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Complexation of trivalent lanthanides and actinides
with several novel diglycolamide-functionalized
calix[4]arenes: solvent extraction, luminescence and
theoretical studiest

Dhaval R. Raut,® Prasanta K. Mohapatra,*® Seraj A. Ansari,® Shrikant V. Godbole,?
Mudassir Igbal,”> Debashree Manna,© Tapan K. Ghanty, Jurriaan Huskens®
and Willem Verboom®

Several diglycolamide-functionalized calix[4]arenes (DGA-Calix) were evaluated for actinide extraction
from acidic feeds. The ligands with four diglycolamide (DGA) pendent arms are significantly more effective
extractants than those with two DGA pendent arms. The ligands have a preference for the extraction of
Eu®*, a representative trivalent lanthanide ion, as compared to Am3*, a commonly encountered trivalent
actinide ion. The role of organic diluents on the metal ion extraction was investigated and the results were
compared with the widely studied DGA-based extractant TODGA (N,N,N’,N’'-tetra-n-octyl diglycolamide).
Time resolved laser fluorescence spectroscopy (TRLFS) studies showed a strong complexation with no
inner-sphere water molecules in the Eu(in)-DGA-Calix complexes and the complex formation constants
(log B) were calculated. Ab initio density functional calculations were carried out to explain the higher
stability of the Eu-complex of the DGA-Calix ligand with four pendent arms as compared to the one with

www.rsc.org/advances two pendent arms.

1. Introduction

Actinide ion extraction from acidic feeds is one of the most
challenging problems encountered by separation scientists
engaged in the task of radioactive waste remediation for the
mitigation of the long term hazards of long-lived radionuclides
including minor actinides and fission product nuclides.!
Diglycolamide-based extractants such as TODGA (N,N,N’,
N'-tetra-n-octyl diglycolamide) and T2EHDGA (N,N,N’,N'-tetra-
2-ethylhexyl diglycolamide) have been employed for actinide
partitioning from moderately acidic feed conditions.” Apart
from being far more efficient extractants for minor actinides
than well-studied ligands such as CMPO (carbamoylmethyl-
phosphinoxide), TRPO (trialkyl phosphinoxide), malonamide,
and DIDPA (diisodecyl phosphoric acid), the diglycolamides
display several unusual characteristics.> These include higher
extractability for trivalent ions as compared to the tetra- as well
as hexavalent actinide ions, and size selective complexation.
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This has been attributed to a reverse micellar extraction
mechanism in non-polar diluents such as n-dodecane, which
possibly helps in the formation of aggregates containing four
diglycolamide (DGA) molecules.” In view of the strong diluent
dependence of this aggregate formation, ligands containing
four DGA units appended to a calix[4]arene scaffold were
synthesized.” This would possibly make the selectivity dis-
played by the DGA-based extractants independent of the
diluent characteristics. However, similar attempts to graft
CMPO moieties onto a calix[4]arene scaffold were not very
successful.® In view of the size selective nature of the DGA
aggregates, it was expected that the diglycolamide-functiona-
lized calix[4Jarenes may display extraction/complexation prop-
erties in variance to those of the CMPO-functionalized
calix[4]arenes.

We have recently reported the synthesis and actinide
extraction behaviour of several DGA-functionalized calix[4]ar-
enes, termed for simplicity as DGA-Calix ligands, which were
found to be far superior to TODGA and exhibited a comparable
Am®" extraction at a 100 times lower concentration than
TODGA.” Preliminary time-resolved laser-induced fluorescence
spectroscopy (TRLIFS) studies of the Eu’’-DGA-Calix com-
plexes indicated strong complexation with no inner-sphere
water molecules.” Several literature reports exist on the use of
fluorescence spectroscopic data for the calculation of complex
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formation constants.® In the present study an attempt was
made to understand the luminescence properties of the Eu*"-
DGA-Calix complexes. These efforts include complex forma-
tion constant calculations as well as structural information
based on the “F, — °D, emission lines of the Eu(i1)-DGA-Calix
complexes.

The present work also deals with solvent extraction studies
involving Am*" and Eu®*" and comparison of the separation
factors (SFs) under various experimental conditions involving
the DGA-Calix ligands L;-Lyy (Fig. 1) and TODGA. Ab initio
density functional calculations were performed to gain insight
into the structure of the Eu**-complexes with these ligands.

2. Experimental

2.1 Materials

The DGA-functionalized calix[4]arene ligands L;-Lyy were
synthesized as reported previously.” The ligands were char-
acterized using NMR and ESI-MS. **'Am, Pu (mainly ***Pu),
and ***U tracers were purified following standard procedures
reported earlier, and the radiochemical purity of the tracers
was checked using alpha-spectroscopy.” A “*'*Eu tracer,
purchased from BRIT, Mumbai, was used after ascertaining its
radiochemical purity by gamma-spectrometry using an HPGe
detector. Assaying of >*'Am and "**'**Eu was done by gamma
counting using a Nal(Tl) scintillation counter, while nuclides
such as **°Pu and >**U were assayed by liquid scintillation
counting. Spec. pure Eu,0; (>99.99%) was used to prepare
stock solutions for the luminescence spectroscopic studies.
Suprapur (Merck) nitric acid was used after proper dilutions
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and the concentrations were measured by standard acid-base
titration methods."

2.2 Radiotracer solutions

Typically, the metal ion concentrations used for the solvent
extraction experiments were ~10~’ M for Am, ~10~® M for
Pu, and 10> M for both U and Eu. The valency state of Pu was
adjusted to the +4 state by adding a few drops of 5.0 x 107> M
NaNO, solution into a beaker containing the Pu tracer mixture
in 1 M HNO;. Pu*" was separated by selective extraction into
an organic phase containing 0.5 M TTA (2-thenoyltrifluoroa-
cetone) in xylene followed by stripping into 8 M HNO;.'" On
the other hand, Pu was converted to its +6 oxidation state by
adding a few mg of AgO into the Pu solution in 1 M HNO; and
subsequently destroying the unreacted AgO by mild heating
under an IR lamp."” The valency state of Pu in the +4 or the +6
state was checked by carrying out TTA concentration variation
experiments, which resulted in slope-values of +4 or +2 (due to
the PuO,>* species), respectively.?

2.3 Solvent extraction studies

Solvent extraction studies were carried out by vortexing equal
volumes (usually 1 mL) of the ligand solution in a suitable
diluent and dilute nitric acid solution containing the required
radiotracers in leak-tight stoppered Pyrex glass tubes in a
thermostated water bath at 25 + 0.1 °C for about 1 h. It was
checked by independent experiments that 1 h of equilibration
was sufficient to attain equilibrium. Subsequent to the phase
mixing, the tubes were centrifuged and the phases were
separated and assayed radiometrically (usually 100 pL aliquots
were taken for radiometric assay). The radiometric assay of
>3y and Pu was done with an alpha-liquid scintillation

Fig. 1 Structural formulae of the DGA-Calix ligands L, Ly, and Ly,.
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counting system (Hidex, Finland) using an Ultima Gold
scintillator cocktail (Sisco Research Laboratory, Mumbai),
while that of ®%Sr, "*Cs and **’Np was carried out by
gamma ray counting using a NalI(TI) scintillation counter (Para
Electronics, India) interphased to a multi-channel analyzer
(ECIL, India).

The distribution ratio of a particular metal, Dy, was defined
as the ratio of the concentration of the metal ion per unit
volume in the organic phase to that in the aqueous phase. The
separation factor (SF) was defined as the ratio of the
distribution ratio values. All solvent extraction experiments
were carried out in duplicate with a precision of + 5%.

2.4 Fluorescence studies

The laser-induced luminescence measurements were carried
out using a fluorescence spectrometer (Edinburgh Analytical
Instruments, UK) controlled by a CD 920 controller and
pumped by OPO lasers as the excitation sources. The pulse
repetition rate was kept constant at 10 Hz for lifetime
measurements and the excitation wavelength was fixed at
395 nm, while emission spectra were recorded in the range of
575-750 nm.

2.5 Theoretical calculations

Density functional calculations were performed to optimize
the geometries of the bare ligands and the metal-ligand
complexes. All of the lighter atoms were treated at the all
electron level and the standard def-SV(P) basis sets were used.
However, for the Eu atom, 28 electron core pseudo-potentials
(ECP) along with the corresponding (14s13p10d8fig)/
[10s9p5dafig] basis set were selected.'* Becke’s exchange
functional®® in conjunction with Perdew’s correlation func-
tional'® (BP86) with the generalized gradient approximation
(GGA) was used in all density functional calculations. The
geometrical parameter ie. bond lengths and stability para-
meter ie. complexation energy values were calculated for all
the complexes, as were the charge distribution values,
calculated by natural population analysis. All calculations
were carried out using the TURBOMOLE program package.'”

3. Results and discussion

3.1 Solvent extraction studies

The extraction of Am®*" and Eu** was reported by us in a recent
communication.” It was observed that the extraction of the
metal ions was significantly higher when the DGA-functiona-
lized calix[4]arene contained four DGA pendent arms (L,
Fig. 1) as compared to those with two DGA arms (Ly and Ly,
Fig. 1). The Dy, values for Am and Eu with L; were about 25 and
29 times higher as compared to those of Ly, while they were
663 and 554 times higher than those of Lyy. The very low metal
ion extraction ability of Ly; was attributed to the steric
crowding by the two butyl groups. The basicities of the
extractants were determined by a standard procedure'® and
were found to be comparable to that of TODGA, which was
reported to be 4.1.'
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TODGA is known to show preference for the extraction of
Eu*" over Am*".*® A similar preference was observed for
ligands Ly-Lyy, though the SF (Dgy/Dam) values are somewhat
lower than that of TODGA. While L; and Ly yielded SF values
close to 5, Ly; showed a SF value of around 7. This could be
due to higher uncertainties associated with the lower Dy
values obtained with Ly;. SF values are reported to be
dependent on the nature of the diluent.'®*® Therefore, it was
of interest to investigate the behaviour of the extraction of
Am*" and Eu®* with different diluents. The results, as shown in
Table 1, indicate that though a rough trend of increasing Dam
and to some extent Dg, can be seen with the dielectric
constant (ESIf), lower than expected values were obtained in
the case of chloroform which can be attributed to the
H-bonding tendency of the diluent.>* On the other hand, the
higher extraction seen in case of n-dodecane is not clearly
understood. Though one may attribute it to a similar reverse
micelle formation as in case of TODGA, the low concentration
of the ligand almost rules out that. Nitrobenzene with a high
dielectric constant (35.6)*" extracts both metal ions favourably,
though a reversal in the extraction trend was seen, i.e., Am**
was extracted to a higher extent than Eu®". Favourable
extraction of the metal ions was also observed with other high
dielectric constant diluents such NPOE (2-nitrophenyloctyl
ether) and hexone (methyl isobutyl ketone), though the SF
values were favourable towards Eu’".

The extraction mechanism with neutral diglycolamide
ligands is given as:

M"™ + nNO;~ + mLory — M(NO3), Loy (1)

where the species with the subscript ‘org’ refer to those
present in the organic phase while those without any subscript
refer to those present in the aqueous phase. The two-phase
extraction constant (Key) is expressed as

[M(NOs3),-mL]

— org
B TN, L, ¥

where the species with low concentration are expressed as
concentration terms. As the distribution ratio is defined as the
ratio of the metal ion concentrations in the organic phase to
that in the aqueous phase, eqn (2) can be rearranged to:

log Dy = log Kex + 1 log [NO; | + m log [L]org (3)

The nature of the extracted species was determined from the
log Dy vs. log [L]org plots obtained from the ligand concentra-
tion variation experiments. Table 1 lists the slopes of the plots
along with the R? values for nitrobenzene, NPOE, hexone, and
n-dodecane for Am®' extraction. For other diluents, such
studies were not carried out due to the lower D,,, values. The
results suggested 1 : 1 extracted species for hexone and NPOE,
while 1:2 species were observed for n-dodecane and
nitrobenzene. The 1 : 2 species is rather difficult to rationalize
as it would involve 16 amidic and 8 ethereal ‘O’ atoms to form
bonds with the metal ions. Similar studies carried out for Eu**
indicated 1 :1 species extracted with L;, while 1 : 2 species
were observed for both Ly and Ly (Fig. 2). Participation of 2 L;
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Table 1 Role of organic diluent on Am(i)/Eu(in) extraction using L;; ag. phase: 3 M HNOs

Diluent Dielectric constant® Dg,, Dpm” SF Slope®

Nitrobenzene 35.6 221 252 0.88 2.1 + 0.1 (0.984)°
Hexone 13.1*2 38.7 8.52 4.54 1.0 + 0.1 (0.981)¢
NPOE 23.1% 27.8 5.78 4.81 0.80 + 0.02 (0.999)¢
n-dodecane 2.012 53.4 9.83 5.43 1.9 + 0.1 (0.993)¢
Carbon tetrachloride 2.24 0.42 0.07 6.00 —

Benzene 2.28 0.83 0.20 4.15 —

Chloroform 4.81 3.16 1.87 1.69 0.97 (0.991)¢
1-Decanol 5.82 0.61 0.28 2.18 —

“ Data taken from ref. 21. ” Data obtained at 1.13 x 10> M ligand concentration. ¢ Slope of the log Dam vs. log [Ly] plots. ¢ Values inside

parenthesis refer to the R* values of the least square fit.

species in the case of Am®*, in sharp contrast to only one
ligand molecule in the case of Eu®’, is rather unusual and
could not be explained. Apparently, this should exclude some
of the donor atoms from coordinating to the metal ion. In view
of the paste-like mass obtained with the Eu’'-L; complex, it
was not possible to carry out X-ray structural analysis.

Acid concentration variation studies were carried out for
Am*" and Eu’" extraction in the acidity range of 0.01 M to 6 M
HNOj; using 1.13 x 107° M L; in n-dodecane. While Am**
extraction was found to be higher than that of Eu®" at lower
acidities (0.01-2 M), a reversal in the extraction trend was seen
beyond 2 M HNO; (Fig. 3). The SF values go through a
maximum at 3 M HNOj3, which coincidentally is the acidity of
the HLW (high level waste). Extraction of other actinide ions
such as Np*', pu**, UO,**, Np0O,**, and PuO,”" was also
investigated at 3 M HNO; using 1.13 x 10> M L; and the
results are presented in Fig. 4. The SF values with respect to
Am®" are also included in the figure. The trend of actinide ion
extraction was M*" > M*" > M0,>", which is different from that
observed with TODGA."™ A similar extraction trend was
observed at about three times higher ligand concentration.”
This confirms the fact that the unusual preferential extraction
of Am®" with respect to Pu*" and UO,>" observed in case of

2.0
Slope = 1.22+0.11
1.5 4 o] LI .
o L,
1.0 AL, -
—— Regression lines
Q'ﬂ 0.5
> Slope = 2.31+0.06
o
= 004 i
0.5
10 Slope = 2.22+0.17

T T T
-2.65 -2.60 -2.55 -2.50

Log [DGACalix]

T T
-2.75 -2.70

Fig. 2 Dependence of Eu®* extraction on ligand concentration. Aqueous phase:
3 M HNO;.
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TODGA, which was attributed to reverse micelle formation
involving four TODGA molecules, apparently does not take
place with the DGA-Calix ligand. However, though UO,*" is
extracted by ligands such as CMPO and malonamides™ to a
much higher extent than Am®, it was negligibly extracted by
the DGA-Calix extractant, L;. A similar extraction behaviour
was also seen with the other hexavalent actinide ions NpO,**
and PuO,”". The SF values are not very impressive from the
point of view of the separation of tetravalent ions, though
separation from hexavalent ions appears quite feasible (Fig. 4).

3.2 Fluorescence spectroscopic studies

The Eu’” ion is known to exhibit well-characterized emission
spectra in the visible region due to transitions identified as °D,
—F, (617 nm), D, — "F; (592 nm) and *D, — “F, (690 nm).>®
The intensity of the Eu*" luminescence changes in the metal-
ligand complexes relative to that in the aquo ion are due to
changes in symmetry upon complexation.?” Fig. 5 shows the
luminescence spectra of Eu’" resulting from the titration of
metal ions with the ligand. The characteristic peaks observed
at 591, 617, and 692 nm correspond to the de-excitation of the
°Dy level to the "Fy, F,, and "F, levels of Eu*”, respectively. The
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Fig. 3 Dependence of Am®* and Eu®* extraction on aqueous phase nitric acid
concentration. Organic phase: 1.13 x 10> M L, in n-dodecane.
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Fig. 4 Relative extraction of several actinide ions in the tri-, tetra- and
hexavalent states using 1.13 x 10> M L, in n-dodecane as the organic phase
and 3 M HNOs as the aqueous phase.

transition corresponding to °D, — ’F, is a hypersensitive
transition, and is extremely sensitive to the ligand field. As is
clear from Fig. 5, the peak intensity corresponding to the Eu**
aqua ion is minimal, but increases upon complexation with
the ligand, while in addition splitting of the 617 nm peak
occurs. These features are a clear indication of the complexa-
tion of the Eu®" ion with the ligand, L;. The luminescence
intensity at a fixed wavelength is proportional to the

4X104 [r + r 1. 1+ 1 ° "1 ° ™71 "1 °'"71]

D, >7F ]

- [L]/[M]=5.0 ]

3x10* | ]
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[H] L ]
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1x10* F 3
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580 600 620 640 660 680 700 720 740

Wavelength (nm)

Fig. 5 Evolution of luminescence spectra of Eu>* solution containing 10> M
Eu(NOs)s and increasing amounts of ligand (ligand-to-metal ratio = 0.0, 0.05,
0.1,0.2,0.3,0.4,0.6,0.8, 1.0, 1.5, 2.0, and 5.0). Diluent: ethanol-water (5 : 1) in
aqueous nitrate medium at pH 3; excitation wavelength: 395 nm.
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concentration of [Eu-Li’*, and that was the basis for the
calculation of different fractions of Eu®" ions in the solution at
equilibrium.

The lifetime of the Eu®" ion was measured from the
luminescence decay curve to identify the number of Eu**
species present in the solution.”® A typical lifetime spectrum is
shown in Fig. 6. In the absence of the ligand, the lifetime of
the metal ion in 5 : 1 ethanol-water medium was about 150 +
15 ps, which suggests that all the coordination sites of the Eu**
ion are hydrated in the form of [Eu(H,0),]*", and the higher
lifetime is due to the effects of the medium.>® In the presence
of the ligand L;, at a L : M ratio = 0.1, two species are clearly
seen as the spectrum shows two slopes. This feature is an
indication that part of the Eu exists as [Eu(H,0)s_]’" and the
other part as a [Eu-Ly*" complex. This behaviour was also
observed with increasing L : M ratios up to 1.5. However, at a
L : M ratio = 2, only one slope was present corresponding to
the [Eu-L]** complex. This feature suggested that all water
molecules from the primary coordination sphere of the cation
were replaced by the ligand and consequently there was no
[Eu(H,0)s_o]*" species in the solution. Therefore, the spectrum
at L : M ratio > 2 in Fig. 5 can be considered as characteristic
for the [Eu-Ly*" complex. The total emission intensities arising
from °D, — “F,_4 observed for Eu ions without any addition of
ligand (L = 0) and for L : M ratio of 5 were therefore considered
to arise from 107® M [Eu(H,0)s]*" and [Eu-L;]*" complex
species, respectively. It should be noted that only [Eu(H,0)s_o]**
and one Eu-L; species seems to exist in the solution at all
intermediate metal-to-ligand ratios as the decay curves were
observed to be biexponential and spectra in the intermediate
L : M ratios change mainly as regards intensity. The lifetime
data are given separately in Table 2. Solvent extraction indicated
a slope value of 1.20 + 0.03 also suggesting extraction of 1 : 1
M : L; species (Table 1).

10" 1 Single species [L/M] =2.0
- 10° ; g T g T g T T T T T
< 10°3 Two species  [L/M] =0.1

Single species  [L/M] = 0.0

I|i‘»\|\'|ﬁ‘||f},'|ml Hﬂl“]' ,||"|‘|I|IH|I'}|| |

0.0 2.0x10°  4.0x10°  6.0x10°  8.0x10°  1.0x10
Time (us)

Fig. 6 Evolution of the luminescence decay curve for Eu®* solution containing
107> M Eu(NOs); and increasing amounts of ligand (ligand-to-metal ratio = 0.0,
0.1, and 2.0). Diluent: ethanol-water (5 : 1) in agueous nitrate medium at pH 3;
excitation wavelength: 395 nm.
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Table 2 Lifetime (in microseconds) data for the complexation of Eu(i) with L.
Values in the parentheses refer to the lifetimes of the uncomplexed Eu(i)
species

L : M ratio Lifetime
0.0 (144)

0.1 (133)* 1741
1 1833?

2 1902¢

5 1899°¢

“ The fraction of the uncomplexed species was 25%. ° About 1.2% of
the total Eu was found to be uncomplexed. ¢ The entire amount of
Eu was found to be present as complexed species with L.

For the determination of the stability constant of the M-L
complex, it is necessary to obtain [EUcompiexca/EUfree] fOr
different L : M ratios. The complexation equilibria for Eu**
and L, (presented as L) can be represented as follows:

Eu** 41l " Eu-L3* (4)

where f is the conditional stability constant, and can be given
as:

l}: M (5)

[Eu]i‘:ee' [L]Free

The above equation can be solved as:

lo {[E%ﬂ]_lo B+nlog[L] ©
& [Eu}free o ) -

where [Eu]complex i the europium complexed with the ligand,
[Eu-L,]**. For a given europium species, the luminescence
intensity at a fixed wavelength is proportional to its concen-
tration in solution. When 5 molar equivalents of the DGA-
Calix ligand L are added, no un-complexed europium remains
in the solution, so the only europium species present in
solution is the [Eu-L,]** complex. The luminescence spectrum
obtained for a given ligand-to-metal ratio can be adjusted with
a linear combination of the spectra of the un-complexed and
complexed Eu’’; these two spectra being perfectly known. The
coefficients of the linear combination allow the determination
of the relative proportions of the two species, [Eu]gee and
[Eu]compiex, Present in the solution at thermodynamic equili-
brium. Knowing the amount of ligand that was initially added,
it is possible to calculate the remaining free ligand concentra-
tion and then the conditional stability constant of the
[Eu-L,]*" complex can be calculated. Fig. 7 shows the linear
log-log plot as shown in eqn (6). The linear regression fit of
the data yielded a slope value of 0.98 + 0.15 (~1), confirming
the formation of a 1:1 metal-to-ligand complex. The log f
value calculated from the slope was 6.23 + 0.37. The log f
value obtained by the present method is comparable to the
overall complex formation constant reported for TODGA in
ethanol.? In view of the presence of four TODGA molecules in

This journal is © The Royal Society of Chemistry 2013
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Fig. 7 Plot of the ratio of complexed Eu to free Eu as a function of free ligand
concentration. Diluent: ethanol-water (5 : 1) in agueous nitrate medium at pH 3.

the formation of complexes with Eu®", the present results are
in good agreement with those reported as the four DGA
moieties in ligand L; are equivalent to the four independent
TODGA molecules. No calculation was made for the com-
plexation of Eu** with Ly and Ly due to the very small changes
in the spectra compared to the aquo complex.

3.3 Theoretical calculations

Density functional optimized structures of the metal-ligand
complexes are depicted in Fig. 8. Among the three complexes,
Eu-L; is octa-coordinated and the other two complexes with Ly
and Ly are hexa-coordinated. Calculated metal-ligand bond
lengths are given in Table 3. From the bond length values it is
clear that the M-L bond lengths are maximum for Eu-Ly,
which is due to the higher coordination, but at the same time
it is also more stable. Metal-ligand bond distances in Eu-Lyy
are higher compared to those in Eu-Ly, which may be due to
the steric hindrance provided by the butyl groups present in
L. Hence, bond lengths are much shorter for the Eu-Ly
complex. It has to be noted that there is not much difference
between the complexation energies of Eu-Ly; and Eu-Ly (0.23
eV) (Table 3), however, there are considerable differences in
bond lengths. Earlier, similar trends have been reported®® for
actinide and lanthanide complexes with terpy and Me-BTP
ligands. So, it is predicted that Ly is likely to be more selective
for Eu(m) than Ly;. However, in case of Ly a higher selectivity
was reported for Eu®" extraction as compared to Am’*
extraction (Table 1). Calculated partial atomic charge values
(Table 4) indicate that the metal-ligand bonding is more ionic
in the Eu-Ly complex than in the Eu-Ly; complex.

4. Conclusions

The present study is a comparative evaluation of the DGA-
functionalized calix[4]arene ligands L;-Lyy for Am®" and Eu®*
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Fig. 8 Optimized structures of various metal-ligand complexes.
Table 3 Calculated metal-ligand bond length and complexation energy values for various [ML]** complexes
Complex dgu-o (ether) dgu-o (carbonyl) dgu-o (carbonyl) Complexation energy (eV)
Eu-L; 3.488 (nonbonding) 2.537 2.702 —30.63
Eu-Ly 2.693 2.298 2.361 —25.98
Eu-Liy 2.717 2.354 2.455 —26.21

extraction. The role of the nature of the organic diluent is
illustrated in the case of the highly polar nitrobenzene giving
rise to the formation of an unusual 1 : 2 complex in the case of
L;. In the other diluents used, 1 : 1 complexes were formed in
case of Am®" and Eu*" with L;, containing four DGA moieties,
while 1 :2 species were extracted with ligands Ly and Ly,
having two DGA pendent groups. Luminescence studies
involving Eu®" with L; indicated strong complex formation as
concluded from the removal of all the inner-sphere water
molecules. The complex formation constant of the Eu-L;
complex was also computed and was found to be comparable
to that obtained with four TODGA molecules.

Table 4 Calculated atomic charge values for various [MLPP*

and donor centers

complexes on metal

Complex g, (ether)  go (carbonyl)  ¢go (carbonyl)  go (ether)
Eu-L; 1.615 —0.739 —0.691 —0.604
Eu-Ly 1.769 —0.774 —0.718 —0.614
Eu-Li 1.691 —0.746 —0.696 —0.607
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