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+' ++ THE HEATS OF FORMA TlON OF AmO~(aq) AND AmOZ(aq} IN 

1 ~ HC104 
1 

S. It. Gunnz and B. B. Cunningham 

Department o! Chemistry and Radiation Laboratory 
University o! California, Berkeley, California 

May 22., 1956 

ABSTRACT 

The heats of reaction of AmO~(aq) and A mO~taq) with Fe::q) in 1.M_ HClO 4 

have been measured to be .. 72..2 • 1.0 and -99.1 • 0.2 kcal respectively. From 

these and other thermodynamic data the heats of formation of Amo!, q) and 
H ~a 

AmOZ(aq) are calculated to be -207.8 11: 2..9 and -171.0 • 2..7 kcal respectively. 

··The entropy difference S Amo++ · - S AmO + is calculated to be 
Z(aq) Z(aq) 

-16 * 4 ev, and a self -consistent potential scheme for the various oxidation states 

of americium is given. A modified microcalorimeter usee: in the thermal 

measurements is described. The autoreduction o£ Amo; and Amo;+ and the 

disproportionation of Amo; have been investigated. 

1 Abstracted in part from a dissertation submitted to the Graduate Division 

of the Uni~erelty of California by Stuart R. Gunn in partial fulfillment of the 

requirements for the degree of Doctor of Philosophy. This work was performed 

under the auspices of the U.S. Atomic Energy Commiaeiotl. 

Z Present address: University of California Radiation Laboratory, Livermore, 

California .. 
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INTRODUCTION 

The present investigation was undertaken to secure thermodynamic and 

kinetic data on the aqueous ions of the higher oxidation states of americium. 

Estimates of the heats and free energies of the reactions 

+ +3 +. 3/2H2(g) Am( c) + 3H(aq) = Am(aq) 
!I 

and 
+3 

Am(aq} 
+ 

+ H(aq) 
+4 

::: Am(aq) + l/2H2 (g) 

have been reported previously. 
3

• 
4 

(3) H. R. Lohr and B. B. Cunningham, ~ Journal, ~ 2025 (1951). 

( 1) 

( 2) 

(4) L. Eyring, H. R. Lohr. and B. B. Cunningham. ibid .• 74, 1186 ( 1952). 

All thermodynamic values calculated in this paper are for 298°K and all 

values u.sed in the calculations are taken from the Nat.ional Bureau of Standards 

"Selected Values of Ch~mical Thermodynamic Properties'' unless otherwise 

stated. The activity coefficients of the aqueous americium ions are not known; 

hence our heats of formation cannot be designated as ,6H
0 

values and the 

potential values are "formal" rather than "standard". 
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EXPERIMENTAL 

~reparation of ~ericium Solutions. -- The americium isotope used in 

this work was Am2il • Final purification waa performed by o::xiciiation-fluoride 
s ++ . 

c:_ycles. Solutions o£ AmOz were prepared by 

(S) S. E. Stephanou. and R. A. Penneman, ~, !!• 3101 ( 195Z). 

electrolytic oxidation in a cell consisting of three compartments separated by 

1-cm. Pyrex "Fi' sintered discs. The anode and cathode were platinum wire 

spirals with sur£ace areas of 3.0 and O.l cm2. respectively. The Am +3 in about 

Z ml of either 1.!:!. or 6.!!!. HC104 wae placed ln the anode compartment and 

HC104 of the same concentration in the other two compartments. Electrolysis 

was performed at a current C)f 0.15 amp with the cell immersed in an ice bath; 

oxidation wae 95% complete within 1 hour. For the calorimetric measurements 

the oxidized. solution was then diluted to about 2.0 ml with <Us tilled water or 

dilute HClO 4 and used immediately for measurements ot the heat of reduction 

of Amo;+ , or else was allowed to undergo autoreduc:tion to Amoi for heat 

measurements on this species. 
. + ++ . i Autorecluction of AmOz and Am.O~ ..... Speetrophotometr c observations 

. . . . I 

of the autored\lction of so\ution.e of AmOi and Amo;+ were in reasonable 
6 ·agreement with the data reported by Asprey and Stephaaou; the rate 

(6) L. B. A&prey and S. E. Stephanou. American Chemical Society, 

Chicago (1950). 

taws are 

d(AmO~) d(AmO~ 
0.040 (Amtotal) hr .. l = ;:; 

dt dt 
and 

d(Amo;) d(Am +l) , .. = O.OZO (Amtotal) hr .. l = 
dt dt 

(3) 

(4) 
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The reduction is apparently <H!ected mainly by hydrogen peroxide 

produced in the solution by the alpha radioactivity. An experiment in which 

extra hydrogen peroxide was added to a solution of AmO~ showed the reaction 

to be £ir-st order with respect to (HzOz)• the hatf time being about 1 hour. The 

reaction of HzOz with Amoi+ was complete before spectra could bt? recorded, 

about 5 minutes after mixing • •• Solutions o! Am02 thus contain an appreciable steady-state concentration 

_of hyd.rogen pel"oxide, but s-utiou of Amoi+ contain very little peroxide. in 

freshly prepared. solutions o£ AtnO~. the rate of autoreduction ls initially zero 

and. increases to the limiting value given by equation 4 as the peroxide in .. 

creae~e to its stead,y .. st.ate coacent·ration. In mixed solutions of AmOi+ and 

Amo;, no AmO~ is !'educed to Am +3 until essentially all o£ the Am Oz.+ has 
. . + 

been reduced to Amo2 • ~· 

The Calorimeter. - .. A mic roealorimete r previous\ y used in this laboratory 1 .· 

was extensively modified for the work described here. The reaction chamber was . 

(7) E. F. Westrum, Jr. and L. Eyring. This Journal, 74, Z045 (195Z). - -
:redesigned aa shown in Fig. 1. The heater and thermometer consi.sts of two 

coils of No-. 4Z 1. and S. sage enameled copper wire of 40 and l5 ohms resistance 
. I 

respectively, wound biiilarly on a copper spool 0.010 inch thic.k. The spoo~ •~~ 

euppo.rted by tour thin copper tubes through which the electrical leads are passed. 

All copper parts. are gold plated;· the chamber itsel£ is ol tantalum. 

The space between the chamber and. the submarine jacket was evacuated 

through. tubing leading to an· oil dif!usion pump. A vacuum of about l0-3mrn Hg 

was_ maintained between the calorimeter reaction chamber and the enclosing 

submarine jacket. A thin aluminum radiation shield we.a placed midway betwe~n. 

. the chamber and submarine. The thermal leakage modulus obtained with this 

bl 5 0 
.. 3 . . ..1 

aeeem y was x 1 minute • 

Operation of the calorimeter was checked by measuring the beat of 

solution of rne.gne~ium rnetal in 1.00 M., HCl eaturated with Hz.. The results 

of these test measureMents are shown in Table 1. 
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Table I 

Heat of Solution of Mg in 1 .. 00 M HC 1 

Sample Weif!ht (mg) 

O.Zl80 

0.1194 

o·;z19Z 

Heat Evolved (cal) 

1.039 

O.S91- · 

l.OOZ 
.. 

AH (kcal) 

·111.1 

-111.4 
-111.4 

The values agree well with that of -111.3-ZZ 11: 0.041 determined by Sbomate and 
. . 8 . 

. Huffman. The same correction for volatilized water baa been applied. 

(8) C. H. Shomate and E. H. Huffman, ibid., 65, 16ZS (1943). --
The data are uncorrected for the beat of breakage of the small ( ... ZO tJl 

volutne) Pyrex bulb.s used to hold the samples, since this heat was zero within 

' the lbiiits of sensitivity. The reductant solutions for the americiUil1 runs were 

:contained in similar bulbs of 100 tJl volume; any heat ol breakage would be 

elb'ninated !rom the final result en correction for the apparent heat of dilution 
' . 

. of the i'e4~ tant in blank runs. 

Heat of Formation. of Amoi• . ~ .. Two equal aUquote of the Amo;+ 
solution were taken, one being reacted in the calorimeter ·and the other titrated 

to 4etennine the:Amo;+ coftcenttation. The reducing eolutions were weighed 

samples of 75 to 100 .,.t of 0.88 !!_ Fe(C104,z in 1.00.!!!. HC104; the correction for 

the beat of 4ilution was about O.OS cal. Analysis of the americium solutions for 

· Am9.i or Amo!+ consisted of addition of a alight excess of 0.1 ~ Fe(Cl04)z from 

a gra'Virnetrically calibrated micropipet followed by back-titration with 0.1!! K Mn04 
I . 

· · · from a microburet, using S pl. of O.OZS M orthophenanthrollne ferrous sulfate. 
. - . 

. Thie titration ·waa performed a.s close to the time of the calorimetric reaction 

ae p~aaible, and the (Amo;•): (Amo;) ratio was measured apectrophotometrically 

at about the same· time. _ Appropriate corrections were made for the AmO~ 
preeent. The reaulte o£ the measurements of the heat of the reaction 

++ ++ + 
AmOZ(a<t) + 3Fe(aq) t 4H(aq) (S} 

are given in Table u~ 
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Table ll 

. ++ ++ 
Heat of Reduction ()f AmOz .By Fe ,. ___ _... ___________________________ _ 

-~ ,; ' 

., 

+ AmOz 

(f.lmoles) 

Amo++ z 
(ttmole~J) 

HC104 
(molarity) 

Heat Evolved 
(cal) 

-AH 
(kcal) 

----------~---------------------------------------------------------

' . 

Run ~ Am02 Arno;+ HC104 
(pro olea) (J~.moles) (molarity) 

1 9.09 0.98 1.19 

i <}.33 0.96 0.84 

3 9.Zl 0.90 0.9 o. 7673 

4 9.58 o.az 0.9Z 0.7621 71.0 

'1 ., 
I . ' 
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The average value of AH for the reaction 

AmO~ + ZFe ++ + 4H+ = Am +l + ZFe+l + ZHzO 

is - 7Z.Z • LO kcal. 

UCRL-34Z3 

The method of analysie eliminates errors from chemical impurities 

except for substances such as Cr or Mn which would be oxidized with the 

americium and reduced by Fe++, and these would be effective only so far as 

their heate of reduction per equivalent di££ered from that of Amo:+ or 

Amo; . Spectrographic analyeis oi the americium gave upper limits o£ 

O.Z wt. % each o£ Cr and Mn. 

(6) 

The epeetrophoto~etric determination of .the (Amo~+) : (AmO~ ) ratio is 

accurate only to about 3%. but the error int1!'oduced is small eince the heats of 

reduction per equivalent of the two epecies differ by only 10%. 

. + 
Dieproportionation o£ Am02 • • .. The estimated p~tentials derived from 

thermal data indicate that Amo; should disproportionate in 1 ~ HCto4 
accorcling to the reaction 

. + + . ++ +3 
3Am02 + 4H = ZAmOz +Am + ZH~O. (7) 

This disproportionation of AmO~ baa been observed previously in 6!:!. and 

3M HC104,' but ie·oot seen in 1 ~HC104. In the pre1ent work two series of 

(9) S. E. Stephanou, L. B. Asprey, and R. A. Penneman, American 

Chemical Society, Chicago (1950). 

spectrophotometric observatJon.s of the dispropor.tionalion of solutions of 

Amo; in 5.70 and 5.97.!'! HCto4 gave rate data in agreement with the earlier 

measurements by Stephanot,l, · Asprey, and Penneman. 9 The rate law is 

d(Amo;> 2 . 4 .. 1 .. 1 ----=. 0.04 (AmO~) (HCt04) moles liter hr . 
dt 

(8) 
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The data indicate that the Clisproportionation follows the stoichiometry 

of reaction 5 _within the limits of expeJ!imental error. The most probable 

mechanism would seem to be the rate -determining step 

. + . + ++ 
ZAmOz + 4H . : AmOz + . Am(IV) + ZHzO (9) 

followed by the rapid reaction 

Amo; + Am(IV) = AmO~+ + Am+:! • (10) 

Detectable amounts of Am(lV) have not been fo~nd in aqueous solution. 

Sine~· Amo;+ is "undergoing autoreduction to AmO~ whenever it is present 

in solution, the actual variation with time of the various species is as follows: 

. ++ . 
d(Amo2 ) + z 4 ---- = O.OZ7 (AmOz ) (H+) • 0.040 (Amtotal) , 

dt 

d(AmO+) 
z .. l .. ' = ... o.o4 (Amo• }.z (Hi')'4 + 0.040 (Amtotal) , __ d_t__ it ... , 

d(Am +l) + Z + _. = 0.013 (AmOz) (H ) ·• 
dt 

In an initially pure solution of Am.o; • bo Amor will appear unlems the 

concentration of Amo;. is greater than 1.$ (H+) -4 mole liter·1 . 

(11) 

(lZ) 

(13) 
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. DISCUSSION 

Using the value of ,A,H :: + 9.95 kcat 10 for the heat of oxidation 
. ' 

. (10) R.·£. Connick and W.H. McVey, This Journal. 73, 1798 (1951). - -
olFe++. 

F ++ H+ ~ +·l 1/., K . 
e (aq) + (aq) ~ .~~e(aq) + .~ · Z(g) • 

the heats of oxidation o~ Am(m) to Am(~ and Am( VI) me.y be calculated: 

. +3 + + 
Am(aq) + ZHzO(J) = AmOZ(aq) + ZH(aq) + Hz(aq) • 

AH = + 92.1 :'i 1.0 kcal. 

Am;:q) + ZHz 0( I) :: Amo;taq) + H:aq,) + 3/ Z Hz( g) . 

.6.H :: + 129.0 • 0. 3 kcal. 

(14) 

(1 5) 

(16) 

· These data, in combination with earUer values for the he.ata of reactions 1 and 

2 ·(AH = .. 163.2 • 1..7 kcal and AH = + 47 kcatreapectively), give the heats of 

formation eum.marized in Table IV. 
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Table IV 

Heats of Formation. of the Aqueous Ions of Arne ricium 

+3 Am 

Am+4 
. + 
AmO~ 
AmO + 

2 

-16 3.2. :t: 2.. 7 kcal 

-116•6 
.. zo7.7:tl.9 

-170.8. 1..7 

The free energiee an.cfoxidadon potentials of the various eouples may be 

calculated from the da.ta o£ Table IV by making use of estimated entropies; 

however, in view o£ the large diecreparu::ies between the entropies given by 

Lati~er 11 for the Mo; type ol actinide ion and the values found by· Cohen. and. 

(11) W.L. Latimer, ·"oxidation Pote_ntiale". second edition, Prentice .. Hall, 

Inc., New York, N.Y., 1952,fP. 302.-306. 
' 

Hindman ll. for the corresponding neptunium ion, we shall use our value o£ 

(lZ) D. Cohen and J. C. Hindman. This Journal, 74, 4682. (1952.). - -
AH = + 36.9 • 1.0 kea.l for the reaction 

+ + ++ f· 
AmOz (aq) + H(aq) = AmOZ.(aq)- + 1 2. Hl.(g) , (17) 

in combination with the value o£ -1.60 v reported by Penneman and Asprey 13 

tl 
(13) A.A. Penneman ae1d L.B. Aeprey, American Chemical Society, 

Chicago. Illinois ( 1950). 

for this couple. to calculate S ++ ... S.AmO+ • 
AmOZ(aq) 2(aq) 



"' . '' 

>~ 

~- ' L, 
' ... '., 

' 

l 
I 

-12- UCRL-34Z3 

Straightforward manipulation of the data yields -16"* 4 e. u. for this- -

, dif~e,rence. We then adopt. for the entropy o!. Amo;:aq) , -1_8 e. u •• the value 

givej\ by Connick and McVeylQ lor Puo~t • to .obtain. -Z £oz: the entropy of 
. · .. + . +4 . ' . 

AmOl(aq) • Vfe also adopt fo~ _:Am(aq) the entro~y of -77 e. u. given by 

Co!lnick and McVey for Pu(+:) and t~e the -difference in _entropy SAm +4 
q . - . . . (aq) 

· S .A .+3 to,be -47 e. u., the same· value as for SN +4 .. SN +3 found by 
~(aq) . _ P(aq) · P(aq) 

. . ·.· ' : ll ·. : . ; 0 
· · Cohen and Hindman. · Finally the ent;-opy c;tf Am i-e assumed to be 12 e. u. , ·the 

. . O· . . .. 
same a• that of U • ·, . 

These entrOpy values in combination, with the heat <iA:ta o£ Table IV yield 
' . ' . ' ~ 

the following self -eortsistent pote11tial scheme: · · ' 
,r • . 

. , . -1.83v 

Amo· +Z.38v A f 
1 

+J : ... 2.4V ·A' +4. 
T(aq) - rn(aq) 

-l.Zv - ~(' o+ ..... t.6ov A o++ 
". ·. m Z(aq) : ·. ml.· .. 2(a.q) 

·-1. 75v~ _ 

' The. more reliable ~alues·a·re given to the nearest O.Olv ani the less reliable 

, ; to ·O~Jv. Kt best, ·however, the potentiate are uncerta~a by .o •. dsv and those~ 
~ inv~lvhig · Afut: ) by O~Zv. . ,, 

-·- . . q . . . ' ." ' ., c 

It is recognized tha~ di(ference$' .in ground-state multiplicities of ant1l.ogous 

- a.<:tirdde ion• will lead to variations in entropy of 1. ,to ~ entropy units' and that .: 

. the "contraction in ionic radius with increasing atomic number will ca:use the 

~ entr_opies-to:.,bec~me more negative ~o~g- th~ series;-· At p.re~,e~, howe~e~; it iS· 

not possible to evaluate the-~e effecte a.kqliA,ety. it does seem most probable. . . . " .. . . . ; .. , ' . . + . 
· however, that the entropy values aesig~•c;t by_.~atiiner to the Moz· t:ype of 

: actinide ions are too postUv~ by some 15 to 20 ent.rdpy unit-e._ The linear 

et~cttire and high for~al ¢harge o~ the;MO; t'}'Pe __ ofior,t ehou14 pertnit cl~se 
approaeh ao.d marked ordering ol water of hydration~ as compared with the " 

large al:kaU:Catiolle, to which Latimer's entropy -value~ correspond. 
. .. . . 243 . . ,. . 

Use of the longer:..Uve<l isotope Am iQ studi-es on the disproportionation 

<Jf Amo; in l_M a+ may yie~d. eqllilibrlw:n .Values that will define the ratio of 

the potentials of the 3:..5 and 3 .. 6 couples mo:t'e precisely than is possible from 

the preaent data. In solutions of AmZ4l of con.venieatly realizable- c~neentrations 
the diapropordonation in 1 M acid is ~ompletely ma~ked by-autoreductio~. 

. ............ ' -

\ > 
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