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ABSTRACT
The cdﬁstfuction and oPeration 6f a semi—adiabaﬁic.hicrocalorimeter.
éré discussea,in detail. - The heat of sqiution'éf europium metai in 0.1 N
HCl-ﬁas been méasured and is ~16k.6 % 1.0 Kcal/mole. This value is'cbm—
bined‘with available thermochemical déta to éalculate:

el
AHfEu+5
(aq)

The preparation and propertieé of eurvpium monoxide, prepared by

= -1%0.4% % 1.0 Kcal/mole.

réacting the metal with the sesquioﬁide at high temperature are described.

- It has been characterized by:

1. Crystal struéture: fcc, NaCli type.
. . ! o.
2. Lattice parameter: 5.143 + 0.001 A.

3. Stoichiometry: 0/Eu = 1.021 * 0.001

|

L. Thermodynamics: AHSOln=~“87.8 + 1.7 Kcal/mole

ieldi © =--145.1 & 2, ' .
vie ding AHfEuO(c) 145 1 % 2.2 Keal/mole

These heats of formation are combined with other thermoéhemical
data to calculate the heat of formation of Eu?iq): Fllh,ﬁ anl/mole;
v P L _ , v AP
the Eu—Eu(sq) potential: +2.51 volts; and the free energy of dispropor-

tionation of EuO: +39.9 Kcal. The S§u+5j is-estimated to bé -37.1 e.u.
| | (aq) | o



I. INTRODUCTION .

Infreeent years,‘an ihéreasing.amount of.ﬁhermodynamlc lnfqrmation‘v E .
on the rarelearthsland theif compounds has been'pub]ished.: While the
. picture ie bylne'means'eoﬁplete, heats of fbrmation:are known for most
. of fhe’oxides; and some of the trihalides and:tripositive aqueous ions. ‘ ‘
vEntropy data are available for many of the oxides and metals.

Uhtll very recently, there have been no experlmental thermochemlcal
| data on europlumf Published values ere either estimates er 1nterpolatlons
 from plots.of available‘data on the other.rare earfhs. .Hoﬁever, europium
" metal differs markedly from most of the other rare earths in its physical
'properties,Aand since the metal is the reference state for the‘thermo~
chemical measurements, it seems reasenable to exﬁect‘thaf the heats and
free enefgies_of'formation ofAeuropium‘ions and compounds would show
‘marked deviations fram the eorresponding-values'for those other rare
:earfhs.

In the following work the experimenteleprocedufe folloﬁed in the
.determination of the heats of formation of‘Eu?Zq) and EuO( ) is presented.
'The results are comblned W1th available thermodynamic data to calculate
'the heat for formatlon of EuCl (c)’ Eu(2 ),'the Eu-Eu e aqueous poten-
tlal, and the free energy of dlsproportlonation of’EuO(.) EuO( ) is -
; also characterlzed as to lattlce parameter and stomchlometry 'The
results are dlscussed.ln thelr_comparlsons w1th.otherirare earths and

the alkaline‘earths,-A'



II. MICROCALORIMETER

A. -Construction

The mlcrocalorlmeter used for all heat measurements is a semi-

adlabatlc 1nstrument with a vacuum Jacket and water bath thermostated’

at 25 C. The heat capac1ty is approximately nine calorles per degree
and the temperature sensitivity about’ l X 10 -5 degree. A general view
of the 1nstrument is shown in Flg. l. | |

A sectlonal draw1ng of the submarine chamber wmth the calorimeter

(1)

unit in place is shown in.Fig. 2.V The calorimeter reaction chamber,

. M, is suspended inside'the stainless steél submarine chamber, 0, by

means of ‘& hollow lucite hanger vacuum sealed at both ends uith Neoprene

O-rings. This hanger is about l% inches long with a narrow neck about

' %_inch iong,'O.lOOvinch outside diaméter, and 0.065 inch inside diameter.

Helfway 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 hanger and the
guide-minimizes friction and eccentrieity in the stirring action. The
stirring shaft rs a quartz rod about C.Oh2 inch‘in diameter'which is
elamped at the upper end by means of a‘Bakeliteneollet in the stirring
chuck. The chuch is fitted withﬁa spring'ioaded screw-inéslotvarrange—
ment D, to permlt depress1on of the shaft a certaln dlstance to break
the. sample bulb which is attached to the lower end of the shaft.

Stirring speed is about BOOvrevolutlons per m;nute through a Tlexible

" shaft to the stirring chuck.. A'platinum resistance thermometer and.

'calibrating heater connecting leads, X, L, are conducted through holes

in the submarine frame to copper binding posts, A, for the thermometer

_and a l-pronged plug, B, mounted in a plastic -block, C, for the heater.

The stainless steel»submarine chamber is about three inches long by

)

about l-5/h'inches'in diameter and is screwed onto the framevagainst a
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greasevaeoprene gaskét fof'g vacuum seal. & rédiation shield, I, cone-
sisting of @wo concentric tantélum éyliﬁdefs is placed inside the sub-
.marine chamber to miﬁimize radia§ion heat transfer. This épaCe is evac—
uaﬁgd by means_of a hercury.diffusion'pump And'liquid nitrbgen trap. . |

- backed up by’ a Welch Duo-séal fdre pump. The usual vacuum is 1 X 10'5

to 5 X ]_o_6 mm Hg.- The the:mal leakege modulus, k, as defined by‘the
expression: | , ‘ , | |
o ket dé
@ dt

. where 9‘15 the difference betweehrthe temperature of the calorimeier
, énd‘the'temperéﬂure when if is in equilibrium with the ﬁhermostat and
;t is the time, is about SIX'10°3 min.~l. The brinciple heat leaks now
‘are slong the hanger, stirring shaft, and electrical leads.

The calorimeter unit is shown in Fig. 3.(1). The tantalum reaction
vessel, H, has about a 9 ml. capaéity. The cap, F, the'four thérmometer
~and heater conduits, G, and the spool and sieeve, I,J, are also tantalum
with>gold soidered_joints where the conduits jéin the Spéol and cép.
This end of the stirring shaft, B, holds the 4~bladed platinuh propeller,v
K, and the sample bulb, L, both sealed onto the shaft with Apiezon W
wax. Depressing the shaft from.the stirring chuck abo?e crushes thel
bulb against the éﬁ?il, M, admitting the sample to the solution.

. The construction and paékaging of the thermosensitive elemeﬁt and
calibrating‘héater is avdelicateoperation. The thermometef is one mil
pure Pt wire and the heater.is either #hh-Manganin-of #LO Karma wire..
These are Qound,hon—indﬁctively on a mica strip 1.45 cm. X 4.50 cm. X .
1-2 mil thick which hasvbeen ‘notched along the edges to hold the wires
~in place.lvThe Pt is wound on one end and the heater on the other.

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

éombination wrapped around the tantalum spool and.held in place with

e

W
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| bnred longbhe of 5§ mil tantalum wire. The aeeembly‘must noﬁ be annealed
.‘to relieve strainevin the wires. 'Earlier spools mdde in tnls way had

nly about SOOO ohms r851otance betwecn the thermometer and heater and

thermometer and body after anneallng, whlle this reulutance should be

"v'thousands of merohme._ It was found tnat uh” annealin procc S Was. re-

,spon51ble for the Lower. re31otance, apoarently as the result of volatili~
zation and condensation of a conducting fibn‘of tantalum“oxide. The

.parts‘had‘been cleaned in diiute acid; water, and alcqhel;,butAit was
now thoﬁght that'efmuCh'ﬁore thoroﬁgh_eleaning.was reQuire&., So all

. tantalum narts Were heated in'a 8 M HN03~2 M HF solutlon at lOOOC for
1about 5 mlnutes' the erJ And heater and thermometer w1res were carc-—
‘fully cleaned o; all contaminants; and then all parts handled with

' rubber glovcs thereafter. Annealnng is done at about 600°C under hlgn
vacuum for about 18 hours. Such spools af er. anneallng have resLstances

,that are thousands of megohms or are ummeasurable.

-Since the thermometer lS one leu of a dheaustone bridgeg its resis-
'.tancv must be adgusted SO that 1t w1ll bzlance with the brldge circuit.
Accordlngly, the Pt wire is trlmmed until the de51red‘re51stance 1s
obtained, o | | | |

Fine quartz capillaries.serve as insulators in the four conduits
and 8-lO_mil‘Au wire.is used for the thermometer leads. No solder is
required as the Au and Pt are directly wilded with a.micretorch; The
“heater lead s are #BA Cu wire. ihvjoining the Cu vo the Mangénin or Karra
a solder is usually ased, but sometimes1a direct weld can be made by
meiting the Cu., All leads and connections are generously eoeted with

polystyrene Q-dope and arranged in the channel in the spool just zbove

the mica. The sleeve is sllpped on and oealed in place with epoxy resin.



After drying and curing of the epoxy, final sealing of the Spobl-sleeve

seam is done with Apiezon W wax dissolved in toluene and painted on.

The quartz insulators are sealed at the top of the cap with Q-dope or ,A

epoxy resin,
| .As was pfeviously indic5£ed, the’therméﬁeter circuit is a Wheéb-
stpne bridge as shown in Fig. A; The decade, D, is in a steel box to
'lprovide proper shielding. Exteﬂding from the.bottom of this box into
~the thermostat is an oil filled iron pipe containing Ry, Ro, Rg, and
R,. A six volt storage baﬁtery cut and wirgd to gi?e ﬁwo volts provides
~ a source of very’constaht current to ihé'bridge which draws about 36
.milliamperés. The lévaaés filter is designed’to attenuate a. c.
" frequencies much greater than one cps.' The potential divider, Ryg, R13,
‘may be used to reduce the sensitivity b& about a facﬁor of ten, and
under these‘conditions the dntire time-temperéture curve can be record=
4@@: graphically. Thus accurate corfections for thermal leakage can be
vcomputed from the curve, This will be discussed in more detail later.
The d. c. breaker amplifier is'a Beckman Model 14 with an input
‘impedahce of 50 ohms. The recorder is a Léeds and Northrup Speedomax
" Type G dual range, dual speed, self-standardizing model. Erratic
behavior of the o?iginal system was traged to temperature sensitivity
of the decade box, thé breaker amplifier input‘cabié, and the breéker
amplifier itself. Therefoge the box and cable ame wrapped in padé of .
glass wool inéulating material and the amplifier is eﬁclosed'in é

" styrafoam box and is cooked by>a'stréam'qf 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 isva G

standard 60 cps frequency which is divided down to 1 cps. This is

11
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Fig. 4. Thermometer circuit.
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NOTES FOR FIG.5

All resistors are coated metal film ﬁypes 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 permlts.

Overall operation of the divider network can be checked by putting on
"0" 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. ' '

-‘The timing error due to delay in- operatlen of RE-1 can be determined

by placing the "power" switch 6n'O.1l and using:thé "energy output" as

" a gate to control a timer operatlng at a frequency of 10kc or higher.

The net error should not be more than a few milliseconds, and is repro-
ducible.

This bell is polarlzed and the polarlty must be determined so that the
gong sounds when current is applied.

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

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

Adjust C-9 to minimize hum between floating 'Energy Output" negative

: lead and ground. -

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

C-19, CR-12, and R—hh serve only to instre that when the one switch
is turned on, the flip-flop Q8-Q9 always comes on in the '"stop" position.

. After turning on "power" switch, the 8.4 volt regulated supply for the
"hnergy Output" is within 0.1% of the final value in 15 sec., within
0.05% in 90 sec., and within O. 0l% 1n 2 hrs.-

Q-1, Q-2, Q-3, Q-4, Q-5, and Q-6 (2N70_(>C) may be replaced by 2N1990's,
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aoupled §0‘the?heater cireuit output and thruugh.cn and off switchas
| that start'and stdp the heater power on the fuli seconde A bell sounds
when the heating starts and when i£ étops; a register records the number
lof seconds. The éccuracy of the timing and stability of the output are
 go6d to a few hundfeths of a percent. A multiple pole switch permits
' selection of the frastion of maximum power to be applied. These
frad;ionS'are 0.1, 0e2, 043, Ouk, 0.5, 0.75, and 1.0. The éqrreﬁ;
'measuring resiston, which is: in series with the calorimeter heater, is
of the Mangahin wire-wound type and is located in an 0il bath. It has:
pfovgd to be stable to a few thoﬁsandths.of'an ohm over a year's time.
A Rmbicon TypevB High Precision Po£éntiometef.and box lamp ana scale
:.galvonométér are used to measure the voltage drops. across the‘current
meésufing resistor and calorimeter heatéf.' Calibré£ion heat inﬁuts.are
on-the order of 0.2 t§ el éaL-ahd agree ﬁo a few hundreths of a percent.
The sample is ceontained in a'sﬁall p&rex bulb of about 59@[
capacity-and about 40 mge. in weight, with a flat, verj tﬁin botiom.
Prefiousiy; the bulbs were seaiéd Qith an Apiezon'w coatéd pyféx bead in
tﬁe neck, but the gas in'the}bulb;that es§apes upoh sealing'gontributed:
a large uncertainty to the wéight of the sampie. Now a fine pyre#
capillary tube is inserted into the bulb alongside the bead. 1(See Fig. 6Je
5 A;ball of ‘Apiezon W wax is placed in the neck on top of the beéd and ihe
bulb is sealed as before with a hot wire, except thét the cabillary
'permits re~-entry of gas to»the.bdlb as the bulb.cools.‘ A piecé’éf 3-mil
tungsten wire with a small bead'éf wax is now inserted intc thé outer
end of the capillary and quickiy sealed with a fine poiht hot wire. ‘Tﬁe
fesultant weight loss and uncertéiﬁty are 3.50 T O.2§/Jg. Tﬁié unéertainty
vié usually‘iess than O;l% of thé sample weight.‘ Weighings are done on a

" Rodder Model E quartz fibre torsion balance sensitive to~0.05 g,
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B.: Oﬁeration
'Uéually,vé'sample is'ioaded one day and run the next morning.
. The thermostaf temperéture is lowered;; few'tehthé of a degree and the
submarine éhamber is;se# in place and connected to the vacuum iine.
:Atvthis poinf, the temperéture_df the calofiméter'rapidly approaches
fhat of thé bath because the Qacuum in the chamber iisipoor. The next
morning, however, the vacuum is good and when the thermostat temperature
is feturned‘ﬁq 2500 the calorimeter temperature lags behind. From four
to six calibratihé heét'inputs are no% madé which raise the calorimeter
: temperature nearer the équilibrium péiﬁt. This point is a féw tenths
of a degree abo?e the thermoétat due to stirring,’thermometer current,
and friction of the stirring shéft'against the hanger. |
.As this'calorimeter is only semiadiabatic; there is a constant
drift of'-‘.che calorimeter temperature toward the equilibrium 'temperature-—
~ the drift raté.being determined By the thermal‘leakaée modulus ahd the
temperature difference. This drift is traéked-bn the recorder. The
reaction of ihterest is initiated at the pfoper time, such that the
heat evolved raises the calorimeter temperatpre from a point below thé
equilibrium-temperature to a point above.  The more nearly equal the_
‘»cofrespoﬁding temperature differences are, the’smallér the thermal
leakage éorrectibn. Now several more calibrating heat inputs are made
th cdmplefe the run. Between each heat input a sensitivitj check 1is
‘made to determine the number  of recorder chart divisions per dhm change
‘on thevdecade. | |
| To check the performance»of the calorimeter and the techniqué of
'the bperator, saﬁp1es of,very pugé crystalline maghesium-were run in
" 1.00M HCL solutions and compared with the value obtained by Shomate and

Huffman(e) on a much larger scale. The samples were freshly cut and



medhanically cleaned of ali oxide, weighed on the previously mentioned
“torsion balance, and the weight corrected to vacuum. The measured heat
'evélution'w;s sorrected for evaporation of water:into thé dry hydrogen:
evolved and into the dry atmosphere in the bulb, and for the heat of
‘breakage of the sample bulS. The lattef was-determined by breaking
several bulbé containing a sméll amount of wétgr and was found to be

about (6£3) x 1074 calories per bulbe

‘18



 will be presented.

19

C. Calculation

To exemplify the caleulations involved the evaluation of one

' calibrating heat input and the solution reaction for a magnesium run

A

The amount of heat put into the calorimeter can be represented by

the resistance change on the decade required to rebalance the bridge.

| Fer this te be~strictly true, the positidn of the track on the chart

paper after a heat inbut must be returned to exactly the same position

that it had at the initiation of the heat input. However, .since the

heat input itself and re-equilibration of‘the system require a finite

length of time, extrapolations of.the fore-slope and after-slope to

the same time--midpoint of the heating interval-——are used. Also, since

the decade can be changed only by integpal amounts, the two extrapolated

points doenot usually coincide, but are separated by a certain distance
represented by a certain number of chart divisions. This distance can
beeconVerted to ohms and fractions thereof by dividing by the sensitivity

ih divisions per ohm. Thus the decade change required to returh the

'bridge to the same balance 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
fange'of the run, the fractional change of the resistance of the thermom-
efer will Dbe constaht.for a given amouﬁt of heat added, regerdless of'the

initial temperature.’ Thus, referring to Fig. U4, the fractional change

of the resistance in the variable arm of the bridge and the fractional

_chahge in the resistance of the thermometer are equal'to

500(25,000 + R_) 500(25,000 + R,)
500 + 125,000 + R~ 500 + 25,000 + R,

f.c. = -
R 500(25,000 “+ Rf)

500 + 25,000 + R

f -
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where Ravand Rf are the decade values for the after-slope and fore-

slobe:respectively. Or, more simply:
ot = 25,000 + R\
- % T {25,000 + Rg

. The amount of heat for a given input can be precisely calculatcdiﬁso

(gg,,sce + RA\ 1
25,500 + R~

"the fractional chahge per calorie can be calculated. Thesesvalues are’
averaged over several heat inputs and the average applled to the.frac-. _.3
vxlonal change calculated for the heat of reactlon of interest.
The example heat. 1nput was for 60 seconds at O.4 maximum power,
~and gave for the voltage dropswacross the standard current measurlrg
r651stor and the calorlmeter heater, O.8A235 V. and O.5A997 Ve Té-

spectlvely. Thus 'we calculate.

Lel8L
= (E E -———~———
o (Egt)( H) ARSI
The value of Rgt is 2&.8094;, thus for this heat input:
ez

0,842 . w___ 60
84235 x O 997 % e T

0626778 cal.

The decade value for the fore—slope was 29651L and for the after-
‘l‘slope was 3128.n. DBoth slopes were extrapolated to the mldpolnt of the
“heat input. ’The'extrapolatlon of the after-slope was L.7 chart divisions

down scale from that of the fore—slope'which means that the resistance

-1-change on the decade, 163JL 'y Was too large to return the bridge to its

former balance point. Sensitivity checks.are made_at 1ntervals through-
‘ out the run, as indlcaued prevxously, and are plotted as d1v151ons per
ohm Vvs. average ohms on the dccade.» The sensxt1v1ty for this heat

1nput was 2.56A 232: Thus ‘the decade change requlred to balance the



bridge was: - S
1630 = el dIY =16 174

_The after—slope re31stance, then, should be 3126 17a The fractional

- -change can then be calculated: S

£5,000 & 3126217 ) ( 00 4 296 ) :
f-°- -G 000 + 2985 25, 500 ¥ 312617 =1
140057632755 x 049943698371 - 1 |
00001006649

‘and the fractional change per calorie i§ then:

foce = 020001006649
cal 026778

|z 3475924 x 1074 |

Similarly, the fraetiehal ehange per calorie for the other heat
vinputs is calculated and the values'averaged.

The ealculatien of the fractional change fer the reaction in#olves
correction for the net Heat.leakage between the ealorimeter and ﬂhe
environments As wes indieated'previously, the steady.state,tempefatdre
'is.eomeeﬁai higher than the enﬁironmental temperature. The thermalL

leakage modulus, MT: is expressed thus'

M //( Tactual - T )

"where'Tactual and Tgs are the acteal temperature of the calorimeter and
. the'stéadj‘statevtemperature respectively. To ; suffieiently:goed'ap—
proxﬁnation, the'resistance of theAthermometer veries linearly'with
temperature so the leekage medﬁ;us can be expressed as an "ohmie
leakage modu;us", Ma, h | | ‘

Maz %%/(RactUal - ss)

- where Rgetual and Hsé are the actual decade setting and the decade

21



. setting 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 erosses per unit time.' Since.the’chart flow-rate is ceconstant

and the sensitivity is known; the Slopes are expressed as ohms per

'vmllllmeter. The fore-slope is extrapolated to/the beginning of the

-reactlon and the afteruslope extrapolated to the end of the reactlon.
These two extrapolation points differ in time by the duration of the
reactlon, and also, usually, by a certaln number of lelsions whlch is
corrected for as it was with each heat input. (See Fige 2) In thls

_case the difference was -4a9 div. or -2.054L. R, is then 37935- 2.05

' or 3790.95a.. - | R

. ooThue“for our example: .

. fore-slope = TG0mm x 2. 51, S div

.~ 8.07796 -
‘ mm

4 3390-div

 after—slope = 14
FIVSITROPE F T00mm x 2.388 GiY

=+ 0.1382 ==

wf - dR

Mﬁ.— g;f/QRf ss) — ,
=—QWWW(%M-R$) L

ye = dia |

w /QRa - Rgg) A
= + 0.1382/ ( 3790.95 = Rgg)  mmL

ME = M3, so:

- 1.773 (3334 - Rgg) -
2.773 Res = 9702.13
Res = 3498.78 4
(Rg - Rgg) = = 164.78 -~ .

( 3790.95 - Rgg)

(Ra - Res) = + 292,17~

'
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dissolution of magnesium in 1.0p HC1.
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_o0.13820

292.17 4.

“ 4,730 X'lonumm-l

1]

iAs wgs mentiohed previously, tﬂe potentiéi diyider:permits moni-
karing tﬁe temperatufé curve duriné tﬁg reaction. Thé curve in tﬁis |
' éxample goes across the.Tss as 1s indicated by the change in;Sign of
.ihe slope, and the position of Rss on the high sensitivity and the-
sensitivityvratio. This ratio is 11. Tkus:

 Sensitivity ratio
div _ mm

o

Low sensitivity %

ngh sens1t1v1ty X Tiv
11 - 237 2
div mm e
2.451 o 2.1 ==
Here 2.U51 g'-;—;-Y-'is the average of the high sensitivities before and after‘J

~the reaction

R - R

D 16&.78 Q
and c
16%.18% - 77.1 m
2.137 —
mm -

: Thus'.RsS can be drawn across the temperature-curVe T77.1 mm up~scale from
Rf on the low sensitiyity; This is shown in Fig. 7. The areas A and B
represent the heat fhat‘leaked into‘and out of‘thé éalorimetef-reépect-
ively, and are measured by supéfimpbsing thin_mm graph péper on the
chart and counting squarés. The low sensitivity.value in ohms per mm
times the léakage'mdduiﬁs gives the number of ohms pef 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. _

2.157 =& x 4750 x 107 ™t = 1,011 x 107 s
Lo - P mm
, 2
(B = A) = +1671 mm
correction = 1.011 1072 -QE'X 1671 mm2

mm



s correction Z+ 1.69.

3790 95 - l.69 '

i

'andnﬁdRa
, = 3792.64 <«
The fréctional changé is 2,76296 X 10‘4. Dividing this by the averége
v_‘fractionél change,per ﬁalorie of the several heat lhputé gives the net
' heat of‘ﬁhe reaction: J | |

217630 x 1074
3.7553 x 10-9 cai-l =

0.73576 cal .

As was previously‘mentioned, this net heat valuevmust be corrected
lfor the heat of breakage of the sample bulb, and the heat of vaporiz-
ation of the solution intq the dry'hydrdgen evblved and the air in-the
bulb. The heat of vaporization of water is usedlto ap?roximate the
- heat effect in the one molar hydrochloric acid used and is 10 ,4530

calorles per mole. Thus one calculates for the heat of vaporization
of water into the dry hydrogen 0.002157 cal., and 1nto the alr in the
bulb at hq% relat;velhumldlt/ 0.000201 cal. The heat of breakabe

is 0.000560 cal. Thus the heat of solution 6f 161, 22ug of‘pure Mg

- metal in 1.00M HCL is 0.73756 cal. or4Hpgg = -111.2 Kcal/mole.

vTable l glves the corrected results for four runs.

TABLE I

- Heat of the Reaction Mg + 2H*—s Mg™* + Hyt

. Sample Weight  Heat Evolved

(ue) . (calories) ; (Kcal;mole)
L 59T 0.3 o ~111.2
2. eses 0 0.3023 ~111.6
5. a7 C0.3846 B RN
ke 16129 0.7375 -111.2

Aversge -111.3 £ 0.2

25



Shomate and Huffman's value is -111.322 £ 0.041. The results
“indieate that there are no significani systematic errors and thatAthe

_precision of the operation is about 0.2%.

26
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TTII. MATERTALS

A. -Eﬁropium.Metal

Europium metal can be oﬁtained’commercialiy ;n quite high purity:
99.9% with réspect‘tolail contaminanté, is claimed; .One sample of metal
was qﬁite pure‘SPectfographicélly,'but contained small, random inclusions
of a reddish powder. The ﬁé?ure of this powder is unknown; but it
rendered the metal unsuitable for use as calqrimeter samples. A second
metél‘sample from the seme firm was double distilled, but still shbWed
“the red inclusidns,vthis time iﬁ the form of thin red streaks instead
of pockets. An attempt wasvmade to ! slag thls'"two-phase" metal by
packlng a small Ta crucible with chunks and meltlng under hlgh vacuum.
There was very llttle separatlon of the 1nclu81ons from the metal, and
only a fery small portioﬁ at the top of the resulting ingot proved
satisfact'ory for calorimetér samples. | |

A small rod of europium metal was klndly furnished us by Professor

74Frank Speddlng, and this proved to be qulte satlsfactory, One end of

this rod vas free of any visual contaminant.'vThe chemicalvpurity data
for this sample are given in Table II. All Eu metal célbrimetér samples -
" were taken from this rod. |
The samples were cut and mechanically.cleaned in a dry nitrogen .
“nert atmosphere" glove box. ‘fhe hitrogen was “obtained by boiling!
liqﬁid_nitrogén to flush the box for 16 fo 18 hoﬁrs, The box atmos=
.ﬁhere was then recyc;ed through a liquia nitrogen trap to remove water,
and a copper wool furnace at 6OQOC to remove oxygen. Under optimum
conditions, ffeghly cut europium could be held free of tarnish for
about two,hours.-.Lpnger exposure to fhevbox.atmospheré would generate_
a faint golden tarnish._ No éaﬁpleéfweré f?ee'of:tarnish because of the

extreme reactivity of europium and the imperfect box atmospheres, but



__TABLE II
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3

Analysis of Europium Metal

(results expressed as %)

Se< 0,01

A1<0.01 Gd < 0,05
Ba <0.0L Ho<0.05 . $i<0,01
' Ca<0.01 1a<0.01 Ta< 0.1
‘Nb< 0.0i | Iu< 6.05 . Tb< 0.5
Ce < 0.05 Mg<0.0L Tn<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 7r <0.01




'TAJ2§

B che variations in tarnish realized did not affect the precismon of the

:'“:}{results out31de of experimental error._ It is assumed that an absolutely

'iﬁ{tarnlsh-free sample would yield results that dszer from those obtalned

'ﬁnffby less than the experimental error.ds,%ﬂﬁ;‘*>755
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B. Europlum Monoxlide

Europium monoxide was prepared by direct combination of the metal

. and the sesqulox1de, both 99. 9% pure, in vacuum at high temperature in’

a sealed tantalum cru01ble in one method and in a closed but unsealed
tantalum crucible in the other. (See Fig. 8))
The unsealed system contalned a portlon of ox1de, and a 5%

st01chlometr1c excess of metal accordlng to the reaction:

1.05 Eu + Euy0, -3 Eu0 + 0.05 Eu (1)

>

The ox1de was pretreated by heatlng in an oxygen atmosphere overnlght(j)

at MOO C to remove carbonate and absorbed gases. The ox1de 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

-~ Ainsworth Type V.M. Assay balance to 0.0l mg. The corresponding amount

of Eu .0 was calculated, weighed, and combined w1th the metal in the

273

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 tne temperature could be raised with no increase in pressure.b
The crucible was then heated in high vacuum at from lhOO?C to

155000 for about four hours at a pressure in the low 10"6 mm Hg range.

“The crucible was opened in the dry box and the reddish-brown. crystalline

'powder removed.  The analytical data on four preparations by this method

are given in Table III, numbers 1, 2, 3, and L.
Preparations 5, 6, and 7 were made in sealed systems. A heavy-

(%)

walled tantalum crucible with a properly machined 1id Tor subsequent
heliarc welding vas used. The europium metal was cut; cleaned, and
weighed as before, and the exactly st01chlometrlc amount of Eu2 3

calculated, weighed out, and combined with the metal in the crucible.
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_TABLE IIT v .

Eu0 Preparations Analyses

Lattice

No. Parameter

1. & -= 5.1429 ?

2. 5.1428

3. 5.1429 R
b 5.1430 &
- 5. 5.1435 R

6. 5.1477 %
7. 5.1432 &

8. 5.144 2

9. 5,1419 R
10. 5,1421
11. 5.1431 &
12.

5.1430 &

~ Stoichiometry

07Bu = 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 |
o : % #*
O/Eu = 1.022, 1.035; 1.176, 1.299
0/Bu = 1.0k, 1.02, 1202, 1.02
= 1.02 + 0,01
0/Eu = 1,030, 1.026, 11027

= 1,028 # 0.002

1.017, 1.038; 1.334, 1.332

0/Eu

1.04, 1.05, 1.07, 1.04

it

6/Eu
= 1.05 & 0,022

%
listed lattice parameter does
not apply to these numbers

32
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| The lid Qas'then helded on and the system leak checked at room tempera-
tﬁre. It was heated as before but cooled slowly. reduced to about '
800°C over a three-hour 1nterval. All samples proved to be 99.9%

pure spectrographlcally. u | |

| Each preparation appeared to be inhomogena;s to a c¢ertain degree.

"They all ekhlblted an occasional small pocket of a brlght yellow powder.
The periphery of the pocket was a dark wine color which faded into the
reddish—brown color of the major phase. The nature of these inelusions
is unknown, but they are probably europlumrexygen comb1nat1ons of
varylng eomposition. The amount of the inclusmons was estimated at
' less than 0.1% of the major'phase; 'When the sgglomerated pieces were

' broken up to yield chunks of a size suitable for the calorimeter runs,
‘the inclusions could be removede. Preparations numbered 3. and 6.
showed substantial portions, 15 to 20%, of a second phase whlch was

- significantly darker in color than the other phase,'and was not as well
1aggmmereted ner as lustrouss. Powder patterns of samples from each of
these portions agrsemwith each other, but,show'novEuO lines; Achard<5)
mentions a phase with an O/Eu ratio of 1.3 calculated from X~-T3y
evidence, Barnighausen and Braner(é) report a new europium oxide with
the composition & Wu30h made from an equal—molar mixture of Eu0 and
.’,Eu203 heated to 900°C for 2 hours under a pure 1nert gas. "The formula
wasrdetermined by comparing the intensities and positions of the powder
N .pettern lines with those of EugSrOh.stoth substances are orthorhombic
.with the following-lattice parameters: |

| | Bu0,  BugSro,
s 10,09 %  10.133 %
b 12.068 o -'12.081
¢ 3.500 5. 3.45979

33
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The sgquares of the sines of the angles of diffraction'calculated from
-Brauer's data are not in complete agreement with those observed here;
therefore, it is not claimed that the second phsse observed here is -
| pure.guBQa.
by this author.

No further characterization of this phase has been done
The oxygen-to-europium ratios shown in Table Iivaere obteined by
igniting a khowh weight of sample to constant weight of Eu203. From'_
~.-ten tobﬁwenty milligrams of "EuQ® ﬁere weighed in small quartz weighing
" bulbs to a hundredth of a milligran on the Ainsworth Type V.M. Assay
| balance. 'The bulbs were loaded in a dry bex and were fitted w1th small
: 'glass stoppers to minmmlze contact of the sample with the air during
‘weighing. They were thenvignited at 700°C in air; the weight incresses
| viere measured on the previously mentioned.torsion'bslanoe and were from
one—half to more than ooe milligram. The ignition product powder oattern
_ agreed with the monoclinic phase of Euy03. 'In-?reparaiions 3. and 6o
it was 1ntended to determine the stolchlometry of both the usual reddish-
‘brown phase and the other or dark brown ‘pPhase. - In each case the first
two values are for the reddish-brown ohase.-
Concerning this phase it is noted that the lattice parameters for '
the several preparatlons are essentlally constant with the exceptions
| -of number 6. These~can be oOmpared with the value from a sample from _
Los' Alamos Scientif.ic Laboratory: 5.1443 K. -‘I"he‘lite‘rature.'values
inolude 5.1439 %, (75,141 8, ®ang 5. R0, |
Monoxides c¢an crystalllze with one or more of three dlfferent
orystal structures: sodium shlorlde, zine blende, or wurtz1te with
,'some varlatlons and defect structures. In the NaCl form, each atom is

octahedrally'coordinated; while in the zine blende and wurtzite structures

“the coordination is tetrahedral. This difference can be seen in the




_ powder'pattern of the sample in the"relative intensities of the following‘

-;_” palrs of reflecticns: lll »200; 311,220; 331,420 The x-ray deta for

t Preparation 2 is presented in Table IV. The observed relative intensities -

of the three peirs of reflectlons agree with the calculated'values ine
: vdicating a NaCl type fece-eentered cubic strueture for EuO.‘ This is

' :ualso the case for the alkaline-earth oxides and the monoxides of mahy

.of the transition metals. The literature eontains data on other.

 lanthanide monoxides: LaO—5.249 2, (Dgeo—5.11 £, 1 xao—s.068 £, M

SmO-h.9883 X (7)Yb0-h.86 2, (5)311 of which are fcc NaCl typee With-

' ”’vln the accuracy of the results in Table 111, nothlng definite can be

said concernlng the correlation between lattice parameter and the O/Eu,
" Al the eurepiem monexide analyses known to tﬁis observer have
shown a non-stoichiometrie composition. This ineludes the one sample
»’frem theiLos AlamQS-Scientific Leboratory where the 0/Eu was 1.009.
| The latter ﬁreparation consisted of the stoichiometric combination
of Eu and Euz03in a Ta capsule welded shut under high vacuwn and then
heated at 1650°C for 8 hours. The lattice parameter measured 5.1443 X
As the data are presented, an excess of oxygen is indicated; but
this can also be represented_as a deficiency ef europium: an oxygen
| jlsttice with some vacancies in the octahedral'pOSitions.: "Ironvmen-
' oxlde, FeO", presents just such a case.(l ) Ox1des with @{Fe from
1.06 to 1.19 show a decrease in density and unit cell volume with
» increasing oxygen coﬁtent indioating iren deficiency. Tﬁe composition'
can be expressed FeO 9h0 to Feg, SAO' |
"Manganese monox1de" has shown a compositlon range with the 0/Mn

'e;'fromvl.0056 to l.Ohh.(IB)It was referred to as having ecation vacancies,

ithus‘the formula range is Mno;99hOJto Mng, 9570 "Vanadium monoxide®



TABLE IV

Powder Pattern Data for EuO Preparation 2.

79.90 .

. Reflection @ . hkl GiObs.sinZ- cale.
1 15.08 111 - 0.06769  0.0674
2 17.45° 200 0.08992 ' 0.0899
3 25,13 220 10.18034  0.1797
- 29.83 311 0.7 0.27L
'5_H 3L.30 - 222  0.26990 0.2696 -
6 %88 400 0.3017  0.3595
7 e L0.78 33 'jo.42662’ ' 0.14262
L8 o 40.93 . 0.42921 04283
9 o L2.05 420 O.4h86L  0.L486
10« 218 0.45086  0.4508
1 o k7.23 k22 0.53889  0.5383
L12 e, A3 0.54149 - 0.5410
13 oy 5L.10 g;% 0.60566 0.6056
U o, 5128 0.60873  0.6086
15 oq 5793 MO 0.71809  0.7178
16 o,  58.13 0.72123  0.7213
17 oq 6238 531 0.78507 - 0.7851
18 o, 62.68 0.7893  0.7890
19 oq  63.98 k2 0.80755  0.8075
20 o, 64.30 0.81195  0.8115
21 o 7133 . 620 0.89753  0.8972
22 o TLT3 0.90172 0.9017
23 o 79.18 533 0.96476  0.9645
2% o, 0.96924

0.9693

M

Intensity
obs, cale.,
S 100. 00
8~ 79.63
55,44

W . 1868
T 8.60
M- 19.67
‘M 24,67
M- - 20.08
M 19.00
W 9,57
M 32,63
M 22,04
M 30.06
M 41.58
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hgs a homogenéous NaCl.type phase over the cqm@osition range: O/V = 0.80
'_ t§ l.EO,lshowing random vacancies for both cations and anions;

| Thévfailures of the attempts to prepare the exactly sfoicﬁiometric
éompound-may indiéafejifs instabiiity at the preparatién.temperatures.
There és élso the poséibility thét there is aﬁ.appreciable vaporrbressure
of europium. over the oxide phase which doésunoﬁ re—equilibrate with.the
. subsfrate upon éédiiﬁg..Adhard(5) reports that EﬁO cén be distilled at
1700°C in vacuum wifgoutidecompositioh, yielding a distillate of un-
».'changed structure and laﬁtice 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 dégassed system
this possibility is unlikely. He did nét:say at what pressure the
distillation took pléce. Stoichiometric‘analysis of the substrate
- would indiéate the vaporizétion process.
| The'matéria; used for the calorimetric analyses was Preparation 1:

Eu0 For the purposes of calculation, it was édnsidered to be an

1.021°
ideal solid solution of Eu205 in EuO, but this is almost certainly not
the case. It is thus represented as EuO-O.OQlEuéOB}‘

Calorimeter samples of Eu and EuQ werevof.about 500ug mass and

" were prepared as was described previously. This sample size was chosen

because of certain limitations imposed by the microcalorimeter.

.&'Sduﬁmm
The soluﬁioﬁs of HCl used were prepared erm analytical grade’
vféagents,'.Tﬁeﬁsolﬁtions used for'the Eu metal caiorimet¢r~runs were 0.1 N‘
HCi saturated with O2 gas. 'Thosé for Eu0 were 1.ON. HCl saturated with

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

A. Europium Métal

The experimentaliy observed.ﬁeats.ofvsqlution‘of eurofium metal h.
" in oxygen-saturated hydroéhlorié acid are_giyeﬁiin Taﬁle V.
A.For accurate calculatiéns, a well-defined calorimeter reaction is
of prlmary 1mportance. In the éasé ofﬁéufoﬁium there‘can be some uncer-
”‘talnty dependlng on the compos1tlon of the solutlon at the start of the

reactlon. When the- solutlon is saturated w1th oxygen gas the reactions

are con51dered to be.(lu v
, N o X |
Eu + 2H -_~)Eli?+H2 : (2)
¥ + .+ ' -
B+ H +~,1702—->Eu5_+-§:H20 , (3)
and for.the;total reactibn:
3 .1 ST
Eu+3H +402—->Eu REE0 f Hy ()
In ac1d solutlons there is one other- competlng reactlon for the
oxidatlon of Eufgz
W2 3 _ o
Eu?+'H SEuP +EHs (5)

But in cqnsidering the relative'reéction rates, reaction (3) is much

" faster than {5). Samplés of:europiﬁﬁ metal wére.dissolved in argon-’

‘ fiushed média and the absorption SP?ctrum taken with a Cary Model 1k
Recording Séectrophotometer. These solutions showed strong‘absorﬁtion
in the ultraviolet: with the europium concentration approximately |
thousandth molar, theloptiCal density was greater than 2.0 at wave

- lengths less than 3000 X. However, in anvoxygen—flushéd medium there was
-no such absorption. Depending on»the efficiency of the argon flush,

the absbrption persisted to a measufable extent for more .than two hours,
whereas the heat evolution of the reaction in an oxygen-saturated medium
in the calorimeter was complete in 1 to l% minutes.

The hydrogen gas evolved from the solution of samples of La and” Lu



C_IARIE V.

'fa%] Héét of Solution of Europium Meﬁal in 02

§a£ld' 0.1N HC1

::LQ; *;Li Welght
'““‘-'9“3)

. Sample.
. Molarlty

. Eu+3'

Heat

; EY9lved'(cal)'*(Kcal/mOle) : N

298;2

>’ L}L62 h.f, 
'1f13?5u6 6 7ffl

"fuo3.h {t“"3 318 x 107

' $3 294 b 10 h

h
A

3. 802 X 10

L a96 x 10

036
| 0;4347  5
 fo.49877i_
‘;0_5925}F'}

Average‘

g ‘_164.85"#'0.6“.
i';léh.94;* 056 o
-163.91% 1.0

“-164.77 + 1.0

‘;164;62‘¢_1.o .
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metals in oxygen-saturated 0.1N HCl was measured and foﬁnd to yield LQ
v_:'hydroéen-to-metal mole ratios of 1.53 and 1.02 respectively. Thus it

is diaimedfthat in oxygen-saturated acid,'reactionQQB) broceeds to a-

- negligible extent; so the calcﬁlations are based on reaction (4).

' it was also attempted to run europium metal in an oxygen—free‘.

' médium thus éliminatihg reaction (3); and since reaction (2) is much

faster than reaqtioh (4), the heat effect due to reaction (2) can be

‘measured which, éxcept for small corredtions, is Jjust the heatiof for- -

2
aq)’ _ .
Maintaining an oxygen-free solution proved to be rather difficult.

A mationnof>Eu?
. Simply flushing the acid.with argon aﬁd loading in an inerﬁ'atmoéphere
'proved.to be inadequafe because the solution in the calorimeter is ppen

to the atmosphere along the stirring shaft. Since there is a small

clearance between the shaft and the guide in thé 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" wasi'put in with the flushed aéid wheﬁ the run was

loaded. .The "SCafénge" was a small'piece - about one milligram -~ of

‘eﬁropium meﬁﬁi which would provide europous ions to react with the

residualioxygén. Bgt since thé mercury does not wet the shaft and
" hanger, there was étill a.smallileak which consumed all theiscaVenge'
during the'long pump-down time. Hoﬁever, if an appreciably larger
scavenge - about six milligrams - was uéed, thevsoiution could be main-
tained §iygen free fof a sufficiently long period of Lime;

HOWeQer, the heats of:SOiutidn of europium metal in such solutions
varied considerabiy.' Visual observation of éuropium metal dissolved

in oxygen-free hydrochloric acid revealed ; residual white material

that could be centrifuged. The solution would also exhibit a Tyndall

beam. ~-Thus the @alorimeter reaction is not defined. The nature of




°7thls white material is unknown, but it iS POSSlbly a polymerlc hydrated o

| 'fj!europous oxxde or europous hydroxide._ In the immedlate v1c1n1ty of

_h{i the dissolv1ng metal, the pH is probably quite hlgh, as the hydrogen

zlons are consumed this could lead to the hydrolysis of the. Eu+2 formed

"“Tand subsequent polymerizatlon of the hydrolysis product, Wblch is only,d

‘iigfslowly attacked by hydrogen 1ono There is also the pOSSlblllty of thed

e ox1dat10n of Eu 2to fu+3by H,0 with hydrolysis of .the Eu*3 & as Eu*3

“T:hydrolyees more readlly than Eu+2 ' The polymer formed then could be'

'"fflggi.one containing Eu+3

The situation is thermodynamlcally qu1te dlfferent when oxygen is_

e ?ﬁnplentlful in the solutlon. hu*z(aq) is no longer s0 stable and the

A'igl.dissolution proceeds much more rapldly to °°mplet1°n‘-‘: id

The calorimeter reaction may be’ better deflned 1f the europlum

‘jl;rsample is already as- Eu II-_ For thls case we used "europlum monoxxde"

s'f*[whlch is" described 1n the next sectlon.
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B. "Europium Monoxide”

The'experimental values for the heat of solutions of "europium
monéxidéh in oxygen-saturated hydrochloricvacid are tabulated in Tablev'
»5VI' | , . A . . _

It was found that the "EuO" dld not dissolve as readlly in 0.1N
“HCl as the europlum metal, but instead requlred 2 to 3 minutes; a sultably
fast dlssolutlon was obtained in 1.ON HCl however. As in the case of.

‘ ,the metal, thgse,solupions were saturated with oxygen gés to define the

calorimeter reaction:

£u070+021Eu 0, + 2.1268" 5B + 0.0keEn™ + 1.0638,0  (6)

'Eu+2. + H +0.250, SR 4 O.'5Hé0 e v(7)',

.and fTor the total reaction:
Eu0:0: O2lEu o3 4+ 3, 126H + 0. 250, S 1.042Ey ™ +‘_1.565Héo“ (8)~
.The uncertalnty.ln the average value for the heat éf_sdlution of

 EuO is rather large and indicates a degree of inhbmogeneity in the

1.021 _
 .material. This is not‘noticed in the.stoichiometric'méaéurements'because
 there the'sémple_size was about forty times larger; whereas the calori=-
_méter samples'were chunks of the prqper‘size chosen at random from the
fbrdken—up agglomerate. | |
As was mentioned previously, "Eﬁo“ was used in én attempt to -
. detérmine thé.heat of formation of Euziq). 'The.oxyéenffrée solutions
‘were prepareé by rﬁnning a solution 0.005N in Eu+5 and 1IN in"HCl through
a Jones Reductor and loading in'an inert atmosphere. The'solﬁtions
thus prepared provided Very'cénvenienfly an oxygen-free-SOlutionﬂwith
sufficient Eu+2 scavenge. The -expected calorimeter reactibn is then A
reaction (6)'frbm which the heat of formation of Eu?iq) can be calculated.

HoWevér; reproducibility in the heats of solution was very poor,



" TABLE VI

Heat of Solutlon of EuO

in O

‘sat'd.

1.021 2

bample

" 4};»{2 61 x 10°

: 7?17'1 82 x 10 h-j-.}

"  2 hé x lO

"Qgﬂ_Molarity -

“l -~ o231

-Heat

0.1636

Averagef

0. 1957 *f
-86:3

- Evolveé (cai)‘ AH298 2 o
. ,j(Kcal/mole)

-89.8 £ 0.7
‘:f..;;.'8"7..5 £0.7

#

0.6

87,8

#

1.7

W3

1.0N.H01 -~' o

877 % 0.8 T
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and ihé values for the heat of formation éf Ed+? appeafed to be about
15 Keal too negative, as cﬁmpared with the caleulated value._ Here;

- as in the case with europium metal mentioned previously, the calorimetef ‘
. réaction'dées not appear to be wéll-defined. The dissolution rate in
this case is much slower — 7 fo 10 minutes -- so the increase in pH
éround the sample may noﬁ be as rapid, but since the starting material
is already the oxide, the cénditions for fonmatioh_of a hydrated oxide
‘vpolymer may stlll be favorable.. V | |

It is recommended that Eu012 be used for the determlnatlon of the
heat of formatlon Eu(aq) as it is readlly soluble without change in
: va. 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.Edzgé).



| 4
V. RESULTS AND DISCUSEION
The ealorinetfic meaSurements ‘of the heat of solution of europium

metal in oxygen-saturated 0.1N HCl permit the calculataon of the

standard ‘heat of formatlon of Eu( Q)" If we subtract from the average
”heat of solution given in Table V the heat of formation of one-half

dmole of nater,(l5)'neélect the slight change in the composition of

the HCl solutlon due to consumption of H in the dlssolutlon of the

. metal, and approx1mate the state of infinite dilution by O lN HC1, we

obtain '
| Ho o +3 ';¢‘150-h £ 1.0 Kcal/mole;
fE
*(aq)
A plot of the experimental heats of formation of aqueous triposi-

(16, 17,18)

Ctive lanthanlde ions is glven in Fig. 9.

| Tt is noted that the heat of formation of Eu( 2 is some 33 to 34
’Kcal more pos1t1ve than the values for: Sm 2q) or Gd(3 )2 but it should
also be noted that enroplum metal is very unllke.elthef'Sm or Gd. Some
-of the pertinent physical properties of the &antnanide metals are included
in Table VII}(19>' For 'each of the properties listed,.Eu and. Yb are the
anomolies. - |

‘ Fig. 9 1ndlcates that ion most of the rare earths there is roughly
~f a llnear decrease of -only about 0. 8Kca1/mole per atomic nuiber in the
_ heats of formation of the aqueous tr1p031t1ve ions. Hence, for these
elements, the terms.in the Born-ﬁaﬁerlcycle: |
+ .
M) Mgy Mgy + e ety gy ¢ 3/

must sum to the same wvalue within a few kilocalories.

(19)

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

known.(l9) vThe snm of the first three ionization potentials for the
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rest of the lanthanides can be caleulated from the Born-Haber cyele

! with values forvthe.stahdard heats of formatibnvof_the'aqueous'tri_

' positive ions, the heats of sublimation, and the heats of hydration
O£‘the gaseous tripositive ions.
- The heats of hydration can be estimated from the Born equation.

2
E’g—(l-—)

~ where q is the dhargé on the ion in esu, r is the radius of the hydrated
ion in‘centimeters, and b_is the dielectric constant of water. In the
neighborhood of the charged'particle;vthe dielectric constant is prob- |
ably much different from the bulk value éf 78, but unless the value is
:_drastically different from 78, the (lmff%),term_effects the energy by
- only abou£ a percent. |

V A measﬁre of thevradius of the hydrated ion is the ionic conduc-
tance at ihfinite dilution. The trend of the hydrated rad11 is the
inverse of the trend of the ionic- eonductances, if Stokes Law for the
flow of a partlcle through a viscous medium is assumed to approximéte
" the case. dif the radius of one ion ¢an be determinea, the others can
be ihréfred,from conductance data. Only in the case 6f‘1anthanum |
~ are the necessarj'data available fof the«calcﬁlation of the radius of
: the hydrated tripositive ione. ; i
| The - heat of hydratlon of La(g) can be caleulated from the sum of
the first threewionization potentials, the heat of sublimation, and the
standard ﬁeat of formation éf Lazgé) using the Born—Hébér cyglé:

 AH,

) ] o}
| sub._f{éHfIh+3
=835 + 100 + 169 = -

=vlth‘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 10~ lo) 6023x1023
1104 = = L (1 78) 5
+3 ' ‘ L.J18L x 10
P27 g5 o |
Hyd.-‘

(zo)vv_

Conductance data on several rare earth salts are avallable
‘1onic conductances of the tr1posxtive rare earth aqueous ions have

. been-tabulated,(Zl) These show a decrea81ng trend indieating an 1nav
creasing hydrated radlus, as would be expected. The hydrated radius

of any lanthanlde trlpositlve ion ecan then be expressed as the ratio

of the 1onic conductance of L ?gq) to that of the other ion tlmes |

the radius of Laf ' | -

- The heats of hydration of the gaseous tr1p081t1ve ions can now

sbe estlmated and for those lanthanldes for whlch the heat of formatlon

ofnthe agueous trip981t1ve ion is known, the sum of the-flrst three
.ionization potentials can'heﬂcalculated; All these data are tabulated
hln TableVdH; and a plot of the heats of hydration and sums of the flrst
three ionizatlon potentials is glven as Fig. 10,

The calculatlon of the hydrated rad11 is admlttedly emplrlcal.

- One would expect the radius of the aqueous ionic specles to be nearly .

approxumated by the sum of the crystallographlc ionlc radlus plus the
length of the assoclated water dipoles in the first hydratlon sphere.
- In the case of lanthanum thls sum would be a*oundfourangstroms, but
'}then one encounters large lnconsistancles in the calculated valuec for
the’hydratlon energye

For the purpose of the present cens1deratlon, suffice 1t to say

that the resulting 1onlzatlon potential sum does show the expected

‘and the

49



TABLE VIII

Ia Ce Pr Nd Sm Fu Gl Tb Dy Ho . Er T b In

Ionic cond. | . ' e 4E : ;
g 69.3 . 69.9 69.2  69.5 68.2 67.9 67.0 65.7 66.0 65.8. 65.5 65.L
———-—~;%§91 1.000 0,991 1.001 0,997 1,016, 1,021 1,034 1.055 1.050 1,053 1,058 1.060

3 L | o ' | o

rH,;fd. .36 1.35 1.36 1.36 1.38 1.39 1.4l 1.43 143 L.43 LAk 1.4k
~pHy o Keal. 1104 1111 110, 1104 1087 1079 1064 | 049 1049 1049 1042 1042
AH_ \ Keal. 10 98 85 76 51 42 8 (72) 70 75 75 58 L2 9k

-MH, 43 Keal. 169 167 168 163 16k 130 163 159
(aq) : o |

I.P. Keal. 835 846 851 865 82 907 820 815

I P.oeve 362 36.7 369 3.5 3.8 39.3 3.6 35.3

09,
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v', even through the absolute value may be in error.

52

trend through Sm, and the peak at Eu and drop to Gd are significant,

| The formatlon of Euzg) involves the breaklng of the relatively
b'r.stable half-fllled LT shell of electrons. If the trend through Sm!‘- o "f
is contlnued through Eu, the value for Eu is about 38 eave whlch - | |
| indicates that the addltional stabllizatlon energy of the electron . . ‘ ._i
:,that completes the half-fllled LT shell 13 about 1.3 eeVe or 30 Keal. | %
-. J¢rgensen ngs given an expression from~whicn this energy can be calcu-
. lated. He says.that the differences between the values of the expres—
sion DS(S”#’l) forvq and g+ 1 increase linearly with q except where
2£'* 1, where the dlfference jumps to D(2£-+ 2). Here Dvis hisv
splnﬂﬁarlng energy parameter, q is tbe number of 4f electrons and S
and 2 have;the usual significance. The sequence of interest is tabu-
latedAin Table IX. Instead of the difference belng 3«75D for q in- |
creasing from 6 to 7, as the plot would show, the dlfferenoe jumps to
';D(27Z4-2) or 8D., So the "hump 1n-the ionizatlon energies",ls the ex=
’-peoted or plot value subtracted from the peakt " Thus:
' 8D ~ 3.,75D = L.25D
| Jérgensen's value for D in this case is 18.5 Kcals,iso the theoretical
value for the additional stapilazation‘energy for the electron that
eompletes the half-filled 4Lf shell is about 80 Keals. This is in
,J'reasonable agreement'yith our experimental valuea‘
The calculated values for the sum of.the first three ionization
potentials for Gd and nr appear to be too low: one would expect them
to be more positive than the value for Sm.v What is indicated is that

the conﬁignration of Gd*3, (Xe) 4f7, is more stable than the config- . -



TABLE. IX
q s . Dbs(s+1)  Diff
1 .1/2 . 0.75D
| , 1.25D
2.1 2.00D
o 1.75D
3 3/2 3.75D |
S . 2.25D
L 2 6.00D . -
- 2.75D
5 '5/2  8.75D
. . . 5 . 3.25D
6 3 12.00D S :
I | (3.75D) D(24 + 2) or 8D
7 7/2- 15.75D | S
- : 3.25D
8 -3 12.00D - -

53



5k

uration of Lé’3, (Xe); ond that the incerease in nuelear chargé of Gd
" and Er o&er La"does not inerease the sumlof the first thfee iohization'

potehtials which is almost'ceftainly not the case,

A similar situation is seen in the 3d transition series, where, in

cons;derlng the sum of the flrst two 1onlzatlon potentials, La, Eu,

) and Gd are analogous to Ca, Cr, and hn respectively. The data<23) and
o resultlng plot are shown in Table X and Fige. 11. There is the pe;k

at Cr, but the value for ¥n is more positive than that for Ca.

Preolsely why the results for Gd and Er are not as expected is
‘not known, except that the caleulations and assumptlons based on La
:may tend to break dewn for the later members of the serles.-:
" The origlnal values for the standard heat of formatlon of Sﬂ(aq),.

_ Eu(aq), and szgq) Were 1nterpolated from the results obtained by H.
.Bommer and E. Hohmann(ZA) on the heats of solutlon of most of the T2re
' earthvmetals in dilute HCl. Thelr metal samples were prepared by
reduction of the anhydrous triohloridevwith potassium ﬁetal and sub-
Aéequent removal of the excess potassium by distiliation. The‘heatsA
of‘solution'of the mixture of metal and KCL were corrected for the heat
‘of solution of three moles of KCl. However,.Sm, Eu, and Yb were not
'ffun because of the reduotion to fhe dichloride instead of tho metale
:.More recent data indicate that Bommer and Hohmann's values are about
8 to 10 Keal too negatlve due to the 1noomplete removal of pota551um
 from the_reductlon product. | |
| '  The_value_for Eu was then set at ~164 Kcal/mole} and from soluﬁion
meaoufoments, the standard h;at of formatioh of EuClB(c) was oonoide:ed

" to be about -244 Keal/mole. This latter value is now recaleculated at

¢ =210.2Keal/mole.



TABLE X

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

- Atom Config. Ton Config. .S%ﬁoFif;? |
Cca (s e (an) 180
Cse (ar)3atas® 5™ (amaat o 19.5
1 (ar)3aths® 1P (ar3d® 2004
v (Ar)3d34s2 2 (a3 20.8
o (anaddhst o™ (aoadt 23
Mn (Ar)3d°4s® M '° (Ar)3d®  23.0
re (arfaafus®  Fe? (ar)3a® 23.9
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. our: value for the heat of formation of . Eufgq), the Eu

The standard heat ‘of formation of Eufaq) can be caleulated from

2 - Eu 3 aqueous '

o Potential, and,entropy estimates for Eu+2 and Eu 3{ The value for the
.V,E "

- '3 agqueous potential appears to be fairly well establlshed.

" MeCoy (25)reports 043 volt from an europium formate-formie acid medlum.
, deddaék and,Brukl(26) used 0.0lM solutions of the rare ‘earth sulfates
‘lin polarographic measurements and report 0.429 volt. Laitinen and
Taebel‘27) report Oe425 volt from polarographlc studies on chlorlde
© solutions in 0.1 N{,Cl. L.P. Shul'gin and Yu. A. Koz'min®®) give

- 0,428 volt in a 1N HC1 solutlon. Entropy estlmatgs can be made by

Brewer's method(29) in which the available entropies are plotted vs.
the ionie radii fbr,diﬁalént and trivalent ions respectively. rLewis

and Randall as revised by Pitzer and Brewer,(BO)'list entropies for the

»aqueous tr1p031t1ve ions of Al, Fe, and Gd. . A plot of these values

-~ VS 1onlc radii ylelds an essentlally stralght line from whlch one

obtains 583 = - 43.0 e.u. for rgg+3 = 1.034. (31) A sinilar plot
of the diposmtlve ions yields SEu+2 = =6, 7 e.u.for TRy 2 =1, 122(31)

. The equations 1nvolved are:

: _+ 42 . o
+2 U R
Eu(aq) ( Q) (aq) éHZ - (11)

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

':Eu(a ) from the metal and hydrogen ion for whlch AH = - 130.4 Kcal/mole.

The enthalpy change for (ll) is:
AH? = AF° + -TASO

- n¥e"+ TAS

o

= ~1lx 2;,060 x 0.43 + 298( - AS 0 + 15 6 + 6. 7)

II_

- 16. 1 Kcal/mole

57



o ' _ S 58
AH® for reaction (2) is then = 130.4 + 16.1 or = 114, 3 Keal/mole which

. , PR
is the heat of formation of Eu(2
, e v aqg).

- The Eu - Eu 2 aqueous potential can be calculated from the heat of

' +2 . o : :
- formation of{Eu(z ) and the entropy of europium metal. Habermann and

(32)

estimate Sgu

AF AH - TAS

Daane = 19,3 e.u. TFrom this we calcdlate

== 1lk.3 - 298( - 6.7+ 3l.2: - 19.J)

= - 115.8 Kcal.

veb ~ 115.8
2x 231

=250 v.

Shul'gin‘gi%es‘an expression for the dependence of the equlibrium

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

= 7.1 - N
n K, = (g2 -7
AF = - RT(Z*%gZ - T.4k4) |
= - 1403 + 14.8T |
o5 = - (f5), = - 1.8 e, |

_ From this one calculates AH i‘or (11) to be - 14.3 Kcal andAH +2 = -

fEu
= 116.1 Kcal., The Eu - Eu 2 aqueous potential is then 2.57 v. These are
in reasonable agreement ﬁith our valﬁes. | |
Since there is mu¢h more data available forvﬁhe entrépies of the
;.dipositive aquéquS'ions than the bripositivé, the Brewer plot is lﬁkély
| td give a better valﬁe.fof tﬁe entropy of Eu?iq)-than'Euzzq).v Therefore

using Sgu+2 = - 6.7-e.u.'from:the Brewer plot, and the AS for reaction

(11) of - 14.8 e.u. calculated from Shul'gin's expression, we calculate

It

S +3 - 3701 e.u, o
B (aq) ’ . .
It is the opinion of the -author that a more aceurate value for

'b 43
Eu
*(aq)
as was 1ndlcated prev1ously, and the present estlmate for SE +2 ., .

*(aq)

could be calculated from heaﬁs of sdlution-data on EuClz(C),




Kformatlon of Eu, 03; we .can calculate the heat of formatlon of Eu0-+0,021Eu,.0

v‘state,can be approximated from the data of Westrum and Robinson

\ ' . 59
Wlth the heat of solutlon of Eu0, 021 (or Bu0? 0. 021Fu,0 )'in lNHHGl,

: the prev1ously determlned heat of formatlon of Eu 3 2q)’ and the heat of

2 39'

" using equatlon'(7);‘ The correctlon‘to the infinitely dilute standard

(33) o

- the heat of solutlon of PuClB( ) in: dlfferent concentrations of hydro—
" chlorie a01d.‘ An extrapolatlon of thelr datg gives a dlfference of

v'_ 4'1.5 Kcal between 1.00M HC1 and 1nf1nate dllutlon, Thus:

4 HfEuO 0. 021E. 0.~ 1,042 AHpp *3 + 1563 4Hpy o - 4H

2 3.‘ , ag) . R
L. = -135.9 - 106.8 + 89,3

soln

= ~'153.4 * 2.0 Keal/mole

. There is available one value for comparison with this number. The heat

‘of combustion of'EuOl'02 to Eu2'3 was done on a small sample and the

~rough value of 350 cal/g obtalned.(sh) From this and the value for the
standard heat of formation of Lu203(35) , we calculate
44 = - 136 Kcal/mole. .
fEuOl 02 »

The dlfference between these two- values is large, but the sample for the

combustlon experiment was far too small for an accurate measurement and

the resulting uncertainty is likely to be appreciable.

The heat of‘formation of pure EuO(c) is then the heat of formation

of Bu0+0.021 Eu,0 minus Ov021 times the heat of formation of Eu203.
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"Wefcalculate:

| A.HﬁEuo( . 153.4 + 0.021 x 393.9
| . T

i

- 145.1 # 2.2 Kcal/mole.
(15,23)

For comparison, the standard heats of formation of other monoxides

~are giveniin Table XI. Considering the heats of formation, EuO is-

~quite unlike the transition 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 "monoxides".



TABLE XI

Thermodynamic Properties.

of Some Monoxides
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MgO

Ca0
Sro
BaO

Fu0

AH

- 151.9

PREVAES)

So=133.4
- 14541

6.y MNO = 92,0 k.4

13.0 ' Co0 -

168 w0 - 371 10.4

(16.3) MO - 584 9.2
200 - 832 10.5
€40 -

60.9  13.1

55.2 10,5

BiO

Ge0

FbO

Sn0

HgO
RhO

. Pdo

AH? s°
- 49.9  (17)
-73  (12)
- 52.4 16,2
- 68.4  13.5
- 21.7 17.2
-21.7  (13)
- 20,4  (13)




Concerning the stablllty of EuQ, we can consider the dlsproportlon-

atlon reactlon

3Eu® -—> Fu + Eu 03

 AH_ = AHS ~ 3 AHS
D fEuzO3

= . 393.9 + 435.3

=+ Al.ALKcal/mole

fEuO

13

" The change in entropy5‘ASD, can be calculated from avallable estlmates

(36, 32)
Eu203 | ‘
35 + 19 - 3 x 16.3

450 . a0
as Sgu ™ g0

ol

S

il

= 5 e.u.

-

.~ From these two-valués the change in the Gibbs free energy énd the dis-

_Ipropormiohation_cqnstant,vKD, can be calculated:

AFD =AHD - TASD

41,400 - 298 x 5

39,910 cal.

AFp = - RT In K;
_ 910
in Ky = - 7587 x 298
= — 67,42

Ky =5.3x 10~20

This indicates considerable stébility Lo disproportionation'atv25°C.

v Preparation temperatures known-to this authof have ranved from about

1450 C to about 1650° C, so the equllbrlum is shlfted far to the "monoxide"

side, and we see that EuO has con51derable stablllty over a wide range _

" of temperature,

Because of its electronic configuration- (Xe)hf75d0652 - europium
metal is dipésitive and hence very different‘from_most-of the other rare

earth metals. Since the metals are the réferencé states for thermo-
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éhemical méasurements, this difference is reflected in the values for the
Lthermodynamic properties of corresponding species. o
| Again beqause of its electronic configuration europium forms rel-
atively stable dipositive species in which it ciosly resembles the
alkéline earths. Thié is éresently seen in the thermodynamic properties

I_of the dipositive‘aqueous ion and the monoxide. |
Europium "ménOXideﬂ is.alsp seen'té resemble_the transiﬁion‘métal
o "monoxides" in that‘it'is non-stoichiometric. The present paper,iﬁdicates‘
that the oxygén - to-~ europium ratio is gfeaﬁer than one. |
Further wérk along'this line should include similar studies on
s ytterbiﬁm, as it is like”europium.in several ways, and_also samarium
and thuliun since the dipositivél;é]encénstate has been observed théfé

also.
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