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216 Gadolinium Break, Tetrad and Double-double Effects were 
here, What next? 
by Shyama P. Sinha 

EiclgenBssjsche Technische Hochschulc, Laboratorium fur Biochcmie, 8006 Zaricll 

(24. vrz. 7s) 

Summavy. I’t has been found that the propertjcs 01 tho lanthanide and actinide ions and their 
complexes vary linearly with tho Cvalues (the total angular momentum). lJsually plots rescm- 
bling a four segmt.ntod cinclined Wn are obtained for the wholc scrics, where thc data arc aveilablc. 
Although somc deviation from a symmetrically crinclinecl W *  plot occured in a fcw cases, tllr: 
linearity is maintained within the four segments. It is suggested that in future, for correlating 
the properties of thc lanthanide and actinide scrics, thc L-valucs rathcr than the atomic number 
(2) or number of the f-electrons, should bc used. 

It is a known fact, that the pIots of the stability constants for the lanthanides 
show discontinuity around the middle of the scrics. 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 beer1 found l:l.\. Examination of the 
thermodynamic quantities (AH:,  AS:) for EDTA and rclated ligands failed to 
throw any light on this problem. The AH1 values [l] for the heavier lanthanides arc 
smaller than those for thc lighter mcmbers. If the stabilization of the half-filled 4f 
shell in Gd(II1) is the dominating factor, then one would expect a lowet AH; value 
for GdfIII) complex with respect to the heaviet members of the series. However, 
this is mt 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 sllows 
such break and this has been demonstrated by the author [l] in plots for oxidation 
potential (EO), F2, [4f and others for the Ianthanide series. 

Recent interest in this topic stems from a series of papers by Siekiershi 6t  al. [ 2 - 4 ]  
and Pe$#ardet al. [7] [$I. Both groups stlccecdcd in showing that certain regularities 
exist when diverse properties like unit cell volumes, separation factors, stability 
constants, AGO of the complex formation are plotted against the atomic numbers (2). 
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-Prn 
in the first half and Ho-Er in the second half of the series. Fidelis & SiekiersRi 1.31 fSJ 
coined the name double-doublc effect for this regularity, while Pe$$ard et al. [7] [Sj 
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 varics 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 . K .  the atomic num- 
bers (2). In our search for an intrinsic nonlitlear propcrty 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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3 1. 
Attempts were then made to correlate the observed properties of the lanttianide 

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 Zachaviasen’s [9] ionic radii (ir.) 
and the effective ionic ra.adii (e.Lr.) (CN =; 6’8) [lO] [111 for the M(II1) 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 (EO), spectroscopic parameters (E9 c d ~ ) ,  stability 
constants (log K), extraction constant (Kex) ,  molecular volume (V/Z), lattice para- 
meters (a, c), M-N stretching frequencies &. (Fig. 2-5). Some deviations from a 
symmetrically “inclined W ’  plot have, however, been observed (Fig. Zd, 3c, 4c, 4d) 
but we want to emphasize that the linearity within each of the four segments is still 
preserved. 

(c)e,i.r. (CN) -8 a9 --L 

(a) Zachariaoan i.r. 

L-.A --L-L - 
L O  3 5 6  

La Ce Pr Nd 
Gd Eu Sm Pm 
LC Tb Dy Ho 

Yb Tm Er 

Fig. 1. A $dot ojthe ioric vadii jm tbe lviposifiw IaHihanides vs. th valw oflke io fd  angdar gua&ulwz 
numbers (L) showing liww relatiomhip 
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l<xtensioti of this concept of plotting the ohssrvahlc propsties against thc L-values 
has been rnade to the actinide series. It is highly gratifying to sce that tbc gmeric 
form of the  ‘ ‘ i d ’ n d  W” is also ptesmt for th? trivalent actinides (Fig. 6) when 
hydration erlthslyies (n f Ih)  arid the cntropies ( A s h )  for the wliole series 1121 arc 
plottcd against the L-values. Other available data for part of thc actinide series 
(M(II1) and M(1V)) also confirm the liriear relationship existing within each of the 
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Fig. 2. Graph showing the ourzalion of (a) 
oxidalion $wtenlial, (I)) A!l. -N sfvelchi%g fre- 
quencies fur the 2,2‘-dijyV;cZy? complexes (c) the 
same as (b), but the positions ofths second peak 
Jnv 1 3 ,  ’I‘m and 1-26 ion.; art: plottad (a) ihs el@- 
live magnetic momanis jor  Ihe ethylsulfale (or 
iyclopentadzeqd) complexes of the lanlhanidas 

wilh the I.-UUlthi?S 

. (b) EDOA [I ]  
w 

1 - 2 -  - - --L ---- L.- 3 
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Fig. 3. Varzulion of the stltbility conslants (2of 
K1) ffJr (a)  N 2 ’ A  (b) RIIUA (c) rIiglyco6ade 
complexes u~nd (d) the ~xtrac;tior constanis ( -  
Jog Kex) foor the ths~iayUr~/lzcoroacctonate com- 
plex (in. c&8) of ihe lanlhanides with the I,- 

onlurs 
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four segments an3 this has besn illustrated in Fig. 7 using the crystal paranictcrs 
(a, c) and molecular volume (V/Z) for MF3 arid MI74 cornplexes of the actinides [I 31. 

To summarize. it has been shown that : 
(i) Linear corrclation exists between the trica.surablc propcrties for the lnnthanide 

and the a.ctinide ions and the L-values; 
(ii) Most plots for the wliolc series consist OI four linear scgmcnts connerted in a 

way to resemble an “irtclined W” ; 
(iii) In ccrtain cascs deviation from a symnwtrically “idined W” plot has heen 

observed, but linearity within cadi scgmcnt is usually preserved. This property is 
very usoful in predicting thc missing value for a member of the series, 
cind it is suggested that: 

(i) In futurc us: should be made of tlv: L-values in correlating the propertics ol 
the lanthanide scrics, and eventually thosc of thc actinides as well, rather than the 
conventional piirarncters, the atomic nutnhers (Z) and thc number of the f-electrons 
( fn ) ,  used at prcscnt ; 

(ii) For symmetrically “inclined W” plots arrows should be uscd to indicate the 
dircction of change of the proycrty with rcspcct to the L-values; 

(iii) For others, a t  least the terminal nicrnhrs he indicated on tbe plots, as has 
bzcn done for sotn:: of the present cases, to avoid ambiguity. 
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Fig. 7. Crysiallographic parameters fm ihe trijluorides and tetrujluovides of the actinides as a function ' 

of the L-vubres 

REFEKENCES 
[I] S .  P .  Sinha, Europium, Springer-Vcrlag, Rcrlin 1967. 
[2] I .  Fidelis & Siehicvski, J. inorg. nucl. Chemistry 28, 18.5 (19b6). 
C31 I .  PideYs, Bull. Accitd. E'olonaise Sci. 78, 681 (1970). 
141 I .  Fidelis & S. Siekisrski, Proc. XlIIth. Int. Conf. Conrd. Chem., Cracnw-Zakopanc, Sept. 

[5) I .  Fidelis C S .  Siekierski, J. inorg. nucl. Chcmistry J3, 3191 (1971). 
[6J S. Siekievsha & I .  Fidclis, J.  inorg. nucl. Chcnijstr?? .34, 2225 (1972). 
171 D. F. PePcppard, G .  W .  Masolo & S. L e w y .  J. inorg. niicl. Chcmistry 31, 2271 (IMmS). 
La] D.  F.  Peppard, C .  A .  A .  Aloomquist, 17. P. Jiorwilz, I.. L e w y  & C. W. Mason, J. inorg. nucl. 

[9] W .  H. Zuclariasen. 2. TCristallogr. 80, 137 (1931). 

(1970). 

Chcmistry 32, 339 (1970). 

[lo] It. U .  Shunnon & C. T. Prearitt, Acto crystallogr. R25, 925 (1%9). 
[11] For a review on Crystal structure and bonding in lanthanide complexes sce S. .Pa Sinha, 

(:12] A .  U, Jones &G. R, CIK3ppilo, Actinide Hc?v. I ,  311 (3969). 
1131 17. Brom, MTP hi. Rev. Sci., lnorg. Chem. Scr. T., Buttcrworth, London 1972, Vol. 7. pp. 87. 
[14] .J. Stavy, The Solvent Extraction of Mctal ChelatLs, l-'crgamon Press, Oxford 1964. 
[15J C. K .  Jwgessen, Struct. Bonding 22 (197.5). 

Struct. Bonding 25 (1975). 




