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relatively greater than the yield of S02F3-, again indicating 
a greater reaction cross section with SO2 than with SO2FZ. 
While no attempt was made to compare relative reactivities 
of S0F2 and SO2FZ, product yields seem to indicate that S02F2 
is more reactive toward CsF than is SOF,. 

a C, geometry (neglecting the presence of the cation). Spectra 
of the SOZF< anion were similar to those of known 40-electron 
species, including the chlorine counterpart, C10zF3, and sug- 
gested a trigonal-bipyramidal structure with the two oxygen 
atoms in eauatorial positions. 

It is interesting alsd to note trends in reactivity in the current 
study. Samples of SOFz contained some impurity SOz in all 
experiments, and the yield (based on band intensities) of the 
SOz reaction product with CsF was greater than the yield of 
reaction product of CsF with SOFz. One might infer a con- 
siderably greater cross section for the reaction of CsF with 
SOz relative to SOFz. Likewise, while normal samples of 
SOZFz did not contain any SOz, samples of S1*OZFz did contain 
some labeled SO2 as well. Here, too, the yield of SOzF was 
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Solvent extraction and UV, Raman, and N M R  spectroscopic studies were carried out on trivalent actinide and lanthanide 
aqueous azido complexes. Unlike trivalent d transition ions (BI1 = lo5) 5f and 4f aqueous azido complexes are weak (Bl1 
= 2.5 for Nd(N3)2+), but the trivalent actinides exhibit formation constants 1 order of magnitude higher than the lanthanides. 
All the spectroscopic methods indicate that we are dealing with inner-sphere complexes and actinide-lanthanide differences 
must be attributed to higher covalent contributions in the 5f azides. I5N NMR combined with ‘H NMR served to investigate 
the azide binding properties. With the trivalent 5f and 4f ions the binding occurs by one of the terminal nitrogen atoms. 
The M-N bond distance is close to 2.75 A. The lanthanide(II1)-(linear azide) moieties are bent with a bond angle close 
to 135O, unlike the homologous linear thiocyanate complexes. 

Introduction 
The 5f- and 4f-block ions form complexes with pure nitrogen 

donors that are difficult to observe in aqueous solutions due 
to unfavorable competition with the water molecules. How- 
ever, investigations dealing with 4f and 5f trivalent ion-ni- 
trogen donor complexes are of great interest because they offer 
an insight into the similarities and differences in the chemical 
behavior of the two f series. 

Moreover actinide-lanthanide group separations1q2 have been 
performed from media in which the trivalent ions are engaged 
in complexes with ligands possessing donor atoms less elec- 
tronegative than oxygen. Consequently, investigations like the 
one reported here could lead to new actinide-lanthanide group 
separation processes. In a previous paper,3 we showed that 
14N, ISN, and 13C nuclear magnetic resonance, Raman, and 
UV spectroscopic measurements indicate that lanthanide 
thiocyanato complexes are mostly inner sphere, and conse- 
quently 4f-5f group separations from thiocyanate media stem 
from differences in complex stability and not from differences 
in complex type4 (inner sphere for 5 f ions vs. outer sphere for 
40 .  The greater stabilities of the actinide complexes could 
be attributed to higher covalent interactions, since the ionic 
radii of the 4f and 5f trivalent ions are closely comparable (1.1 
to 0.9 A). This paper deals with the binding properties of azide 
ions with f-series trivalent ions. The d-block ions form stable 
complexes in aqueous solutions.s Raman and infrared 
spectroscopic results indicate6 that in Co(N3)2-, Z I I ( N ~ ) ~ ~ - ,  
and SII(N~),~- the M-N=N=N moieties are bent. 
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The crystal structures of NaN3’ and Co(NH3),N3(N3): 
have been determined, and two kinds of N3- ions have been 
identified. Ionically bonded N3- ions in NaN, and the out- 
er-sphere N3- ions in C O ( N H ~ ) ~ N ~ ( N , ) ,  are linear and sym- 
metrical with N-N distances close to 1.15 A. In covalently 
bonded azide, two N=N distances are observed, the longer 
between central nitrogen (Nz) and bonded nitrogen (Nl). In 
HN39 and CH3N3,10 for instance, the N,-N2 and N2-N3 
distances differ by 0.11 A (1.24 against 1.13 A, slightly more 
than the distances observed for the inner-sphere N3- of Co- 
(NH,), N3(N3)2, i.e. 1.2 and 1.15 A. Covalently linked 
moieties M-N=N=N are bent with M-N, bond angles as 
follows: 112O in HN3, 120° in CH3N3, and 125’ in Co(N- 

Few reports concerning the f-block azide complexes are to 
be found in the literature. It has been claimed that UO?+ 
ions form the aqueous species UOZ(N3)+.xH20, UOz(N3)y 
yHzO, and UOz(N3)3--zHz0.11 Complexes with trivalent 

H3)SN3(N3)2. 
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lanthanide ions have been reported,12J3 and one of us inves- 
tigated the Np02+ aqueous azido species.I4 It was found that 
in concentrated sodium azide the predominant species contain 
four and five N,- ions (NPO*(N~)~,-  and NPO,(N,)~~-). 

Results from 4f and 5f trivalent ion solvent extraction and 
spectroscopy will be discussed in this paper. Data from the 
former technique led mainly to the knowledge of the equilibria 
involved. NMR, UV-visible, and Raman spectroscopies were 
useful to gain an insight into azido complex geometry. 
Experimental Section 

Reagents. All the usual chemical reagents were analytical grade 
and were used without further purification, except thenoyltrifluoro- 
acetone (TTA): 

Musikas et al. 

This Merck reagent, employed in extraction studies, was sublimed 
under vacuum before use. 

152E~,  I4'Nd, and 169Yb used as tracers were provided by ISOTEC 
(Versailles, France), and 241Am was supplied by STU (Fontenay- 
Aux-Roses, France). 

Procedures and Apparatus. Solvent Extraction. TTA was dissolved 
in benzene. Organic and aqueous phases were mixed with use of a 
mechanical agitator immersed in a controlled-temperature water bath. 
We considered that the rather slow distribution equilibria were reached 
after 12 h of mixing. 

The pH and the azide concentrations were measured after phase 
separation because of possible ligand losses during extraction. 

Metallic species distribution coefficients were measured by 
quantitative y-ray spectroscopy. The presence of several metals in 
the same test tube was necessary to obtain reliable separation coef- 
ficients. 

y-ray Spectroscopy. y activities of the solvent-extraction aqueous 
and organic samples were counted with an ultrapure Ge detector 
associated with a 4000-channel Interzoom Sein analyzer. "'Am (59.6 
keV), ISZEu, 153Eu, 154Eu (122 and 344 keV), I4'Nd (91 and 531 keV), 
and 169Yb (63, 177, and 198 keV) were used as tracers. 
NMR Spectroscopy. The I5N and I4N nuclear magnetic resonance 

analyses were performed with DzO solutions of lanthanide perchlorate 
at controlled pH. As in solvent extraction, the N3- concentrations 
were measured on each sample after recording its spectrum. 

A WH 90 Bruker spectrometer was used at the frequencies 6.5 
MHz for I4N, 9.12 MHz for I5N, and 90 MHz for 'H NMR. 
Subsidiary lH NMR measurements were performed with a 250-MHz 
Cameca spectrometer. 

The UV-visible absorption 
measurements were performed with a Beckman 5270 or a Cary 17 
double-monochromator spectrophotometer. Raman spectroscopy was 
carried out with a Coderg LRT 800 spectrophotometer. The light 
source was a Spectra-Physics 1-W krypton laser. In most cases we 
used the red 647.1-nm laser main line. 
Solvent Extraction 

The extraction of metallic chelates M(TTA), by inert or- 
ganic solvents with low dielectric constant has been used ex- 
tensively for aqueous complex invest gat ion^."^'^ For trivalent 
ion M3+, extraction occurs according to mechanism 1; species 
present in organic phases are set off by vertical bars. 

(1) 
The presence of organic insoluble complexing ligands in the 

aqueous phases causes variations in the distribution coefficients, 

UV and Raman Spectroscopies. 

M3+ + 31HTTAI + JM(TTA),J + 3H' 
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Figme 1. Distribution of Nd(II1) between 0.0075 M HTTA in 
benzene and aqueous NaN3 solutions as a function of pH. The figures 
indicate the total azide concentration (M). 

Table I. Formation Constants of Trivalent 4f and 5f Ion Aqueous 
Azido Complexes, As Found from Extraction Data 

~~ ~ ~~ 

ion P,1 P 2  1 P S I  

Nd(III)a 2.5 4 .O 5 .O 
EU(III)* 2.5 4 .O 5 .O 
Y b(III)C 2.5 5 .O 7 .O 
Am(III)d 18 40 26 

Comm. Energ. At., CEA-R 5140 (1981)C.C. calculated P I ,  = 2 ,  

same data but carried out  using a model with three complexes. 
This model was chosen because S D A ~ ( I I I ) / G  CN~- values indicated 
the contribution of complexes containing more than two N,- ions. 

Assigned value from the low variation of Pn as a function of Z in 
the 4f series. 
function of IN,-]. Obtained from D E ~ ( ~ ~ ~ ) / D ~ ~ ( ~ ~ I )  as a func- 
tion of [N,-]. 

a Obtained from a complete data set. InRapp. CEA-R-Fr., 

= 8. Here we report results of new calculations based on the 

Obtained from a curve of D Y ~ ( I I I ) / D N ~ ( I I I )  as a 

which can be expressed as a function of the complex formation 
constants: 

Dhi(III) = 
[IM(TTA)311/[M3+l(1 + P1L + P*L2 + ... + PRLn) (2) 

If pH and ITTAl concentrations are kept constant, eq 2 can 
be rewritten as 

i=n 

i-0 
DM(III) DM(III)O/ cp iL i  (3) 

In eq 2 and 3 DM(III) and DM(nI)" refer to the trivalent metal 
distribution coefficients, in the presence and absence of com- 
plexing agent, respectively, PI,  ..., pn are the formation con- 
stants of the monomeric complexes containing 1, ..., n mole- 
cules of ligand, and L is the ligand concentration. 

For pH values far below that of the pK,, L concentrations 
were calculated from the total azide concentrations ( L J ,  the 
pH values, and the HN3 pK,, which was found to be 5.27 at 
ionic strength p = 5 (eq 4). 

L = LtKa/[H+] + K, (4) 
For pH near that of the pKa we preferred to calculate the 

N3- concentrations from L, and HN, titrations using standard 
argentimetric and acidimetric methods. Several trivalent 4f 
distribution coefficients were measured as a function of L, and 
pH. Typical Nd(II1) extraction curves, at constant pH, are 
shown in Figure 1. The formation constants were calculated 
by the least-squares method using eq 3. Results for Nd(III), 
Eu(III), Yb(III), and Am(II1) are given in Table I. A 
maximum of three formation constants was reliably calculated, 
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Table 11. Formation Constants of 4f and 5f Trivalent Aqueous 
Azido Complexes from f-f Transition Band Intensities 

250 300 350 

'A nm 

Figure 2. UV absorption spectra of Eu(III), Yb(III), Sm(III), and 
Nd(II1) in 1.2 M sodium azide (pH 5.4, I.L = 5 ) .  

I LOO L10 500 510 520 530 
X nm 

Figure 3. Effect of azide on the main Cm(II1) and Am(II1) f-f 
absorption band. 

but the high slopes of the curves of h d 3 +  as a function of free 
N3- concentration suggested that complexes with more than 
three N3- groups were obtained in concentrated sodium azide 
solutions. 
UV and Raman Spectroscopies 

UV and Raman spectroscopy investigations were carried 
out with two objectives: to remeasure the complex formation 
constants and to gather structural information about the azide 
complexes (inner- vs. outer-sphere complexes). 

The UV part of Eu3+, Yb3+, Sm3+, and Nd3+ absorption 
spectra are shown in Figure 2. It can be seen that the spectra 
of the three first ions possess broad absorption bands in the 
range 250-350 nm. The energy of the maximum absorption 
decreases in the order Sm(II1) > Yb(II1) > Eu(III), which 
is the reverse order of the divalent ion stability, in agreement 
with the semiempirical correlations between trivalent 4f and 
5f complex charge-transfer band energies and M3+/M2+ ox- 
idation potentials established by Nugent et a1.l' 

In a review paper,Is Jargensen discussed thiocyanato and 
azido d transition ion complex charge-transfer spectra. He 
came to the conclusion that N-bonded thiocyanate has an 
optical electronegativity of 2.6 against 2.8 for azide. From 
the absorption maxima observed for Eu(NCS)*+ (34.5 X lo3 
~ m - ' ) ~  and Eu(N,)~+ (30.3 X lo3 cm-l) one can calculate 

XOpt(NCS-) - X0pt(N3-) = 0.14 

which is the reverse order of the d transition complexes. The 
oscillator strength of the Eu(II1) azido complex charge-transfer 
band is approximately 4 times greater than that of the cor- 
responding thiocyanate complex. One possible reason for these 
differences is the different orientation of the linear NCS- and 
N3- ions in europium(II1) complexes. This feature will be 
discussed later, because the NMR results showed that Eu- 

(17) L. J. Nugent, R. D. Baybarz, J.  L. Burnett, and J. L. Ryan, J .  Phys. 
Chem., 77, 1528 (1973). 

(18) C. K. Jsrgensen, Prog. Inorg. Chem., 12, 141 (1970). 

ion P I  P I  ion P I  P z  
Nd(III)= 1.2 imprecise Am(III)C 10 23 
Er(III)b 1.2 imprecise Cm(III)d 8 24 

a Least-squares adjustment of OD at 583.5 nm, as a function of 
Least-squares adjustment of OD at 525 nm, as 

Least-squares adjustment of OD 
Least-squares ad- 

[N3-], to eq 3.  
a function of [N3-], to  eq 3. 
at 503 nm, as a function of [N,-], to  eq 3. 
justment of OD at 397 nm, as a function of [N;], to eq 3. 

Qs bokded i 
3, f ree  N; 

2200 2100 2000 1450 1350 1250 1150 

Figure 4. Raman spectrum of NaN, in the presence of Ce(II1) 
([NaN,] = 1.1 M, [Ce(III)] = 1.3 M, pH 4.4). 

(N3)2+ is bent, contrary to the arrangement in EU(NCS)~+,  
which is linear. 

The existence of these charge-transfer bands provides strong 
evidence for the presence of inner-sphere trivalent lanthanide 
azide complexes. The formation constant of the Eu(II1) 1:l 
complex can be easily calculated. The value of 4.0 found was 
in fair agreement with the results in Table I taken from dis- 
tribution data, and to within the experimental errors, we can 
conclude that aqueous lanthanide azide complexes are mostly 
inner sphere. This view is also supported by the rather im- 
portant changes in the f-f transition bands, as shown by Figure 
3, for complexed Am(II1) and Cm(II1). Absorption variations 
can be used to determine the formation constants by invoking 
eq 5 ,  where tM represents the mean molecular extinction 

cm-' cm-' 

i=n 

i=O 
EM = 7 

C iPi 1 Li 
( 5 )  

CPj1L' 
i=O 

coefficient at a given wavelength, ci values are the molecular 
extinction coefficients for the different species; to refers to the 
metal hydrated ion, Pi l  refers to the 1:l complex, and so on. 
Formation constants of azide complex from f-f absorption 
band intensities are given in Table 11, showing rather good 
agreement with values in Table I. Lanthanide azido complex 
stabilities are not significantly dependent of the atomic number, 
but the different stabilities for actinide and lanthanide com- 
plexes are clearly confirmed. We limited the calculations of 
the ci and pi values by least-squares adjustment to t1 and PI 
because of the high uncertainties for the high-order ti, pi values. 
However, like the distribution data, spectroscopic data clearly 
showed the presence of azido complexes containing higher 
numbers of N3- groups, especially the actinides. 

The Raman spectra of free N3- and bonded N3- and HN3 
are shown in Figure 4. The principal features of the bonded 
N3- spectra are as follows. u1 symmetric stretching shifts 
toward higher energy, 1367 cm-' instead of 1347 cm-'. The 
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Table 111. 14N Chemical Shifts ( u )  and Transverse Relaxation 
Time ( T 2 - ' )  of Gd(II1): Tb(III), and Dy(II1) Aquous Azido 
Complexes 

Musikas et al. 

' M I U o P 3  Tb(II1) 
cN3-; ( T , ~ -  1  IN^,^ i ppm ( W / U , P ) N  

M L -  p ,  s N, NI93 PPm 
0.836 4.82 442 2615 1912 
0.625 3.80 422 1915 1442 
0.414 2 . 3 2  277 1355 1067 
0.21 1 1.55 212 980 692 
0.102 0.55 115 740 500 
0.041 0.35 87 365 240 
0.02 0.15 30 267 87 

DY (111) 
( U M I ~ O P ) N ,  , 3  

PPm 
1375 
1182 

875 
462 
345 
135 
47 

a In all these solutions p = 0.016 (see text for explanation). 

asymmetric u3 stretching becomes Raman active and is ob- 
served as a broad band at 2075 cm-I, showing that Dmh sym- 
metry is lost. By monitoring ul intensities with C104- ul in- 
tensities (930 cm-I), we determined Dl and found a value close 
to 1.5, in fair agreement with the p1 values found by other 
methods. The Occurrence of clear bonded N< stretching bands 
indicates the presence of inner-sphere complexes. However, 
it is not easy from Raman spectroscopy to determine exactly 
how N3- and trivalent lanthanide are linked. In the absence 
of polynuclear complexes, this leaves the possibility of con- 
figurations like 1-111 for the 1 : 1 complex. I4N and 15N nuclear 
magnetic resonance studies were performed to solve this 
problem. 

,M,3' 
I \  I \  

; '\ 
I '. 

N=N=N 

,,M3+ 

N =N =N.. M 3+ N= N= N'.ie - 
I I1 I1 I 

NMR Investigations 
At room temperature, NMR spectra of Na14N3-H14N3 

mixtures exhibit only two signals. The addition of small 
amounts of paramagnetic lanthanides shifts the signal toward 
higher fields and causes a broadening of the lines without the 
appearance of new lines. As it is known that HN, has the type 
I1 conformation with 0 angle close to 68O, these spectra are 
understandable on the basis of fast exchanges of H+ and 
metal and the equivalence of nitrogens 1 and 3. Peak as- 
signment can be carried out easily from the integrated in- 
tensities. 14N chemical shifts and line broadening were 
measured as a function of azide concentration for Gd(III), 
Tb(III), and Dy(II1) solutions. The results are given in Table 
111. Experimental results from several solutions with different 
p values @ = Cmeml/CIigand) were corrected by using formulas 
6 and 7, valid for fast-exchange conditions, where AoM is an 

experimentally observable chemical shift or transverse relax- 
ation time, & is the observable value for the pure ligand 
solution, q is the mean number of bonded azides per metal 
atom, and AM is the observable value for the bonded azide in 
the metal coordination sphere. When (CIigan& >> Cmeml, eq 
6 becomes 

Aobsd - A0 = PqAM (7) 
It may be seen from the values in Table I11 than lanthanide 

coordination to azide has a much stronger effect on Nl,3 ni- 
trogen signals than on those of NZ, indicating a strong 
screening effect for spin density transfer to N2. In covalent 
azides,19 bonded as shown in model 11, similar behavior was 

Aobsd - Pq) + PqAM ( 6 )  

(19) W. Beck, W. Becker, K. F. Chew, W. Derbyshire, N. Logan, D. M. 
Revitt, and D. B. Sowerby, J .  Chem. Sor., Dalton Trans., 245 (1972). 

3.2 3 . j 1 + 3 . 0  3.5 3 . 6  - 
1 

a 

0:s 1 1.5 
[N,Ir Mole.l- '  

Figure 5. (a) Gd(II1) azido complex 'SNl,3 NMR chemical shift (Au) 
and line broadening ( ( A U ~ / ~ ) ~ )  as a function of reciprocal temperature 
(p4 = (b) Comparison of line broadening for I4Nl,, and l5NI,, 
NMR signals of Gd(II1) azido complexes as a function of NaN3 
concentration (pH 5 . 5 ) .  

observed, except that slow exchange served to rank b M ( N 1 )  

The temperature dependence of Au (15N chemical shift) and 
Aul12 (line width) were examined. The results for a solution 
0.87 M in N3- and 0.008 M in Gd3+ @q = are plotted 
in Figure 5a. 

As for SCN- complexes? the shape of these C U N ~  indicates 
that at 300 K the exchange is fast with 7 h  (residence time of 
the ligand), shorter than lo-' s. 15N NMR studies of Gd(II1) 
azido complexes were carried out, and additional proof of fast 
exchange can be seen in Figure 5b, where Aul~2('4N)/Aul12- 
("N) line width ratios are plotted as a function of N3- con- 
centration. The ratio remains constant and equal to 2.07, a 
value fairly comparable to 1.97, the square of the gyromagnetic 
ratio of 15N to I4N. ( 7 1 5 ~ / 7 1 4 ~ ) ' .  A more extensive demon- 
stration of the validity of these tests was given for the SCN- 
gadolinium c~mplexes.~ 

Complex formation constants can be calculated from NMR 
data by either chemical shifts or line broadening, with use of 
the equation 

' Aobad(N3) >> Aobsd(N2)* 

where pil is the formation constant of the MXi complex and 
X is the ligand concentration. 

Equation 8 implies that the observable variation is inde- 
pendent of the nature of the complexes in which N3- groups 
are engaged. For example, Gd(N3)2+ chemical shift and line 
broadening must be twice those of Gd(N3)*+. In our case, this 
condition was satisfied for Gd(II1) complexes on the basis of 
the close q values determined by using either chemical shifts 
or line width. The values of Avl12 and TZ-l in Table I11 were 
introduced into eq 8 to calculate the best set of constants pil 
by the least-squares method. The 4 value for [N,-] = 1 M, 
taken from the extraction data, was used for the calculations 
because the A M  value was unknown. The NMR p i l  complex 
formation constants are fairly comparable to the Pi l  values 
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Figure 6. Comparison between azido species distributions calculated 
with Table I formation constants (curves) and calculated from NMR 
data (points). 

obtained from extraction, as shown in Figure 6, where the 
Nd(II1) species concentration and 4 values are plotted as a 
function of N3- concentration. The solid lines represent the 
extraction data and the points the NMR results. This good 
agreement means that, within the N3- concentration range 
investigated, there is no change in the azide coordination mode 
and that we are still dealing with inner-sphere complexes. 

Longitudinal relaxation rates of 15N ( TIM-I) were measured 
to gain some insight into the complex geometry. In extreme 
narrowing conditions TIMd1 and Gd-N internuclear distance 
are related by eq 9. yI and ys are respectively the nuclear 

T1 M-l N 6.3( yrysh)2r-67r (9 )  

and electron gyromagnetic ratios, and r is the Gd3+-nucleus 
distance. 7, is the complex reorientation correlation time, 
which was estimated from the relaxation of the water protons, 
the Gd-H distance (3.1 A) being taken from ref 20 and eq 
9 and 10 being used. 

The number of qHZ0 is the average number of water mole- 
cules in the Gd(II1) azido complex first coordination sphere. 
It was estimated by the equation qHZ0 = 8 - q, where 4 is the 
number of azide ions in the complex and 8 the number of 
inner-sphere water molecules in noncomplexed Gd(II1). It was 
taken from the paper of Steele et al.,20 and we assumed that 
in the complex one water molecule is replaced by one N3- ion. 

We did find TIHm-l = 1 14000 s-l at 300 K, and eq 9 yields 

By measuring ( TI-l)NI,, and (Tl-1)N2, the geometry of the 
Gd-Nl=N2=N3 moiety can be determined from the equa- 
tion 

7, = 5.5 x 10-11 s. 

If it is taken into account that 

eq 11 becomes 

2 000 

1500 
L 
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100 

300 

200 

N 
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c- 

1 d 
I , 1 

100 
0 15 30 L5 60 7 5  90 

e ( 0 )  

Figure 7. Calculated ( Tl-1)Nl,3 and (T1-1)N2 values as a function of 
0 (see text). The figures indicate the N I  to Gd distances. The two 
horizontal dashed lines on either side of the A line represent the 
measured TI-' values within the limits of experimental uncertainties. 

Table IV. SF Values for Selected Ligands (Am(II1)-Eu(II1)) 

donor atom 
electro- 

ligand complex SF negativity 

F-  MF2+ -0.084 4.0 
CH,CO,- M(CH,CO,)z' 0.03 3.5 
N2- M(N, )*+ 0.93 3.0 
p&na M(p<en)'+ 0.69 3 .O 
T P T Z ~  M(TPTZ),+ 0.38 3.0 

a 1 ,lo-Phenanthroline. * 2,4,6-Tri-Z-pyridy1-1,3,5-triazine. 
Moreover, eq 14 and 15 correlate rN2 and rN, values to rN, 

rN2 = [(rNI cos 0 + 1.12 (A))2 + (rNI sin 0)2]1/2 (14) 

rNl = [(rNI cos 0 + 2.24 (A))2 + ( rNI sin t9)2]1/2 (15) 

The best values of the rNI  = Gd-N1 distance and of the 
binding angle 0 were determined as follows: the relaxation 
rates (T-1)Nl,3 and (T1-')N2 were calculated from eq 9 and 
13-15 as functions of 0 for 7, = 5.5 X 10-" s and different 
values of rN, ranging from 2.4 to 3.5 A. In Figure 7, the plots 
of ( T1-l)NI and ( T1-1)N2 vs. 0 are scaled by the experimental 
factor ( T121)Nl,,/( T1-1)N2 = 3. The dashed line A represents 
the locus of intersections of the (T1-1)Nl,3 and (TI-1)N2 vs. 0 
curves. It seemed to us realistic, however, to replace in our 
calculation the A curve by a zone taking into account the 
experimental uncertainties, of the order of *5%, on the I5N 
relaxation rates as well as on the values of 7, and q. The 
intercept of the experimental relaxation rates of 15Nl,3 and 15N2 
with this zone delineates the hatched area shown in Figure 
7, where the most probable values of rNI  and 0 are expected 
to be found. They correspond to rN1 = 2.78 f 0.06 A and 0 
= 38 f 6'. 
Conclusion 

Azides form inner-sphere aqueous complexes with trivalent 
actinide and lanthanide. The 5f azido complexes are the more 
stable, probably because higher covalent interactions take place 
within the 5f shell. 

In order to compare several ligands with regard to their 
selectivity toward a trivalent actinide-lanthanide pair, we 
calculated a selection factor SF defined by eq 16, where the 

and the Gd-N=N=N angle (0). 

SF = 2(AGAm(III) - AGEu(III))/AGAm(III) - AEu(III) (16) 
AG values are the free energy changes for homologous com- 
plexes. Selected SF values are given in Table IV. It may be 
observed that the highest SF value is found for the pair Am- (20) M. L. Steele and D. L. Wertz, J .  Am. Chem. SOC., 98,4424 (1976). 
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(N3)2+-E~(N3)2+, All the pure nitrogen ligands are in the 
group of high SF values. Similarly, covalent interactions are 
the cause of these high selection factors, since the ionic radii 
of Am(II1) and Eu(II1) (1.09 and 1.06 A) suggest that, for 
pure ionic bonds, the Eu(II1) complexes will be the more 
stable. This trend is observed in the fluoride complexes. 

However, it is unlikely that the type IT geometry found for 
Gd(N3)2+ arises from the presence of a covalent bond with 
a sp2-hybridized nitrogen strongly linked to the metal, as in 
trivalent d transition azido complexes, for which PI1  values are 
several orders of magnitude higher than the P I 1  of the lan- 
thanide complexes. The N3- position probably results from 
the action of antagonistic forces. Azide negative charge density 
is equally shared between N ,  and N3 nitrogens,21 and N3- ions 
are ionically attracted by the metal and the nearest water 
molecules. The observed position is most probably the re- 
sultant of these two kinds of interactions. 

The investigation of hexa- and tetravalent azido complexes 
of actinides supports these assumptions.22 Configuration I11 

was found in U(V1) complexes. The linearity of M(NCS)2C 
lanthanide species could also be understood from the pre- 
dominantly ionic interactions, because the negative charge 
densities carried by sulfur and nitrogen2I are smaller than those 
of N< terminal nitrogen, as shown in IV and V, and the linear 
configuration is favored. 

0.806- 0.612+ 0.806- 0.7108- 0.1943+ 0.4026- 
N=N=N S=C=N 

IV V 

1.12 x 1.12 i 0.161 1 1,17 

The spin density transferred from Gd(II1) to N3- is slightly 
higher to the spin transferred3 from Gd(II1) to NCS- or to 
the solvation water molecules23 but is one order of magnitude 
lower than the spin density transferred from Co(I1) to NCS-.24 
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The gradual high-spin (S = 2, 5T2) + low-spin (S = 0, ‘Al) transformations in solid [Fe(4-paptH)2](C104)2.2H20 and 
[Fe(4-paptH)2](BF,)2.2H20 (4-paptH = 2-((4-methyl-2-pyridyl)amino)-4-(2-pyridyl)thiazole) have been studied by 
variable-temperature 57Fe Miissbauer effect and X-ray diffraction. For the complex perchlorate, the ground states involved 
are characterized, at the transition temperature Tc = 185 K, by the quadrupole splitting L W ~ ( ~ T ~ )  = 2.40 mm SKI, PEQ(’A,) 
= 1.31 mm s-l and the isomer shift I ? ~ ( ~ T , )  = +1.05 mm s-I, 6IS(lAI) = +0.42 mm s-]. For the complex tetrafluoroborate, 
the corresponding values a t  the transition temperature Tc = 220 K are L ~ E ~ ( ~ T ~ )  = 2.40 mm s-’, AEQ(lAl) = 1.32 mm 
s-I and = +1.01 mm s-I, 61S(1Al) = +0.39 mm s-l. The observed nonlinear temperature dependence of -In (Eti), 
where ti is the effective thickness (i = ST,, ‘Al), is consistent with different Debye-Waller factors, -InfsT2 and -1njA, .  
The same conclusion is indicated by the observation of different temperature factors for the isomer shift. The lattice spacings 
derived from X-ray diffraction show a continuous variation with temperature which parallels that of the 5T2 fraction, nsT2. 
The results are interpreted in terms of the formation of a solid solution of the two spin isomers within the one lattice. The 
continuous character of the transition is consistent with the assumption of weak cooperative interaction between the individual 
complexes and a wide distribution of the nuclei of the minority constituent. 

Introduction 
The discontinuous type high-spin (sT2) + low-spin (IA,) 

transitions in solid compounds of iron(I1) now seem to be 
reasonably well understood. Such transitions arise for com- 
pounds with a strong cooperative interaction between the in- 
dividual complexes. In the transition region, pronounced 
domain formation by both minority and majority phases is 
encountered, and thus individual X-ray diffraction patterns 
for the two phases are observed. Due to the interaction, a 
crystallographic phase change is, in general, involved. Hys- 
teresis effects, if present, are a consequence of the domain 
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formation. To date, consistent results have been derived from 
the temperature dependence of X-ray diffraction and 
Mossbauer effect data for a number of systems, i.e. for [Fe- 
( p h ~ ) ~ ]  (C104)2 (where phy = lI10-phenanthroline-2-carb- 
aldehyde phenylhydra~one),~ [Fe(bt)2(NCS)2] (where bt = 
2,2’-bi-2-thiazoline)$ [Fe(4,7-(CH3)2phen)Z(NCS)2] (where 
4,7-(CH3)*phen = 4,7-dimethyl-l,lO-phenanthr0line),~ and 
[Fe(bi)3] (C104)2 (where bi = 2,2’-bi-2-imida~oline).~ It thus 
seems that the conclusions are of general applicability to spin 
transitions of the discontinuous type. 
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