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Uranium(VI) Complexes with a Calix[4]arene-Based 8-
Hydroxyquinoline Ligand: Thermodynamic and Structural
Characterization Based on Calorimetry, Spectroscopy, and

Liquid-Liquid Extraction

Anne Bauer,” Astrid Jaschke,® Sebastian Schéne, Robert Barthen,” Juliane Marz,”
Katja Schmeide,*™ Michael Patzschke,” Berthold Kersting,™ Karim Fahmy,” Jana Oertel,”

Vinzenz Brendler,” and Thorsten Stumpf®

The environmental aspects of ore processing and waste treat-
ment call for an optimization of applied technologies. There,
understanding of the structure and complexation mechanism
on a molecular scale is indispensable. Here, the complexation
of U with a calix[4]arene-based 8-hydroxyquinoline ligand
was investigated by applying a wide range of complementary
methods. In solution, the formation of two complex species
was proven with stability constants of log 8,.,=5.94 +0.02 and
log ,,=6.33£0.01, respectively. The formation of the 1:1

1. Introduction

Solvent extraction has proved to be an important technique in
ore processing and waste treatment.? Additionally, it is suita-
ble for the recovery of industrially relevant rare-earth concen-
trates from radiotoxic elements.*# In this context, Zhu et al. re-
viewed current technical procedures.” For example, acidic or-
ganophosphorus extractants, such as di(2-ethylhexyl)phosphor-
ic acid (D2EHPA) and 2-ethylhexylphosphoric acid mono-2-eth-
ylhexyl ester (EHEHPA), are very efficient for uranium
separation, but stripping is difficult. Moreover, Cyanex 272 and
tri-n-butyl phosphate (TBP) enable the extraction of U" from
rare-earth concentrates.”” Also, studies on tertiary amine Ala-
mine 336 indicate its suitability for this separation problem.>”
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complex was found to be enthalpy driven [AH,,=(—71.5+
10.0) kJmol™'; TAS,,=(—37.57410.0) ki mol™'], whereas the
second complexation step was found to be endothermic and
entropy driven [AH,.,=(32.84+4.0) kimol™'; TAS,,=(68.97 +
4.0)kJmol™']. Moreover, the molecular structure of
[UO,(HeL)(NO3)I(NO3) (1) was determined by single-crystal X-ray
diffraction. Concluding, radiotoxic U" was separated from a
Eu"-containing solution by the calix[4]arene-based ligand in
solvent extractions.

Primarily, the efficiency and selectivity of extracting agents
are driven by structural properties. Thus, on the basis of their
modifiability and variable solubility, calix[n]arenes are promis-
ing compounds for the extraction of metals.®'* Various calix-
[nlarenes with sufficiently high affinity towards actinides and
lanthanides are already known.®'"'?? These chalice-like mac-
rocyclic molecules consist of para-substituted phenolic units
ranging from 4 to 20. The best-investigated calix[n]arenes pos-
sess four to eight aromatic units. By changing the number of
these aromatic units, the cavity size for intercalation of a metal
ion can be adapted.”*® The selectivity towards certain metal
ions is greatly improved by the possibility to derivatize the
para substituents and the hydroxy groups.”***?! However,
owing to high process costs, calix[n]arenes currently do not
find application in separation technologies. Thus, the develop-
ment of calix[n]arenes that allow a separation process that is
more cost efficient and environmentally friendly than the pre-
viously known methods is still a challenging task. For this pur-
pose, in the first step it is necessary to understand the binding
mechanisms between the calix[n]arenes and the metal ion,
which in turn govern the thermodynamic stability of the
formed complexes and, consequently, the selectivity and
sensitivity.

In this context, a new tert-butylcalix[4larene-based 8-
hydroxyquinoline ligand (Scheme 1)—termed HgL for brevity
throughout this text—was recently synthesized and investigat-
ed for complexation with trivalent lanthanides.”’ Two 8-hydrox-
yquinoline-2-carbaldehyde units are connected through hydra-
zone-carbonylmethoxy linkages in a 1,3-distal arrangement to

© 2018 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Scheme 1. Synthesis of the mononuclear complex [UO,(HgL)(NO,)I(NO;) (1)
starting from calix[4]arene-based 8-hydroxyquinoline ligand HgL.

the lower rim of the macrocycle. Europium coordinates by the
O- and N-donor atoms of the quinoline and carbonyl-hydra-
zone unit of HgL. Furthermore, Jaschke et al. described the ex-
tractability of Eu" and Tb" by H,L at pH 7-8.”) Additionally, HgL
is expected to be an oriented ligand for uranyl, as the high af-
finity of 8-hydroxyquinoline towards this radiotoxic element
was described by Mirzaei et al.””” Moreover, in recent years
good extraction properties of 8-hydroxyquinoline towards f-
block elements have been described.”®" Thus, HL appears to
be a promising extracting agent for the separation of U"' from
rare-earth concentrates of leached ores.

Uranium poses problems not only in the context of waste
from nuclear power production but also in rare-earth produc-
tion, as it is one of the undesired constituents of rare-earth
ores.” On the other side, uranium is an important raw materi-
al.’? In addition to the radiotoxicity of all its isotopes, the ele-
ment is also a heavy metal with all associated chemotoxic haz-
ards to the liver, kidney, and skeleton.®*=*”) During any process-
ing of uranium, its uncontrolled release into the environment
has to be minimized. Thus, in the context of rare-earth produc-
tion, the separation of uranium facilitates sustainable produc-
tion and can additionally provide uranium as a limited re-
source 383

For hexavalent uranium occurring as uranyl, it is known
from the literature that it forms complexes with O- and N-
donor ligands. For a better understanding of its extraction be-
havior and the development of effective separation systems, it
is indispensable to clarify the complexation mechanisms by
which uranium interacts with the tert-butylcalix[4]arene-based
8-hydroxyquinoline ligand (i.e., HsL) on a molecular level. This
may eventually lead to modification of extractant molecules to
enhance selectivity and efficiency. Furthermore, a thorough
thermodynamic description of the complexation may pave the
way to the development of future industrial applications.

The present work investigates the interaction between
uranyl nitrate and HgL by a variety of spectroscopic methods.
In a first step, the complexes formed between uranyl nitrate
and H¢L were identified. Their stability constants were deter-
mined from spectrophotometric titrations, whereas their en-
thalpies and entropies were provided by isothermal titration
calorimetry (ITC). The binding behavior and existence of co-li-
gands were clarified by electrospray ionization time-of-flight
mass spectrometry (ESI-TOF MS) and single-crystal X-ray diffrac-
tion (SC-XRD). The results were finally verified by comparison
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with results from density functional theory computations
(DFT). Auxiliary information was also obtained from attenuated
total reflection (ATR) FTIR spectroscopy measurements.

The complexation equilibrium studies were performed in
acetonitrile as a representative aprotic solvent with the advant-
age of sufficient solubility of the calix[4]arene-based ligand,
the metal salts, and the as-formed complex species. During the
measurements, acetonitrile was photochemically stable and no
absorption in the excitation area or disturbing background
fluorescence was observed. The concentrations of the ligand
and metal salt were chosen with respect to the applied analyti-
cal methods.

Finally, liquid-liquid extraction studies were performed to in-
vestigate the feasibility of selective extraction of U" from a lan-
thanide-containing solution. As a representative lanthanide,
Eu" was used. The expected contamination of rare-earth con-
centrates of leached ores with uranium is comparatively weak
(107> m). Hence, concentration ranges of 107 to 10>m were
applied. Possible mechanisms for the selective extraction be-
havior are also discussed.

2. Results and Discussion

2.1. UV/Vis Spectroscopy: Identification of Species and
Determination of Stability Constants

The addition of UO,(NO,),-6 H,0O to a H,L solution led to a red-
dish coloring of the solution. Figure 1 shows the change in the
UV/Vis absorption spectra upon increasing the concentration
of uranyl nitrate. The spectrum of HeL (black line) is character-
ized by a strong band with a maximum at A=281 nm and a

‘ equivalents of
—Hel 3000 UO5(NO3),: 6H,0
} : 8
2000 \

} 10001

0 } | i
250 300 350 400 200 500 600 700
wavelength / nm wavelength / nm

Figure 1. UV/Vis spectra of 12.5 um (left)/50 um (right) HeL in acetonitrile as
a function of the UO,(NO,),*6 H,O concentration (ionic strength, /=0.01m
NaClo,).

weak band with a maximum at =319 nm attributed to m1—
7* and n—m* transitions in the heterocyclic units.”) An addi-
tional strong absorption band at 4=200 nm, resulting from
n—* transitions of the calix[4]arene backbone, is not influ-
enced by complexation processes and is, consequently, not
shown in Figure 1. Upon increasing the uranyl nitrate concen-
tration, the band at 1=281 nm decreases and disappears after
the addition of 2 equivalents of uranyl nitrate. Moreover, the
band at A=319 nm becomes slightly shifted (hypsochromic),
and a new broad absorption band (1=350-370 nm) appears,
which indicates the involvement of the heteroaromatic unit in

468  © 2018 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


http://www.chemistryopen.org

(® ChemPubSoc
\{* Europe

the binding process. The coordination of the 8-hydroxyquino-
line unit could also be inferred by ATR FTIR spectroscopy (Fig-
ure S7 in the Supporting Information).

The intense reddish coloration is primarily related to the
broad absorption band at =520 nm (Figure 1) with a molar
extinction coefficient (&) of 3200 Lmol'cm™". Up to the addi-
tion of 1 equivalent of UO,(NO,),-6 H,O, the absorption maxi-
mum is located at A=511 nm. Upon adding up to 2 equiva-
lents of the metal salt, this band becomes bathochromically
shifted to =520 nm (Figure S1). The position and width of
this band in addition to the high extinction coefficient are
characteristic of charge-transfer transitions.*” After the addi-
tion of more than 2 equivalents of UO,(NO,),-6H,0, no further
changes in the absorption are observed at A1=520nm
(Figure 2). This suggests that a 2:1 uranyl HcL species is the
limiting complex under the described conditions.

100,
3500+
_ 3000 . -
£ 2500 . .
“5 2000 50 ——Ligand HeL
E 1500 ES ——1:1 uranyl HeL. complex
o h 2:1 uranyl HgL complex
= 10004 .
5004 *
0 0
0 1 2 3 4 5 6 0o 1 2 3 4 5 6

equivalents UO,(NO,), 6H,0 equivalents UO,(NO;), 6H,0

Figure 2. Change in the absorption of HsL upon increasing the concentra-
tion of UO,(NO,),*6 H,O in acetonitrile at A =520 nm (/=0.01m NaClO,) (left).
Distribution of the HiL species as a function of the number of equivalents
UO,(NO,),6 H,0. HeL=12.5 um; I=0.01 m NaClO, (right).

An increase in one absorption band up to the addition of
2 equivalents of UO,(NO,),-6H,0 suggests complexation of
both uranyl ions through the same binding motif. However,
further conclusions regarding the exact binding mode of HgL
could not be drawn from the spectroscopic data. Hence, X-ray
crystallographic  study of the 1:1 complex species
[UO,(HgL)(NO3)I(NO5)-6 MeCN (1:6 MeCN, Scheme 1), was under-
taken. The results of the single-crystal X-ray diffraction analysis
of the mononuclear complex (see below) evidence that urani-
um forms a chelate complex with the carbonyl-hydrazone-8-
hydroxyquinoline unit of HeL.

Nevertheless, factor analysis of the absorption spectra by
the HypSpec program affirms the presence of three absorption
species, that is, free HL and two successive uranyl HgL com-
plexes. Further, the conditional stability constants of the 1:1
and 2:1 complexes (log B,,=5.94+0.02; log f8,,=6.33+0.01)
were determined by fitting the data with HypSpec. Due to the
strong chelate effect of HL, these values are higher than those
of a uranyl complex of a calix[6]arene with two dibutylphos-
phinylmethoxy groups at the lower rim (log K=3.6, in acetoni-
trile).*" Moreover, applying these data, the species distribution
shown in Figure 2 could be derived. As already observed in
the literature for other systems,>*¥ the shift in the isosbestic
point from 4 =297 to 303 nm (Figure 3) also indicates the for-
mation of two different complexes during the addition of
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Figure 3. Isosbestic point observed up to the addition of 1 equivalent (left)
and 6 equivalents (right) of UO,(NO;),-6 H,0.

UO,(NO;),:6 H,0. An isosbestic point at 1 =297 nm appears up
to the addition of 1 equivalent of the metal salt. Up to the ad-
dition of 6 equivalents of the metal salt, an isosbestic point is
observed at A =303 nm.

Additionally, Job’s method was applied to evaluate the bind-
ing stoichiometry (see the Supporting Information). The ab-
sorption plotted as a function of the mole fraction of HcL (Fig-
ure S3) suggests the formation of only the 2:1 species. A limi-
tation of the Job’s method, namely, that the experimentally
observed maxima in the Job plot for various cases of dynamic
equilibria of more than one species may not give the “expect-
ed” value, was recently described ">

2.2. Electrospray lonization Time-of-Flight Mass
Spectrometry (ESI-TOF): Presence of Co-Ligands

To estimate the existence of co-ligands such as nitrate ions,
the ESI-TOF mass spectra of acetonitrile/methanol solutions
containing UO,(NO;),:6H,0 and HL (2:1 molar ratio) were re-
corded. Primarily, both the free ligand and the 2:1 complex are
detected by mass spectrometry (Figure S9) at m/z=1101.6 and
1763.6, respectively. Further, small amounts of the 1:1 complex
(m/z=1434.6, [UO,(HsL)(NO;) +H']™) are also observed. In ad-
dition, several low abundance signals are detected, and they
are attributed to ions resulting from in-source fragmentation
events such as the loss of nitric acid or the 8-hydroxyquinoline
functionality from the precursor ion. Generally, it could be
shown that each uranyl ion is still coordinated by one nitrate
anion upon complexation by the calix[4]arene-based ligand.
Moreover, the mass found for the 1:1 complex [UO,(HsL)(NO,)]
indicates that the coordinating arm is singly deprotonated.

2.3. Isothermal Titration Calorimetry (ITC): Determination of
Enthalpy

To confirm the results of the UV/Vis spectrophotometric titra-
tions, ITC measurements were performed under the same ex-
perimental conditions. Figure 4 shows a representative titration
of HeL with UO,(NO,),-6 H,0. Upon adding the metal salt to the
HeL solution, the heat is absorbed or generated as a result of
the interaction. Positive spikes in the signal represent an exo-
thermic reaction (Figure 4, top). After integrating the heat as a
function of the molar ratio between HgL and UO,(NO,),:6 H,0,
the titration curve is corrected for the dilution (Figure 4,
bottom).

© 2018 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. Representative calorimetric titration of 100 um HeL with 5 mm
UO,(NO,),*6 H,0 in acetonitrile (/=0.01 m NaClO,). The top figure is a ther-
mogram of the titration that is uncorrected for dilution heats. The bottom
figure shows the integrated (points) and fitted (red line) binding enthalpies
(left y axis) and the distribution of HL species [right y axis, ligand HgL
(black), 1:1 uranyl HgL complex (blue), and 2:1 uranyl H¢L complex (orange)]
as a function of molar ratio.

The reaction heats were used, in conjunction with a stoichi-
ometry of 2:1 for uranyl HL and the stability constants ob-
tained by spectrophotometric titration, to determine the en-
thalpy of complexation with the software CHASM-TA (Bio-
Lewis, Mississippi State University).”! The corresponding entro-
pies of complexation were obtained from the relationship
[Eq. (M)

—RTINK = AH — TAS ©)

in which R is the gas constant (8.314 JK "mol™") and T is the
temperature at which the measurements were performed, ex-
pressed in Kelvin.

The results suggest that the coordination of the first uranyl
ion is exothermic and enthalpy driven [AH,;=(-71.5%+
10.0) kJmol™'; TAS,.,=(—37.574+10.0) k) mol~"]. The complexa-
tion of the second uranyl ion requires heat absorption and is
entropy driven [AH,.,=(32.844.0) kJmol™'; TAS,,=(68.97 &
4.0) kJmol™']. The positive entropy of coordination for the
second uranyl ion can be caused by the release of nitrate ions
and hydration water from UO,(NO,),6 H,0.*5*” The reorgani-
zation of acetonitrile around the complex can also contribute
to an increase in the entropy.”® The entropy value should also
be positive in the complexation of the first uranyl ion. Instead,
the opposite trend in TAS is observed. Schmidtchen described
the occurrence of negative entropies in connection with a
high ordering effect that strives for a well-structured com-
plex.”" Mirzaei et al. already described the initiation of stacking
interactions between uranyl-hydroxyquinoline complexes.””!
However, only the observed 1:1 solid-state complex described
in the following section indicates the occurrence of wt—m stack-
ing. So far, in solution no evidence was found for such interac-
tions. Thus, these observations must be further investigated
for conclusive explanation.
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2.4. Single-Crystal X-ray Diffraction (SC-XRD):
Characterization of the Mononuclear Complex
[UO,(HgL)(NO3)I(NOs)-6 MeCN (1-6 MeCN)

Claret-violet crystals of 1:6MeCN suitable for X-ray crystallo-
graphic analysis were obtained by slow evaporation of an ace-
tonitrile solution containing HeL and UO,(NO,),-6H,0 in a 1:2
molar ratio. Complex 1-6MeCN crystallizes in the triclinic, P1
space group. The asymmetric unit comprises one molecule of
[UO,(HgL)(NO3)I(NO3) and six acetonitrile molecules. As ob-
served in many other calix[4larene structures,”” one acetoni-

trile molecule is situated in the calix[4]arene cavity held in
place by three CH-. interactions with the aromatic rings
[average diameter (C--centroid) = 3.61 A]. The residual solvent
molecules fill the interstitial space between the complex mole-
shows the molecular

cules. Figure 5 (left) structure of

[UO,(H6L)(NO3)I(NO;) (1).

Figure 5. ORTEP representation of [UO,(HeL)(NO5)I(NO5) (1) in crystals of

1-6 MeCN (left) and perspective view of the coordination unit showing the
hexagonal bipyramidal coordination geometry of the uranyl ion (right). Ther-
mal ellipsoids are drawn at the 50% probability level. All hydrogen atoms,
except those bonded to N and O, as well as the space-filling acetonitrile
molecules are omitted for clarity. Color code: C, gray; H, white; N, blue; O,
red; U, green. Coordinating bond lengths and angles are collected in Ta-
bles S2 and S3. Selected distances [A] and angles [°]: O1--02 2.787(5),
03:+04 2.875(5), 02--N4 2.965(3), 02—H2-+01 170.8(7), O4—H40--03

171.3(8), NA—H4N--02 169.1(7), N3—014 2.703(2), N3—H3--014 165.5(1).

The uranyl ion is coordinated by one tetradentate 8-hydrox-
yquinoline-hydrazone—carbonyl substituent from HL. In con-
trast to the recently reported Eu" complex,”’ the carbonyl-hy-
drazone unit is not in its deprotonated enol form (=N—N=CR—
O7), but rather, the hydroxy group of the 8-hydroxyquinoline
unit is deprotonated. Thus, to balance the positive charge of
the metal ion (+2), one nitrate ion coordinates to U" in a bi-
dentate chelating mode besides the hydroxyquinolinolate. The
U1 ion has a hexagonal bipyramidal coordination environment
with the two uranyl oxygen atoms (09, O10) occupying the
axial positions, as expected. In addition, two oxygen atoms
and two nitrogen atoms from HcL as well as two oxygen
atoms from the nitrate co-ligand saturate the coordination

© 2018 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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number of the metal ion (Figure 5). The U-O bond lengths
range from 2.303(8) to 2.515(7) A, and the U-N distances are
2.576(9) and 2.634(9) A in the equatorial plane, which is in
good agreement with structure-related U"' complexes reported
in the literature.”>¥ The linear arrangement of the uranyl ion
is evidenced by the 09=U1=010 angle of 177.5(3)°. The cal-
ix[4]arene scaffold adopts a nearly ideal cone conformation
with dihedral angles of the calix[4]larene mean plane of aver-
age 67° for the carbonyl-hydrazone-substituted rings and 54
and 58° for the unsubstituted aromatic units. Additionally, the
cone conformation is stabilized by the typical intramolecular
OH-O hydrogen bonds between the phenolic hydrogen atom
and the adjacent oxygen atoms at the lower rim (see caption
of Figure 5). As illustrated in Figure 5, further intramolecular
and intermolecular NH--O hydrogen-bonding interactions be-
tween the lower rim of the calix[4]arene and the coordinating
hydrazone unit as well as the protonated 8-hydroxyquinoline
and the nitrate counterion are observed. Moreover, weak intra-
molecular -1 stacking interactions between the 8-hydroxy-
quinoline units stabilize the close packing of the structure. The
average centroid--centroid distance between these heteroaro-
matic units is 3.64 A (Figure S5).

2.5. Quantum Chemistry: Theoretical Studies of the
Dinuclear Complex [(UO,),(H,L)(NO;),]

To gain better understanding of the structure of the 2:1 com-
plex, we performed quantum-chemical calculations at the DFT
level by using the BP86 functional.®® Several starting struc-
tures, in which the side chains were put in different positions
to allow for the bulkiness of the complex, were generated. The
optimizations were performed with the Turbomole code®™ by
using the def2-SV(P)*® basis set for all atoms and the Stuttgart
small core ECP®” for the uranium atoms to include scalar rela-
tivistic effects. The dispersion correction® was used, and the
effect of the solvent was included with the conductor like
screening model (COSMO)®® and the dielectric constant for
acetonitrile (37.5). Figure 6 shows the resulting structure that is
lowest in energy. Notably, the uranyl units in this structure
remain relatively close. This seems to be helped by dispersion
interactions between the uranyl oxygen atom and the other
side chain.

In summary, both solid-state results (SC-XRD, DFT) evidence
the deprotonation of the phenolic OH group of the heteroaro-
matic unit due to the high affinity of the uranyl ion towards
oxygen atoms. The ability of acetonitrile as an aprotic solvent
to stabilize a proton is quite low. This might be the reason for
the shift of the proton from the OH group to the nitrogen
atom in the molecular structure of 1 (see Figure 5). It could be
speculated that in the structure of the 2:1 species no nitrogen
donor atom is able (free) to stabilize the abstracted proton of
the coordinating hydroxy group. However, a solid-state struc-
ture need not to be a species that is detectable in solution,
and a complex formed in acetonitrile solution does not coer-
cively have a relationship to the structure of the extracted spe-
cies in chloroform. Nevertheless, the reported structures can
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Figure 6. Optimized structure of [(UO,),(H,L)(NO;),] (2).

be seen as a proof of concept for the preferred binding site of
the uranyl ion even for structures in solution.

2.6. Liquid-Liquid Extraction: Separation Ability of HiL for
UVI

To determine experimental conditions for the selective extrac-
tion of UY from lanthanide-containing solutions, aqueous
phases containing 10 um Eu" and 10 um UY' were extracted by
40 pm HeL in chloroform as a function of pH value. The extrac-
tion curves (Figure 7) show the effective transfer of U" and Eu"
by HeL from the aqueous phase to the organic phase depend-
ing on the pH value of the aqueous phase. Over a wide pH
range (pH=4-9), U was extracted in nearly quantitative yield
(90-100%) in just one extraction step. For uranium, we pro-

100
80

60- —=—1Y
1l

——Eu

401

extraction / %

20

5 6 7 8 9
pH

2 3 4
Figure 7. Extraction of 10 um U"'+10 um Eu" by 40 um Hel in the pH range
of 2 to 9; 13 mm sodium tetraborate buffer. Note: error bars for U" extrac-
tion are smaller than the Eu" error bars, indicating additionally a weaker in-

fluence of the degree of protonation of HyL in the extraction of the actinide
ion.
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pose that a 1:1 complex is formed during extraction at pH 6,
and this is substantiated by distribution experiments (Fig-
ure S6). Moreover, under the given conditions, U" could be en-
tirely separated from Eu" between pH 4 and 6, because Eu"
was extracted only at higher pH values (pH~8). On the basis
of these extraction results, orienting separation factors (SFy)
were calculated (Table S4). At an optimal pH of 5-6, separation
factors of about 6000 were determined.

The pH dependence observed for the extraction of divalent
uranyl and trivalent europium cations can be attributed to the
different degrees of deprotonation of the ligand due to coordi-
nation of the respective metal. According to Jaschke et al., Eu"
extraction requires threefold deprotonation of the HqlL ligand,
which is ensured at higher pH values on the basis of the pK,
values of the hydrazone and 8-hydroxyquinoline units.”! In
contrast, only a single deprotonation (OH group of hydroxyqui-
noline) of the ligand is necessary for U" coordination, and
therefore, U is already extracted at lower pH values. These
findings agree well with solvent extractions performed by
Favre-Réguillon, who extracted uranyl by using 8-hydroxyqui-
noline. Favre-Réguillon observed comparably good extraction
percentages for pH values higher than 4.2¥ However, com-
pared to our experiments, it was necessary to use a much
higher extractant/U"' ratio up to 50. Hence, the combination of
the rigid calix[4]arene backbone with the chelating heterocy-
clic compound enhances the efficiency of the resulting extract-
ing agent.

3. Conclusions

Functionalization of the calix[4]arene backbone with 8-hydrox-
yquinoline resulted in a promising macrocyclic ligand system
with a high affinity towards uranyl. Elucidation of the complex-
ing mechanism in solution as well as in the solid state signifi-
cantly contributed to understanding of the process, which is
an important and fundamental step towards making calixar-
enes processable and profitable for the separation of uranium
from environmentally relevant solutions. In a first step, the for-
mation of new uranyl calix[4]arene-based 8-hydroxyquinoline
complexes in non-aqueous solution was verified by means of a
variety of spectroscopic, calorimetric, and crystallographic
methods. Hence, the coordination properties and complex
structures were clarified on a molecular level. It was shown
that there was a dynamic equilibrium of different complex spe-
cies in solution. Moreover, the reported solid-state structures
substantiated the preferred binding site of the ligand for the
uranyl ion and verified the affinity of the uranyl ion towards
oxygen atoms, resulting in deprotonation of HiL even in an
aprotic solvent.

In liquid-liquid extraction experiments, we successfully dem-
onstrated the ability of HsL to separate U" from Eu" on the
basis of pH variation. Complexation studies and distribution
experiments showed that different degrees of deprotonation
of the hydroxyquinoline and hydrazone residues were respon-
sible. Additionally, we proved that the combination of the rigid
calix[4]arene backbone with chelating 8-hydroxyquinoline re-
sulted in an extracting agent with higher efficiency than the
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parent ones. Thus, application of the ligand for the selective
separation of U from rare-earth concentrates of leached ores
is conceivable.

Experimental Section
Chemicals and Reagents

CAUTION! Natural uranium consists of radioactive nuclides, includ-
ing long-lived a-emitters (*°U, t,,,=7.04x10° years and U, t,,,=
4.47 x10° years) and is also chemically toxic. Special precautions as
well as appropriate equipment and facilities for radiation protec-
tion are required to handle this material.

Acetonitrile (VWR), chloroform (Sigma-Aldrich), methanol (VWR),
NaOH (Merck), UO,(NO,),-6H,0 (Chemapol), Eu(NO;);-6H,0 (Alfa
Aesar), HCIO, (Merck), anhydrous NaClO, (Alfa Aesar), and
Na,B,0,-10H,0 (Merck) were used as purchased from commercial
sources without further purification. For the mobile phase of ESI-
TOF MS, acetonitrile was obtained from Roth (HPLC grade). In all
calorimetric and spectroscopic investigations, the ionic strength
was adjusted to 0.01 m NaClO,. Generally, all experiments were per-
formed at (25+0.02) °C under atmospheric conditions. The pH was
adjusted by using a WTW pH benchtop meter (Portable meter Pro-
fiLine pH 3110) equipped with a WTW pH microelectrode. A three-
point calibration at room temperature with technical calibration
buffers (HANNA instruments) was routinely performed before pH
adjustment.

Synthesis

5,11,17,23-Tetra-p-tert-butyl-25,27-bis[(8-hydroxyquinolinecarbalde-
hyde-hydrazone-carbonylmethoxy)]-26,28-dihydroxycalix[4]larene
(HeL): Synthesized as previously described.”

[UO,(HgL)(NO;)I(NO;)-6 MeCN (1:6 MeCN): HeL (20 mg, 18 umol) was
suspended in acetonitrile (5 mL), and a solution of UO,(NO,),:6 H,0
(18 mg, 36 umol) in acetonitrile was added. After 10 days, claret-
violet crystals of 1:6MeCN were obtained by slow evaporation of
the solvent. The crystals were washed with acetonitrile and dried
in air. Crystals of 1:6MeCN quickly lost MeCN molecules of solva-
tion upon standing in air and turned dull. Yield: 8 mg (31%); IR
(ATR): v=1699 [v(C=0)], 1680 [0(C—N—H)], 1601 [v(C=N)], 1190
V(C-0)], 950cm™"  [v(O=U=0)I; UV/Vis (MeCN): A,
(e [Lmol'ecm™"1) =200 (12465), 316 (6260), 350 (4337), 365 (1221),
511 nm (841); MS (ESI+, MeCN): m/z=1434.6 [UO,(HsL)(NO;)+H"
17; elemental analysis calcd (%) for CggH,4NgO;cU +MeCN (1537.6 +
41.0): calcd C 54.65, H 5.05, N 8.19; found C 54.01, H 6.01, N 7.83.

UV/Vis Spectroscopy

Spectrophotometric titration was performed by using a sample
series with a constant HcL concentration of 125um and a
UO,(NO;),:6 H,O concentration varying from 0 to 70.8 um. Spectro-
photometric measurements were performed with a TIDAS 100
spectrophotometer (J&M Analytik) in the wavelength region of 250
to 700 nm with a 0.1 nm interval by using 10 mm quartz glass cuv-
ettes. To detect a weak absorption band between A=400 and
700 nm, the measurements were repeated at a reactant concentra-
tion that was four times higher, and quartz glass cuvettes with a
path length of 50 mm were used. The Job’s method was applied
to determine the reactant stoichiometry.®**? For this, a series of
samples, for which the molar ratio of H,L to UO,(NO,),-6H,0 was
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varied and the total concentration of 100 um was kept constant,
were prepared. The absorbance was recorded in 50 mm quartz
glass cuvettes at A =520 nm. The complex stability constants were
calculated by the nonlinear regression program HypSpec (ver-
sion 1.1.18, Protonic Software).®® In the fitting process, the pH was
not considered, as acetonitrile is an aprotic solvent.

Electrospray lonization Time-of-Flight Mass Spectrometry

Molecular weight analysis of free calix[4]larene H¢L and its uranyl
complexes was performed by time-of-flight mass spectrometry
(6538 UHD Accurate-Mass Q-TOF LC-MS, Agilent) in negative-ion
mode. A sample series with a constant HcL concentration of
100 um and a UO,(NO;),:6 H,0 concentration varying in the range
of 0 to 200 um in 80% acetonitrile/20% methanol were analyzed.
To generate charged molecules, methanol was added to the aprot-
ic solvent acetonitrile. The fragmentor voltage was kept at 110V,
the capillary voltage was set to 4 kV, the gas temperature was set
to 350°C, the nebulizer pressure was set to 13.685 kPa, and the ni-
trogen gas flow was set to 11 Lmin". For each measurement, the
sample (10 pL) was directly introduced into the mass spectrometer
by HPLC (1200 Series, Agilent). Acetonitrile was used as the mobile
phase at a flow rate of 0.4 mLmin~". Mass spectra were recorded
in the mass-to-charge range of m/z=100 to 2000.

Isothermal Titration Calorimetry

Calorimetric titrations were performed to determine the enthalpy
of complexation with a TAM lll calorimeter (TA Instruments) based
on the principle of heat conduction. The calorimeter was calibrated
by the built-in dynamic calibration method. The measurements
were performed in acetonitrile. First, a 5 mm UO,(NO;),-6 H,0 solu-
tion (2 puL) was injected into the sample vial prefilled with 100 pum
HeL solution (1.8 mL). The following 35 injections were adjusted to
5 uL with time intervals of 7 min and stirred with 80 rpm. The refer-
ence experiment was performed exactly the same, but without the
metal salt. OriginPro 2015G (OriginLab) was used for baseline ad-
justment and peak integration of the thermograms. The obtained
heat values were corrected by the heat value of titrant dilution,
which was measured in a separate run (for detailed information,
see Figure S8).

Single-Crystal X-ray Diffraction

Claret-violet crystals of 1:6 MeCN suitable for X-ray structure deter-
mination were obtained by slow evaporation of an acetonitrile so-
lution containing HeL (18 umol) and UO,(NO,),-6H,0 (2 equiv.)
within 10 days. Crystals were selected under a polarizing optical
microscope and were mounted on a Micro-Loop TM (MiTiGen,
USA) with mineral oil for single-crystal X-ray diffraction measure-
ments. Single crystals were analyzed with a Bruker D8 VENTURE
diffractometer with a PHOTON 100 CMOS detector at 273 K (71 h)
and microfocus MoKa radiation (1=0.71073 A). Crystallographic
parameters and details on crystal structure determination are listed
in Table S1. Several sets of narrow data frames were collected at
different values of 0 for two initial values of ¢ and w, respectively.
Data reduction was performed by using SAINT (Version 8.37A).%"
The substantial redundancy in data allowed a semiempirical ab-
sorption correction (SADABS-2016/2)" to be applied on the basis
of multiple measurements of equivalent reflections. The structure
was solved by intrinsic phasing (SHELXT, Version 2014/5),“ devel-
oped by successive difference Fourier syntheses and was refined
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by full-matrix least-squares on all F2 data by using the SHELXL pro-
gram suite (Version 2014-7)®” and ShelX1.®® Integration of the data
using a triclinic unit cell (Z=2) yielded a total of 12531 reflections
to a maximum 6 angle of 19.03° (1.09 A resolution), of which 6348
were independent (average redundancy 1.974, completeness=
99.9%, Rix=1.85%, Rj;=2.46%) and 5614 (88.44%) were greater
than 20(F2). The final anisotropic full-matrix least-squares refine-
ment on F2 with 947 variables converged at R1=5.20% for the ob-
served data and wR2 =13.80% for all data. The goodness-of-fit was
1.060. Hydrogen atoms of the phenyl rings were initially placed at
the calculated positions and were allowed to ride on the parent
atoms. The final refinements included anisotropic thermal parame-
ters of all non-hydrogen atoms. The largest peak in the final differ-
ence electron density synthesis was 4.975 eA and the largest
hole was —1.032eA® with a root-mean-square deviation of
0.116 e A2, This residual density located 1.77 A from C31 is proba-
bly due to a highly disordered nitrate ion. Attempts to model this
disorder were not successful due to poor resolution of the mea-
surement. Other explanations (e.g. directly bound atoms) could be
ruled out because of steric hindrance and chemical restrictions.

CCDC 1581423 (1-6MeCN) contains the supplementary crystallo-
graphic data for this paper.”*”

Liquid-Liquid Extraction

The extraction of U and Eu" from the aqueous phase by HgL in
chloroform was performed at pH=2-9. The general extraction pro-
cedure was as follows: The respective aqueous phase contained
10 um Eu" and 10 pm UY. The pH value was adjusted by using di-
luted NaOH and HCIO, solutions. Sodium tetraborate decahydrate
was used as a pH buffer at a concentration of 13 mm. A 4 mL ali-
quot of the aqueous phase was added to 4 mL of the organic
phase containing 40 um H¢L. For liquid-liquid extraction PFA (per-
fluoralkoxy polymer) vials (AHF analysentechnik AG) were used.
The two-phase mixture was shaken for 12 h at 400 rpom by a Ther-
moshaker MKR 23 (Hettich Benelux B.V., Geldermalsen). After reach-
ing equilibrium, the aqueous and organic phases were separated
by centrifugation. Then, the pH of the aqueous phase was mea-
sured again. The initial and equilibrium concentrations of Eu" and
U" were determined by inductively coupled plasma mass spec-
trometry (ICP-MS, Elan 9000, PerkinElmer). The extraction values
were calculated as follows [Eq. (2)]:

E [%)] = 100 x (Ct';&) 2
initial
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