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A generation 1 dendrimer, based on tris(2-aminoethyl)amine (TREN), containing six diglycolamide (DGA)
pendent arms (termed TREN-G1-DGA) was synthesized and evaluated for the extraction of actinides and
fission product ions. Solvent extraction studies indicated preferential extraction of Eu®* over Am** with a
separation factor value of ca. 4.5 in line with the extraction behaviour of multiple DGA ligands in previous
reports. The distribution values of Am** and Eu®* were about 12 and 9 times higher, respectively, than
those obtained in the case of TREN-DGA using the 1 x 107> M ligand in 5% iso-decanol/95% n-dodecane
at 3 M HNOs. The 1:1 (M : L) extracted species suggested ‘inclusion’ complex formation where more than
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sphere coordinated water molecules as confirmed by luminescence spectroscopy. The structure of the
complex was also studied by DFT computations and EXAFS which suggested binding of three DGA arms

rsc.li/dalton

Introduction

Minor actinide partitioning is an accepted strategy for the safe
management of high level liquid wastes (HLLW) emanating
from the spent nuclear fuel reprocessing." HLLW contain
>95% of the radioactivity present in the nuclear wastes, which
have the fission products and the transuranics, viz. Np, Pu, Am
and Cm, as the major constituents.> Over the years, a great
deal of efforts have been made to develop efficient extractants
for minor actinide partitioning® and only recently, it was
reported that diglycolamides (DGA),* such as TODGA (N,N,N’,
N'-tetra-n-octyl diglycolamide), are the most potent of them all;
this has been validated by several counter-current extraction
studies using ‘hot’ solutions.” Subsequently, several multiple
DGA-containing extractants have been studied for the extrac-
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around the central metal ion in the absence of any inner-sphere nitrate ions.

tion of trivalent lanthanides and actinides. Encouraging
results have been reported with tripodal DGA ligands,® calix[4]
arenes’ and pillar[5]arenes.® Amongst the tripodals, a N-pivot
tripodal ligand (TREN-DGA; Fig. 1a) showed entirely different
results as compared to a C-pivot tripodal ligand (T-DGA).’ The
extraction of metal ions with the former in molecular diluents
was rather poor compared to that with T-DGA, which showed a
dramatic reversal in the extraction behaviour in an ionic liquid
as the diluent.

Recently, we have reported the first DGA-functionalized
dendrimers'® which showed a significantly improved metal
ion extraction at millimolar concentrations. Though the
generation 0 (Gen 0) ligand (TREN-DGA; Fig. 1a) gave only a
modest increase in the extraction of metal ions with respect to
that of TODGA, the use of the generations 1 and 2 dendrimers
resulted in a large enhancement in metal ion extraction. This
enhancement upon going from the Gen 1 to the Gen 2 dendri-
mer was, however, much less than that going from the Gen 0
to the Gen 1 dendrimer. Therefore, it was thought of interest
to design a generation 1 dendrimer based on TREN-DGA
(TREN-G1-DGA; Fig. 1b); the corresponding generation 2 den-
drimer would have too many DGA arms making the complexa-
tion stereochemically untenable.

The newly prepared TREN-G1-DGA was evaluated for metal
ion extraction, particularly the lanthanides, actinides and

This journal is © The Royal Society of Chemistry 2018
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Fig. 1 Schematic structures of TREN-DGA and TREN-G1-DGA.

some fission product ions such as Cs* and Sr**. This novel
ligand, with six DGA arms, appeared to be a robust ionophore
capable of making ‘inclusion’ complexes where the metal ion
becomes completely buried inside the ligating arms. As the six
DGA pendent arms can make the complex quite ‘stressed’,
several possible structures were evaluated where a lower
number of ligating moieties can participate making the
complex sterically more ‘relaxed’. This has been attempted by
DFT computations and the best fit structure model was sub-
sequently used for obtaining structural information from
EXAFS.

Apart from liquid-liquid extraction studies, which have
direct relevance in minor actinide partitioning applications,
luminescence studies were carried out to understand the
number and nature of the extracted complexes. For compari-
son with our previous results, a mixture of 95% n-dodecane
and 5% iso-decanol was used as the diluent which also eases
the ligand solubility.

Results and discussion

Preparation of the ligand

TREN-G1-DGA was prepared in 42% yield by reaction of
TREN-G1 with p-nitrophenyl-activated DGA in refluxing
toluene (Scheme 1). The "H NMR spectrum of TREN-G1-DGA
is very similar to that of the previously reported TREN-DGA.’
The signals of the DGA moiety and the external NCH,CH,N

J

H,N H,N

N ﬁN O2N o) 0
b LA s L
2 j 2 OJ\/O\)LN(Cus)z

N
r\gz\ K/NH2

TREN-G1

Scheme 1 Synthesis of TREN-G1-DGA.
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chains of TREN-G1-DGA almost exactly superimpose those of
TREN-DGA. The peak belonging to the amidic protons around
8.00 ppm appears as a broad signal instead of a clear triplet.
The internal NCH,CH,N chains of TREN-G1-DGA have some
broad signals between 3.20 and 2.53 ppm, partially overlap-
ping with the peaks at 3.09 and 2.68 ppm.

Solvent extraction studies

Identification of extracted species of Am*" and Eu®'. The
extraction of the metal ion was <0.001 when no extractant was
used. On the other hand, 1 x 107 M ligand enhanced the
metal ion enormously, the D4, value being ca. 2.5 at 3 M
HNO;. In order to determine the time to attain the equili-
bration, a two-phase liquid-liquid extraction study was carried
out involving Am®" ions where aliquots were taken out at
regular intervals for radiometric assay by gamma ray counting.
The results (Fig. S1; ESIT) indicated that the equilibrium was
attained within 5 minutes. For the subsequent experiments,
however, extraction studies were carried out for 1 hour, for the
sake of convenience. The extraction of both Am*" and Eu®* was
carried out varying the TREN-G1-DGA concentration in the
organic phase. The log-log plot of the distribution ratio vs. the
ligand concentration (Fig. S2; ESIT) showed a slope value of ca.
1 indicating the involvement of one ligand molecule in the
extracted complex as per the following equation:

M3+aq +3NO; aq + Loig = [M(NO3); - L]org (1)

toluene, Et3N
e

TREN-G1-DGA

reflux, overnight
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Fig. 2 Effect of the HNO3z and NaNO3z concentration on the extraction
of Am* and Eu®* using 1 mM TREN-G1-DGA in 5% iso-decanol/
n-dodecane.

where L represents the TREN-G1-DGA ligand and ‘aq’ and ‘org’
represent the respective species in the aqueous and organic
phases.

The distribution ratio was also determined at varying nitric
acid concentrations, where the distribution ratio values for
both metal ions increased even up to 6 M HNO; (Fig. 2). In
order to further understand the role of the H" concentration,
the extraction of both Am** and Eu®" was carried out varying
the NaNO; concentration at a fixed 0.01 M HNO; concen-
tration (Fig. 2). It is interesting to note here that for Am** the
extraction is only marginally higher in the presence of
NaNO; than that in HNO; solutions, which is expected
because of the competition of H' in the complexation with
TREN-G1-DGA. In the case of Eu®", on the other hand, sur-
prisingly, the extraction was higher in HNO; than in the
NaNO; medium. This clearly shows that, unlike the cases for
other neutral donor ligands, competition from H' plays an
insignificant role in the lowering of the extraction efficiency
of TREN-G1-DGA, which is an interesting observation. This
may be due to the higher affinity of TREN-G1-DGA towards
Eu®’ as compared to Am®" and therefore the competition
from H' for the complexation with TREN-G1-DGA is much
weaker in the case of Eu®" as compared to Am**. Moreover,
increasing the HNO; concentration makes the dehydration
of Eu’" easier leading to enhancement in its extraction from
the organic phase.

Comparison of extraction behaviour of different metal ions.
The extraction behaviour of different metal ions, viz. Am®”,
Eu’’, Pu*’, UO,*", Sr*' and Cs', was studied with 3 M HNO,
using 1 x 107> M TREN-G1-DGA. The results were compared
with those obtained using TREN-DGA, reported previously
(Table 1).° It is interesting to note here that of all the metal
ions the extraction efficiency of TREN-G1-DGA is significantly
higher than that of TREN-DGA, in the case of Pu’" even
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Table 1 Distribution ratio and separation factor values of lanthanides,
actinides and important fission product elements. Org. phase: 1.0 x 1073
M ligand in 5% iso-decanol/n-dodecane mixture. Aqueous phase: 3 M
HNO:3. S.F. values with respect to Am (S.F. = Dan/Dn) are given between
parentheses

Dy values with D, values with TREN-G1-DGA

Metal ion  DGA-TREN’ (p-w.)

Am®* 0.36 + 0.02 3.20 +0.09

Eu** 1.16 + 0.01 (0.31 + 0.02)  13.99 + 0.08 (0.23 + 0.01)
pu®’ 0.25 +0.01 (1.4 = 0.1) 6.5 + 0.1 (0.49 + 0.02)
Uo,*" 0.02 +0.00 (18 + 1) 0.040 + 0.001 (74 + 3)
s <0.001 (>2430) 0.010 + 0.001 (319 + 33)
cs* <0.001 (>2430) <0.001 (>8 x 10°%)

26 times. While Pu*" was extracted to a marginally lesser
extent than Am*" with TREN-DGA, an opposite trend was seen
with TREN-G1-DGA, the Dp, value being more than twice the
Dy value (Table 1). For both ligands, the highest extraction
was observed for Eu®". The separation behaviour is very inter-
esting as the separation factor (S.F.) values of Eu with respect
to Am (S.F. = Dgy/Dam) were found to be close to 2 at any con-
centrations of NaNO; (containing 0.01 M HNO; to prevent
hydrolysis of the metal ions) up to 6 M. They increased con-
tinuously with the aqueous phase HNO; concentration with a
maximum value of 6.1 at 6 M HNO; (Table S1; ESIT). It is inter-
esting to note that the trend of increasing S.F. values with
HNO; concentration is a unique feature of this class of ligands
(TREN-based)® as an opposite trend was recently reported by
us with the benzene-centred tripodal DGA ligands.®” In
contrast to other DGA derivatives, the order of extraction was
found to be Eu*" > Pu** > Am*" > UO,*" > sr** > Cs*. The
selectivity of Am®" ion extraction with respect to UO,>" ion
extraction also was ca. 4 times that reported with TREN-DGA.
The selectivity of simple DGA derivatives (TODGA) for the triva-
lent lanthanide ions across the series was recently studied in
detail employing solvent extraction, EXAFS, DFT and mole-
cular dynamics simulations, where both the inner sphere com-
plexation of the DGA derivatives and outer sphere interactions
of the counter anions along with their hydration shell are
found to be responsible for the selectivity of the DGA deriva-
tives.'* It will, therefore, be interesting to evaluate the role of
counter anions and solvents in the selectivity of these multipo-
dal DGA derivatives, viz. TREN-DGA and TREN-G1-DGA. These
interesting separation possibilities suggest the possible appli-
cation of this multi-podant extractant to the nuclear fuel cycle
activities at the back end. Furthermore, an aqueous complex-
ing agent with a preference for Am®* can possibly enhance the
S.F. values further, as demonstrated by tetrazolylpyridine,'>
sulphonated BTP,"? etc.

Luminescence studies

A metal-ligand stoichiometry of 1:1 was determined from the
solvent extraction study. In order to further understand the
coordination environment around the Eu** ion in its complex,
luminescence studies were carried out on the extracted
complex in the 5% iso-decanol/n-dodecane medium. The most

This journal is © The Royal Society of Chemistry 2018
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intense peak in the excitation spectra was found to be at
394 nm due to the "Fy-°Lg transition. Other metal centred
excitation peaks, due to the "Fo->D; and "F,->G, transitions,
were observed on the shoulder of the ligand to metal charge
transfer band. The emission spectra of the Eu®* extract,
recorded at an excitation wavelength of 394 nm, were similar
to the typical emission spectra reported for EuL;** complexes
with TODGA or EuL,*" types of complexes with various mul-
tiple DGA-functionalized ligands.'* Kou et al.'® reported the
emission spectra of EuL;>* complexes of symmetric (N,N,N',N'-
tetramethyl diglycolamides (TMDGA)) and asymmetric (N,N-
dimethyl-N,N'-dioctyl-diglycolamide (DMDODGA)) DGA deriva-
tives. Interestingly, they have pointed out that their emission
spectra are very similar, except for the position of the hyper-
sensitive °Dy-'F, transition peak. In both complexes, this
emission peak was split into a doublet and the relative inten-
sity ratio of these two peaks (doublet) was significantly
affected by the symmetry of the DGA derivatives. In the present
work, we also recorded the luminescence spectra of the
TODGA and T2EHDGA (N,N,N',N'-tetra-2-ethylhexyl diglycola-
mide) complexes of Eu®* in the organic extract of 5% iso-
decanol/n-dodecane (Fig. S3 and S4; ESIf) to compare
the results with that obtained for the Eu®* complex of
TREN-G1-DGA. The asymmetry is also reflected in the
higher asymmetric ratio (A.R.) value in the Eu** complex of
TREN-G1-DGA (Fig. 3 and Table 2) as compared to that of the
other symmetric DGA derivatives, e.g. TODGA."® Time-resolved
luminescence spectra of the Eu®* extract were recorded and
the results indicated that the decay of the luminescence inten-
sity of the Eu®** complex of TREN-G1-DGA in 5% iso-decanol/
n-dodecane followed a lifetime (zops) value of 1.527 ms. The
absence of any water molecules in the first coordination
sphere of the Eu®* was confirmed according to the following
empirical relationship:"’

N0 = (1.05 X Tops ') — 0.44 (2)
Excitation Spectrum —— Emission Spectrum
1.0 4
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Fig. 3 Luminescence (excitation and emission) spectra of the Eu®*
extract using 1 mM TREN-G1-DGA in 5% iso-decanol/n-dodecane (lem:
614 nm in the excitation scan and le¢,: 394 nm in the emission scan).
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Table 2 Asymmetric ratio (A.R.) and luminescence decay lifetime of the
Eu®* complex of DGA derivatives

Ligand AR. ("F,/"Fy) 7 (ms) Nu,o Ref.
TREN-G1-DGA 2.20% 1.527¢ 0.25 pw.
TREN-DGA 2.70° 1.037” 0.57 9
TODGA 1.96° 2.075% 0.07 p.w.
2.07° 2.57° -0.03 16
T2EHDGA 2.53% 1.630° 0.20 pw.

95% iso-decanol/n-dodecane. 210% iso-decanol/n-dodecane. ©n-

Dodecane.

where Ny o is the number of water molecules. It is interesting
to note here that the lifetime of the Eu®" complex of T2EHDGA
(1.603 ms) is close to that of the Eu-TREN-G1-DGA complex,
whereas the lifetime of the Eu-TODGA complex (2.075 ms) is
relatively higher in the same medium (Fig. 4). A detailed study
is required to understand this enhancement in lifetime in the
case of the Eu-TODGA complex.

H NMR titration with TREN-G1-DGA

Qualitative "H NMR titrations of TREN-G1-DGA with lantha-
num triflate were performed in deuterated methanol (CD;0D).
Due to the low solubility of the salt in apolar solvents such as
toluene-dg, the polar solvent CD;0D was used. Upon addition
of salt, at first instance the broad triplet like signals at § 3.22
and 3.36 (NCH,) and the singlets at § 4.16 and 4.41 (OCH,)
broadened until a M:L ratio of about 2:1 (Fig. 5a-f).
Subsequently, these signals almost (partly) disappear. Upon
further addition of salt it looks like that the system is set at a
M:L ratio of 6:1 with broad peaks at § 3.33 and 3.52 (NMe,)
and § 4.65 and 4.81 (OCH,) (Fig. 5h). During the titration, the
broad signal at § 1.60 slowly shifts to § 1.69 (CH,). The M: L
ratio found in this way deviates from the results obtained from
solvent extraction. This will be caused by the much higher

—— Eu-TREN-G1-DGA (x = 1.527 ms)
—— Eu-TEHDGA (z = 1.630 ms)
Eu-TODGA (z = 2.075 ms)

Normalized Intensity (a.u.)

T T ; :
4000 6000 8000 10000
Time (ps)

Fig. 4 Decay of the fluorescence intensity of the Eu®" extract using

1 mM TREN-G1-DGA, 10 mM TEHDGA and 10 mM TODGA in 5% iso-
decanol/n-dodecane (lem: 614 nm and Aey: 394 nm).
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Fig. 5 'H NMR titration of TREN-G1-DGA with lanthanum triflate in
deuterated methanol.

ligand concentration needed for 'H NMR spectroscopy.
Assuming that for La complexation three DGA moieties are
required, the found M : L ratio of 6:1 points to the formation
of clusters under these conditions.

Structural investigation of the Eu complex of TREN-G1-DGA:
EXAFS studies

The luminescence study indicated that the emission spectrum
of the Eu®” extract in the organic phase containing TREN-G1-
DGA is very similar to those obtained for EuL;*" types of com-
plexes of other simple DGA derivatives, viz. TMDGA, TODGA or
DMDODGA (vide supra). However, it was different from that of
other multiple DGA functionalized ligands."* In order to
further understand the metal ion coordination and to find out
the structural parameters, an EXAFS study was carried out sup-
plemented with the help of DFT-based calculations (vide infra).
Fig. 6 indicates that the fitting of the EXAFS results is quite
good up to a second peak for a phase corrected R-value of
3.49 A. The EXAFS study reveals the presence of six nearest
neighbouring atoms (oxygens) to the central Eu®* ion at a dis-
tance of 2.46 A. Three oxygen atoms were found at a distance
of 2.69 A and ca. 10 carbon atoms were observed at a distance
of 3.49 A. This result is slightly different from that reported in
the case of the TODGA complex of Eu**, where all nine coordi-
nating oxygen atoms from both the carbonyl and the ethereal
groups of three TODGA molecules appeared at an equal dis-
tance of 2.40 A.'"'® This suggests that coordination around
the central Eu® ion is more symmetrical in the TODGA
complex with 9 equidistant ‘O’ atoms as compared to the Eu**
complex of TREN-DGA or TREN-G1-DGA. This higher sym-
metry in the TODGA complex is also reflected in the lower
asymmetric ratio values (Table 2). However, in this study two
distinct peaks were observed for the two sets of carbon atoms
(‘C=0’ and CH,) at 3.34 and 3.55 A, respectively.

DFT-based calculations on the Eu®* and Am** complexes of
DGA derivatives, however, clearly indicated that the carbonyl

15168 | Dalton Trans., 2018, 47, 15164-15172
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Fig. 6 Fourier transformed EXAFS spectra of the Eu(i)-TREN-G1-DGA
complex at the Eu L3 edge (scatter points) and theoretical fit (solid line).

and ethereal oxygen atoms are present at two different dis-
tances from the central metal ion.” In our study in the Eu®**
complex, the carbonyl and ethereal oxygen atoms are present
at a distance of 2.42 and 2.62 A, which is expected from the
geometric considerations as a lot of strain is imposed on the
DGA moiety in order to bring all the three coordinating oxygen
atoms at equidistance from the central metal ion.

DFT computations

DFT calculations on the free TREN-G1-DGA molecule indicated
that out of the six DGA arms, three DGAs point in one direc-
tion, whereas the other three face another direction. During
complexation with Am®" or Eu*" ions, the three DGAs which
are facing in one direction coordinate with the metal ions with
a similar coordination mode to that observed in the cases of
simple DGA derivatives, viz. with a nine-coordinated metal ion
devoid of any water molecules or nitrate ions in the inner
coordination sphere. This makes a wrapping around or
‘inclusion’ complex structure for the trivalent f-cations.

The other three arms of the TREN-G1-DGA molecule
remained uncoordinated (Fig. 7). This is because of the fact
that when three arms coordinate to a metal ion, the other
three arms go far apart and as a result they become unable to
coordinate a metal ion in a similar fashion to that of the other
three DGA arms. Fig. 8 shows the optimized structures of the

This journal is © The Royal Society of Chemistry 2018
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Fig. 7 Binding mode of TREN-G1-DGA for Am®* and Eu®*.

Am*" and Eu®*" complexes of TREN-G1-DGA, where the dis-
tances between the terminal amidic ‘N’ atoms of the three co-
ordinated DGA arms are in the range of 5-7 A, whereas those
of the non-coordinated DGA arms are in the range of 17-20 A.
Hydrogen bonding was noticed between the amidic (N-H)
proton and the carbonyl (C=O0) oxygen atoms for all the non-
coordinated DGA arms with a “O---H” distance of ca.
1.7-1.8 A. The other carbonyl (C=0) oxygen of the three non-
coordinating DGA units of TREN-G1-DGA remained free in its
complexes with Am®" and Eu®". These free oxygen atoms can
be protonated at higher HNO; concentration with a minimal
effect on the metal ion coordination sites of the TREN-G1-
DGA moiety. This results in lowering of the competition from
H' to the complexation of TREN-G1-DGA with Am** and Eu®".
The extraction of Am*" and Eu®" by TREN-G1-DGA is, there-
fore, affected insignificantly by the presence of HNO; in place
of NaNO;, as observed from the solvent extraction study
(Fig. 2). This is similar to the ‘intramolecular buffering’ seen
in the case of CMPO (carbamoylmethyl phosphine oxide)
ligands.>”
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Table 3 Structural parameters of the Eu®* complex obtained from
EXAFS and DFT calculations

Structural parameters

Structural parameters

Parameter  Path (experimental) (theoretical)
R(A) Eu-O  2.46 +0.01 2.52 +0.04
N 6.0 £ 0.24 6

s 0.0012 + 0.0011 —

R(A) Eu-O  2.69 +0.01 2.699 + 0.008
N 3.0 +0.18 3

s 0.0012 + 0.0008 —

R(A) Eu-C  3.49+0.03 3.5+0.1

N 10.0 + 0.60 12

s 0.0086 + 0.0021 —

As shown in Table 3, the structural parameters of the Eu**
complex of TREN-G1-MDGA obtained from the DFT calcu-
lations corroborate well with the experimental results obtained
from the EXAFS study with the Eu®" complex of TREN-G1-DGA,
except the number of the carbon atoms in the second coordi-
nation sphere. Estimated coordination numbers from EXAFS
data (vide supra), however, are always associated with an error
of ca. 20%. In the present case, also the variation between the
DFT calculations and EXAFS results is within this error limit.

Conclusions

A generation 1 dendrimer, based on tris(2-aminoethyl)amine
(TREN), containing six diglycolamide ligating sites (TREN-G1-
DGA) was successfully prepared and evaluated for its extraction
behaviour toward actinides and lanthanides. Under the same
conditions, the D-values for Am*" and Eu®" were about 12 and
9 times larger than those of TREN-DGA (generation 0). In the
case of Pu'", the enlargement is even 26 times showing an
even larger D-value than Am®". In the case of Am®" and Eu*",
1:1 complexes were formed indicating that of the six pendent
arms only three are used for binding to yield an ‘inclusion’
complex. This is clearly confirmed by DFT computations and
an EXAFS study demonstrating that three DGA arms are

Fig. 8 Geometry optimized structures of the (a) Am** and (b) Eu®** complexes of TREN-G1-DGA at the BP86/SVP level of theory.

This journal is © The Royal Society of Chemistry 2018
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wrapped around the central metal ion in the absence of an
inner-sphere nitrate ion.

Experimental
General

n-Dodecane (99%; Lancaster) and iso-decanol (>99%; SD Fine
Chem) were used as obtained. Suprapur nitric acid (Merck)
was used for the preparation of all HNO; solutions using
MilliQ water (Millipore), which were standardized using a stan-
dard NaOH (BDH) solution and phenolphthalein (Fluka) indi-
cator. Triethylamine, Amberlyst® A21, lanthanum triflate and
SiO, 60 (230-400 mesh) were bought from Sigma-Aldrich and
used without further purification. Triethylamine was stored on
KOH. Toluene was purchased from Actu-all Chemicals and
employed using a Braun MB SPS 800 dispensing machine.
MeOH was obtained from Actu-all Chemicals. Et,O was bought
from VWR and distilled before use. 4-Nitrophenyl 2-(2-(diocty-
lamino)-2-oxoethoxy)acetate,” G1 tris(2-aminoethyl)amine-
dendrimer (TREN-G1),”> TODGA* and N,N,N',N'-tetra-2-ethyl-
hexyl diglycolamide (T2EHDGA)*® were prepared according to
literature procedures. All other reagents were of AR grade.

"H- and C NMR spectra were recorded on a Bruker
400 MHz NMR spectrometer. ESI mass spectra were recorded
on a WATERS LCT mass spectrometer.

Radiotracers

33y, Pu (mainly **°Pu) and **'Am radiotracers were used after

purification of the laboratory stocks and were stored in nitric
acid medium. ***U was purified from its daughter products
using an anion exchange-based separation method.>* The Pu
stock solution was freshly purified from its decay products like
*IAm (beta decay of **'Pu) using the standard TTA (thenoyl
trifluoroacetone) extraction method reported in the litera-
ture.”® ***Am was purified from **’Np (alpha decay product) by
first adjusting the oxidation state of the latter to the +4 state
by using a mixture of Fe(u) sulphamate and hydroxylamine
hydrochloride followed by TTA extraction.>® The valency of Pu,
taken in 1 M HNOj;, was adjusted to the +4 state by the
addition of a few drops of 0.05 M NaNO, followed by selective
extraction of the converted Pu®" ions by TTA.>* The extract was
subjected to contacts with 8 M HNO; to yield a stripped frac-
tion of Pu®", which was used as the stock solution of the tetra-
valent ion. '*>**Eu, *’Cs and ***°sr were procured from BRIT
(Board of Radiation and Isotope Technology), Mumbai. All
radiotracers were used after ascertaining their radiochemical
purity.

233U and Pu tracers were assayed radiometrically by using a
liquid scintillation counting system (Hidex, Finland) using the
Ultima Gold (PerkinElmer) scintillation cocktail, while the
gamma ray emitting radionuclides, viz. **'Am, *>'**Eu, *"Cs,
and *>®*Sr were assayed using a well type Nal(Tl) scintillation
counter (Para Electronics) interphased with a multi-channel
analyzer (ECIL, India).
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Synthesis of TREN-G1-DGA

A solution of 4-nitrophenyl 2-(2-(dioctylamino)-2-oxoethoxy)
acetate (1.90 g, 3.9 mmol), TREN-G1 (200 mg, 0.65 mmol) and
triethylamine (673 mg, 6.65 mmol) in dry toluene (30 mL) was
refluxed overnight. A chromatography glass column (2 cm @)
was loaded with Amberlyst® A21 (20 g) suspended in MeOH
(30 mL). The resin was washed with MeOH (70 mL) and Et,O
(100 mL), at the end keeping solvent above the resin, where-
upon a piece of cotton was placed. After removal of the toluene
the residue of the reaction was dissolved in Et,O (15 mL) and
loaded slowly on top of the wet resin inside the column. The
solution was slowly eluted through the column with Et,O
(185 mL). After evaporation of the solvent, the residue was
further purified by preparative thin layer chromatography
(Si0,, CH,Cl,/MeOH 87:13) to give the product as a thick oil
in 42% yield.

'H NMR (400 MHz, CDCl;) § = 8.24-7.65 (m, 2H), 4.27 (s,
4H), 4.05 (s, 4H), 3.34 (q, J = 6.3 Hz, 4H), 3.27 (t, ] = 7.8 Hz,
4H), 3.09 (t, J = 7.8 Hz, 4H), 3.20-2.53 (m, 4H), 2.68 (t, J =
6.3 Hz, 4H), 1.59-1.44 (m, 8H), 1.35-1.18 (m, 40H), 0.88 (t, ] =
6.8 Hz, 6H), 0.87 (t, J = 6.8 Hz, 6H). °C NMR (101 MHz,
CDCl;) 6 = 169.9, 168.2, 71.3, 69.4, 53.8, 53.4, 46.8, 46.1, 37.0,
36.9, 31.8, 31.7, 29.4, 29.33, 29.28, 29.2, 29.0, 27.7, 27.1, 26.9,
22.7, 22.6, 14.12, 14.10. ESI-MS: m/z 2442.3 [M + H]'; HRMS:
m/z caled for Cy3gH,73N1601s: 814.6985 [M + 3HJ*"; found
814.6971. (Since the ligand is symmetrical, only one-third of
the number of hydrogen atoms is given for the 'H NMR
spectrum.)

Distribution studies

Biphasic extraction studies of lanthanide (Eu®"), actinide
(UO,*", Pu*" and Am*") and other fission product (Cs®, Sr**)
ions were carried out with equal volumes (usually 0.5-1 mL) of
the organic phase, containing 1.0 x 10~ M ligand (TREN-G1-
DGA) solutions in 5% iso-decanol/n-dodecane, and the
aqueous phase, containing the required tracer in HNO; solu-
tions in leak-tight Pyrex tubes in a thermostated water bath at
25 + 0.1 °C for 1 h. Subsequently, the tubes were centrifuged
and aliquots (usually 0.1 mL) were taken out from both the
phases for subsequent radiometric assay (vide supra). The con-
centrations of the actinide and fission product elements used
in the solvent extraction experiments were about 10~ M for
Am, 10~° M for Pu and Cs, and 10™° M for Eu, U and Sr.

The distribution coefficient (D) values were calculated as
the ratio of the concentration of metal ions in the organic
phase to that in the aqueous phase (in terms of counts per
unit time per unit volume). The experiments were carried out
in duplicate and the accepted data points were reproducible
and the errors on the data represented in the manuscript were
calculated using error propagation analysis.

NMR titrations of TREN-G1-DGA with La(OTf); in CD;0D

A 0.00319 M solution of ligand in CD3;OD was used as the
solvent to prepare a 0.0319 M solution of La(OTf);. The ligand
concentration in the NMR tube was kept constant by adding

This journal is © The Royal Society of Chemistry 2018


https://doi.org/10.1039/c8dt03051k

Published on 27 September 2018. Downloaded by Universiteit Twente on 11/16/2022 1:33:56 PM.

Dalton Transactions

varying amounts of La(OTf); solution to the tubes and bring-
ing the total volume to 500 pL by addition of the ligand solu-
tion. The NMR spectra were recorded 15 minutes after mixing
the solutions.

Luminescence studies

Luminescence studies were performed on the organic extract
of Eu*" in 1.0 x 107> M TREN-G1-DGA in 5% iso-decanol/
n-dodecane medium. In order to compare the luminescence of
the Eu®* complex of TREN-G1-DGA with other simple DGA
derivatives, 2 mL of the organic extract of Eu*" in 10 mM
TODGA and TEHDGA in 5% iso-decanol/n-dodecane medium
was taken in a fluorescence cuvette and steady state and life-
time spectra were recorded. All the luminescence studies were
carried out using a Horiba PTI Quantamaster (QM 400) steady
state and lifetime spectrofluorometer.

DFT computational studies

In order to lower the computational costs, the methyl deriva-
tive (TREN-G1-MDGA) of TREN-G1-DGA was considered in all
the calculations. All the calculations were performed using the
TURBOMOLE 7.0 program package.”’ The geometries of
TREN-G1-MDGA and its Am*" and Eu®" complexes were opti-
mized at the GGA level of density functional theory (DFT) by
using Becke’s exchange functional®® in conjunction with
Perdew’s correlation functional®® (BP86) with generalized gra-
dient approximation (GGA). 60 Electron core pseudo-potentials
(ECPs) along with the corresponding def-SV(P) basis set as
implemented in the TURBOMOLE suit of program were
selected for the Am®" ion, whereas 28 electron core potentials
(ECPs) along with the corresponding def-SV(P) basis set were
chosen for Eu*". All the other lighter atoms were treated at the
all electron (AE) level. In the case of Am®" and Eu’", the high
spin septet was found to be the ground state configuration. In
the present chemical system, the close matching of the (S5?)
values with the S(S + 1) ideal values indicated negligible spin
contamination.

EXAFS studies

The Extended X-ray Absorption Fine Structure (EXAFS) study
was performed at the L3 edge of Eu®* to understand the local
structure around Eu® in the Eu®>*-TREN-G1-DGA complex. The
EXAFS measurements were carried out in the fluorescence
mode at the INDUS-2 Synchrotron Source (2.5 GeV, 200 mA) in
the Scanning EXAFS beamline (BL-09) at the Raja Ramanna
Centre for Advanced Technology (RRCAT), Indore, India. The
details of the beamline can be found elsewhere.’

The EXAFS data analysis was performed using a set of pro-
grams available within the IFEFFIT software package for back-
ground correction, normalization and fitting of the experi-
mental EXAFS data with the guess structure. The ATHENA soft-
ware was used for both data reduction and its Fourier trans-
form of the absorption data to real space. The generation of
the theoretical EXAFS spectra from the guess structure and its
fitting with the experimental data were performed with
ARTEMIS software using the FEFF 6.0 code.

This journal is © The Royal Society of Chemistry 2018
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