+ 0.1382/ ( 3790.95 - Rgg) mm~L

M = M2, so:
( 3790.95 - Res)
2.773 Rss

| Rss = 3498.78 &
(Rf. - Rgs) = = 164.78 -~ .

‘ (Ra - Rss)

- 1.773 (3334 - Rgg)
9702.13

+ 292,17~
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2L
0.1382.0-
—l
292.17 f.
. R T !
=" 4,730 x 10 'mm
As was mentioned previously, the potgntial divider permits moni-
toring the temperaturé curve during the reaction. The curve in this
example goes across the Tss as 1s indicated by the change in.:§ign of

the slope, and the position of Rss on the high sensitivity and the:

sensitivity ratio. This ratio is 11. Thus:

Sensitivity ratio

aiv mm

Lov sensitivity %
. P . m
High sensitivity —5—-x

It

div
| 11 = 237 2
div mm :
2.451 3 2.1 Free
Here 2.451 Q%l is the average of the high sensitivities before and afterl.

.the reactioﬁ

R =-R 164.78 o

ss . T

and

6T | 773 o
2.137 —
mm

Thus Rss can be drawn across the temperature'curve T77.1 mm up-~scale from
Rf on the low sensitiyity; This ié shown in Fig. 7. The areas A and B
represent the heat that leaked into.and out of‘the calorimetef‘respect-
ively, and are measured by supefimposing thin mﬁ gfaph paper on the
chart and counting squares. The low sensitivity value in ohms per mm
times the leakage mdduius gives the number of ohms per square millimeter.

This factor times the net area, (B - A), gives us the number of ohms

to be added to R_ for the heat leak correction. _

2.137 E%’X L.730 x 10’” m L = 1.011 ><.1o'5 —95
. - - mm
(B = A) = +1671L mm2

correction = 1.011 1072 AQE x 1671 mm2

mm
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correction = + 1.69.v
and-iiRy = 3790.95 - 1.69
| = 3792.64 <
The fractional change is 2.76296 x 10~4. Dividing this by the average
fractional change per calorie of the several heat inputé gives the net
neat of the reaction: J |

217630 x 1074 -
3.7553 x 107% cal-1

0.73576 cal

As was pfevious&&'mentioned, this net heat value.must be corrected
for the heat of breakage of the sample bulb, and the heat of vaporiz-
_ation of the solution into the dry hydrogen evolved and the air in-the
bulb. The heat of vaporization of water is used to apbroxhnate the
heat effect in the one molar hydrochloric acid used and is 10,430
célofies per mole. Thus one calculates for the heat of vaporization
of water into the dry hydrpgen 0.002157 cal., and intﬁ'the aif in the
bulb at A4E relative humidity 0.000201 cal. The heat of breakage
is 0.000560 cal. Thué the heat of solution 6f 161.22ug of‘pure Mg
metal in 1.00M HCl is 0.73756 cal. or 4Hggg = -111.2 Kcal/mole.

Table 1 gi#eé the corrected results for four runs.

TABLE X

Heat of the Reaction Mg + 2H*—> Mg** + Hyt

Sample Weight  Heat Evolved AHagg

() (caloriss)  (Kcalluole)
1. 51.97 0.2377 - -111.2
2. 65.85 0.3023 -111.6
3. a7 0.3846 1111,
be 161.29 0.7375 -111.2

Average -111,3 £ 0.2




Shomate and Huffman's value is -111.322 ¥ 0.041. The results
indieate that there are no significant systematic errors and that.the

precision of the operation is about 0.2%.
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ITI. MATERTIALS

A. - Buropium. Metal

Buropium metal can be obtained commercialiy in quite ﬁigh purity:
99.9% with respect to all contaminants, is clai@ed. ,One sample of metal
was quite pure spectrographicélly, but coﬁtainéd small, random inclusions
of a reddish powder. The néture of this powder is unknown; but it
rendered the metal unsuitabie for use as calorimeter samples. A second
metél sample from the same firm was double distilled, but still shbwed
' the red inclusions, this time in the form of thin red streaks instead
~ of pockets. An attempt was made to "slagf this Utwo-phase” metal by
" packing a small Ta cruciblé wiéh cﬁunks and melting under high vacuum.
There was very littie separation of the inélusidns'from the metal, and
only a very ;mall portion at the top of the resulting ingot proved‘
satisfacfory for calorimetér,éamples. |

A small rod of europium metal was kindly furnished us by Professor
Frank Spedding, and this proved to be quitg satisféctofy, One end of
this rod vas free of any visual contaminant. The chemical purity data
for this sample are given in Table II. All Eu metal célorimetér samples
were taken from this rod.

The samples were cut and mechanically cleaned in a dry nitrogen .
"nert atmosphere" glove box. The hitrogen vas ‘obtained by boiling‘
liqﬁid nitrogen to flush the box for 16 to 18 hours. The box atmos-
pheré was then recycled through a liquia nitrogen trap to remove water,
and a copper wool furnace at 600°C to remove oxygen. Under optimum
conditions, freshly cut europium could be held free of tarnish for
about two hours. Lpnger exposure to the box atmospheré would generate
a faint golden tarnish. No samples were ffee of tarnish because of the

extreme reactivity of europium and the imperfect box atmospheres, but



TABLE 11

Analysis of Europium Metal

(results expressed as %)

Sec< 0.01

- 41<0.01 Gd < 0.05
Ba <0.01 Ho< 0.05 51<0.01

' Ca<0.01  la<0.01 Ta< 0.1
Nb< 0,01 Iu< 0.05 Tb< 0.5
Ce < 0.05 Mg<0.01 Tm<0.05
Dy < 0.05 Na <1 Yb<0.01
Er < 0.05 Nd <0.1 Y <0.01
Fe <0.01 Pr<0.5 Zr < 0.01




the variations in tarnish realized did not affeect the precision of the
results outside of experimental error. It is assumed that an absolutely
~ tarnish-free samplé would yield results that differ from those obtained

by less than the experimental errore.

29



30

B. ZREuropium Monoxide

Europium monéxide was prepared by direct combination of the metal
and the sesquiéxide,bboth 99.9% pure, in vacuum &t high tempefature in
a.sealed tantaium crucible in one method, and in a closed but.unsealed
tantalum crucible in the other.'(See Fig. 8.)

The unsealed system contained a portion of 6xide, and a 5%

stoichiometric excess of metal according to the reaction:

1.05 Eu + Euj0, -3 Eu0 + 0.05 Eu (1)

5
The oxide was pretreated by heatiﬁg in an oxygen atmbsphere overnight(B)
at MOObC to reméve carbonate and absorbed gases. The éxide was then
stored under dry argon. The metal was cut and cleaned in the inert
atmosphere box, sealed in a small tared glass bulb, and weighed on an
AinsWérth Type V.M.  Assay balance to 0.01 mg. The correspoﬁding amount
of Euzoj‘yas calculated, weighed,-énd combinéd with thevmetal in the
crucible in the dry box. The 1id was set in place and the crucible,
suspended in an induction shield, was loaded in the vacuum line. The
~ system was carefully outgassed by gentle heating with a R.F. induction
.heater until tpe température could be raised with no incrgase in pressure.
The crucible was then heated in high_vacﬁum at from lhOOOC to
1550°C for about four hoﬁrs at a pressure in the low 10-6 mm Hg range.
The crucible was opened in the dry. box and the reddish-brown crystalling
powder removed. The analytical data on four.preparations by this method
are given in Table III, numbers 1, 2, 3, and k4.
Preparations 5, 6, and 7 were made in sealed systems. A heavy-

(%)

walled tantalum crucible with a properly machined 1lid for subsequent
heliarc welding was us€d. The europium metal was cut, cleaned, and
weighed as before; and the exactly stoichiometric amount of Euéo5

calculated, weighed out, and combined with the metal in the crucible.
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TABLE IJT

Eu0 Preparations Analyses

lattice
No. Parameter .
L a,-= 5.142? '
2. a_ = 5.1428 A
3. a_ = 5.1429 ]
L. a = 5.1430 1
5. a, =.5.1435 R
6. a = 5.1477 2
7. ag = 51432 '
8. a = 5.4k 2
9. a, = 5.1419 ?
10.  a, = 5.1421 2
1. a = 5.1431 P
12. a =

= 5,1430 &

Stoichiometry

0/Eu = 1,022, 1.020, 1.022, 1.019

= 1.021 + 0,001

]

0/Eu = 1.013, 1.009, 1.007, 1.010
= 1,010 # 0,002
3¢ 3*
0/Eu = 1.022, 1.035; 1.176, 1.299

1.04, 1.02, 1902, 1.02

0/Eu
= 1,02 + 0.0
O/Eu = 1,030, 1,026, 1027
- 1.028 + 0,002

0/Euw ='1.017, 1.038; 1.334, 1.332" .

I

6/Eu = 1.04, 1,05, 1.07, 1.04

= 1.05 = 0,022

#
listed lattice parameter does
not apply to these numbers




The lid ﬁas then Qelded on and the system leak checked at room tempera~
ture. It was heatéd as before buﬁ cooled slowly: reduced to about
8CO°C over a three-hour interval., All samples proved to be 99.5%
bﬁfé:spéctrographically; |

EachApréparation appeared to'be inhémogenaxs to a certain degree.
They all‘exﬁibited an occasional'sﬁall pocket~of a brighﬁ yellow powdér.
The periphery of the pocket was a dark wine color which faded into the
reddish?browp coloer of the ma jor phase. The nature of these inelusions
is unknéﬁn; bﬁt they are probably.europiumroxygen combinations of
var&iﬁg'oomposition. The amdunﬁ of theiinclusiQns was estimated at
' lésg than 0.1% of the major phase. VWhen the ggglomerated piecés wére
broken up to yield chunks of a size suitable for the calorimeter runs,
the inelusions could be removede Preparations numbered 3. and 6.
showed sﬁbstantial portions, 15 to 20%, of a second ﬁhése whicﬁ.was
significantly darker in color than the other phase, and wés not as well
'aggmmerateq nér as lustrouss. Powder patterns of samples from each of
these portions agree .with each other, but show no Eu0 lines; Achard(5)
mentions a phase with an O/Eu ratio of 1.3 calculated froh X~ray
evidence. Barnighausen and Brauer(é) report a new europium oxide with
the composition Eu30h made ffcm an~equal—mola; mixture of EuQ and

EugO3 heated to 900°C for 2 hours under a pure ingrt gase Tne formula
was_determined by comparing the intensities and pdsitions of the ﬁowder
pattern lines with those of EupSr0,. Both substances are orthorhombic
with thé i‘ollowing.- lattice parameters:
Eug0,  EuySr0,
a 10.094 8  10.133 %
b 12.068 - 12,081

¢ 3.500 .. 34979
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The squares of the sines of the angles of diffraction calculated from
Breuer's data are not in complete agreement with those observed here;
therefore, it is not claimed that the second phese observed here is -
pure Eu30 .

I
by this authore

No further characterization of this phase has been done

The oxygen-to-eurcopium ratios shown in Table IiI'were obteined by
igniting a known weight of sample to constant weight of Eu203. Frcm
iten to twenty milligrams of "EuQO" were weighed in small quartz weighing
bulbs to a ﬁundredth of a milligram on the Ainsworth Type V.M. Assay
baiance. The bulbs were loaded in a dry box and were fitted w1th small
glass stoppers to minlmlze contact of the sample with the air during
weighing. They were then ignlted at 700°C in a1r; the weight increases
were measured¢on'the previously mentioned.torsionAbelance and.were from
one—half to more than oce milligram. The ignition product powder pattern
agreed with the monoclinic phase of Euy03. In Ereparations 3. and 6.
it was intended to determine the stoicbiometry of both the usual reddish-
brown phase and the other or dark brown ‘phase. In each case the first
two values are for the reddish~brown phase.

Concerning this phase it is noted that the lattice parameters for
the several preparations are essentially constant with the exceptions
.ofrnrmber be These~can be compared with tce value from a sample from
Los Alamos Scientifiec Laboratory: 5.1443 8. The literature values
inelude 5.1439 &, (Ps.141 R, ®and 5,14 8857,

Monoxides can erystallize with one or hore of three different
crystal structures: sodium chloride, zine blende, or wurt21te with
_some variations and defect structures. 1In the NaCl form, each atom is
octaﬁedrally coordinated; while in the zine blende and wurtzite structures

the coordination is tetrahedral. This difference can be seen in the
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powder patﬁern of the sample in phe relati?e intensities of the following
pairsAof reflecticns: 111,200; 311,220; 331,420, The x-ray data for
Preparation 2 is presented in Table IV. The observed relative intensities
of the three pairs of reflecti&ns agree with the calculated values in- |
.dicating a NaCl type face-éentered cubié structure for EuO.A This is
‘also the case for the alkaline-earth oxides and the monoxides of maﬁy
of the transition metals. The literéture §ontains data on other
lanthanide monoxides: La0—5.249 %,(9)ce0—s5.11 £, (10) yao—s. 068 §,(*
smo—4.9883 £, 7 ¥b0—4.86 R,(5)a11 of which are foe NaCl type. With-
in.the accuracy of the results in Table III, n&thing definite. can be
said concerning the co#relétion between lattice parameter and the O/Eu,

All the eurépi;m monéxide analyses known to tﬁis observer have
shown a non-stoichiometric composition. This includes the one sample
- from the Los Alamos Scientific Laboratory where the 0/Eu was 1.009,
The latter preparation consisted of the stoichiometrie combination
of Eu and Eu2031n a Ta cépsule welded shut under high vacuum and then
heated at ;65000 for 8 hours. The lattice parameter measured 5.1443 R.

As‘the data are presented, an excess of oxygen is indicated; but
this ean also be represented as a deficiency of europium: an oxygen
lattice with some vacaneies in the ootahe@ral positions. "Iron mon-
oxide, FeQ", presents just such a case}(lz? Oxides with Q{Fe from
1.06 to 1.19 show a decrease in density and unit cell volume with
increasing oxygen content indicating iron deficiency. The composition
can be'expregsed Fey, 0,0 to Feo.eao; |

"Mangahese.monoxide" has shown a composition range with the O/Mn

from 1.0056 to l.Ohh.(IB)it was referred to as having cation vacancies,

thus the formula range is Mn0.99hOAto Mno.§570. "Vanadium monoxide"



TABLE IV

Powder Pattern Data for Eu0 Preparation 2.

sin

" Reflection 3 hkl "t obs. calc.
1. 15,08, 111 0.06769  0.0674
2 17.45. 200  0.08992  0.0899
3 25,13- 220 0.18034 o.;79'7‘ |
L 29.83 - 311 0.2474k  0.2471 ©
5. | 31,30 - 222 © 0.26990 0.2696
6 3%.88 400  0.36017  6.3595
7 e 40,78 331 0.42662  0.4262
8 o, 40.93 h 0.42921  0.4283
9 oq 4205 420 O.4486L  0.4486
10 o 4218 | 0.45086 0.4508
11 g 47.23 422 0.53889  0.5383

12 e, 4738 0.5,149  0.5410
13 o 5L.10 g% 0.60566 06056 |
1 ot 51.28 0.60873  0.6086
15 g 57.93 LLO 0.71809 0.7178
16 ot 58.13 0.72133  0.7213
17 o 62.338 531 0.78507  ~0.7851
18 o 62.68 0.78936  0.7890
19 oq  63.98 L2 0.80755 0.8075
20 0K 64.30 0.81195  0.8115
21 oq 7133 . 620 0.89753  0.8972
22 o LT3 | 0.90172  0.9017
23 o 79.18 533 O0.96k76  0.9645
2 oty 0.96921,

79.90

0.9693

Intensity

obs., . calc.
S ‘ 100.00
S- : 79063
M 55,44
W - 18.68
T 8,60
M- 19.67
‘M 2L.67
M~ 20.08
M 19.00
W 9.57
Mt 32.63
M 22.0L
M 30,06
M L1.58
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has a homogeneous NaCl type phase over the composition range: O/V = 0.80
to 1.20, showing random vacancies for both cations and anions.

The failures of the attempts to prepare the exactly stoichiometric
éompound may indicate. its instability at the preparation temperatures.
There is also the possibility that there is an appreciable vapor pressure
of europium over the oxide phase which doeésnof re-equilibrate with the
substrate upon éooling. Achard(5) reports that EuO can be distilled at
17OOOC in vacuum without:decomposition, yielding a distillate of ﬁn-
changed structure and lattice parameter. There is.the possibility that
his vaporized species was really europium metal which was oxidized to
Eu0 by residual oxygen in the system, but in a well degassed system
this possibility is unlikely. He did nétrsay at what pressﬁre the
distillation took pléce. Stoichiometricianalysis of the subsﬁrate
would indicate the vaporizétion process.

| The material used for the calorimetric analyses was Preparation 1:

Euo For the purposes of calculation, it was éonsidered to be an

1.021°
ideal solid solution of Eu,0, in Eu0, but this is almost certainly not

273
the case. It is thus represented as EuO-O.OQlEuéOB.

Calorimeter samples of Eu and Eu0 were of about 500ug mass and
were prepared as was described previousl&.' This sample size was chosen

because of certain limitations imposed by the microcalorimeter.

C. Solutions
The solutions of HCl used were prepared from analytical grade
reagents. The solutions used for'.the Eu metal calorimeter runs were 0.1 N
HCL saturated with O2 gas. Those for Eu0 were 1.0N HC1l saturated with

0, gas. The function of the O, gas will be discussed later.
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IV. CALORIMETRIC MEASUREMENTS

A. Europium Metal

The experimentally observed heéts of solution of europium metal
" in oxygen-saturated hydfoéhlorié acid are,giveﬁ-in Table V.

..For accurate calculations, a well—defined calorimeter reaction is
of priméry iﬁportance. "In the casé of europium there can be some uncer-
.tainty depending on the composition of the solution ét the start of the

reaction. When the'solﬁtion is saturated with oxygen gas the reactions

are considered to be:(lh)
+ 2 ’
Eu + 2H ->1~112+H2 (2)
+ +
Ea’® + B+ o, »Eu + Lu0 (3)
and for the total reaction:
+ +
Eu + 3H + 30, —Eu >4 FH0 + Hg (&)

In acid solutions there is one other competing reaction for the

oxidation of Eu+2:

Eu+2 +‘H+ -—aEu+5 + %HQ o (5)
But in cqnsidering the relative reaction rates, reaction (3) is much
faster than (5). Samplés of europiuﬁ metal were dissolved in argon-~
flushed media and the absorption spectrum taken with a Cary Model 1k
Recording Spectrophotometer. These solutions showed sfrong absorption
in the ultraviolet: with the europium concentration approximately
thousandth molar, the'optical density was greater than 2.0 at wave
lengths less than 3000 X. However, in an oxygen—flushed medium there was
no such absorption. Depending on the efficienéy of the argon flush,
the absorption persisted to a measurable extent for more than two hours,
whéreas the heat evolution of the reaction in an oxygen-saturated medium

in the calorimeter was complete in 1 to 1% minutes.

The hydrogen gas evolved from the solution of samples of La and Fu



Heat of Solution of Europium Metal in O, sat'd. 0. 1N HCl

TABLE V

1.

14-0

Sample N Heat AH2§8 5

Weight Molarity Evolved (cal) (K l/. 1
(/‘g) cal/mole)
403.4  3.318x 107%  0.4376  ~164.85 + 0.6
L00.5  3.29h x 107% 04347 -164.94 * 0.6
4L62.L  3.802 x 107%  0.4987  -163.91 % 1.0
5k6.6 LiA96 x 10TY 0.5925 - -164.77 *+ 1.0
~164.62 * 1.0

Average
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metals in oxygen-saturated 0.1N HCl was measured and found to yield

. bydrogeh—to-metal mole ratios of 1.53 and 1.02 respectively. Thus it
is claimed ‘that in oxygen-saturated acid,Areaction{§5)-broceeds to a
negligible extent; so the calcﬁlations are base@ on reaction (4).

It was also attembted to run europium metal in an oxygen-free
medium thus éliminating reaction (3); and since reaction (2) is much
faster than reaction (h), the heat effect due to reaction (2) can be
measured which, except for small corredtions, is just the heatof for-
. mation of Euzz .

aq) _

Maintaining an oxygen-free solution proved to be rather difficult.
Simply flushing the acidIWith argon and loéding in an inert atmosphere
'proved to be inadequate because the solution in the calorimeter is open

to the atmosphere along the stirring shaft. Since there is a small
clearance between the shaft and the guide in the hanger, a mercury
droplet was used to fill a small space-around the shaft above the guide.
The mercury would not drop'through the small clearance. . In addition

an "oxygen scavenge" wasrput in with the flushed acid when the run ﬁas
loaded. The "scavenge" was a small‘piece - about one milligram - of
europium met;l which would provide europous ions to react with the
residual oxygen. Bgt since thé mercury does not wet the shaft and
hanger, there was still a small.leak which consumed all the scavenge’
during the long pump-down time. However, if an appreciably larger
scavenge - about six milligrams - was used, the solution could be main-
tained gﬁygen free for a sufficiently long period of time.

However, the heats of'soiutién ofieuropium metal in such solutions
varied considerably. Visuai observation ofleuropium metal dissolved

in oxygen-free hydrochloric acid revealed é residual white material
that could be centrifuged, The solution would also)exhibit a Tyndall

beam. Thus @he @alorimeter reaction is not defined. The nature‘of

40



this white material is unknown, but it is possibly a polymeric hydrated

europous oxide or eufbpous hydroxide. In tﬁe immediate viecinity of
the dissolving metai, the pH is probably quite high, as the hydrogen'
ions are consumed; this could lead to the hydroiysis of the Eu""2 formed
and subsequent polymerization of the hydrol&sis product, which is only
slowly attacked by hydrogen ion. There is also the possibility of the
oxidation of Eufzto Eu*3by sz with hydrolysis of the Eu*3 as Eu*3 |
hydrolyses more readily than Eu*2. The polymer formed then could be
one containing Eu'3, |

The situation is thermodynamically quite different when oxygen is
plentiful in the solution: Eﬁ*z(aq) is no longer so stable and the
dissolution proceeds much more .rapidly to completion.

The calorimeter reaction may be better defined if the europium
sample ié alfeady as Eu II. For this case we used "europium monoxide"

whieh is described in the next section.

L1
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B. "BEuropium Monoxide"

The experimental values for the heat of solutions of "europium
monoxide" in oxygen-saturated hydrochloric acid are tabulated in Table
. . . ‘

It was found that the "Eu0” aid not dissolve as readily in 0.1N
HC1l as the europium metal, but instead reqdired 2 to 3 minutes; a suitébly
fgst dissoluﬁion vwas obtained in 1.0N HCl{ hawever.' As in the case of
the metal, these solutions were éatufated with okygén gas to define the
.calorimeter reaction: |

+2

Eu0+0.021Ew, 0, + 2.126H —Eu'® + 0.042Eu™ + 1.063H,0  (6)

273
Eu' +H' +0.250, »Eu'" + 0.5H,0 7
and for the total reactioﬁ:
Euo..;o;oélmféga_ +3.126H + 0.250,, S 1.0k2Eu™ + 1. S63H,,0 (8)‘
The uncertginty_in the average value for the heat of solution of

Eul is rather large and indicates a degree of inhomogeneity in the

1.021

material. This is not noticed in the stoichiometric measurements because
there the sémple size was about forty times larger, whereas the calori=-
meter samples were chunks of the proper size chosen at random from the
broken-up agglomerate.

As was mentioned previously, "Eu0"” was used in én attempt to
determine thé.heat 6f formation of Euzzq). The.oxygen—frée solutions
were prepgred by running a solution 0.005N in Eu.+3 and 1N in HCl through
a Jones Reductor and loading in an inert atmosphere. The solutions
thus prepared provided very éénvenientiy an oxygen-free solution with
sufficient Eu+2 scavenge. The expected calorimeter reaction is then .

: +
reaction (6) from which.the heat of formation of Eu(sq) can be calculated.

However, reproducibility in the heats of solution was very poor,



TABLE VI

. . . .
Heat of Solution of EuOl.021 in O2 sat'd. 1.0ON HC;

Sample
Weight

(ue)

. 439.3

4Lk 2
359. 5
305;0

. Molerity -
2.61 x 107%
2.46 x 107%

2.13 x 10°%

1.82 x 10°%

Heat

Evolved (cal) ARy04 o

0.2936
0.2311
0.1957
0.1636

Average

(Kcal/mole)
-87.7 + 0.8
-89.8 % 0.7
“87.5 + 0.7
-86.3 + 0.6

-87.8 £ 1.7
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and the values for the heat of formation of Ed+?

appeared to be about
15 Keal too negative, as compared with the calculated value. Here;
as in the case with europium metal mentioned previously, the calorimetef
reaction does not appear to be wéll-defined. The dissolution rate in
this case is much slower — 7 to 10 minutes — so the increase in pH
around the sample may noﬁ be as rapid, but since the starting material
is already the oxide, the cenditions for formation of a hydrated oxide
polymer mnay stlll be favorable. | |

It is recommended that Eu012 be used for the determination of the
‘heat of formation Eu(aq) as it is readlly soluble without change in
pHe. The heat of solution in oxygen—saturated HC1 would yield the heat

of formation of EuClz(c);‘this value and the heat of solution in oxygen-

free HCl would yield the heat of formation of Eﬁzgq).
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V. RESULTS AND DISCUSSION
The calorimetric meésurements of the heat of solution of europium

metal in oxygen-saturated 0.1N HCLl permit the calcuiation of the

standard heat of férmation of Euzzq). If we subtract from the average
héat of solutibn given in Table V the heat of formation of one-half

mole of ﬁater,(l5) néglect the slight change in the composition of

the HCl solution due to consumption of #' in the dissolution  of the

metal, and approximate the state of infinite dilution by 0.1N HCl,'we

obtain .
HO  +3 =:=130.4 % 1.0 Kcal/mole.
fE ‘
*(aq)
A plot of the experimental heats of formation of aqueous triposi-

(16,17,18)

tive lanthanlde ions is given in Fig. 9.

It is noted that the heat of formation of Eu(5q) ié some 33 to 3k

Kcal more p051t1ve than the values for Sm(Zq) or Gd(aq)’ put it should
also be noted that eﬁropium metal is very unlike .either Sm or Gd. Some
of the pertinent physical propertiés of thétianthanide metals are included
in Table VII}(19) For ‘each of the properties listed, Eu and Yb are the
anomolies. | |

' Fig. 9 1ndlcates that for most of the rare earths there is roughly
a linear decrease of only about O. 8Kcal/mole per atomic number in the
heats of formation of the.aqueous tripositive ions. Hence, for these
elements, the terms‘in the Born-Haber.cycle:

+
o) Mgy NG * 3¢ ity ) + 5/

must sum to the same wvalue within a few kilocalories.

(19)

Values for the first ionization potential are tabulated for
most of the lanthanides, but only for lanthanum are the first three

known.(l9) The sum of the first three ionization potentiéls for the
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Some Physical Propertieé of Lanthanide Metals

TABLE VII

Ce

Pr

- Nd

“sm

Eu

&

Dy

. Ho

Er

Lu'

Met.
Valence

3.1

2,9

2.1

D W W W W W Ww

(@]

W

M.P. °C

. 920
797
935

1024

1072

826

1312

1356

1407

161

1497

1545
824

1652

O

9.81

HS Met.

 £2a§7§51éf g/cc  Rad. R
99.5 6.18 1.88
97.6  6.79 1.83
8L.7 6.4,8 1.84
75.6 6.96 1.83
50.6 7.50 1.8l
42.2 5.30 2,04
81.3 7.96 1.81
(72) 8. 25 1.78
69.8 8.45 1.77
75.0 8.76 1.77
75.4 9.04 1.76
6.1 9.27 1.75
L1.5 7.02 1.96
94.0 1.73

cc/mole

22
21
21
21
20.
29
20
19
19
19
18
18
25
18

L7
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rest of the lanthanides can be calculated from the Born-Haber cyele

.with values for the standard heats of formation of phe aqueous tri-
positive ions, the heats ef sublimation, and the heats of hydration
of the gaseous tripositive ions. |

The heats of hydration can be estimated from the Born equation.

2
a 1
E=5(1-5.

where q is the eharge on the ion in esu, r is the radius of the hydrated

ion in centimeters, and D is ihe dielectric constant of water. In the

neighborhood of the charged particle, the dielectrie constant is prob- |
ably mueh different from the bulk value of 78, but unless the value is

| drastically different from 78, the (luéj%) term effects the energy by

only abour a percent.

A measure of the radius of the hydrated ion is the ionic condue—
tance at infinite dilution. The trend of the hydrated radii is the
inverse of ehe trend of the ionic:coﬁductances, if Stekes Law for the
flow of a particle through a viscous medium is assumed to approximéte
the case. ‘If the radius of one ion can be determined, the others can
be inferred from conductance data. Only in the case of lanthanum
are the necessary data available for the calcﬁlation of the radius of
the hydrated tripositive ion. ; ‘ |

The heat of hydration of Lazé) can be calculated from the sum of
the first three ionization potentials, the heat of subiimation, and the
standard heat of formation of Lazgq) using the Born-Héber cycle:

AHHyd. = £L.P. *AH _éH?‘Ia-*B
= 835 + 100 + 169

= 1104 Kcal.



With this value and the Born equation, and using 78 for the dielectric
constant of water, the radius of the hydrated tripositive lanthanum

ion can be calculated:

(3 x 4.80 x 10102 1\ 6.023 x 10°2
1104 = 2 (1 - &) 20 >
L3 g 4184 x 10

rHyd. = 1,36
(20)

Conductance data on several rare earth salts are available and the
'1onic conductances of the trip091tive rare earth aqueous ions have
been tabulated..(2 ) These show a decrea51ng trend 1ndicat1ng an in=
creasing hydrated radlus, as would be expected. The hydrated radlus
of any lanthanide trlpositlve ion c¢an then be expressed as the ratio
of the 1onic qonduetance of L ?gq) to that of the other ion times
the radius of ﬁafgq).

The‘heatseof hydration of_the éasaous tripositive4ions can now
be estimated, and for those lanthanides for which the heat of formation
of“the aqueéous tripositive ion is known, ehe sum of the-first three
ionlzation potentials can be caleculated, All taese data are tabulated
'ln TableVIH’ and a plot of the heats of hydration and sums of the flrst
three ionization potentials is given as Fig. 10.

The calculaiion of the hydrated radii is admittedly*empiricai.
One would expect the radius'ef the aquedue ionic speeies to be nearly
approxlmated by the sum of the crystallographlc 1on1c radius plus the
length of the assoclated water dlpoles in the first hydratzon sphere,
In the case of lanthanum thls sum would be ar ound four anvstroms ’ bu’c
then one encounters large 1nconsistancles in the caleulated values for'
the hydration energy. |

For thejpurpose ef the present consideration, suffice it to say

that the resulting jonization potential sum does show the expected
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TABLE VIII

Jonic cond.
atoo dil.

+3
I.C. LagZ )
I.c. M3
: (aqg)
TN

rHyd.

~AH Kcal.

Hyd

AH 0

s b.Kcal.

~AH ., *3 Kcal.

Maq)

. I. P. Kcal.

I. P. e.v,

Ia Ce Pr Nd Sm Bu o To Dy Ho . Er T Yb In
69.3 . 69.9 69.2 69.5 68.2 67.9 67.0 ' 65.7  66.0 165.8 65.5  65.4
1.000 0,991 1.001 0,997 1.016. 1.021 1,034 1,055 1,050 1.053 1.058 1.060
1.36 i.35' 1.36 1,36 1.38 1.39 1.4 L43 143 'i.A3 | 1;n4'. 144
1104 | un 1104 | 110, 1087 1079 1064 Y049 1049 1069 1ok 1042
00 98 8 7% s 42 a (1) 70 75 75T s k2 o9
169 167 'iés #63 164 130 163 159
835, 8u6 851  #5 872 907 820 815
6.2 %7 36.9 3.5 3.8 9.3 35.6 35.3

05
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trend through Sm, and the peak at Eu and drop to Gd are significant,
even through the absolﬁte~value may be in error. 4

The formation of‘Euzg) involves the breakiqg of the relatively
" stable half-filled 4f shell of electrons. If the trend through Sm -
is continuea tﬁfough Eﬁ, the vaiue for.Eu is about 38 e.ve. which -
indicates that the additional stabilization energy of the eleectron
that completes the half-filled 4Lf shell is about 1.3 e.ve. or 30 Keal.
J¢rgense£2§gs given an expressibn from whioh this energy can be calcu-
'layed. He says that the differenceé between thé values of the expres-
sion DS($ + 1) for qand q+ 1 iﬁcrease linearly with q except whére
q =24+ 1, where the difference jumps to D(2£+ 2). Here D is his
spin-pairing energy parameter, q is the number of 4f electrons and é
and lhhave the usual significance. The sequence of interest is tabu~
lated in Table If. Instead of the difference being 3.75D for q in-
creasing from 6 to 7, as the plot would show, the difference Jumps to
'D(2,&4-2) or 8D. So the "hump in the ionization energiés"iis the ex-
pected or plot value subtracted from the peak. Thus:

8D - 3.,75D = L.25D

‘Jgrgensen's value for D in this case is 18.5 Kecals, so the theoretical
value for the additional stabilazgtion.energy for the electron that
qompietes the half-filled 4f shell is about 80 .Keals. This is in
. reésonable agreement wiﬁh our experimental value.
| The calculated values for the sum of ﬁhe first three ionization
potentials for Gd and'Eg appear to be too. low: éne.would expect them
ﬁo be more positive than the\valué for Sme What is indicated is that

the coﬁﬁiguration of Gd*3, (Xe) 4f7, is more stable than the config-
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TABLE. IX
q S . DS(S+1)  Diff
1 . 1/2 0.75D
2 1 2.00D '
‘ . 1.75D
3 3/2 3.75D
: 2.25D .
4 2 6.00D :
o 2.75D
5 '5/2 8.75D :
C 3.25D
6 3 12,00D . .
_ ‘ (3.75D) D(28 + 2) or 8D
7 7/2 15.75D '
: 3.25D
8 3 12.00D - '

gt st
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uratioﬁ of Lé’B, (Xe); and that the inerease in nuolear charge of 0d

-and Er over Laf&oes not inerease the sum of the first three ionization
potentials which is almost‘céftainly not the case. |

A similar situation is seen in the 3d transition series, where, in
con51der1ng the sum of the first two ionization potentials, La, Eu,

’ and Gd are analogous to Ca, Cr, and Mn respectively. The data(23) and
resultlng plot are shown in Table X and Fig.  11. There is the pegk
atACr, but the value for Mn is more positive than that for Ca,

Preéisely why the resulté for Gd and Er ;re not as expected is
not - known, exceét'that the calculations and assumptions based on La
may tend to break dewn for the later members of the series.

: " The original values for the standard neat of formatlon of szaq),.
.Eu(aq), and thgq) were interpolated from the results obtained by H.

‘Bommeflﬁﬁd E. Hohmann(zh) on the heats.of solution of most of the rare
earth metals in dilute HCi. Their metal samples were prepared by
reduction of the anhydrous trichloride with potassium ﬁetal and sub-

'éequent femoval of the excess potassium by distillation. The heats .
of-solution'of the mixture of metal and KC1 were cofrected for the heat
of solution of three moles of KCl. However,'Sm, Eu, and Yb were not

- run because of the reduction to the dichloride instead of the metale
More recent data indicate that Boﬁmer and Hohmann's values are about
8.0 10 Keal too'negaﬁive due to the inqomplete fembval of potassium
from the reduction produét.' | |
' . The value for Eu was then set at -164 Kca}/molej and from solution
measurements, the standard heat of formation of EuCly(,) was conéide;ed

"to be about -244 Kcal/mole. This latter value is now recalculated at

- =210.2Kcal/mole,



TABLE X

Atomic Configurations, Ionic Corfigurations and
Sums of First Two Ionization Potentials for
First Transition Series

. . Sum First -

Atom Config, Ion Config. Two I.P.
o (ar)s® - ™ (ar) 18.0
Sc (Ar)jdlhsz oget? (Ar)3dl 19,5
5 (Ar)3achs® TP (Ar)3dd 20.4
v (Ar)3a3ss® V2 (ar)3a’ 20.8
Cor (ar)3diust  or? (ar)3t 234
Mo (Ar)3d°4s®  Mn'2 (Ar)3d°  23.0
Fe (arj3d®s®  Fe'? (ar)3a® 23.9
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The standard heat of formation of Eufgq) can be calculated from

- our value for the heat of'formation of Eutgq), the Eu+2

- Eu*3 agueous
potential and entropy estimates for Eu'? and Eu 3. The value for the
| Eu+2 - B3 aqueous potential appears to be fairly well established.
McCoy (25)reports:0.43 volt: from an europium formate4fofmic acid medium.
Noddaok and Brukl(26) used 0.0IM solutions of the rafelearth sulfates

in polarographic measurements and report 0.429 volt., Laitinen and
Taebel( 27) report 0e425 volt from polarographlc studles on chlorlde
4 solutions in 0.1 NH;Cl. L. P. Shul'gin and Yu. A, Koz min(28) give
0.428 volt in a 1N HCl solutlon. Entropy estimates can be made by
Brewer's method§29) in which the available entropies.are plotted vs.

the ionie radii for diﬁalent and trivalent ions respectively. Lewis

and Handall as revised by Pitzer and Brewer, (30) list entropies for the
aqueous tr1p031t1ve ions of Al, Fe, and Gd. A plot of these values
VSe 1on1c radii ylelds an essentially stralght line from which one
obtains S§u¢3 = - 43.0 ec.ues for ry+3 = 1.034. (31) A similar plot
of the‘dipositive ions yields SEu+2 = =6.7 e.u.for YR = 1.122(31),

The equations involved are: |
| u + 2}{2r o Euzzq) H, (2)

+2 +3
Baq) ™ ( Q) . Bu(aq). 5 (11)

The sum of these two reactions is Just the reactlon for the formation of

W

(a ) from the metal and hydrogen ion for whlch aHC = - 130.4 Kcal/mole.
The enthalpy change for (ll) is:

AHC = AF° + Tas®

- n%e*+ Tas®

~1lx 23,060 x 0.43 + 298( - 43.0 + 15.6°+ 6.7)

- 16.1 Kcal/mole
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AH° for reaction (2) is then = 130.4 + 16,1 or =~ 1l4.3 Kcal/mole which

+2

is the heat of formation of Eu
‘ (aq).

‘ o , '
The Eu -~ Eu 2 aqueous potential can be calculated from the heat of

+
‘formation of Eu(zq) and the entropy of europium metal., Habermann and

(32) estimate Sgu

AH -~ T4S

Daane = 19.3 e.u. From this we calculate

AF

= < 114.3 - 298( - 6.7 + 31.2 - 19.3) .

= - 115.8 Kcal.

80 = 115.8
2 x 23.1

= 2.51 V.

28 : '
Shul'gin(gi%es.an expression for the dependence of the equlibrium

constant - for (11) on temperature from which AS can be calculated:

= (e .
In Koo = (B0 - 704

o F = - (2L _ 7.04)
= - 143 + 14.8T
- _ (3A&Fy _ o
AS - (W)P - ]JJ»-8 ?cu.
From this one calculates AH for (11) to be ~ 14.3 Kcal and AH?’Eu+2 = ..

- 116.1 Kcal. . The Eu - Eu+2 aqueous potential is then 2.57 v. These are
in reasonable agreement with our valﬁes.
Since there is mu¢h more data available for ﬁhe entrépies of the
. dipositive aqueous ions than the tripositivé, the Brewer plot is likely
td give a better value for the entropy of Eu?iq) than Euzgq). Therefore

using S°u+2 =~ 6.7 e.u. from the Brewer plot, and the AS for reaction

E

(11) of - lL.8 e.u. calculated from Shul'gin's expression, we calculate

o :

+ -
SEu 3 37.1 e.u.

(ag)

It is the opinion of the-author that a more aceurate value for

‘Sgu+3 could be calculated from heats of solution data on EuClz(c),

(aq) . g
as was indicated previously, and the present estimate for Sgu+2 ).

' (ag
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- With the heat of solution of BuOy g5 (or £40°0,0218u,0,) 4n 1N HC1,

‘ +
- the previously determined heat of formation of Eu(gq), and the heat of

formation of Eu203,

using equation (7). The correction to the infinitely dilute standard

(33)

we can calculate the heat of formation of EuO-O.O21Eu203

-state can be approximated from the data of Westrum and Robinson
the heat of solution of PuCiB(c) in.diffgrent concentrations of hydro-
"chloric acid. An extrapolation of their datg gives a difference of
- 1.5 Keal betwéen 1.00M HC1 and infinate dilution. Thus:

A OH

£Ru0+0., 021800, ~ ++O42 4Bpp *3 -+ 1.563 AHpy
273 “(aq) . 2

= - 135.9 - 106.8 + 89.3

0 " “soln

= -'153.4 % 2.0 Kcal/moke
There is availdble one. value for comparison with this number. The heat

of combustion of EuO to Eu,0, was done on a small sample and the:

1.02 273
rough value of 350 cal/g obtained.(Bh)
' o (35)

From this and the value for the
standard heat of formation of Eu2 3 , we calculate

. i .
A}%Thol oo = 136 Kcal/mole. |

The difference between these two values is large, but the sample for the
combustion experiment was far too sﬁall for an accurate measurement and
the resulting'uncertainty is‘likely to be appreciable.

The'heat of formatiqn of pure EuO(c) is then the heat of formation
of Eu0+0.021 Eu203 minus OvO21 times the heat of formation of Eu203.

We ‘calculate:

A = - 153.4 + 0.021 x 393.9

o

Femo,
= ~ 145.1 % 2.2 Kcal/mole.

For comparison, the standard heats of formation of other monoxides(15’23)

are given:in Table XI. Considering the heats of formation, EuO is

quite unlike the tranéition metal monoxides and very much like the alkaline

earth monoxides. But, on the other hand, "EuO", as prepared, is non-

stoichiometric like the transition metal Yinonoxides',



_TABLE XI

Thermodynamié Properties
of Some Monoxides

60

Mg0

Ca0
SrO
Bal

Eu0

AH

- 143.8

- 151.9

-1141:1

. = 133.4

- 1451

s°®

bl MnO

'13.0 Co0
| 16.8 Cuo
(16.3)  NiO
Zn0
€40

AHS S
- 92,0 lh.4
63.7  12.9-
- 55.2  10.5 -
-1 10.4
- 58.4 9.2
- 83.2 10,5
- 60.9 13.1

BiO

Ge0

PO

Sn0
HgO
RhO

PdO

AH‘i’.' 5
- 49.9 (17)
73 (12)
- 52.4  16.2
- 68.L  13.5
- 217 17.2
- 217 (13)
~ 204 (13)
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Concerning the stability of EuO, We can consider the disproportion-~

ation reaction:

3Eu0 —> Eu + Fu,0
\ , 273

_BAHO,

. - (0]
AHp = AHep) o £Eu0

273 A
- 393.9 + 435.3

)

+ 41.4: Kcal/mole
The change in entropy;.ASB, can be calculated from available estimates:

(36,32).

S0 g SO e}

4as N : - 133
UEu203 Bu Eu0

T

35 + 19 —.3>§ 16.3

= 5 e.u.

-

From these two valués the change in the Gibbs free energy énd the dis-
proportiénation constant, KD’ can be calculated: .

AFp = AHy - Tasy

D
41,400 - 298 x 5

39,910 cal.

AF

D = - RT 1n Kﬁ
D 910
In Ky = - 77587 x 298
= o 67,42

K. =5.3x 1070
D L

This indicates considerable stability %6 disproportionation at 25°C.
Preparation temperatures known to this author.have ranged from about
1250°C to about léSOQC, so the equlibrium is shifted far to the "monoxide"
side, and we see that EuO has considerable stability over a wide range
of temperature.

Because of its electronic configuration- (Xe)hf75d°6s2 - europium

metal is dipositive and hence very different from most of the other rare

earth metals. Since the metals are the referencé states for thermo-
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chemical measurements, this difference is reflected in the values for the
;thermodynamic propertieé of corresponding species. |

Again because of its electronic configuration europium forms rel-
atively stable dipositive species in which it closly resembles the
alkaline eafths. This is bresently seen in the thermodynamic properties

,_of the dipositive aqueous ion and the monoxide.

Europium "ménoxideh is alsp seen'té resembie the transition metal
"monoxides"_in that it is non-stoichiometric. The present paper indicates
that the oxygen - to-- europium ratio is greafer than one. . |

Further wdrk along this line should,include gsimilar studies on
ytterbiﬁm, as it is like europium in several ways, andlalso samarium
and thulium since the dipositivé ;a]encenState has been observed thefé

also.
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