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ABSTRACT
The heats of solution.of anhydrbus plutonium, americium and lenthanum
trichlorides have been measured in solutions of EDTA (HMY) at a carefully
chosen pH, and in inorgenic solutions of the same ionic strength,. From thesé

aéta we have calculated the enthalpy change for the reaction:

- 2. .
MeY + HY + 3C1
> (aq) 2° (aq) 3c1

aq) —

3-
MeCl (c) + 2HY ( (aq)

3
Using auxiliary data the thermodynamic quantities AH®, AF® ,and AS® associated

with the chelation are reported for 25°C and u = 0.1 and the results with

actinides chelates are compared with literature values for the corresponding

$

lanthanidés,
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INTRODUCTION
Quantitative data on actinide element .complex species are relatively

rare and.often limited to stability constants determinations. No direct

calorimetric measurement of the enthalpy of complexing have been published.

In the present paper, we report such direct measurements for the complexing

+5

+ I
of Pu 3 and Am ~ with EDTA. We also report data on Ia > complexing for pur--
poées of comparison. |
From the enthalpy change and the formation constants (Kc) of the

chelates, the entropy variation on complexing can be calculated:
AF = - RT In Kc-= AH - TAS

A number éf thefmodynamic studies of various EDTA complexes have been reported
in the literature. From e.m.f. meésurements at various temperatures, Carini
and Martéll(l) obfgined thermodynamic data on alkaline earth chelates.
Charles(?) made direct calorimetric determinations of the enthalpy of chelation
of a number of mono- aﬁdvdivalent ions. later, Stavelej and Randail(j) made
a similar study including 3 lanthanides. Using radioactive tracers, Betts and
Dahlinger(h) investigated the temperature dependence.of the chelation equilib-
rium of all the lanthanides except p?ometheum. While our work was 1n progress
Mackey, Pdwell and Spedding(5) published their calorimetric data Qn.all the
iaﬁfhanidese iMore recently the calorimetric results of Andefegg,(6) on the
éomplexing with EDTA and DCTA Qf vérious divalent ions and of lanthanum have
aﬁpeared‘in the literature.

Large discrepancies exist between the results of direct measﬁrements
an@ fhose obtained from femperature dependence measurements. 'Because.of tﬁe ¢

limited temperature range available, the latter are very sensitive to small

experimental errors. Even direct enthalpy measurements by various investigators
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are hard to compare because of the diversity of experimentél conditions and
because of discrepancies in the auxiliary thernbdynamic data used for the
calculations. Within smali variation two different methods.have_been used for
the direct determination of the enthalpy of complexing with EDTA:

a) addition of a solution conteining the cation studied to a solution
of the tetrasodium or pbtassium salt of EDTA, in slight skoichiometric excess,
A neutral sait (KNO5’ KCl) is used to maintain a constan£ ioniec strength. This
-method requires a precise measurement of the initia; and final pH of the
eolution En ofder to allow a correct evaluation of the reactions.

b) addition of a solution’cqnteining the cation studied to a solution of_.
a neutral chelate of EDTA, also at'constant fonic strength. Mackey, Powell
and Spedding(5> who developed this method used the Mg chelate, which is
much less stable(7) than the lanthanide chelates.

Method b) has the great advantage of being independent of pH meesure-~
ments and hence allows a more direct comparison of the results with various
cations.

For reasons that we shall glve later, the method used by us is some-
what different. We have measured the heats of diseolution of crystelline
annydrons trichlorides in ‘dilute ‘solutions of EDTA at a fixed pH value, and
eompared these data with the heats of dissolution of tne same chlorides in
’seiutione of eimilar ionic‘strength, nithout EDTA. Under the expenimental

conditions, the equation:

5= -

3(c + H Y"(aq) iy o (1)

{ (aq) 2
~ unambiguously describes the reaction to better then 99.8%. From the known
acid dissozi&tion constants of EDTA(8’9) it may be shown by calculation that

this conditien is fulfilled when the pH of the EDTA solution remains between
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7,k and 6,6. Of course, the EDTA must be in large excess with respect to the

cation concentration.
If we call AH, the heat of dissolution of the trichloride in a non
complexing but otherwise identical medium;

e

. ; ] o
MeCl ) — Me +(aq) #3001 gy My (2)

3(c

" and if we use the heats of the third and fourth dissociations of EDTA,

' 2- " -
, H?Y ba) > Baq) "M (aq) M3 | (3)
T, —-—; gt eyt Pt ()
(ea) 7 " (eq) T 7 (aq) TH I
the.heat of complexing
34+ - - .
M (ea) T (aq) TV MY (aq) s (5)
‘is easily célculated: '
AH S O - AH, N - o, - (@

5 1 )

~The method outlined above was chosen for two reasons: 1) it 1s easier to |

handle smali‘érystalslof the trichlorides (even though they.;re hygroscopic),
than to prepare, and handle small volumes of solutions of ﬁhese'highly radio-
active species; 2) due to its aipha activity; plutonium cannot be képt_in a
solely +3 state (in dilute acid solutions) for periods exgeeding.a fewvhours;

[t

moreover the'oxygen formed by the radiolysis of water and.accumulated in such

- .solutions would immediately oxidize the plutonium in the chelate at the time

of the reaction.
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EXPERIMENTAL

AL Materialsu

Anhydrous trichlorides.

We have described eléewhere(lo> the .techniques for purification of

. the trichloride solutions: the obtaining of gram quantities of anhydrous single

crystals by gradient solidification from the melt; and the ﬁreparation (Handling ’

and weighing) under dry nitrogen of the samples for calorimetry. Samples

between 2 and 8 mg have been used.

100 ug éamples showed no impurity when analyzed by the copper spark

method (for sensitivity of the technigue see ref (10)) in PuCl3 and'AmClz,

-showed 0.01 pg Mg and .

while similar amount of 2 different batches of LaCl,

0.0% pg Ca as. the only impuritieé.

Reagents arnd solutions.

All inorganlc reagents were of analytial: grade. The EDTA was &
Fisher Certified Reagent. It was furtheripurified by recrystallization from
hot water, in quartz veésels.

After drying in vacuum over P205, it was analyzed spectrographically.

. The only impurity detected was 2 p.p.m. of Na. Moreover, acidimetric and com-

plexomeﬁric’titrations (Mg2+) showed that the compoéition of the reagent
corresponded to the expected formula within the acburacy of these methods

(£ 0.3%). The EDTA solutions used were 2.5 10 °M, neutralized at pH 7.27

with a KOH solution (0.9M) and made 0.1M in K" by adding KCl. For such a

solution.uj# 0.17. Calculation shows that, when dissolving the trichlorides
in the EDTA éolution fhe ionic strength should decrease by.a maximum of 0.02
units. | |

We haﬁe taken p = 0.16 as the mean ionié strenéthlto report our
results. The large (seven fold or greater) excess of EDTAfholds fhe pH of the

chelate solution within the required limits for the observation of the partic-

i
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vvular reactlon corresponding to AHl glven above. All the solutions used were
prepared with de-serated vater in -an argon. atmosphere and kept in argon. Par- .
ticular care was taken to. prepare Cog-free KOH_solutlons. As a routine measure,
at the time of use the EDTA solution was again de-aerated with argon and the
calorimeter was assembled in a gloved box which had been flushed with pure
argon for several hours. Mass analysis of the atmosphere of the box at the
time of loading indicated the.oxygen content to be lesslthan 0.02 vol %. This
is importaht when studying the plutoﬁium chelate tecause the +3 coﬁplex of
pldtonium.(blue) is very sensitive to oxidation and is alﬁost instantly;oxivm

" dized to +4 (pink) by traces ofioxygen{ This is easily understandable if we
considefzthat the +h complex is of the order of lO6 times more stable(ll) than |
the +3 complex. The.oxidation potential of the Pu+5—Pu&# couple is thereby
made substantlally more positive. The absehce of Pu+h complex in the calorimeter‘
solutions,was systeﬁatically checked using a Cary Model 1k4 hecording spectro---
'photometer. To do this, the calorimeter ﬁas,disassembled and the oeils loaded
in an argondatmosphere. Within the limits of detection (£ 0.5%) no Pu+u was.
fmm& | | .

4

B.  The calorimeter

12,13)
(24)

The semi-adiabatic calorimeter used has been déseribed( and.

recent modlflcatlons and improvements will be detailed elsewhere.
Its heat capacity, when containlng 8 ml of solution is about 9 calories

per degree : The temperature sensitlvity is approxlmately l X 10 5C Due to

" radioactive heating, stlrrlng, and power input to the bridge the steady state

temperature was from 0.1 to 0. 3 C. higher than the temperature (25.03 C. ) of

the external bath. Methods of calculations and corrections used nave been

(10) .

described.

C. Units-and limits of errors

In our thermochemical calculations weihave taken the calorie to be
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 équa1 to 4.1840 absolute joules.

. The limits of error qﬁoted for our experimental data are for the 95
per cent confidence interval, but we have not attempted to retaip this limit
’when éombinipg our data with that froﬁ 6ther sources, for which we take the

error to be that stated by the author.

The heat measurements reported here were made at temperatufes a few

"tenths of a degree above 298.16°K, but within their limits-of error they are

not distinguishable from 298.16°K values. Hence, we have treated them as such.

‘On the basis of mass analysis data.we calculate 239.11 and 241.07 respectively,

~for the atomic'weights of the plutonium and smericium stocks used.

. i ' Pty Dt o BT PTI
' . el TP e by

RESULTS AND DISCUSSION
Tab}e'l tabulates thefexperimentally observed heats of dissolution
,jof the trichlorides into EDTA solutions (Aﬂl) and summ;rizes.ﬁhg expeiimental-
cénditions.
As seen in table 1, the EDfA 1s always in large excess‘with respect

to.the cgtion studied and it can be-calculated that conditions for reaction (i)
afg lafgely met in evéry case. A |

_ | We have reported(lo) the heat'of dissolution of PﬁClB'in dilute HC1Q)
?ﬂu =;O.l>'andfof AmCl. in various HC1 concentratioﬁsﬂ Our data on PuCl5 agree

_ 3
very well with those of Westrum and Robinson(l5) in dilute Hél.(o.lM)., The

o heat of’dissoluﬁion of IaCl, in various concentrations of HCl has been mgasured_

vby Spedding énd Flynn.(}6) Infefpolafion of the existing data will giVe with-
ouﬁ any appreciable error the heat of dissolution at Q = 0.16. Ve therefore '
obtain, for PuCl3,.-5l.65 + 0.2; for AmCl5, +33.,05 £ 0.2; for LaCls, -32.65 %
0.1 keal. molé_l, respectivgly. We shall use those values as AH2 in our

calculations.
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The heats of the ‘third and fourth dissociations of EDTA have been
(17) '

determined by Carini and Martell from e.m.f, data at various temperatureaf
Recently Anderegg(6) measured these heats directly at p = 0.1 (KNO }; a dis-
crepancy of about 1 kcai/mole -1 _exists between the two sets 6f data, we shall
use the values of Anderegg: +4, 3k and‘+5.65,kcal.mole l, respectively, neglect;/
ing in the calculations the heat of dilutionfof ﬁhose species between o= 0,1
and p = 0.16, |

Using the preceding data and alsc the existing fornation constants

for the chelates, the thermodynamic Quantities for the formation of the complexes

can be calculated. They are summarized in table 2, The Ké values have been

B

obtained at p = 0,1; therefore in reporting the data, differences in AH between

= 0.1 and p = 0,16 will be neglected.

'The ‘data in table 2 show that the increase in entropy is the predominant
factor responsible for‘tne stability of the chelates, as has been.fcund to be true
- for other_ED?A chelates, 'Little more can be concluded from theAmagnitude of the
entropy change because 6f the limited number of chelatesjinvestigated in the pre-
sent study. If we compare’cur results on lanthanum with those of Mackey and co-

(5)

we observe that a discrepancy of about l 8 keal, mole -1 exiets Dif-

workers;
ferences in the auxiliary data used can account for deviations amounting to 0.5
kcal. mole, l,u On the other hand, if we- compare plutonlum and americium with

the lanthanides hav1ng approx1mately the same ionic radii (praseodymium and

» neodymium), we note that the enthalpy change for the actinides is more negativel
by scmewhat more than 1 keal. mcle;l. If we attribute the disagreement between
our'data and those of Mackey and'cd-workers for lanthanum to a systematic~error;
application of the correction leads to an increased difference Between the
-actinides studied and the lanthanides, We'observe also that tne stability'conl
stants of the Pu+3 and Am+3 chelatee are about lC times greater than those of
the lanthanides(7)'of similar ionic radii (Pr+3 ~loglOK 16 80; Na +3

’ log 10Kc=
17.01, after making the noted correction in table 2) and indeed the elution
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(19)

'behavior of mixtures of actinides and lanthanides in the présénce'of.
EDTA leads %o éhe same cogclusion. Therefore the increaséd sfability of the
actinide complexes is due méjnly_to a larger enthalpic term, -
We believe'it unlikely that structural differences exist betweén '
the complexes of the actinides studied and those of the corresponding lantﬁgp-
ides, Differences in stability must be due to other contributing factors
in the interaction between the central ion and the ligands. Thermodynamic
data on complexes of other trivalent actinides as well as studies using homologous

chelating agents would no doubt be helpful in understanding the origin of the

difference,
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‘Table 1, HEATS OF DISSOLUTION OF TRICHLORIDES INTO EDTA SOLUTIONS AT 298.3

'+ 0,20 K (AHl),EDTA 2.5 x 10-2M, pH 7.27, 0.1M K* (xc1).

. Sample - - - Weight of = Molarity of Heat evolved .Final pH

JAY: i R
. sample (mg). chelate (cal.) of solut, (kcal. mo;e'l)

0.005  '1.59% x 1073 0.4389 3h.h2
0.00k  0.94k x 1073 0.2609 | 3k, 54
0.004 1.433 x 1073 0.3964 l‘" - -34,56
0:006 . 1.h71x 1073 o,u083 ' S .-3k69

. T3K55
+ 0.15

+ 1+

 2.610
. .3.961
0 ko066

H+ W

' _Aﬁbid . 5.069 % 0,00k 1.82hx 1070 0.5316 '_{- 36k

0 7.289 £ 0,006 . - 2.622x105 07643 - -36.31
~ .T.606 % 0.006 . - 2,763 x 1073 0,798 . - ”:36;31'_

% 0:15

‘zeca{? 5868000k 2.90x2073  orrre 67k -zsz
LaCl ,) ' 6.777 £ 0.005 3,454 X l0'3 ¢ 0.8946 . 6.68 . =32.38

LaCl?O> 5.379 + 0.00% 2,741 X 1073 0.72%0 = 6.80 \;-32.56

- T-32. kg
+0.15

) i
2 different batches of LaCl3' . S : . i
— : =

O S ; .
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Tabie 2.. THERMODYNAMIC QUANTITIES FOR THE FORMATION OF THE CHELATES WITH .
EDTA AT 25°C AND p = O 1.

T o A

Species -1 log. . K N R -~ £5° (cal.
(keal. mole™) 10 e - (keal. mole l) mole-1 °c-1)
Puy” -4.23 % 0.25 18.07(8) -24.67 . 67.8%2
CAmy~ k.67 £ 0.25 18, 16() -24.79 - 6Tk 2
LaY~ . -1.15 t0.20 -~ 15, galc) - -21.66 6Tk 2

~

ayalue from reference (2), corrected from 20°C:to ZSfC{usingithe'relation

ALK
aT " RTC

b'value from reference (18)

value ffo? reference (7) correc%ed from 20°C.to 25°C.and recalculated gﬁingi
Cabell! dlssociation constants for EDTA instead of Schwarzenbach's(
in-order to normalize Ke as well as possible, We have noted previously( 8)
that the two sets of EDTA dissociation constants lead to a discrepancy of

- about 0.4 in logjg K. in the pH range considered.
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