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ABSTRACT: The solution-state interactions between octadentate o L. , |
hydroxypyridinone (HOPO) and catecholamide (CAM) chelating . ¢ ¢ . /\/VOLLV“ Jo! i FJ‘/
ligands and uranium were investigated and characterized by UV— L/ # 1 L -~
visible spectrophotometry and X-ray absorption spectroscopy (XAS), T Hoy L e

as well as electrochemically via spectroelectrochemistry (SEC) and (0] HOT,,T ,,T‘NﬂwmfwwnwL';LOH

cyclic voltammetry (CV) measurements. Depending on the selected ! . Q’Ko
chelator, we demonstrate the controlled ability to bind and stabilize
uv, generating with 3,4,3-LI(1,2-HOPO), a tetravalent uranium
complex that is practically inert toward oxidation or hydrolysis in
acidic, aqueous solution. At physiological pH values, we are also able
to bind and stabilize U™ to a lesser extent, as evidenced by the mix of
UY and UY' complexes observed via XAS. CV and SEC
measurements confirmed that the U complex formed with 3,4,3-
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LI(1,2-HOPO) is redox inert in acidic media, and U"! ions can be reduced, likely proceeding via a two-electron reduction process.

B INTRODUCTION

As the use of actinides in both the nuclear power and defense
sectors over the past 70 years has resulted in environmental
releases of radionuclides generated during associated activ-
ities,' > the development of aqueous actinide chelation
chemistry remains continuously relevant.”” Understanding
the fundamental bonding interactions of individual actinide
cations is critical for ongoing efforts focused on improving
actinide decorporation therapies and developing new environ-
mental remediation strategies. This is particularly true for the
highly water-soluble uranyl cation, UY'0,**, which is the
predominant form of uranium (U) found in the environ-
ment.”” The significant mobility of the uranyl cation
introduces risks for radiological contamination, which is a
crucial public health issue, as uranium exhibits both chemical
and radiological toxicity.” Once internalized in the human
body, U ions move rapidly throughout the bloodstream and are
primarily deposited in the kidney and the skeleton.”'’
Clearance following uptake and deposition of U is known to
be slow, with decorporation via metal-ion chelation considered
the best method for promoting excretion of actinides in vivo.
However, despite significant research efforts in this area, there
are no effective chelators for U decorporation currently
approved by the U.S. Food and Drug Administration, and
the sole approved actinide decorporation ligand, diethylene-
triaminepentaacetic acid (DTPA), is contraindicated for the
treatment of U contamination, as it may favor the translocation
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of U and increase the metal concentration in specific biological
compartments such as the kidneys.""'*

Multidentate hydroxypyridinone (HOPO) and catechola-
mide (CAM) ligands are known to chelate both actinide (An)
and lanthanide (Ln) cations exceptionally well both in vitro
and in vivo,"">'* and have been shown to be effective
decorporation agents of trivalent and tetravalent actinides in
multiple animal models.'”*>'® The octadentate 3,4,3-LI(1,2-
HOPO) (Scheme 1), denoted 343-HOPO hereafter,'’ was
designed for tetravalent plutonium (Pu) chelation,”'" and has
proven exemplary for coordinating a range of tetravalent p-, d-,
and f-block metals.'” "> Moreover, it has been shown to
significantly increase excretion in vivo of actinyl species such as
UY' and NpY,'” although the mechanism for these latter
findings is not well understood. The coordination chemistry
and solution thermodynamics of [UO,]**-343-HOPO binding
have been investigated in several studies, revealing that 343-
HOPO binding with hexavalent uranium is less thermodynami-
cally favorable than that of other targets such as Pu™.'>'®??
We recently observed 343-HOPO chelation-driven activation
and concurrent reduction of the neptunyl(V) cation to
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Scheme 1. Spermine-Based Octadentate Ligand31
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IFor each ligand, the 3,4,3-LI scaffold is connected through amide linkages to four metal-binding units, which are either 1,2-HOPO (blue) or CAM
(green) moieties (metal-binding atoms highlighted in red). Only four ligand combinations are easily accessible through classical synthetic methods:
(a) 3,4,3-LI(1,2-HOPO), (b) 3,4,3-LI(CAM),(1,2-HOPO),, (c) 3,4,3-LI(1,2-HOPO),(CAM),, and (d) 3,4,3-LI(CAM) (respectively denoted
343-HOPO, 343-CHHC, 343-HCCH, and 343-CAM hereafter).
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Figure 1. UV—vis absorbance spectra of samples containing: 25 uM of 343-HOPO (black curves), 25 uM of 343-HOPO and U™ (blue curves),
and 25 uM of 343-HOPO and U"" (green curves). Background electrolyte: (a) 0.1 M HCI (pH 1), (b) 0.1 M H,SO, (pH 1), (c) 20 mM HEPES
(pH 7.4), and (d) 0.1 M HCI (pH 1). Path length: 1 cm. Absorbance corrected from blank background electrolyte for each sample. T = 25 °C.

Np",”»** and here we extended these efforts to investigate known instability of U" in the presence of molecular
whether a similar chelation-induced reduction mechanism oxygen.”””" This complication makes the UY/UY redox
could occur in uranium systems. couple hard to evaluate and has thus far limited the
The chemically-mediated reduction of U, from +VI to +1V, applicability of chelation-driven reduction as a means for U
is known in synthetic schemes,”~*’ biological systems,”® and decorporation, although recent efforts have elucidated some
the environment,” yet the reduction is complicated by the details about U two-electron processes in both aqueous and
974 https://dx.doi.org/10.1021/acs.inorgchem.0c03088
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nonaqueous systems.27’31_33 Here we began our investigation
into uranium chelation by looking at fundamental binding
interactions of U" and UY! complexes featuring 343-HOPO as
well as three synthetic analogs via UV—vis spectrophotometry.
The additional 343 ligands are also built on the spermine
backbone and incorporate either four CAM metal-binding
groups, 3,43-LI(CAM) (Scheme 1), denoted 343-CAM
hereafter,** or a combination of 1,2-HOPO and CAM moieties
directed by selective attachment to the primary or secondary
amines of the scaffold, 3,4,3-LI(CAM),(1,2-HOPQO), and
3,4,3-L1(1,2-HOPO),(CAM),, respectively abbreviated 343-
CHHC and 343-HCCH (Scheme 1).'* Detailed solution-state
electronic and structural information for both UY and UY!
complexes were obtained via X-ray absorption near edge
structure (XANES) and extended X-ray absorption fine
structure (EXAFS) spectroscopies, which highlighted the
capability of the 343-chelators, except 343-CAM, to stabilize
U"Y complexes in aqueous media at physiologically relevant
pH. Moreover, using spectroelectrochemistry (SEC) as well as
cyclic voltammetry (CV) measurements, we were able to
delineate mechanistic information related to U redox processes
using 343-HOPO. These results are particularly notable as
tetravalent actinides are prone to hydrolysis, even under very
acidic conditions,® thus electrochemical characterization of
aqueous U" complexes with organic ligands is scarce, with
only a few known examples studied in aqueous systems.**

B RESULTS AND DISCUSSION

Optical Absorption Spectroscopy. The UV-—visible
(UV—vis) absorbance spectra of 343-HOPO under acidic
and neutral pH conditions upon addition of U" or U"! are
shown in Figure 1. The 1,2-HOPO chromophores are known
to absorb light in the UV region, and in the case of 343-
HOPO, there is a 7—7* band centered at approximately 305
nm that, when fully protonated, is sensitive to metal binding,
which manifests as changes in both extinction coefficient and
wavelength of maximum absorbance. Compared to free 343-
HOPO, the UV—vis spectrum is red-shifted upon addition of
UY in 0.1 M HCI and 0.1 M H,SO, by 7.5 and 6.5 nm,
respectively, while the addition of U"" in acidic media does not
result in a peak shift and only yields small (~4000—6000 M
cm™") changes in extinction coefficients (Figure la,b). Taken
together, these results indicate that U" is complexed by 343-
HOPO, consistent with 343-HOPO binding behavior
previously observed with tetravalent transition metals and f-
elements,’” ! while U"! jons are largely free in 0.1 M HCl and
0.1 M H,SO,. In contrast, the UV—vis spectra recorded at pH
7.4 are blue-shifted by approximately 10 nm upon addition of
U"Y and U, compared to free 343-HOPO (Figure 1c). UV—
vis spectra of the free chelators 343-CHHC, 343-HCCH, and
343-CAM, as well as corresponding spectra upon addition of
UY or UY, at pH 7.4 are shown in Figure SI (Supporting
Information). In acidic media, each of these ligands is partially
protonated due to the additional protons of the CAM
functional groups,M’34 and thus, no binding was observed
with either U™ or UYL Compared to the free chelators at pH
7.4, we note similar behavior to what was observed for 343-
HOPO, as the UV—vis spectra upon addition of U" and U"!
are blue-shifted for each of the corresponding free 343-ligands
(Figure S1, Supporting Information).

Inspired by the greater stability to oxidation of U" in acidic
media,>”*® we also investigated the long-term behavior of uv-
343-HOPO complexes in acidic media and observed that in 0.1

975

M HCI, U"Y-343-HOPO is practically inert to oxidation as
prolonged (1 year) exposure to air caused only slight changes
in the UV—vis spectrum (Figure 1d). Experimental con-
firmation of inert U™ complexes toward oxidation or
hydrolysis in aqueous solutions is unusual, with only a few
known examples.””****** Extended aging of U" in aqueous
media can also lead to changes in metal-ion speciation;*>*’
however, this was not observed here via UV—-vis or
investigated via other techniques, which suggests the uv.
343-HOPO complex is very stable, a likely result of the
thermodynamic benefits of the chelate effect and the known
selectivity of 343-HOPO for tetravalent metal cations.* To
improve our understanding of U™ and U"" coordination by the
343-ligands, we turned to X-ray absorption spectroscopy.
X-ray Absorption Spectroscopy. XANES and EXAFS
spectra were collected at the U Ly; absorption edge (see
Supporting Information for details) on a series of aqueous
samples featuring either U" or UY' with each of the 343-
ligands, which were all prepared at pH 7—8 to ensure ligand
deprotonation and formation of a single species in solution.
XANES and EXAFS spectroscopies are of particular interest
for systems with accessible redox couples, such as those
described herein, as they can be used to determine metal
oxidation states in solution by comparing spectral features,
edge energies, and local structure environments to known
standards for a given element. XANES spectra at the U Ly;-
edge of all U"- and U"-343 ligand complexes, with the
exception of U'-343-CAM, which precipitated prior to
measurement, are shown in Figure 2. While edge energy shifts
and white line positions are largely similar for U" and U'
complexes (typically only ~1 eV higher for UY"),** spectra
from UY actinyl systems have two characteristic features: (1) a
general reduction in the amplitude of the white line and (2) a
shoulder at approximately 17185 eV above the main white line
peak at ~17173 eV. This high energy feature in the XANES
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Figure 2. Comparison of U Lj-edge XANES spectra for aqueous U™-
and U343 ligand complexes at 50 K. The presence of an “yl”
shoulder at approximately 17185 eV in the U"-343-ligand spectra
suggests a heterogeneous mixed UY/U"! valence state.
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Figure 3. EXAFS data and fit results for aqueous U'™-343 ligand complexes at 50 K. Left: EXAFS results in k-space. The filtered data and fit were
back-transformed over the fit range (see the Supporting Information for details). Right: Fourier transforms (FT) of the k-space data and fit. Vertical
dashed lines indicate the fit range. Data were transformed between 2.5 and 13.8 A™' by using a 0.3 A~! wide Gaussian window. The raw unfiltered
data error bars (encompassed by the solid gray shaded area around the data set) were estimated by the standard deviation of the mean between

traces.

spectra of UY' complexes can be attributed to scattering
associated with the axial oxygen atoms of the linear uranyl
moiety and is often described as an “yI” shoulder. Both the
reduced white line amplitude and “yl” shoulder features exist in
the spectra of U™V-343-HOPO, U"-343-HCCH, and U"-343-
CHHC, albeit to a lower degree than in a pure U"' system,
hinting at possible heterogeneous mixed U"/U"" valence state

for each complex.
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Compared with the growing collection of U™ solid-state
structures,*”*>* limited structural information is available for
U species in solution.”” " EXAFS spectroscopy was
employed to acquire information about the local structure
around U" cations, and high quality data were obtained from a
wave vector, k, of 2.5 to a maximum of 13.8 A™'. Figure 3
shows the k*-weighted U Lyj-edge EXAFS spectra and
corresponding Fourier transforms (FTs) with all fitting
parameters included in Table S1 (Supporting Information).

https://dx.doi.org/10.1021/acs.inorgchem.0c03088
Inorg. Chem. 2021, 60, 973981
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Figure 4. Cyclic voltammograms for 0.5 mM U™-343-HOPO complexes collected at a scan rate of 100 mV/s in (a) 1 M SO,*~ at pH 2.3, (b) I M

NO;™ at pH 1.3, and (c) 1 M CI at pH 1.3.

Note that the r-axis in Figure 3 differs from the actual bond
lengths due to known phase shift effects and therefore fits to
known, or calculated,”’ lineshapes are required to extract
metrical information.

Qualitatively, the EXAFS signals are well described by a
fitting model based on calculated tetravalent and hexavalent
An-HOPO structures.*”>* The fitting models for all three uv

977

complexes could not be satisfactorily fit as only U species due
to the substantial features near 1.4 A in the FTs at low r that
are unaccounted for in U"-only models (Figure 3). Such
features are indicative of the axial U—O pairs (hereby denoted
U-0,,) of an “yI” complex™ and are consistent with the
presence of the high energy shoulder in the XANES spectra for
each of the U'V-343-chelator complexes (Figure 2). When fits

https://dx.doi.org/10.1021/acs.inorgchem.0c03088
Inorg. Chem. 2021, 60, 973981
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Figure 5. Normalized UV—vis absorption spectra between —200 and 750 mV versus Ag/AgCl of 0.5 mM [U"-343-HOPO] in (a) 1 M SO,* at
pH 2.3 and (c) 1 M CI™ at pH 1.3, recorded with 30-s steps for each 10 mV. 343-HOPO maximum absorbance versus potential for (b) 1 M SO,*~
at pH 2.3 and (d) 1 M CI~ at pH 1.3. Wavelengths of maximum absorbance range from 307.5 to 313.5 nm for panels b and d. Path length: 1 cm.
Absorbance corrected from blank background electrolyte for each sample. T = 25 °C.

to the EXAFS spectra for each complex are updated to account
for a contribution from U—O,, scatterers, fit statistics improve
significantly. Focusing on the U™-343-HOPO complex, the
fitting model attributes the first scattering shell to eight U-O
scatterers, with a contribution from two U—O,, scatterers (for
the full model and results, see the Supporting Information).
Using this model generates a high quality fit to the EXAFS data
(Figure 3), and the fit results are broadly consistent with
coordination to HOPO ligands. Beyond the short U-O,,
distances, U—O bond distances with 343-HOPO were found
to be at an average of 2.39(1) A, which is in excellent
agreement with M"V—O distances of 2.38 A predicted by
density functional theory calculations for U".>* A pair of U~
O,, scatterers at a bond length of approximately 1.75 A (in
contrast to ~2.4 A for U—O scatterers in the equatorial plane)
would be diagnostic of a pure U" sample. The fit for U'"-343-
HOPO yielded 0.7(3) U-0,, scatterers at 1.74(2) A implying
approximately 35% UY' in this sample. We observe similar
results in the fit models of U"-343-HCCH and U™-343-
CHHC (Figure 3), where U—O coordination to the 343-
ligands (second shell) is attributed to eight U—O scatterers for
both U™-343-HCCH and U"-343-CHHC, with an average
U-0 bond distance of 2.39(2) A for both complexes. Similar
to what was observed with 343-HOPO, there was also a
contribution from U—O,, scatterers indicative of the presence
of UV™. The fitting models for both U'Y-343-HCCH and U"-
343-CHHC include 1.2(3) U—O,, scatterers (equivalent to
60% U"") at approximately 1.76(1) and 1.78(1) A,
respectively. Collectively, along with XANES signatures,
these EXAFS results indicate that each species is a
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heterogeneous mixed valent UY'/U" complex, similar to
what we recently observed and reported for 343-HCCH with
neptunium.22

The EXAFS spectrum of UY'-343-HOPO has been collected
previously'’ but was recollected here to allow for comparison
with UY-343-HOPO, as well as UV complexes with the other
343-chelators. The FT of the EXAFS spectra for U"! with all
four 343-chelators revealed the characteristic two peaks that
are well-known for actinyl moieties (Figure S2, Supporting
Information). As a result, we included approximately two U—
O, scatterers at values ranging from 1.75 to 1.79 A in the first
shell of the UVI-343-Iigand fits, and the second shell of the UV
343-chelator fits included six U—O scatterers at an average
value of 2.42 A (Table S2, Supporting Information). For all
four UY" complexes, U"'—O bond distances in the axial and
equatorial planes of the uranyl cation are found to be
characteristic for uranyl species, which is consistent with
previous experimental and theoretical reports on UY-343-
HOPO.'"*?

Electrochemical Measurements. To gain insight into the
electrochemical stability of U™ and UY' complexes in aqueous
media, CV and SEC measurements were carried out over the
potential range of —200 mV to 1000 mV (vs Ag/AgCl
electrode) at a sweep rate (v) of 100 mV/s. 343-HOPO was
selected as the ligand of choice for all electrochemical
measurements described herein, as it forms the most stable
complexes with U of any of the 343-chelators (vide supra),
and the electrochemical behavior of the free chelator has been
previously described.'”** Voltammograms of [U"-(343-
HOPO)] complexes made in situ revealed a well-defined
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reversible redox reaction directly after sample preparation
when Na,SO, and NaNO; were the background electrolyte,
and this behavior was consistent across a range of sweep rates
(Figure 4 and Table S3, Supporting Information). With NaCl
as the background electrolyte, we note that results differ since
in this system no redox events take place within the
measurement window, which may be a result of high current
masking the zone of interest (Figure 4). We attribute the
reaction in sulfate and nitrate media to a U /U" two-electron
oxidation process, with the observed E;, values of 756(7) mV
versus Ag/AgCl using Na,SO, and E;;, = 761(1) mV versus
Ag/AgCl for NaNO; in excellent agreement with calculated
values based on experimentally derived and predicted log S
values for U"™- and UY-343-HOPO.'”*” Peak-to-peak
separation AE = |E,, — E,l is 106(12) mV for Na,SO, and
102(7) mV for NaNO;, with a sweep rate of 100 mV/s,
indicating that these two systems may exhibit non-Nernstian
responses. Such non-Nernstian behavior in these systems may
be a result of an electrode absorbed event but may also be due
to kinetics arising from an incompatible rate of ligand
complexation with the rates of uranyl oxo activation and
bond cleavage.>

The n—n* spectral band of 343-HOPO is at ~305 nm in
acidic media, and is sensitive to metal binding (vide supra),
which manifests as both changes in extinction coeflicient as
well as in the wavelength of max absorbance. More recently, a
correlation between actinide oxidation state and the position of
the 343-HOPO 7z—7n* band was demonstrated for tetravalent
metal cations,'” and based on these findings, we anticipate the
absorption band of 343-HOPO upon binding to U" should
appear at ~310 nm. SEC measurements of [U'-343-HOPO]
using sulfate as a background electrolyte resulted in a ligand-
based band at 310(2) nm, indicative of the [U™-343-HOPO]
complex rather than [UV-343-HOPO]* or [U-343-HOPO]**
species (Figure 5). Similarly, in chloride media, the ligand-
based band was found to be at 310(3) nm, also indicative of
the [U"-343-HOPO] complex (Figure 5). Notably, SEC
characterization of U'-343-HOPO in 1 M CI features the
same singularity that was observed using CV, specifically high
current over the sweep range —200 to 1000 mV. This may be a
result of a quick oxidation of the solvent, although it is possible
a catalytic process is taking place. Such behavior for uranium
has precedent, particularly in nonaqueous systems, as
evidenced by the production of chlorine from HCI using
uranium oxides,>* although this was not something we
investigated as part of this study. On the basis of the shape
of both the raw results and the plots of maximum absorbance
versus potential (Figure Sb,d), it appears that CI” may also
enhance the catalytic properties of uranium in this system with
343-HOPO, and this is an area of ongoing investigation in our
lab.

After 48 h, the reversible redox reactions noted in Figure 4
were no longer observed in either sulfate or nitrate media,
while the voltammogram using chloride as a background
electrolyte remained stable over time (Figure S4, Supporting
Information). We hypothesize that this change in electro-
chemical behavior is explained by the extraordinary stability of
[U'V-343-HOPO], which is also a thermodynamically favored
product, as reoxidation to UY or UY' would involve the
addition of one or two electron(s) and a modification of the
coordination number to allow for the addition of two axial
oxygen atoms. We also considered redox processes involving
the reduction of UY' to UY and the subsequent disproportio-

nation of UV as there is some precedent for this redox
pathway;%’29 however, U" after UY disproportionation is often
observed in the form of UO,,”® and we saw no evidence of this
species spectroscopically.”® Thus, the growing peaks on the
reduction side in the SEC maximum absorbance versus
potential plots (Figure Sb,d) are not due to uranium, rather
they are likely a result of either a reduction of the amount of
water oxidized during the oxidation offset or a reduction of
gold from the working electrode due to an electrode absorbed
event.

B CONCLUSIONS

In summary, chelation and stabilization of U" were observed
in condensed aqueous phases. With 343-HOPO, UV—visible
spectrophotometry indicated formation of a U" complex that
is practically inert toward oxidation or hydrolysis in acidic,
aqueous solution. XANES and EXAFS spectroscopies on U™~
and UY'-343 ligand complexes confirmed metal ion binding,
and provided some of the first structural data on heteroge-
neous mixed valent UY'/U"Y chelates, at physiologically
relevant pH. Additionally, these results indicate that 343-
ligands can stabilize U™ outside the acidic pH window, which
is very unusual, and also aid in understanding previously
observed U-343-HOPO decorporation results.”> CV and SEC
measurements demonstrated that the U complex with 343-
HOPO is relatively stable after approximately 48 h, and U"!
ions can be reduced in aqueous systems, likely proceeding via a
two-electron reduction process similar to what has been
observed recently in both aqueous and nonaqueous
systems.””*> As An""/An" interactions are of significant
importance in the nuclear reprocessing and actinide migration
schemes, work is in progress to better understand the
conditions over which different uranium species are stable in
solution, which is important for the development of reliable
models that accurately predict the chemical behavior of these
radionuclides in chemical, biological, and environmental
systems. Moreover, we aim to extend the chemistry highlighted
herein to other actinyl systems including protactinium,
plutonium, and americium.
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