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Thermochemistry of Some Chlorocomplex Compounds
of the Rare Earths; Third Ionization Potentials

and Hydration Enthalpies of the Trivalent Ions}

by Lestér'R. Morss2
Department of,Chemistry and Lawrence Radiation Laboratory,

University of California, Berkeley, California;9h720

Abstract

- Heats of solution of the complex chlorides Cs,NaMCle
(M = Y, La, Ce, Nd, Gd, Dy, Er, Lu, Pu) were measufed in a new
microcalérimeter.‘ Heats of formation of these cogpounds have been
derived and are compared with heats of formation of the uncomplexed
chlorides. 'Using auxiliary thermodynamic data,.the third ionization
potentials of the lanthanide elements and the hydration enthalpies
of the trivalent rare-earth ions heve been calculated. The
variation in the third.ionization potentials of the lanthanides
may .be axtributed to the change (upon ionization): of exchange
energy of'unpaired electrons. However, the variétioh in enthalpieé
of hydration and compléxiﬁg cannot be interpreted in terms of

ligand-field stabilization.



: elements and . their compounds may‘sometimes be inﬁefpreted simply

(3,4,5,6)

(7,8)

- Introduction

The gradually changing chemical properties'Of‘thexrare~eafth

in ﬁerms of changing nuclear charge and'electrOnic configuration.

However, structural changes, hydration effects, nonstoichiometry,

or electroric interactions may pérturﬁ the relatiohéhip being

studied as one proceéds along the ianthanide orvactinide‘sefies.

It is necessary to resort to thermochemical cycles to circumvent

3-6

such effects.
Recently-preﬁared and characterized complex compounds Cs,NaMClg,
where M iné.y‘ ‘be almost any trivalent cation, appeared suitable for

7,8

stréightfo;ward comparisons of thermochemical properties. The

desirable_cﬁaracteristics of these compounds are the following:

(1) They are preparable for yttrium, all the lanthanides, and all

actinides attempted (Pu, Am, Cm, Bk). The compounds-are easily
pieparéd in high purity and are léss sénéitive fc'éﬁmospheric
mbisturé than are the respeét;ve trichlorideé.i

(2) They are all rapidly water~sdluble; making aqueous solution
calorimetry feésible.

(3) ExtenSive thermochemical data are available bﬁ the'COfresponding'
binary,éhiorides from which the complex;chlorides-are formed, and

on their.aqueous solutions. ' ' o v e

(4) As contrasted with binary compounds such as the trichlorides
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or sesquioxides, the complex chlorides are all'isostructural, and
of high»symmetry4- enabling simple calculation and'interpretation

of lattice energies.

L fThe initial go&is of this iﬁvestigation were to determine the
heats of formation of the compounds Cs,NaMCls and to evaluate the

stability gained by the complexed salts,

2 CsCl + NaCl + MCls = CszNaMCle. ' (1)

"Because of the precise and accurate heats of solutidn,’and the

régularity with which the heat cﬁanged with atoﬁic number of M, it
was possible'to use the thermochemical and cfystallbgfaphic informa-
tion obtained for these compounds to estimate third ionizaﬁion
potentials'fbr the lanthanide elements and to cdlculatevheats of

hydration of the trivalent rare-earth ions.

Experimental Section

‘The compds CsyNaMClg were prepared as single crystals from

the corresponding anhyd binary chlorides (CsCl, NaCl, and
8,9

sublimed MCl3) by gradient solidification from a melt. The source
of anhyd PuCl; for Cs,NaPuClg was a single crystal, sublimed
10
and grown by J. Fuger.” )
A piece of clear single crystal was broken out from the center
of each cylindrical crystal of CszNaMCls} This selected sample was

crushed in a mortar to fragments ca. 0.5 mm in size; replicate -

samples were loaded into calorimeter bulbs. All sample-handling



(11)

~ procedures wvere carried out in a dry box, even though all samples

except those of Cs,lla¥Cle showed no evidence of déliquescence.in .
laboratory air.
Weigﬁings were carried out on”an'Ainéworth M micfobélance‘ v
(not in thé dry.box)xby enclosing each calorimeter bulb in a micro
weiéhing bottle, with the ground—glass joint'sealedeith petrqleum
Jelly. fq préVent'a buoyancy'érrof.whgn'capping fhe weighing
bottles, a smallvhole was drilled through the ground glasé of each
cap aﬁd botﬁle, so that pressufé could-bé equilibraied after closing
the bottle by‘rotating the cap. (Precision qf wéighingé was
establishéd as £0.02 mg by weighing and‘reweighing empty bulbs.)
A 30fml'gold—plated coppéf microcalorimeter ﬁas'used for heats

of solution. The microcalorimeter had an energy equivalent of

34,5 cal/OC,-tbermal leskage modulus of 0.001 min ', sensitivity 0.0002

cal, and precisioﬁ 0.06% (standard deviation of a typicalbelectrical'

~ energy heat calibration). A detailed:descriptidn df the calorimeter

has been"-‘pub]_.ished.ll

~ Heats of solution‘were measured at (25 * 0.1)° in 0.001 N HCiL
(This pH avoids hydrolysis of any of the trivaleﬁt_fare-eaithZions;)
All chlqrocémplex compounds dissolved within 2 min.andvgaVe clear
solutions,fekcept for one slightlyméléuded'crystal of CszNaLuCis - . | ,‘
Whichvrequired about ah hour to complete evolgtién'gf heat. (This
run was rejected.)

The calorimeter’s energy equivalent was determined twice before
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and twicevafter éach fun by preéise iﬁputs of electrical energy

which approximated thé'chemicai héat evolution in quantity and
duration. The heats of solution of Mg metél in i‘H'H01 and of "tris”
in 0.1 N HC1 éerved as checké on the accuracy of thé microcalorimeter
(Table I). i All resulté‘are réported in definéd calories

(1 cal = 4.18L abs J).

Table I. Heats of Solution of Standard Substances

AH(soln), kcal/mol

Substance Wt., mg. Cal.

Found Lit.
Mg metal  0.5938  2.7184  111.30  111.285%
"Tris"  39.k1 -~ - 2.3106 7.102 b
o - 7.109—
“Pris'  29.905 - 1.7567 7.116 .

a. C,'H. Shomate and E. Huffman, J. Amer. Chem. Soc., 65,
1625 (1943). |
b. J.-0. Hill, G. Bjelund, and I. Wadsd, J. Chem.

Thermodynamics, 1, 111 (1969).

Correctiéns were applied for water evaporated into the dry
nitrégen of each bulb (and in the case of metal dissolution, for
h&drogen.ev&lved); for heat of bulb bhreakage (meésured five times,
mean -0.0002ut 0.5602 cal);‘and.for reducing observed data to

infinite dilution. The last correction was mede to the heats of

soln of Cs;NaMCle by assuming only two significant heat effects to
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(16)

be corrected: the nonideality of M(III) salt éolufidns (considered.

equivalent‘to the heat of dilution of the correspOnding MC1ls3 soln v

to infinite dilution) and the complexing of M(IIT) with chlorlde .
.

1on (Whlch proceeds significantly only as far as the monochloro-

complex ion). At molalities achieved in these experiments (flnal

molality of Cs;NalMCle typically 0.004 m, the former correction

amounts to -70 cal/mol and the latter to about ~L0O cal/mol (that

‘is, both dilution effects are exofhermic). Heats of .dilution have

been measured accurately for YCls; and for all lanthanide trichloride

solui‘.ionfs;lz-"'ls

the comparable correction for PuCl; was estimated
from that of the lanthanide with comparable ionic radiqsg NdCls ..
The equilibrium constant and enthalpy of compiexing of M(III) with
chloride haée only been estimated for a few_rareféarth ions;'the

calorimetric estimate of Montgomery16 for the formation of CeCl2

(K =1, AH = 5.4 kcal/mol) has been used for all the rare earths.

Results
Table TI reports the results of the basic exéerimental date
obfained iﬁ this research. The averaged heats of éo1ution for thé
lanthanide chlorocomplex compounds, correctgd to,infinite dilutioh,
are piotted'in Figure 1. It may be seen that theséﬂheats of solution
change slowly and reguiariy, so that it is safe tozintefpolate heats
of sdlution for other lanthanide chlorocomplex compounds (most of

8

vhich have been prepared and found to be isostructural).



Table II. Heats of Solution of CszNgMCls

2-Rejected because dissolution was slow ahd incomplete.

o Calories -AH, ‘kcal/mol
Compound Wt., mg. evolved Uncorr.. . Corr,
Cs2NaYCle 69. 44 2.1605 18.37 18.8k
CsoNa¥Cls - 50.30 1.5503 18.20 18.59
Cs;NaLaCle 77.89 2.3565 19.38 19.85
CszNalaCls  101.25 3.0545 19.32 19.87
Csy NaCeCle  r2.87 1.9552 1722 1T.68
Cs, NaCeClg 81.71 2.1886 1719 17.65
CszNaNdCis ' 63.18 1.6213 16,57 16.99
Cs, NaNAClg 59.28 1.5282 16.65 17.05
Cs, NaGdCle. 81.90 2.0237 16.28  16.78
Cs,NeGaCl,  78.68 1.9427 16.27  16.76
Cs,NaDyCl, 8225 2,0108 16.23 16.70
Cs, NaDyClg 89.47 2.1899 16;25f  16.75
CszNaErCls.. 67.89 1.7021 16.77  17.19
Cs, NaErClg 96.91 2.4167 16,68  17.19
cSZNaLuc1g 33.37 0.8370 16.97 17.26
Cs, NeLuCl, 36.69 0.9078 16.7%  17.0M2
cgzwaLu01G 65.83 1.6593 17.05 - 17.48
- CsyNaPuCl, 93.50 1.6443 13.02 13.50
Cs,NaPuClg 93.57 1.6331 12.92 13.40
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Taking the heat of solution of CsCl as 4250 *+ 100 cal/mol, and

that of Naci as 928 * S cal/mo1,17 heats of comp;'éxing (AH for eq 1)

may be calculated as follows:

AH; = AE°(soln, MC1l3) + 21H°(soln, CsCl) +

" AH®(soln, NaCl) - AH%(soln, Cs,NaMCle)

The necéssafy enthalpies of solution of MCia,,and‘c§lculated'?alues
of'Agj,_are collected in Table IIi. In order to calculate‘Ag;, all
heats Of.SOIutiOn have been corrected to infinite diiution.

Heaﬁé of formation of,compodnds CszNaMClg.h@ve.been_calculated,

and the valﬁes listed in Table III, from the'folidwing relationship:

AH® (CsaNaMCls) = 28H° (CsCl,c) + AH°,(NaCl,e) +

AR (MCls,c) + Aty

For this calculation, necessary values of heats qf.formétion of

MC1lj are'tdbulatéd>in Table III;"the corresponding values for

CsCl(c) and NaCl(c) are -98.2 and -106.9 kcal/mol.la-

Enthalpies (AHz) corresponding to the hydration of Cs2NaMClg

Cs2NaMClg(c) + n Hp0(R) = 2 CsCl(c) + NaCl(c) +

MC1l3-nH20(c) (2)

are listedAin Table III. Although they may be calculated directly
from the heats of formation of the compoﬁnds in eq 2, an équivalent

(and more precise) calculation from the heats of solution at infinite



Table III. Thefmochemical Properties of MCl3 and

CsaNaMCls at 25°C (all entries kcal/mol)Z

A, pF° AF(soln, MK |

M (MC1s,c)2 (soln,MCIQ;c) Cs,NaMClg,c) AQJE" (cS2NaM01s,c)‘ AgéSJQ 
Y ~239.0 53.7  -18.7:0.2 -25.6  -576.6¢11 -

La -255.9 = ~32.9 -19.9 + 0.1 . -3.6 | -571.5 £ 0.9 -22.6
Ce -251.5 ~3k.4 -17.6 % 0.1 ~7.4 -570.9 ¢ 1.2 -20.1
Pr -252.0 ~35.7 (-17.2) - (-9.1) (-573.1 + 1.1) (-16.9)
Na  -248.7 37.5 -17.0 £ 0.1 -11.1 -571.8 £ 1.0 -17.3
Pn - (-38.7) (-16.9) (-12.4) ~-- -
Sm  -2bk.1 -39.9 (-16.8) (-13.7) (-569.8 ¢ 1.0)  (-17.6)
B -20.5  -bo.T  (<16.8) (-1k.5)  (-586.0'2 2.2 . (-17.5)
Gd Y-239.6 : }’f -b3.4 . -16.8 ;fo.l, -17.2 - -'.”;568.8 £ 1.0 -17.1
™ -238.4 -46.0 (a16.7) (-19.9) (-570.3  1.8) (-16.6)
Dy  (-236.6) (~50.0) -16.7 + 0.1 (-23.9) (-572.5 + 3.3) ~ -16.2
Ho  -237.8 ~51.0 (-16.9) (-24.7)  (-574.5 £ 2.7)  (-15.9)
Er | -238.0 | . -51.h -17.2 £+ 0.1  -24.8 -574.8 ¢ 2.0 -15.9

(continued on peg: 0)



Table ITI. (Continued)

o]

AE AH° AE°(soln), | o Ag?f
M (MCla,c)E-_ (soln,M013,c)_'csZNaM01;;c)  Aﬁx2j' ) (cszNaMci;,c).' AHZEéQ-
m 2363 56 (A7.3)  (2h9) (5732211 (-15.6)
Yo  -220.4 -51.6 . (-17.3)  (-24.9)  (-566.3 £ 1.2) (-15.2)
Lu -234.5 -52.2 217k £ 0.3 -25.h -571.9 £ 1.4 -15.0
Pu  -227.0 -31.8 -13.4 £ 0.1 9.0 548.0 £ 1.1 -14.6

2pstimated values in parentheses.

Bys quoted in ref 11 ("best values” evaluated by suthor from experimental

literature data).
Ssee text (eqs 1 and 2) for definition.

ngf(La,Ce)Cl§~7H20;'others hexahydrates.

- 01
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11

dilution has been utiliZed:
AHz = AH®(soln, CspMalCle, c) -2AH (soln, CsCl, ¢) -

AE®(soln, WaCl, c¢) - AH(soln, MClse nH,0, c)

The heats of solution of the hydra*ed chlorides necessary for this

calculation are thdse_quoted by ref 11 from experimentél literature

data (mostly from Spedding and co—workérs)}lh’ls'

Calcuiations

 Lat§ice.energies were'calculated.by taking advanfage'of the
precisely detefmined and regularly changihg.unit cgll dimensions éf
these'compiexVChlorides, as well as the high symmet¥y (facencentered
cubic, “ideal'éryolite“’structure) indicated by X—'vray"i)owder'patterns.8

These lattice energies were necessary for Born-Habérvcycle determina~-

tions of ionization potentials and hydration enthalpies. Although

compressibilities and precise atomic parameters fér'chloride
positions.areirequired for direct calculation of absolute lattiée
energies, values which are accurate relative fo one another may be
determined from a simple Born-Landé equation and then;corrected to
absolute energies by completing a Born-Haber cycle for elements
whose ionization potentials are known. |

First, the lattice energy of Cs;NalaCle was calculated from the

Born-Landé equation:19
| | 2.2
U =0teNA (l—"];')

o ra n

A . 1
~332.06 g-(l - n) kcal/mol



(26)

12

Madelung constant, relative to unit cell length

-
]

unit cell length Ry o o v' : . »

[}

power of'(l/g) in repulsive potential

3

For the '"ideal cryolite' structure of MpM'M"Xg with X atomic param-
eters (0, 0, 0.25), A has been calculated to be 53. oos Y Powder-
pattern inten51t1es for Cszl\l_aLaCls8 yleld c1 parameters (O 0,

0.247 * 0.015, consistent with fhe above parameters for X. Fol;ow—
ing Pauling's rules for estimatibn of cémpressibilities,2olg = 9.7,

whereupon

U = -332.06 (53.005)
7o 10.992

1

(1 - 5

~1436.1 kecal/mol.

Table IV presents the values for a conventional Born-Haber cycle for

Cs,NaMCle at 25° C:

1° (CszNaMCls, c)v= 2 s(Cs) + 5(Na) + s(m) +
-3 D(C1;) + 2 I(Cs) + I(Wa) + (I, + 12 + 13)(M) + () \

6 E(Cl) + U (CszNaMCls) - 10 RT

= heat of sublimation .

D = enthalpy of dissociatioﬁ :
.= ionization poténtial of yii-1)* tduMi+
= -(electron affinity) . | ' L C
Since the first three ionization potentials for La have begn

experimentally determined to high accuracy, the Born-Haber cycle



Table IU.

Born-Haber Enthalpy Cycle (and liadelung

Constant, A) for CszNaMCls at 25°C

(all entries kcal/mél), 3 ’

13

E-TranSposed from Teble III.

(continued on.page k)

uoap 2  _§fM)E'>Z;kH)é; mise.d u s | é;- U_(cale)
Y —576.6._i01.5. 900.0 16.6 —159&.7. 5&.5&6 -1509.6
‘La sTL5 103.0 826.0 16.6 -1517.1 53';1_065 ~1436.1
Ce -579.91 ?iél.o 843.1  16.6 41531.6 53,28& ~14k9.8
Pr  -573.1 85.0 | 867.5 16.6 ~1542.2 53.h88 -1b59.9
Nd -57_1.8_'-_' 78.3 882.6 16.6 ~1549.3 , s3_.‘_6éé - -1L66.6
Pn o 'f-- -- 166 ~1558.0 53,}87 k74,8
Sm  -569.8  k9.k 931 16.6  -1566.9  53.95h  -1483.2
Bu -5U6.0 b2 969.7 16.6 -15TH.T  Sh.02  -1490.6
Gd  -568.8  95.0 900.0  16.6 -1580.k 54,208 -1496.0
T 5703 92.9 908.9 16.6 -1588.7 54,363  -1503.9
Dy 457é.57;'.69;h 937.7 16.6 -1596.2 5L.503 -1511.0
Ho —S?u.5-='_71.9 - 9k0.3  16.6 -1603.3 Sh{§33p -1517.7
Er -57h.8  75.8 9LL.5 16.6 -1608.7  S5.733  -1522.8
Trn -573.2 » .55.5 969.4  16.6  -1614.7 5h.843 - ~1528.5
Yo -566.3 . 36.h 1000.7 16.6 -1620.0  54.939 ~1533.5
Lu =571.9. - 102.2 934.3  16.6 -1625.0 55.029° -1538.2
Pu _5k8;d  ; 8k.1  90k.3 16.6 -1553.0 53;6251 - -1k70.1

h3E
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Table‘IV'(continued) | - '}.f;_' AR ‘

E-R Hultgren R. L. Orr, P. D. Anderson, and K x Kelley, | |

”Selected Values of Thermodynamlc Propertles of Metalb and Alloys,

John Wiley, New York 1963, plus supplements 1ssued through

July 1969

—-Calculated to.close.eycle'(except entry for'Leﬁes;Quoted by ref 5). |
a §ﬂcS) + S(Ha) + 3D(c12) + 2 I(Cs) + I(Na) +6 E(Cl) - 10 RT =
2(18. 67) +25.85 + .3(58.16) + 2(89.7) + 118. h + 6(-85.5) - 5.92 =
16.55. ‘References. D, D. D. Wagman, W. H. Fvans, V. B. Parker, . v ;
I. Haloﬁ,vs. ii. Bailey, and R. H. Schumm, ‘Selected Values of
Chemical Thermodynamlc Properties; Tables for the Flrst Thlrty—
‘Four Elements in the Standard Order of Arrangement - Natlonal
Bureau of Standerds Technical Hote 270-3, U. S Government Pr1nt1ng ' : i

Offlce Washlnﬂton, D. C., 1968; I E D. Cublcc1ott1, J. Chem. a

Phys.,'él, 1646 (1959) 33, 1579 (1960), 3h 2189 (1961). | o o

£y, = U (calc) - 1.0564 (see text). = 'ja;l - f o |

' £‘Ca1cu1ated'in'ref 1.
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(eq 4) for Cs,ialaCls may be used to estimate the lattice energy.of
Csplalalle, -1517.1 kcal/mol.. This empirical lattiéé energy

encompasses any errors which appear systematically in Born-Haber

cycles for ‘all these ¢6mpound§, as well as non—CQulombic contributions

to the lattice energies.El"All lattice energiegifof other compounds
calculatéd by eq 3 (last colﬁmn‘in Table IV) have been corrected by
1517.1/1436.1 = 1.056k. '

| Fof:thé calculation of other lattice energies in Table.IV,
lattice papéﬁeters, a, for eq 3 were taken from published values.
The chaﬁge_in Madelung constant has been estiﬁaﬁed‘for various
chlorideszparametersll aﬁd_the calculatéd #alués:of?é_for each
compound'és;HaMCls are tabulated for information iﬁ fable Iv.

The results of these thermochemical cycles yield the sum of the

- first three ionization potentials, ZI(M), for most of the rare-

eafth elgménts. In Table V these values have been ébnverte& into
electron volts. Using values selected from-the;iiterature by
Johnsons for the first and second ionization poténtials, the third
ionization pétentials, ;3, of these rare earths-ﬁave been caiculated.

Apbropriate Born-Haber cycles may also servé to calculate
hydrationv_properties of ions. The heat of hydration (not to be
confused vith the process of eq 2 which unfortunatély bears the same
name ) pf.the‘ions corresponding to Cs,NaMClg may bé dErived'from

either of the following relationships:
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Teble V. Ionization Potentials and Hydration Enthalpies

. 3
oo n® R 2 nf o mmyeu D2
Y 39,03 6.38 12.23  20.k2 (20.5)% @ - -869.3
Le 35.82% 5.58  11.06  19.18% - (15.18)  -792.9

Ce 36.56 5.60 10.85  20.11  20.0 (26,08) -805.1
Pr  37.62 5.4l 10.55  21.66  21.6 .(21.57) -815.3
Na 38.27  5.hk9 10.72 22.06 22.2 22;0?_ -822.2
Pm  --  5.55  10.90 — e — -830.8
sm  40.38 5.62  11.07  23.68  23.7 23.68  -839.6
Eu Lk2.05. 5.67 11.25 25.13 24,9 2&.9é -8L7.4

Gd  39.03  6.16 12.15 20.72 20.6  20.83 -853.1

=

39.41  5.90 11.52  21.99  21.9 v?l.]O_  -861.3
Dy 140.66 5.88  11.67 23.11  22.9 22.9k  -B6B.8

Ho 4%0.77. 5.95 11.80  23.02  23.1 (22.81) f876§1
Er - 40.83 6.03  11.93 2é.87 22.6 zé.&h © -881.8
Tm b2.0k  6.10  12.05  23.89 2.8 23¢$6 -887.9
Yo L3.39 6.25 12,18 24,96  25.3 (és{ou) Q893.2
Lu bo.51 5.32  13.9 2129 21:2 —  -898.3
Pu  39.21 = - — . - -822.3

‘ 2 This research.
b As quoted by Table I of ref 6; values for Y a.nd Iu as quoted by ref 5.
£ Calculated by ref 5.
a Calculated by ref 6; parenthetical values are from other sources
as quoted by ref 6.

£ as quoted by ref 5.

<
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2 AH(nyd, Cs*) + AH(hyd, Na') + AH(nyd, 1°")
+ 68H(hyd, C17) = A_Iiof(CszNaMCls, aq) - (5)
2 8(Cs) - 8(Na) - (M) - 3 p(C1,) - 2 I(Cs)

-gmhw;+g+hﬂme6MQ)

= U_(CsNaliCls) - 10 RT + AH°(soln,Cs;NaiCls) (6)

'These‘tWO'eQuations must yield identical results, since eq 5 reduces

to eq 6 by substitution of eq 4 and by use of the definition

A_}_I_Of(CszNaI‘-iClg,. aq) =A_I_I_of(CszNa.I-ﬁCls, c) +

8B’ (soln, CspNailCle).

In order to considef the.heats of hydrafion for the rare-earth ions
independéntly of the other ions in Cs,HalMCl , it“is necessary to
separate the heats of hydration of the alkali halides into “cation”
and ”anion"_cﬁntributions. The ﬁost useful approachfis to separate
the individual ionic contributions so'thét "absolute” values will
be generated for each ion. Halliwell and Nyburg havé reduced this
problem to ﬁhé determination of the enthalpy of hydration of the
proton.22 They recommend a 'best value' of AH(hyd, Hf; abs) =

-260.7 + 2.5 kcal/mol. Consistent with this reference value, and

with expérimental enthalpies as'tabulated by Halliwell and Nyburg,

- : +
"absolute" hydration enthalpies have been calculated for Cs+, Na ,
and C1~ as -66.1, -97.0 and -86.8 kcal/mol respectively.18 Using

these values and eq 6, "absolute’ hydration enthalpies have been
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calculated for the rare-earth ions and are tabulated in Table V.

Discussion
Both»thé ioniéation potentials and the'hydfafion enthalpies of
Table V may be'compared with other recently-puﬁlishéd.vglues. For
convenience, two such éets.of jonization potentiaié are listed in
Table V. Some published values.of’Agﬂhyd,,M3+) based at least in
part on experimental values are as follows: La, -806, varying

4 5

smoothly to.Lu,.~878;23 La, —780;2« Pu, —821.'2 ‘Pigure 2 displays

»

the lanthanide ionization potentiais and.hydration'energies aé
calculated in this research, as a -function of atdmié'number, gr, more
significantly, as a function of the nuﬁber of-g_eiecﬁrons in the
trivalént ioﬁs; The dashed lines are second—orde;.polynomials

fitted to the data points through La, Gd, and Lu.

Ionizetion potentials. It should be noted that all three

sets of ionization potentials (thdséfcaldulated-in this research,
. : .

by Faktor and Hanks,” and by Johnson6) use Born-HaBer cycles with
nearly ideﬁtical vélues for I, and I,. The use Qf such{common'data
facilitates gomparison of the three sefs of Ij valués (in fact, thé
author chQse ionizétiqn potentials quoted by Johnson6 wherever
possible,-pot oﬁly because of their detailed doéumghfation; but also'
for consistency). However,_the.neglect of COnflipting ionizationv °
potentials from alternative sources misleadingly implies that these o

I3 values are as accurate as they are in mutual agreement. For

example, the value of I,(La) tabulated by Moore26vis 11.43 £ 0.07 eV,
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differing from the value quoted by:Johnson6 in Tablé‘V'by 0.37 eV.
It is suggested, therefore, that.tabulated I3 values are not
accuraté’tp.betfer than #0.L4 eV, élfhough iélati§é efrors may be
less than $0.2 eV. B

" The ionization potentiais genératéd from chlorocomplex compounds
have sbme aﬁﬁfibuﬁes which suggest their preferentiai use. The
lattice enefgies used in their calgulation are generafed‘from the
Born-Landé équation, Based upon a single set of strﬁcturally~ |
similar, hiéhly symmetric, predominantly ionic compounds. In
addition, only a single empirical correction faétorvof 1.056k
is requifed'for‘these lattice enérgies, dnd it is génerated from
the relatively trustworthy ionization potenﬁialsfofAléhthanum. In

5

contrast, the ionization potentials of Faktor and Hanks” and of

6 o ' e
Johnson~ are empirically based on three or more sets of ionization -

potentialé (experimental values by different techniques differing‘
by more than 1 eV in some cases) and both are based at least
partially on'thermochemical and structural data oﬁ cubic sesquioxides
(requiring thé collection and generation of thermochemical and
structural dats from numerous sources of varying accuracy).
'The~deviation of I3's from the dashed curve in Figure 2 may be

. _ v e A
interpreted as the effect of exchange energy on an £ l+fn ionization.

This interpretation, drawn from its equivalent for g_electrons,27
has been discussed in more detail by Johnson.6 The éxchange energy

is proportional to the number of pairs of pérallel spins, n(n-1)/2.
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Upon ioniiaﬁion of fn+l+fn, gn éxchange energy of

(n+1l)n/2 - n(n-1)/2 = n !
is lost; this logs is:refleéted in the incréasiné deviaﬁion'ofvla
from the_daghed line as n+6. The transition GdzféGd3+ (f5+f7)
hbﬁevér'involves'no'éXChahge'energ&; since the lost electron had
spin anti¥pafallél to all the Others;'becéuse no exéhange energy is
lost on this ionization, I3 is low, like that of'La2f+La3+; SubseQ
quent 13 valués show the effect of'increasing léssvéf.exéhange |
energy,IUntil the final ionization, Lu2++Lu3+, which also involves

no loss of f electron exchange enefgy.

Heats of hydration. Error limits for A§1hyd)_of Table V
can be accurately estimated. The absolute aécuracyvof'Aﬂlhyd; La3+)‘
is estimated as %11 kcal/ﬁbl by propagating estimatéd'standardv.- "
deviations of all’termS'in eq 5. The relative acéuracy of each
AH(hyd) with respect to the others, estimated by lumping all
constant tefms or by use of eq 6, is * 2~kcal/mdi.” 

The thermodynamics of hydratioh and similar'camplexing'
processes‘afe unrelated to ionization potentials,‘of.course, since
these pro¢essés encompass ho oxidaticn.steps. The energetics of
theée transformatiops are functions of ionmic sizé;-ligand
polarizability and electronegatiVity, coordinatidh ngmbér, and
ligand field; It is desirable to study these.functional relatiohships
independently of each other. |

There is little agreement with respect to the “coordination
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number" of rare-earth ions in aqueous solution. The complicated
variation of many thermodynamic complexation processes as a function

of lanthanide atomic number has been used to invoke a relatively

. sudden change in hydration number of the lanthanide ions near the

nidpoint of the series,3s23,28

HoweVer, there is fundamental
thermodynamic evidence (the aqueous ionic éntropieS)'WhiCh'shows no

29 The'enthalpies of

such distinctnchange in coordination number.
hydration,;és.calculated in this research and plbttedvin Figuré 2,
should reflect any such coordination change. Thé bicuspid shape of
“the hYdration-enthalpy—Xi.—atomic—number.plot isvmﬁch like that of
the iattice—enérgy/atpmic—number relationship (for which there is

no coordination change, the biquspid shape'being caused by the
simiiar variation in lattice parameter of.CszNaMClé-yith atomic
number).8 Thus , hYdration enthalpies of the lanthanide ions do not
show a disctete change in hydration number. (This conclusion is
supported by.Figure 1, since the heat of solution.is the difference
betweeﬁ hydration enthalpy and lattice enthalpy. Heats of solution
of other iéomorphic lanthanide compounds vary in a similarly‘ smooth

fashion.3’23)

Effect of ligand field. It is tempting to ascribe the
more exothermic thermodynamic properties of lanthanidé ions with
subshells s .
non-spherical f-electron . to a small ligand~field stabilization.

Such a stebilization is suggested by the double-humped plots of

lattice energy (not shown) and hydration enthalpy (Figure 2)--plots
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a measure of ligand-field stabilization.
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similar to the well-known stabilizations dbserved_fof-the a-
transition metal ions. With respect to the smooth curve fhrough ' u

3+

+ + : ) ' :
La® , Gd% ', and Lu® , both the lattice energy and the hydration

enthalpy of Cs,NaMClg becomé most exothermic at about Pr3+ (f?)‘by -
abouf Y kdal/mol and at Dy3+ (£?) by about 1.4 kcal/mol. These
yariations_éfe traceable to the similar vériation in‘lattice parém?
eter mentioned'abOVé;8 any'ion with non4s§ﬁerical.eléctron'distribu~
tion faVors.certain spatiai orientations'of eiectrdp érbitals and
ligands which minimize mutual refulsions ahd which permit the |
ligands tb'be'drawn closer than they would if the“éémé electrons

were spherically distributed. A smaller ionic radius is observed

“for such ions, from which the thermodynamic¢ “stabilizations® follow.

It is inappropriate to consider the magnitude of'suéh'dn effect as
S T o
A second approach is to compare_thérmodynamié'éyples for,ioné
of similar SiZeAbﬁt of different electronic Configufafioné.v The
ions ¥3* (QP) and Ho®* (4£'°) have very siﬁilar iqnié radii (0.900
and 0.901% ), as do the ions Ce®” (Lf') and Pu?* (5£5) (1.01 and

o - , : S
1.01 A).3l_ For both pairs of ions, the heat of hydration is more

exothermic fo; the ion with nore f electrons. Althéﬁgh_one mighf
surmise that this is due to the éarticipatién of T éiectrons_in
bonding, and to the greater participation of 5§;thén.of hg_electhné?
the data are neithef extensive enough nor accuféﬁe enough to-pefmit

such a cOnélUsionl In particular, the heats of hydration depend for
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their Calculation on lattice energies, which are sensitive functions
of ionic radii'and of n, the.repulsive constant% the former is
dependent ﬁpon coordination number and upon vérisus crystallographic
estimatiéns (suéh és constancy of anion radius)3l and the latter has
20

A fiﬁai approach, by which thé effect of'varyihg hydration
number mayvbe circumvented, is to compare the heat of transformation
from a séries.of isostructural lanthanide salts to solvated species
in which the inner coordination sphere ié saturéted'by polydentate
ligands. The éhthalpies of formation from the aqgated ions'héve
been measurga for the l:n complexes of’thetdiglycolate énd
dipicoliﬁatéyioqs (n =1, 2, 3) and for the izl:co@plex of the

2.
diethylenetriaminepenta-acetate ion (DTPA).h’3 .-~ The former ligands

" are each tridenfdte, and since it is probable that the 1:3 complexes

of both ligénds are 9—c00rdinate,33 it is 1likely that these 1:3
complexes have no water molecules in the inner'cébfdination sphere.
Likewise, it is possible that the DTPA.ion, which is potentially
octadentate, saturates the inner coordination sphereah Therefore,
if the heats of solution of a.series of isostruétural rare-earth
salts are added to the heats of complexing with thesé ligands, the
intermediate state (the aQueous ions, with varjiné states of
hydration) can be eliminated. |

Staveléy et al. measured the heats éf solution of the hydrated

ethylsulfates and bromates of most of the lanthanide elem‘ents.3
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. Vhen their heatéfof.solution were added to the heats of complexing
with the 1igahds described above, the more negative'éhﬁhalpies for
lanthanides other than La, Gd, and Lu were attribhted to ligahd—_

field stabilizations of a few hundred-calories.B’F:

The heats of solution of the éhlordcomplex comeunds CszNaMCIG
ought to be ﬁére suitable than the correspohding‘heéts measured by
Staveley gg_ég,, because the structures 9f CszNéMC1§ are cléariy
identical,wthéy can be prepared in high.purity, and:the heats of
solution were more reprédUcible and ffee.from the corrections

_necessary fof included mother ligquor. By adding fhé_heats of solution
(Table III) to the AZQO values defiqéd by.Grenthé?32 and to the
AH values définéd by Carson gE_él.,h heats of transforégtion for

the reactions

Cs3NaMCle (c) + 3(diglyc? )(aq) =.2 Cs+(aq)‘+

Wa'(aq) + 6 C17(ag) + M(daiglyc)s® (aq)
CsNalMClg(e) + 3(dipic? ){aq) = 2 Cs+(aq) +
7a*(aq) + 6 C1 (aq) + M(dipic)s¥ (aq) (8)
and 7
Cs ,NaMCl ¢(c) + DTPAS (ag) = 2 Cs'(aq) + ia (aqg)
' (9)

oy 6vc1“(aq) + 1(DTPA) ¥ (aq)

can be calculated. Tach of these compdsite reactions meets the
conditions set by Staveley et al. for observation of ligand-field

stabilizatibn° Plots of Ag;; AE;, and AHg vs. lanthanide atomic
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number (Figure 3) may be compared with the corresponding graphs of

Staveley et al. (Figures 1 and 2, ref 3) and with Carson et al.

(Figure 2, ref 4). Wot only is there no bicuspid depression to any

of the graph;, bgt there is no trznd siﬁple enough tq'draw a
smooth curve within estimated error limité. |

The possibility remains that the ﬁoniihéar céntfactiqn of
lanthanide ionic radii is responsible for the apparéht ligand-~
field stabilizations observed by Staveley g£;§;,3'aAdvby Carson
§§ §l,h In any evenf, since the splitfing of gfound—state f electron
configurations by ligand fields does not neéessarilyvproduce

30 X .. . .
and since ionic-radius contractions

thermochemical stabilization,
can produce enthalpy effects much greater than expected ligand-field-
stabilizations, it is perhaps inappropriate to consider'that

thermochemical variations which have been‘observed in lanthanide

complexes are caused by true ligand-field effects.
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Figure Captiohs o

Averaged heats of sblution, CSZHaMClg (corrected

4o infinite dilution).

Figure,éﬁ 

Lanthanide ionization potentials and hYdration

' _enthalpies.

Figure 3.

Heats of complexing of CszﬂaLnClsvwith'diglycolate,

. DTPA, and dipicolinate.



Fig

=

(row/oay) (P1puon®sot us) HY

G



©-31-

—gm- ¥ R L) R T v L] t 1 4
@/e
-880} .
— ) ‘/_
© o
£ ./
~ -880r pa
g e
X ./ '
;\"84@' O/ .
- o
~ /
g-820# ) /‘ .
= e
< Rz
Jgot
asb
= : ®
(& v
— 42 ° ©
- : ——
F ool LA o °
i I ya .
ks ] ‘ L
£ A 4
a |
36" ./
T ® v ®
R oal | ./ o ./
3 S v .o-¢;‘/
o o / | .
= / e
o o ___ —
| @/1/1 2 1 1 1 1 5 1 1 ¢ 1 1 2
la Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
g fi4

-

£7 :

Fig. 2




-32-

S X

o4 AQ ql P9 N3 wg ug PN

8i-

s v(.‘|ou.|/|'oo'>|) (xe|d'U‘JO'O) HV + (VUII/C'S) HV



LEGAL NOTICE

This report was prepared as an account of Government sponsored work.
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