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216. Gadolinium Break, Tetrad and Double-double Effects were
"here, What next?

by Shyama P. Sinha
Eidgenossische Technische Hochschule, Laboratorium fiir Biochemie, 8006 Ziirich

(24. VIL. 75)

Summary. 1t has been found that the propertics of the lanthanide and actinide jons and their
complexes vary linearly with the L-values {the total angular momentum). Usually plots resem-
bling a four segmented sinclined W are obtained for the whole serics, where the data arc available.
Although some deviation from a syminetrically sinclined W» plot occured in a fow cases, the
linearity is maintained within the four segments, It is suggested that in future, for correlating
the properties of the lanthanide and actinide serics, the L-valucs rather than the atomic number
(Z) or number of the f-electrons, should be used.

It is a known fact, that the plots of the stability constants for the lanthanides
show discontinuity around the middle of the scries. This discontinuity is known to
the chemists as the gadolinium break. Much has been written on this topic but no
unique explanation for its occurance has as yet been found [1]. Examination of the
thermodynamic quantities (4H}, AS)) for EDTA and rclated ligands failed to
throw any light on this problem. The AH; values [1] for the heavier lanthanides arc
smaller than those for the lighter members, If the stabilization of the half-filled 4f
shell in GA(III) is the dominating factor, then one would expect a lower 4H; value
for GA(III) complex with respect to the heavier members of the series. However,
this is nos the case and the crystal field stabilization due to the half-filled shell cannot
possibly be the main factor causing this break. In fact the gadolinium break is not
limited to the stability constant plots, but virtually any property of the series shows
such break and this has been demonstrated by the author [1] in plots for oxidation
potential (E9), Fa, {4 and others for the lanthanide series.

Recent interest in this topic stems from a series of papers by Stekiersfs ef al. [2--6]
and Peppard et al. [7] [8]. Both groups succeeded in showing that certain regularities
exist when diverse properties like unit cell volumes, separation factors, stability
constants, AG? of the complex formation are plotted against the atornic numbers (Z).
These curves show two branches more or less symmetrically spaced around gado-
linium. Each branch, in turn, consists of two segments joined by the pairs Nd-Pm
in the first half and Ho-Er in the second half of the series. Fidelis & Stekierski |3] (5]
coined the name double-double effect for this regularity, while Peppard et al. [7] [8]
preferred to call this effect as the tetrad effect. The generic form of these plots con-
sists of four convex curves, although the nature of these convex forms varies from
one plot to another.

In examining these plots, it became obvious that the {four convex curves resulted
due to plotting of nonlinear functions against a linear function e.g. the atomic num-
bers (Z). In our search for an intrinsic nonlinear property for the series we found that
the total angular momentum (1.) is a function, varying nonlinearly within the series
and dividing the series in four segments:
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Attempts were then made to correlate the observed properties of the lanthanide
series with the L-values. Striking linear correlation has been found for most plots.
We shall discuss only a few cases here. A plot of the Zackariasen’s (9] ionic radii (i.r.)
and the effective ionic radii (e.i.r.) (CN = 6,8) [10] [11] for the M (II]) ions is made
in-Fig. 1. The linear correlation within each of the four segments are more than
gratifying. The generic form of “inclined W*' is preserved for plots of such diverse
properties as oxidation potential (EY), spectroscopic parameters (E3, fy), stability
constants (log K), extraction constant (Kg,), molecular volume (V/Z), lattice para-
meters (a, c), M-N stretching frequencies efc. (Fig. 2-5). Some deviations from a
symmetrically “inclined W plot have, however, been observed (Fig. 2d, 3¢, 4¢, 4d)
but we want to emphasize that the linearity within each of the four segments is still
preserved.
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Fig. 1. A plot of the ionic vadii for the tripositive lanthanides vs, the value of the total angular quantum
numbers (L) showing linear velationship
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Extension of this concept of plotting the obsarvable properties against the L-values
has been made to the actinide series. It is highly gratifying to sce that the generic
form of the “énclined W is also presont for the trivalent actinides (Fig. 6) when
hydration enthalpies (AHp) and the entropies (ASs) for the whole series |12] are
plotted against the L-values. Other available data for part of the actinide series
(M(I11) and M({IV)) also confirm the lirear relationship existing within each of the
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four segments and this lias bezn illustrated in Fig. 7 using the crystal parameters
(. ¢) and molecular volume (V/Z) for MF3 and MF, complexes of the actinides [13),

To summarize, it has been shown that:

(i) Linear corrclation exists between the measurable properties for the lanthanide
and the actinide ions and the L-values;

(ii) Most plots for the whole series consist of four linear segments connected in a
way to resemble an "“tnclined W',

(iii) In certain cases deviation from a symmetrically “‘snclined W' plot has been
observed, but linearity within each segmoent is usually preserved. This property is
very us=ful in predicting the missing value for a member of the series,
and it is suggested that:

(i) In futurc usc should be made of the L-values in correlating the propertics of
the lanthanide scrics, and eventually thosc of the actinides as well, rather than the
conventional paramcters, the atomic numbers (Z) and the number of the f-electrons
{fr), used at present;

(i) For symmetrically “snchined W plots arrows should be uscd to indicate the
direction of change of the property with respect to the L-values;

(i) For others, at least the terminal members be indicated on the plots, as has
bzen done for somz of the present cases, to avoid ambiguity.
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Fig. 4. Variation of the spectroscopic pavameters (a) Racah E3 (b) spin-orbit coupling parameler
{Cat) (©) Yenem of the ML 1) aguoion and (A) fourth ionization potential (14) of the M3\ ions



HerLveTicA CHIMICA ACTA — Vol. 58, Fasc. 7 (1975) -- Nr. 216

1982

SIPIUDYIUDT oy} Jo Sanppa-T 241 fo uotprunf
v sp soxapduior apposdidip (zey) trucdiq

40f {7} A} swengon svpmoajom puv LG O PU SINIUN-T] S1oYt Yim SIPIHLIID uatparspond puv u&&&ama
808w —0 40f (®) soppwvsnd s2syyv ¢ "Bt oy1 40f {fow/{[) sasdosus a4y puv (Jowr| {3} sardpysue voupiply sy1 Jo uoswrivy 9 81
a3 u U uwi PN BN
oy dg 91 n 55 19 b il
Wy wg n3 PO ng uy w) *H dN nd wy w9
PN W L3 e NN &g i n o= y »
9 5§ £ 0 1 9 5. 3 0 8 ¢ H b1
e ——
————" g%n e ——— ¥
) ; ]
..Iv h_ {2/8) ‘v~ »
- Uyg- 45t
ch 1 / b HY
/ - ] Hos - b
-~ ‘, L 3 v w
W]  eweoohfig =~ i A a¢
ﬁ _ teuabyy {3) . 008 s .I“
+ os e

!
\
\

\

\

i -
:S

.I\PI\\\.\II\‘.I\\& —B% ]

39 i 1
_—— dgg 9%
Jov
3 / .*
1 yto)
* 1] ssplnioy (AW : L
fu} oW (9 Ly Ly o
,\\T me N ¥ — ﬂQ.K
o [21] sspunay (mym 0w
QI\I-\‘.\I-.Ill‘IlJno -

1yie



HeLVETICA CriMica AcTa — Vol 58, Fasc. 7 (1973) - Nr. 216 1983

r

I MF, [13]
80F
(v/2)
A o M I .
Y
75+ e — 61

b
() . s
o ~ b
“'ﬂ

T3+ 2+
=
- 86
il T me— - §
de A
ME Sl sa}-
(2) T

r '\__ (c)-
T~ ]
72+ \.“\ 8.2t~ /
— ’ ! )
70+ —— 128} )

BK(LaF, type) R
| |
() (&)
6.8t 126
YFs type //
(a)
i BK i
66 ct nal ‘
L 1 — ) —_— A i - J
L 0 3 5 [ L 0 3 5 6
Ac Th Pa U Th Pa U Np
Cm Am Pu Np Bk Cm Am Py
Lw Bk Ct Es
No Md Fm

Fig. 7. Crystallographic pavameters for the trifluorides and tetrafluorides of the actinides as a funciion '
of the L-values

REFERENCES
1] S. P. Sinha, Europium, Springer-Verlag, Berlin 1967,
[2] I. Fidelis & Siekierski, ]. inorg. nucl. Chemistry 28, 185 (1966).
(31 I. Fidelis, Bull. Acad. Polonaise Sci. 78, 681 (1970),
{41 I. Fidelis & S. Siekierski, Proc. X1IIth. Int. Con{, Coord. Chem., Cracow-Zakopane, Sept.
(1970).
[5) I. Fidelis & §. Siekiershi, J. inorg. nucl, Chemistry 33, 3191 (1971).
[6] S. Siekiershi & I. Fidelis, J. inorg. nucl. Chemistry 34, 2225 (1972).
(7] D. F. Peppard, G. W. Mason & S. Lewey, [. inorg. nucl. Chemistry 37, 2271 (1969).
81 D. F. Peppard, C. A. A. Bloomguist, E. P. Horwitz, I.. Lewey & C. W. Mason, J. inorg. nucl.
Chemistry 32, 339 (1970).
[9] W. H. Zachariasen, Z. Kristallogr. 80, 137 (1931).
[10] K. D. Shunnon & C. T. Prewntt, Acta crystallogr. B25, 925 (1969),
[11] For a review on Crystal structure and bonding in lanibanide complexes sce S. P. Sinka,
Struct. Bonding 25 (1975).
{121 4. D. Jones & G. R. Choppin, Actinide Rev, 7, 311 (1969).
1131 D. Brown, MTP Int, Rev. S¢i., Inorg. Chem. Ser. 1., Butterworth, London 1972, Vol. 7, pp. 87.
{14] J. Stary, The Solvent Extraction of Mctal Chelates, Pergamon Press, Oxford 1964.
[15] C. K. fovgensen, Struct. Bonding 22 (1973).





