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Introduction

In the recent decade there has been significant development in
the area of novel hydrophilic ligands for the innovative SANEX
process (i-SANEX)," currently the most attractive option for the
industrial hydrometallurgical separations of minor actinides
(An) from lanthanides (Ln) during the advanced reprocessing of
nuclear high-level waste (HLW).>* These include sulfonated
versions of proven heterocyclic ligands such as SO;-Ph-BTP,*
DS-BTBP, TS-BTBP, TS-BTPhen® and DS-Ph-DAPhen’ as well as
CHON compliant Dbistriazolyl-pyridines (PyTri ligands),®
bistriazolyl-bipyridines (BPTD)® and bis-triazolyl-
phenanthrolines (BTrzPhens)."

Development of tetradentate BTrzPhen' ligands was
inspired by the equivalent tridentate water-soluble PyTri
ligands.® In fact, it was an attempt to emulate successful
evolution from tridentate BTP ligands* to the rigid and more
selective tetradentate BTBP'? and BTPhen" ligands that
managed to overcome many drawbacks of tridentate BTP
ligands. Unfortunately, the combination of triazolyl and phe-
nanthroline moieties proved much less soluble in nitric acid
solutions than the parent tridentate PyTri ligands: to be dis-
solved in aqueous media hydroxy-alkyl-BTrzPhen ligands
required acidity of at least 0.33 M HNO; while their SFgyam
values were not larger than 47 with relatively high Dy, values.*
Higher acidities diminished selectivity toward americium ion,
while lower acidities decreased solubility of the BTrzPhen
ligands. Therefore, it was obvious that some other variants of
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SFeu/am Vvalues reaching >300. The remarkable activities of both ligands suggest that BTrzPhen ligands
are generally still worth exploring and improving.

BTrzPhen ligands were required to ensure higher solubility in
aqueous acidic solution.

In the meantime, successful attempts to develop other
hydrophilic BTrzPhen ligands were lacking. On the other hand,
there was the case of hydrophobic EH-BTzPhen ligand with
bistriazolyl-phenanthroline molecular structure soluble in
organic solvents, found to be effective in combination with 2-
bromohexanoic acid synergist when 1-octanol was used as
a diluent (SFgyam > 200)."* Additionally, hydrophilic
bistriazolyl-bipyridines were developed: one study describes
synthesis of water soluble bistriazolyl-bipyridines'® but so far
there was no record of any solvent extraction studies performed
using these ligands. Another study is describing bis-hydroxyl-
bistriazolyl-bipyridines.®

In the light of these findings it is valid to raise a question: are
BTrzPhen ligands truly promising or are they inherently inferior
to other more established ligands?®® Theoretical studies by DFT
modelling and calculations have determined thermodynamical
parameters of BTrzPhen selectivity towards minor actinides,
however, some of DFT theoretical studies suggest inherent flaws
in the design of BTrzPhen ligands due to relatively smaller
overall impact of triazolyl moieties."” On the other hand, there is
a possibility that the low solubility of the BTrzPhen complexing
moiety in aqueous media is the key drawback responsible for
their unsatisfactory performance, while better hydrophilizing
terminal functional groups could mitigate this drawback. If
BTrzPhen ligands prefer lower acidities, then new BTrzPhen
ligands that are more soluble in mild nitric acid solutions
should be developed; it should be investigated if increase of
solubility of BTrzPhen ligands in mild acidic media also
improves D and SF parameters rendering these ligands worth of
further exploration.

In order to test this hypothesis, we have decided to design,
synthesise, and test new BTrzPhen ligands having sulphonate
or amino acidic hydrophilizing moieties. The first ligand is
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disodium 2,9-bis[1-(2-(4-sulfonatophenyl)ethyl)-1H-1,2,3-
triazol-4-yl]-1,10-phenanthroline (DS-BTrzPhen, ligand 1, Fig. 1
and 2). As in the case of other similar water-soluble extractants
sulphonate group is an important hydrophilizing moiety:
introduction of sulphonate groups was the same straightfor-
ward strategy for many other hydrophilic ligands.>” It is
important to note that all the ligands with sulphonate groups
are not CHON compliant, and this may present an obstacle for
some types of technological processes. Nevertheless, our aim is
to investigate and uncover the efficiency of the BTrzPhen com-
plexing moiety when fully soluble regardless of possible future
applications. Therefore sulphonate-bearing ligand could be
a good option for an experimental ligand since it can improve
solubility in aqueous media.

The second ligand is 2,9-bis[1-(3-amino-3-carboxyl-propyl)-
1H-1,2,3-triazol-4-yl]-1,10-phenanthroline, (DAA-BTrzPhen,
ligand 2, Fig. 1 and 2). Comparing to the ligand 1 the ligand 2
bearing amino-acidic hydrophilizing terminal moieties is
CHON compliant. Despite general rejection of amino group as
hydrophilizing moiety for the An/Ln extracting ligands we have
decided to develop BTrzPhen ligand hydrophilized with amino-
acid groups: while they will ensure good solubility across range
of pH values the amino-acid groups are two C atoms away from
the complexing moiety of the molecule and we have assumed
that this could minimise antagonizing effect of positively
charged amino group.

Results and discussion
Synthetic procedures

Both ligands 1 (DS-BTrzPhen) and 2 (DAA-BTrzPhen) were syn-
thesised (Fig. 2) using the same strategy as for the previous
BTrzPhen™ ligands with CuAAC reaction as the final step.
Commercially available 2,9-dimethyl-1,10-phenathroline was
oxidized into 2,9-dicarbaldehyde-1,10-phenathroline (1) by
using selenium dioxide™'® and then Seyferth-Gilbert homolo-
gation by using Ohira-Bestmann reagent (2) turned it into 2,9-
diethynyl-1,10-phenanthroline (3).* Commercially available 4-
(2-bromoethyl) benzene sulfonate was reacted with sodium
azide and converted into 4-(2-azidoethyl) benzene sulfonate
(4).* The final reaction was the CuAAC reaction of the
compounds 3 and 4. It was performed using similar conditions
as in the literature for BTrzPhen ligands : complex of Cu(u) with
TBTA (tris(benzyltriazolylmethyl)amine) served as a catalyst
while the solvent was CH,Cl,/H,0O biphasic system.'® After the
workup the product was purified by using reverse phase
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chromatography with C-18 silica as stationary phase and 30% of
MeOH in water as mobile phase. Isolated yield was 70% and the
product was off-white powder. Detailed description of the
synthesis and characterisation data is given in the ESL

The azide for the second ligand was r-azidohomoalanine (r-
AHA, compound 8). Although this compound is commercially
available it is prohibitively expensive for the required quantity.
Therefore, we decided to synthesise it by following a similar
route as described in the protocol* for r-AHA. It started with
reduction of commercially available N-Boc-O-Bn-L-aspartic acid
into N-Boc-O-Bn-t.-Homoserinate (5) by using NaBH, after acti-
vation with iso-butyl chloroformate, and then proceeded with
tosylation of the free OH group with tosyl chloride to obtain
compound 6 and then azidation was achieved by the reaction of
sodium azide with tosyl group to obtain benzyl 4-azido-2-((tert-
butoxycarbonyl)amino)butanoate (7). Deprotections were ach-
ieved in two steps by removing benzyl group with LiOH and Boc
group by HCI in dioxane thus obtaining 1-AHA hydrochloride
(8). The CuAAC reaction to obtain ligand 2 between compounds
3 and 8 was identical as for the ligand 1 using Cu(u)}-TBTA
complex, sodium ascorbate and CH,Cl,/H,O biphasic system.
After the workup purification was achieved by using reverse
phase chromatography on C-18 silica. The isolated yield was
88%. Detailed descriptions of all synthetic procedures as well as
all characterisation data and spectra ("H-NMR, *C-NMR, MS,
HRMS and IR) are given in ESL}

Solubility of ligands

Ligand 1 was found to be quite soluble in plain neutral water
while some turbidity appears in certain concentrations of nitric
acid aqueous solutions ranging from 0.1 to 0.3 M. This is
consistent with observations of other sulphonated ligands® as
well as with BTrzPhen ligands® which showed not to be soluble
in aqueous acidic solutions below concentrations of 0.33 M.
Despite observed turbidity solvent extraction studies were still
viable. On the other hand, due to the presence of amino-acidic
groups the ligand 2 showed excellent solubility across the range
of different pH values and acidities, yet it was insufficiently
soluble in the plain neutral water. Solubility of the ligand 2
quickly increases as pH is falling, but for the preparation of the
stock solution (33 mM) higher acidity was required (0.68 M).

Solvent extraction studies

Ability of the ligands 1 and 2 to selectively separate minor
actinides from lanthanides were tested in i-SANEX conditions
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Fig. 1 Developed ligands, DS-BTrzPhen, ligand 1 (left) and DAA-BTrzPhen, ligand 2 (right).
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Fig.2 Synthesis of the ligands 1 and 2. Reagents, conditions, and yields: (a); SeO,, 1,4-dioxane/H,0, reflux, 1 h, 80% (b) Ohira—Bestmann reagent
(compound 2), K,COs, MeOH, RT, 3 h, 38%; (c); NaNs, EtOH/H,0O, 98 °C, 12 h, 68%; (d) (i) iso-butyl-chloroformate, N-methyl morpholine, THF,
—10 °C, 10 min. (i) NaBH4, MeOH, —10 °C, 50 min, 47%; (e) TosCl, DMAP, CH,Cl,, RT, 3 h, 72%; (f) NaNs, DMF, 80 °C, 24 h, 65%; (g) (i) LIOH, THF/
MeOH/H,O, RT, 1 h (i) HClin 1,4-dioxane, RT, 1 h, 78%; (h) Cu()-TBTA, Na-Ascorbate, DIPEA, CH,Cl,/H,0, RT, 72 h, 70% for the ligand 1, 88% for

the ligand 2.

using trace activities of **'Am, "*Eu and "**Eu: the ligands were
dissolved in aqueous solution spiked with >*'Am and *****Eu
nitrates and extracted with organic phase containing mixture of
kerosene and 1-octanol (95:5) as well as 0.2 M of TODGA.
Therefore, ligands 1 and 2 were effectively masking agents for
the extraction with TODGA. Standard concentration of the
ligands was 10 mM while the aqueous phase was containing
additional 0.5 M of NaNO; and various concentration of nitric
acid. Aqueous and organic phases were mixed in a plastic vial,
shaken by using a vortex oscillator at constant 20 °C, then
centrifuged to completely separate the two phases. Samples of
aqueous and organic phase were then taken out, and activities
counted (in ecmp) using LSC in different channels, which can
differentiate >**Am and ******Eu counts. Ratio of counts in two
phases were then interpreted as extraction parameters Dy, and
Dg, respectively, while SFg,/am Was calculated as Dg,/Danm, ratio.

Both ligands 1 and 2 were tested for the three sets of solvent
extraction studies: acidity studies (constant ligand concentra-
tion while increasing the concentration of nitric acid), studies of
extraction kinetics (change of extraction parameters over the
time intervals), and ligand concentration studies (varying the
ligand concentration while keeping the concentration of nitric
acid constant). In addition, studies of thermodynamics of
solvent extractions using ligand 1 and ligand 2 were undertaken
by performing solvent extraction studies at different tempera-
tures ranging from 283 to 313 K.

The results of the studies are given in the Fig. 3-10. Experi-
mental details and protocols as well as the tabulated results are
in the ESL¥

Fig. 3 shows results of the acidity studies for the ligand 1 (DS-
BTrzPhen). Despite very good solubility in neutral pH and the
presence of NaNO; the ligand 1 has no significant ability to

21984 | RSC Adv, 2023, 13, 21982-21990

selectively extract Am** ions in neutral pH. In mild acidic
conditions (0.001 to 0.01 M) SFgyam Vvalues are significantly
increasing but both distribution ratios Dy, and Dg, are falling
significantly. Only at the acidity of 0.05 M Dg, comes signifi-
cantly above 1 (19) which means that majority of Eu ions are in
the organic phase, while Da,, is sufficiently low (0.06) and
overall SFgyam is at around 300. This result is very significant
and suggest that 0.05 M is the optimal acidity for this type of
ligands. Further increase of acidity brings two negative trends.
Firstly, SFgyam values decrease as both the Dg, and Dy, are
growing but D, grows much more significantly. Secondly,
solubility of the ligand is deteriorating, and turbidity appears.
Further increase of acidity towards 0.25 M is detrimental to
solubility: significant turbidity occurs. The reason for this

143 229
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- D¢,
-+ Dpn,

0.001 F

0.0001

HNO. ™M
0.00001 — . M JHNO i/
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Fig. 3 Dam. Dgy and SFgy/am for the ligand 1 at O, 1, 5, 10, 50 and
100 mM of HNO3z and constant 10 mM of ligand concentration.
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phenomenon could be that from 0.05 M to higher acidities
protonation of benzene-sulphonate moiety occurs, and mole-
cule effectively becomes neutral, but this neutrality is causing
precipitation of the ligand. Similar phenomenon was observed
in other sulphonated ligands.® Further increase of acidity above
0.5 M can remove turbidity, but it is assumed that above 0.5 M
acidity extraction selectivity towards actinide ions quickly
deteriorates as seen in previous BTrzPhens that were tested at
higher acidities.'® Because of this phenomenon DS-BTrzPhen is
not expected to find industrial applications: we need to develop
similar BTrzPhen ligands of even better solubility by increasing
acidity of the terminal moieties.

In the Fig. 4 the results of the acidity study for the ligand 2
(DAA-BTrzPhen) are shown. What is very obvious is that DAA-
BTrzPhen works better at lower acidities with its Dg, being
significantly above 1 and higher than it was in the case of DS-
BTrzPhen, although overall SFgy,am is lower. However, at
0.05 M of acidity DAA-BTrzPhen is significantly less efficient
than DS-BTrzPhen:Dg, is almost the same while D,, is
significantly higher (more than 3 times) and overall SFgy/am is
just 84 comparing to =300 for DS-BTrzPhen. Such low SFgy/am
suggests that DAA-BTrzPhen is at the limits of applicability for
an industrial extraction process. As acidity is increasing D, and
Dam are quickly increasing rendering the ligand inefficient. This
drop in efficiency is consistent with what was seen before for
BTrzPhen ligands' and well as other similar ligands: acidity
higher than 0.05 M is causing significant protonation of the
ligands and prevents An/Ln ions to be coordinated and kept in
the aqueous phase. Why DAA-BTrzPhen shows higher D and
lower SF values comparing to DS-BTrzPhen even at the same
acidity? One possible explanation can be overall positive charge
of the molecule even though the terminal aminoacidic moieties
are at the very end of the molecules and possibly highly
hydrated and surrounded with nitrate counterions. This is
suggesting a rule that any highly efficient ligand for An/Ln
separations needs to be either negatively charged or neutral,
positive charge is not recommended. Another possible expla-
nation is presence of carboxylic groups themselves: carboxyl-

ates, although protonated at low pH, can easily get
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Fig. 4 Dam, Dy and SFgyam for the ligand 2 at 5, 10, 50, 100, and
500 mM of HNOsz and constant 10 mM of ligand concentration.
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deprotonated by coordination to a metal ion and it is known
that carboxylates have huge affinity for hard metal ions such as
lanthanides and actinides.

Despite the lower efficiency DAA-BTrzPhen ligand is highly
soluble in a wide range of acidities and has no turbidity prob-
lems as seen in DS-BTrzPhen.

Fig. 5 is showing the study of kinetics, influence of contact
time on extraction parameters of the ligand 1 (DS-BTrzPhen).
Here it is not fully clear if the plateau has really been reached
after 30 minutes since a tendency of Dy, to grow seems to be
still detectable. Nevertheless, the overall trend does suggest
stabilisation after 30 minutes, however this slow kinetics it is
not ideal for the practical applications. The results of the
kinetics study of the ligand 2 (DAA-BTrzPhen) are given in the
Fig. 6. The near flatness of the line suggests that in the case of
DAA-BTrzPhen equilibrium is reached very fast within one
minute. This is in a very contrast to DS-BTrzPhen where at least
15-30 minutes is required.

Next, Fig. 7 is showing the influence of DS-BTrzPhen ligand
concentration on extraction parameters. Due to the problems
with solubility we decided to additionally investigate extraction
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Fig. 5 Dam, Dgy and SFgy/am for the ligand 1 at 1, 2, 5, 10, 15 and 30
minutes of contact time, 50 mM of nitric acids and 10 mM of ligand 1.
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Fig. 6 Dam, Dgy and SFey/am for the ligand 2 at 1, 2, 5, 10, 15 and 30
minutes of contact time, 50 mM of nitric acids and 10 mM of the ligand
2.
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Fig. 7 Dam, Dgy and SFgyam for the ligand 1 increase of ligand
concentration from 1 mM to 25 mM and constant 0.05 M of HNOs.

at concentrations of ligands lower than the standard ones (1
and 2.5 mM). All the tests were conducted with acidity being
0.05 M of nitric acid. The results are suggesting that most of the
concentrations parameters are constant from low concentration
to 10 mM, while further increase of ligands concentration
favours aqueous complexation and both D,, and Dg, are
falling, while SF keeps being high. Overall concentrations of 10—~
15 mM seem to be the optimal one.

Fig. 8 describes the dependence of the concentration of
DAA-BTrzPhen ligand of extraction efficiency. As the
concentration of the ligands is increasing SFgyam is also
increasing while Dg, and D,,, are decreasing. Yet, Dpp, is
decreasing faster than Dg, effectively brining the SFgry/am to
132 which is the highest value achieved for DAA-BTrzPhen
ligand at 20 °C. Decrease of D and increase of SFgryam
values is expected: the increase of the ligand 2 certainly forces
the higher affinity actinide ion to stay in water solution better
than the lower affinity lanthanide. This is happening despite
possibly lower stability constants of DAA-BTrzPhen
comparing to DS-BTrzPhen. Nevertheless, this result is very
encouraging since achieved SFgyam value of 132 is close to
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Fig. 8 Dam. Dgy and SFgyam for the ligand 2 increase of ligand
concentration from 5 mM to 25 mM and constant 0.05 M of HNOs.
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Fig. 9 Effect of temperature increase on Dam, Dey and SFey/am for the
ligand 1 at constant ligands concentration of 10 mM and acidity of
50 mM of HNOs.

those of PyTri and significantly higher than in the previously*®
published BTrzPhen ligands.

Finally, the effect of the variable temperature on D and SFg,,
am are presented in the Fig. 9 (for ligand 1) and 10 (for ligand 2).
As expected, distribution ratios for both metals in the case of
both ligands are steadily decreasing revealing exothermic
nature of the extraction process. Different from similar tests*
where only one ligand is used in our case we have a biphasic
extraction system with two ligands, each in its own preferable
phase (TODGA and BTrzPhens). Therefore, the extraction
process and its thermodynamic parameters are the interplay
between the two ligands and cannot be contributed to the
specific ligand. The thermodynamic parameters such as AH can
be derived by using van't Hoff equation and are reflecting the
whole extraction system. In order to determine AH we used the
method from the literature:** diagrams in the Fig. 9 and 10 were
rearranged to express the x-axis as 1000/ (in mK ') and y-axis
as log Dy as shown in the Fig. 11 and 12.

With the assumption that the heat capacity of the extraction
system is constant within the studied temperature range, the

1000
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0.375
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Fig.10 Effect of temperature increase on Dam, Dey and SFey/am for the
ligand 2 at constant ligands concentration of 10 mM and acidity of
50 mM of HNOs.
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Fig.11 Effect of temperature on Dy, for the ligand 1: plots of log Dy vs.
1000/T for Eu(m) and Am(in).

2.0
1.5
y =4.8259x - 15.149
10 R?=0.972
0.5
0.0
S-05
[
2 -1.0 y =5.8424x - 20.556
R?=0.9814
-1.5
20 ® Eu(lll)
2.5 AAm(ll)
3.0
3.15 3.20 3.25 3.30 3.35 3.40 3.45 3.50
1000/T (mK-1)

Fig.12 Effect of temperature on Dy for the ligand 2: plots of log Dy vs.
1000/T for Eu(nn) and Am(in).

relationships of log Dy; vs. (1000/7) are nearly linear and the
slope values of the trending line equations can be used to
calculate AH by using eqn (9) from the literature.?* According to
this method, it can be calculated that for the DS-BTrzPhen/
TODGA system AH,, is —130.8 k] mol ', while for AHg, it is
—93.1 kJ] mol™". Also, for the DAA-BTrzPhen/TODGA system
AHum is —111.9 kJ mol ', while AHg, is —92.4 k] mol .
Although these values for AH should be taken cautiously, it is
clear that for DAA-BTrzPhen ligand AH,,, value is lower than
the one for DS-BTrzPhen, while two AHy, values are almost the
same.

Calculation of other thermodynamic parameters, AG and AS
cannot be achieved usings the method described in the litera-
ture** due to inherently more complex nature of our extraction
process.

Spectroscopic UV-vis titrations and
fluorescence spectroscopy

To further characterise coordination abilities of the ligand 1
and 2 we have undertaken coordination studies by

© 2023 The Author(s). Published by the Royal Society of Chemistry
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spectroscopic titrations of the ligands 1 and 2 with lanthanide
ions (Eu®" and Tb*'). The aim was to uncover the stability
constants for the formation of [ML]** and [ML,]>" complexes
and to compare them with stability constants of the similar
previously published BTrzPhen ligands." The ligand 1 (DS-
BTrzPhen) was titrated with Eu(NO;); or Tb(NO3); in neutral
aqueous solution containing Me,NNOj; (I = 0.01 M), while the
medium for the titration of the ligand 2 (DAA-BTrzPhen) was
additionally acidified with nitric acid (0.028 M) to improve the
solubility of the ligand.

The resulting spectroscopic data were processed and ana-
lysed by HyperQuad?®* providing the log 8;.; and log 3., values
(Table 1). For the ligand 1 (DS-BTrzPhen) results of the spec-
troscopic titrations are shown in the Fig. 13 and 14 as well as in
the ESI Section 4.1. In the case of both metals spectroscopic
titrations of DS-BTrzPhen yield similar results of stability
constants with 8;.; being from 7 to 6.6, while 8,.; being from 12
to 12.4. These results are generally consistent with the previous
findings for other BTrzPhen ligands'® yet, speciation diagrams
(ESI, Section 4.37) are suggesting much larger dominance of 1:
1 complex in solution, while 1:2 complex seems to be less
present.

On the other hand, our attempts to perform spectroscopic
titration with DAA-BTrzPhen (2) produced different results.
Firstly, the equivalent titration of DAA-BTrzPhen with Eu(NO3);
in aqueous solution of nitric acid (0.028 M) produced absorp-
tion spectra (Diagram 13 in ESIT) that lacked typical absorbance
peak shifts as seen in DS-BTrzPhen titrations as well as in the
ligands 8 and 9 from the literature.” Instead, lack of any
significant wavelength shifts suggested just a dilution effect
without complex formation, while attempts to process spectra
with Hyperquad and find stability constants gave no results.
Therefore, another titration was attempted with Eu(OTf); in
pure water acidified with non-coordinating HCIO, (0.03 M).
However, this attempt gave us very similar results (Diagram 14
in ESIt) as the previous attempt. The final attempt was spec-
troscopic titration with Eu(OTf); in a mixture of organic
solvents and water (acetonitrile/methanol/water = 2:2:1)
instead of acidified water. The outcome was different as shown
in the Diagram 15 yet was still not as expected. This perhaps can
be attributed to combination of dilution effect and some other
form of interaction different from ligand-metal binding via N-
donor atoms. Fitting process did not yield any reliable
stability constants. It is not fully understood why titration of
DAA-BTrzPhen has repeatedly failed and produced different
outcome, yet this is a clear indication that amino-acidic groups
do interfere in the complexation process.

Tablel Metal-ligand stability constants determined from least square
fits to spectroscopic titration data using HyperQuad? (T = 25 °C)

Ligand  Metal salt  Solvent log@;, SD log 8., SD?
1 EU(NO3)3 H,0 7.05 0.034 12.37 0.142
1 Tb(NO;);  H,0 6.58 0.026  12.01 0.079

¢ Standard deviation determined by the fitting process.
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Fig. 13 Spectroscopic titration of DS-BTrzPhen (1) with Eu(NOs)s in
neutral water (/ = 0.01 M Me4NNO3); initial conditions: [DS-BTrzPhen
(1] =1 x 107> M, volume = 2.0 mL; titrant: [EU(NOz)s] = 1 mM.

Added equivalents of Th(lll)
~—0.0
—0.1

0.2

0.3
—0.4

0.5
—0.6
—0.7
—o0.8
—0.9
—1
—11

Absrorbance/volume (L)
b
B

230 250 270 290 Wavzellzntght/“";ﬂo 350 370 390
Fig. 14 Spectroscopic titration of DS-BTrzPhen (1) with Tb(NOsz)s in
neutral water (/ = 0.01 M Me4NNO3); initial conditions: [DS-BTrzPhen
1)] = 8 x 107® M, volume = 2.0 mL; titrant: [Tb(NOz)s] = 1 mM.
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Fig. 15 Fluorescence emission spectrum of DS-BTrzPhen-Eu
complex (0.2 mM, molar ration 2: 1) in water at excitation wavelength
of 326 nm.

To further examine complexation between the ligands and
Eu(wm) fluorescence emission spectra of both ligands 1 and 2
were recorded with added 0.5 equivalents of Eu(m). The
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Fig. 16 Fluorescence emission spectrum of DAA-BTrzPhen-Eu
complex (0.2 mM, molar ration 2:1) in aqueous solution of HClO4
(0.03 M) at excitation wavelength of 326 nm.

emission spectra of the ligand 1 were recorded in neat water,
while for the ligand 2 were recorded in aqueous solution of
HCIO, (0.03 M). Due to technical limitations, we were able to
record only emission spectra. Therefore, we decided to use
excitation wavelengths of 267 nm and 326 nm that were optimal
for the BTrzPhen ligand 8 from the literature.’® Emission
spectra for both excitation wavelengths were found to be nearly
identical therefore spectra recorded at 326 nm are shown in the
Fig. 15 (DS-BTrzPhen) and 16 (DAA-BTrzPhen), while those
recorded at 276 nm are shown in the ESI, Section 5.1 Additional
fluorescence spectra for Eu(OTf); in aqueous solution of HCIO,
was also recorded for comparison (see ESI, Section 57).

Emission spectra for both ligands were similar to the one in
the literature' obtained for the BTrzPhen ligand 8. However,
ligand 1 was showing the most intense peak in the emission
spectrum at 619 nm that is the °D, — ’F, “hypersensitive
transition”, with relative 595/619 peak intensity ratio 0.22:1.
For the ligand 2 (Fig. 16), the 619 peak was relatively weaker
with 595/619 peak intensity ratio 0.40 : 1. The weaker intensity
of this peak may indicate weaker complexation of Eu(ui) ions
which is consistent with observations in solvent extraction
studies as well as in spectroscopic titration. Yet, the comparison
with an emission spectrum of sole Eu(OTf); (Diagram 22,
Section 5, ESIt) is giving us a firm indication that DAA-
BTrzPhen does bind Eu(m) ions. In total, these observations
are suggesting that both DS-BTrzPhen and DAA-BTrzPhen
ligands are complexing Eu(m) ions via their N-donor ligands -
this interaction is producing typical reddish fluorescence of the
BTrzPhen-Eu complex.

Conclusions

It total, we have successfully synthesised, characterised, and
tested two new BTrzPhen ligands. These are the first new
hydrophilic water-soluble ligands of the BTrzPhen family since
their introduction, and are showing higher solubility as well as
significantly better extraction efficacy and selectivity towards
Am(m) versus Eu(i). The highest SFgyam value obtained by DS-
BTrzPhen was 361 when acidity was 0.05 M and concentration

© 2023 The Author(s). Published by the Royal Society of Chemistry
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of ligand was 15 or 20 mM. In the case of DAA-BTrzPhen it was
132 which is less than in the case of DS-BTrzPhen and even
PyTri ligands, but more than the original two BTrzPhen
ligands.*®

Our results suggests that the optimal pH for BTrzPhen
ligands seems to be 0.05 M. Studies at this acidity were not tried
for the older BTrzPhen ligands™ since those ligands were not
even soluble at that acidity and required at least 0.33 M to be
dissolved. However, at higher acidity protonation becomes
more significant resulting in the decrease of SFg,am values.
Deactivation by protonation is especially plausible scenario
since SFgyam value of DAA-BTrzPhen quickly drops when
acidity increases more than 0.05, while at 0.1 M it is just 19,
lower than the original BTrzPhen ligands.*

Both ligands, DS-BTrzPhen and DAA-BTrzPhen have two
significant drawbacks: despite very high observed SFgyam
values DS-BTrzPhen is still insufficiently soluble in nitric acid
solution and hence cannot be considered as a ligand capable of
practical application, while DAA-BTrzPhen is positively charged
with adjacent carboxyl moiety, and this is significantly reducing
its efficiency in the terms of SF and D so its usefulness in
practical applications is on the borderline.

Coordination studies by spectroscopic titrations and fluo-
rescence spectroscopy further revealed differences between
ligands 1 and 2. While ligand 1 behaves somewhat like the
ligand 8 from the literature'® as shown by successful spectro-
scopic titrations, obtained stability constants and fluorescence
spectra, ligand 2 is controversial. On one hand, we can see firm
indications that ligand 2 does bind f-elements as observed from
solvent extraction studies and fluorescence spectra, however the
failure to produce the expected UV-vis titration spectra and to
obtain stability constants suggests that amino-acidic groups do
significantly interfere in the coordination process. To properly
address this phenomenon more research is desired.

Therefore, this study suggests a key criterion: a good
BTrzPhen ligand for i-SANEX needs to be at least neutral or
negatively charged to have proper efficiency. This is very hard to
achieve if the ligand needs to stay CHON compliant since the
choice for hydrophilizing terminal moieties are very limited. To
fulfil this criterion a compromise might be necessary.

Nevertheless, both ligands have achieved quite good results
suggesting that if the problem of solubility at acidity of 0.05 M is
solved while the molecule of the ligand is neutral or negatively
charged, we may eventually develop BTrzPhen ligands proper
enough for i-SANEX application. These promising results are
suggesting that BTrzPhen ligands are worthy of further inves-
tigation and development and are compelling us to continue
our quest.
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