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Abstract: The importance of uranyl(V) (UO2") species associated with
environmental and geologic applications is becoming increasingly
evident, but the tendency of the uranyl(V) cation to disproportionate
in water has prevented the isolation of stable complexes. Here we
demonstrate that in the presence of the tridentate complexing
dipicolinate (dpa?), a ligand highly abundant in soil, the uranyl(V)
species can be stabilized and isolated in anoxic basic water. Stable
uranyl(V) dipicolinate complexes are readily formed from the reduction
of the uranyl(VI) analogue both in organic solution and in basic water,
and their solution and solid-state structure were determined. A bis-
dpa UYO2" complex was obtained from water at pH10, while at higher
pH values, a trinuclear mono-dpa cation-cation complex was isolated.
These results present the second ever isolated water stable uranyl(V)
complex. Moreover, we demonstrate that dipicolinate complexes of
UY'0,2*, UY0O," and U(IV) are strongly luminescent with a signature
characteristic of each oxidation state. This provides unique examples
of luminescent U(V) and U(IV) compounds.

Introduction

Uranyl(VI) (UO2?*) compounds are the dominant uranium species
in environmental conditions, and their solubility is responsible for
uranium migration.[ In an anoxic environment, uranium migration
can be mitigated by iron containing minerals and bacteria which
reduce uranyl(VI) to insoluble forms of U(IV) such as UO2 or
polymeric complexes of organic ligands.”®! The mechanism of
the environmental reduction remains elusive but its knowledge is
crucial for the development of remediation strategies at sites
contaminated with uranium.®! The low stability of uranyl(V) (UO2*)
in water, where it tends to disproportionate to UO2%* and to U(IV),
has previously minimized its environmental relevance. More
recently, the occurrence of uranyl(V) (UO2*) in the environment
and its role as an intermediate in the mineral-mediated and
microbial reduction of uranyl(Vl) has been documented in an
increasing number of studies.*® % However, the complexity of the
environmental conditions often prevents the characterization of
the species involved, rendering the study of simpler chemical

models highly desirable. In recent years, an increasing number of
stable mononuclear and polynuclear complexes of uranyl(V) were
isolated from organic solutions and structurally characterized. ¢!
Understanding of the parameters controlling the chemical
reduction of uranyl(VI) to uranyl(V) in organic solution is also
increasing.['® ' 71 Fewer examples of direct reduction of
complexes of uranyl(VI) to U(IV) species have been reported,
either in the gas phase!® or in non-aqueous anaerobic media,
where they usually involve the preliminary functionalization of the
uranyl oxo groups.['a 8k 7d. 7e. 9]

Moreover, studies of the reduction of uranyl(VI) to yield stable
uranyl(V) species®® % in environmentally relevant aqueous
conditions were limited, until recently, to early reports on the aqua
ion at low pH (2-4) %' and to the carbonate complex
[UO2(CO3)3]1"d that was produced electrochemically in basic
conditions (pH=11.7-12) but was never isolated.

Recently, we reported the first example of a structurally
characterized uranyl(V) complex, [UO2z(dpaea)] (left, Figure 1;
Hodpaea = bis(pyridyl-6-methyl-2-carboxylate)-ethylamine),
stable in water at pH 7-11.'1 We demonstrated that the stepwise
reduction of the uranyl(V1) complex [UO2z(dpaea)] can be effected
with stoichiometric amounts of sodium dithionite in water to yield
a stable uranyl(V) analogue and a well-defined molecular U(IV)
species.["4]

The high denticity of the dpaea? ligand, which tightly occupies five
coordination sites in the equatorial plane of the UO2* species, is
believed to be crucial in stabilizing [UO2(dpaea)] against
disproportionation. Notably, the ligand prevents the interaction
between the basic uranyl(V) oxo group and the U center of
another UO2* species, also known as cation-cation interactions
(CCI," that were identified as intermediates in uranyl(V)
disproportionation. ™ ¢7. 151 Additionally, the presence of picolinate
binding groups in the dpaea® ligand is also crucial in preventing
ligand dissociation in water solution.['3 16l
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Figure 1. Structure of the uranyl(V) complex [UO2z(dpaea)](left) and of the
uranyl(V1) dipicolinate [UOz(dpa)2]* (right).

The structural,l'”l the thermodynamicl'® and the kinetic™
properties of the uranyl(VI) (right, Figure 1) and neptunyl(V)
complexes of the dipicolinate ligand (dpa?; Hzdpa=pyridine-2,6-
dicarboxylic acid), a low denticity analogue of dpaea®, have
attracted numerous studies due to its relevance as an effective
extractant of actinides for spent nuclear fuel reprocessing
applications.?® The chemistry of the dipicolinate ligand was also
studied for a broad range of heavier actinide ions.?''?2 Stability
constant data previously measured in moderately acidic aqueous
solutions (pH < 7) by spectrophotometry show that dpa® strongly
binds both UO2?* and NpO2*.['® However, the stepwise reduction
of uranyl(VI) dpa complexes has never been investigated and
uranyl(V) complexes of dipicolinate remain elusive.

Herein, we report the stepwise reduction of uranyl(VI)-
dipicolinate complexes in both organic and aqueous solutions,
resulting in the structural characterization and isolation of stable
mono- and bis-dpa complexes of uranyl(V). We find that a high
ligand denticity is not essential in isolating water stable complexes
of uranyl(V). Instead, the tridentate ligand dpa? is able to stabilize
uranyl(V) both in organic and in agueous solution, which is of high
environmental relevance. Notably, dipicolinic acid is highly
abundant in soil®® where it composes up to 20% of the dry weight
of sedimental bacterial spores.?*!

Further, we have synthesized and characterized dipicolinate
complexes of uranium in three oxidation states. We show that the
UO2%*, UOz*, and U(IV) all form water stable dipicolinate
complexes which are strongly luminescent and which show
different spectral signatures. This suggests that luminescence
spectroscopy is well poised to probe the reduction of UO2** in
dipicolinate rich environments.

Results and Discussion

Synthesis, structure and stability in organic solution.

The synthesis of stable dipicolinate complexes of uranium in three
oxidation states was pursued.

First, we investigated the possibility of preparing a uranyl(V)
complex of the dpa? ligand in organic solution both by reduction
of the uranyl(VI) analogue and by direct salt metathesis reaction
with the uranyl(V) precursor [(UYO2Pys)(KI2Py2)]n2.

The addition of 2.2.2.cryptand (2.2.2.crypt) to the insoluble
polymeric uranyl(V1) dipicolinate complex [K2U"'Oz(dpa)2],? 1
afforded the mononuclear U(vi) complex
[K(2.2.2.crypt)]2[UV'O2(dpa)2], 1-Crypt (Scheme 1)(Fig. S56).
The pyridine solutions of 1-Crypt demonstrated to be
photosensitive leading to the formation of reduced uranium
species after exposure for several hours to visible light emitted by
a fluorescent lamp. The irradiation of the solution of 1-Crypt in a
photoreactor at A=420 nm resulted in the complete
disappearance of the 'H NMR signals assigned to 1-Crypt
resulting in the formation of a mixture of photo-reduced U(IV) and
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U(V) products (Scheme 2). One set of signals was clearly
identified and assigned to the U(lV)  complex
[K(2.2.2.crypt)]2[U"(dpa)s] (2-Crypt). Quantitative integration of
the '"H NMR spectrum showed ca. 30% conversion (based on U)
to the uranium(IV) complex [U"(dpa)s]?* (2-Crypt) after 1.5 hours
of irradiation at 420 nm (Fig. S2-S4). X-ray quality crystals of
[K(2.2.2.crypt)]2[UV(dpa)s] (2-Crypt) were isolated by slow
diffusion of DIPE into a solution of 1-Crypt in pyridine after
irradiation at A=420 nm for 1.5 hours (Fig. S57).

The U(IV) complex [K(2.2.2.crypt)]2[U"V(dpa)s], 2-Crypt, was
independently prepared from the reaction of the uranium(lV)
iodide precursor [Uls(dioxane)1.s] with 3 equiv. of Kzdpa in pyridine
followed by the addition of 2.2.2.crypt (Fig. S5). The insoluble
analogue of [K2U"(dpa)s], 2, formed in the absence of 2.2.2.crypt.
Photochemical reduction of uranyl(Vl)-containing complexes to
U(IV) or U(V) species has been reported,'® but the products of
the reduction have rarely been structurally characterized.!'2 261
With the uranyl(VI) dipicolinate 1-Crypt on hand we then pursued
the chemical synthesis of the uranyl(V) analogue. The uranyl(V)
dipicolinate complex [K(2.2.2.crypt)]a{[KUYO2(dpa)2]}s, 3 was
prepared by the salt metathesis reaction of 1 equiv. of
[(UYO2Pys)(KI2Py2)]» with 2 equiv. of Kzdpa in anhydrous pyridine
solution in the presence of 5 equiv. of 2.2.2.cryptand (Scheme 1).
Complex 3 was obtained analytically pure as a blue crystalline
solid in 46% yield by slow diffusion of DIPE into a MeCN solution
of the reaction mixture. The EPR measurement confirmed the
presence of a U(V) species in solid state. %9 '3 The spectrum
could be fitted with a rhombic set of g values (g1=2.7; g2=1.28;
g3=1.1) (S| Section IV, Fig. S32).
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Scheme 1. Synthesis of the complexes 3 and 3-Crypt.

The uranyl(V) complex [UYO2z(dpa)2]*, can also be prepared by
the chemical reduction of the uranyl(VIl) complex 1-Crypt with 1
equiv. of Cp'2Co in pyridine as indicated by 'H NMR spectroscopy
(Fig. S6). The addition of excess reducing agent to 1-Crypt or to
the isolated uranyl(V) complex 3 did not lead to further reduction
(Fig. S6-S7). However, upon addition of pentafluorophenyl
borane to the reaction mixture, further reduction of the uranyl(V)
species was observed. Notably, the 'TH NMR spectrum of a
pyridine solution of 1-Crypt after addition of 2 equiv. of B(CsFs)3
and 2 equiv. of Cp2Co (Scheme 2) shows the appearance of
resonances assigned to the uranium(IV) complex [U"(dpa)s]* (2-
Crypt) along with the disappearance of the peaks assigned to the
uranyl(V) complex 3 (Fig. S6). This result suggests that B(CsFs)3
binds to the uranyl(V) oxo groups resulting in a more facile
reduction to the uranium(lV) species. Hayton and co-workers
reported previously that binding of B(CsFs)s to the uranyl(V) oxo



groups facilitate the reduction [Cp*2Co][UYO2(*"acnac)] to the
corresponding U(IV) species.l"®
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Scheme 2. Chemical reduction and photoreduction of 1-Crypt to 2-Crypt in
pyridine.

The solid-state structure of 3 was determined by X-ray diffraction
studies and is presented in Figure 2.

The molecular structure of 3 shows the presence of an anionic
polymeric 1-D chain built from the binding of potassium cations to
four carboxylate groups between two crystallographically
inequivalent [UYO2z(dpa)2]* moieties. In addition, two well-
separated [K(2.2.2.crypt)]* cations complete the crystal structure.
The uranium cations in 3 are octacoordinated with a hexagonal
bipyramidal geometry by two tridentate dpa® ligands in the
equatorial plane and by two oxo groups in axial positions. The
values of the U=0 bond distances are characteristic of uranyl(V)
(1.841(2) and 1.853(2) A)®> 6a 6d 63 61 gnd the 0O=U=0
arrangement is perfectly linear. The O=U=0 is slightly tilted with
respect to the N-U-N axis (01-U1-N1=86.05(8)°). Interestingly, in
complex 3 no cation-cation interaction (CCl) is observed between
the axial oxo groups and K*. The presence of CCI interactions
between the electron-rich uranyl(V) oxo group and alkali ions was
found in most previously reported crystal structures of anionic
uranyl(V) complexes isolated from organic solutions.69: 6m. én. 6p, 6q,
el The absence of such interaction in complex 3 could be
explained by the strong alkali ion coordination site provided by the
four carboxylate units of the dpa® ligands from two neighboring
[UO2(dpa)2]* anions leading to the formation of a polymer. The
uranyl oxo groups are H-bonded to the co-crystallized molecule
of MeCN (mean U=0..H 2.31(5) A).
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Figure 2. Ellipsoid plot at 50% probability of [K(2.2.2.crypt)]zn{[KUVOz(dpa)z])n
(3) (co-crystallized MeCN molecules, [K(2.2.2.crypt)]* cations and the H of the
dpa ligands were omitted for clarity. H-bonding is represented by a green
dashed line (top); detail of the U(V) coordination sphere (bottom). Selected
distances (A) U(1)-0O(1) 1.841(2), U(2)-O(6) 1.853(2), O(1)---H(56A) 2.278(2),
O(6)---H(62A) 2.455(2), K(1)-O(8) 2.788(2), K(1)-O(7) 3.173(2), O(7)---H(62B)
3.834(3).CCDC numbers are given in Supporting Information.

Dissolution of crystals of the polymeric complex 3 in pyridine
yielded a colloidal solution, but the subsequent addition of 1 equiv.
of 2.2.2.crypt resulted in the complete dissolution of 3 and in the
shift of the NMR signals. This is assigned to the removal of an
additional binding potassium yielding the
[K(2.2.2.crypt)]s[UYOz(dpa).]  (3-Crypt) species. The higher
solubility of 3-Crypt suggests a mononuclear nature of the
product, but the broad character of the "NMR signals indicates
that some exchange occurs in solution between bound and
unbound potassium which could result in the presence of
oligomeric species. (Fig. S8-S9).

The 'H NMR spectrum of 3-Crypt in pyridine solution remains
unchanged for at least one month indicating that the complex 3-
Crypt is stable in pyridine solution (Fig. S10). Complex 3-Crypt
was also demonstrated to be photostable in pyridine (Fig. S11).
In contrast, the complete or partial disproportionation of
complexes 3 and 3-Crypt respectively was observed in
acetonitrile after 2 days (Fig. S12).

Moreover, the addition of 1 equiv. of PyHOTTf to a pyridine solution
of 3-Crypt resulted in the immediate disproportionation of the
uranyl(V) to afford the U(VI) complex 1-Crypt, the U(IV) complex
2-Crypt and other unidentified products as indicated by proton
NMR spectroscopy (Fig. S13). Proton induced disproportionation
of otherwise stable uranyl(V) complexes has been observed
previously both in organic and water solution. ©°: 13.27]

We also observed that the salt metathesis reaction between 1
equiv. of Kodpa and 1 equiv. of the uranyl(V) iodide precursor
[(UVO2Pys)(KI2Py2)]n in pyridine in the presence of a
stoichiometric amount of 2.2.2.cryptand results in the immediate
disproportionation of a putative U(V) mono-dipicolinate
intermediate to afford U(IV) and U(VI) products (Fig. S14).
These results indicate that, binding of one dipicolinate ligand to
the stable pyridine adduct of uranyl(V) in pyridine, leads to a
decreased stability and immediate disproportionation probably
through a CCI intermediate. Alternatively, the bis-dipicolinate
complex of uranyl(V) revealed stable in pyridine solution with
respect to the disproportionation reaction. The high stability of 3-
Crypt in pyridine is probably due the strong binding of the two
tridentate ligands in the equatorial plane which prevents cation-
cation interaction from occurring.

Structure and Stability in Water

The stability of the isolated uranyl(V) complex 3 in water was
investigated at pH 7, 9 and 10. The proton NMR spectrum
indicated that complete disproportionation of 3 occurs at pH=7 to
yield [UV(dpa)s]* and [UY'Oz(dpa))] > (Fig. S15), partial
disproportionation is observed at pH=9, while no products of the
disproportionation reaction are observed on the proton NMR
spectrum of the uranyl(V) complex at pH=9.5 - 10 or above,
demonstrating its stability in basic water solution (Fig. S16-17).
Additionally, the presence of U(V) in basic water solution was
confirmed by the measurement of the room temperature magnetic
moment peit =2.2 us by "H NMR spectroscopy using the Evans
method. 28 This value compares well with the value measured in



pyridine (Uef =2.1 ps) and is consistent with the presence of one
unpaired 5f' electron. (See Sl section V).[?%

The uranyl(V) dipicolinate complex can also be directly obtained
in water by the reduction of the U(VI) analogue [K2U"'O2(dpa)q]
(1) with 0.4 equiv. of Na2S204 at pH=10 (Scheme 3) (Fig. S18).
The addition of excess Na2S:04 at pH>10 does not result in
further reduction of the uranyl(V) (Fig. S19), but the formation of
U(IV) complex 2 is observed upon addition of sodium dithionate
to the U(V) complex 3 at pH<10 (pH=9.8; Fig. S20).
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Scheme 3. Chemical reduction of 1 in water at pH=10.
Red X-ray quality crystals of the uranyl(V) complex

[KNa2UO2(dpa)2] (3-NaK2) (Fig. S58) were obtained upon slow
evaporation of the reaction mixture. X-ray diffraction data showed
that the uranium center in 3-NaK2 has a very similar coordination
environment to complex 3 despite the presence of two additional
picolinate bound cations. However, in the solid-state structure of
3-NaK2 an extended H-bonding network is present and results in
a reduced symmetry. Namely, a H-bonding interaction is present
between the uranyl(V)-oxo groups and the co-crystallized water
molecules  (OU=0...H=1.98(6)A).The extended H-bonding
interaction, which is not observed in the crystal packing of the
uranyl(VI) complex [Na:UO2(dpa).],1-Na (See Supporting
information Fig. S59), reflects the increased basicity of the axial
oxo-groups of uranyl(V) in comparison to the uranyl(VI) analogue.

It should be noted that 1-Crypt also undergoes photoreduction in
water at pH=8-11 (2 h @ A=254) resulting in the formation of
uranyl(V) and U(IV) products (Fig. S21-S24). When irradiated with
a fluorescent lamp the reduction occurs at a significantly slower
rate than what observed in pyridine solution (Fig. S25; assignment
was based on the 'TH NMR of independently isolated products). At
high pH the formation of uranyl(V) is favored compared to U(IV).

"H NMR studies for both the U(VI) and U(V) complexes were
carried out in the dark at different pH values to further investigate
the nature of the stable solution species. The 'H NMR spectrum
of 1-Crypt measured in water at pH<8 suggests that only one
major species is present at this pH that was identified as
[UV'Oz(dpa)2]> (Fig. S26). In contrast, under more basic
conditions (pH=9-11) the 'H NMR data indicate that free dpa
ligand is present in solution together with two uranyl species, that
were assigned as the bis-dipicolinate complex [UY'O2(dpa)2]?, and
a mono-dipicolinate species (Scheme 4) (Fig. S27-S28). The loss
of one dipicolinate ligand at high pH can only be explained by the
formation of hydroxide species [UY'O2(dpa)(OH)y]™. X-ray quality
crystal of the hydroxo complex
[K(2.2.2.crypt)]2[(UV'O2(dpa))2(OH)2] (4) (Fig. S60) were isolated
by slow evaporation of a solution of 1-Crypt at pH=10 confirming
the presence of hydroxo species although the nuclearity of 4 and
the number of bound hydroxides may vary in solution. The 'H
NMR of crystals of 4 (Fig. S29) shows a broad signal for the dpa
ligand that is also found in the spectra of 1-Crypt at pH10. The
synthesis, '"H NMR spectrum and crystal structure of the hydroxo-
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bridged uranyl(Vl)-dpa complex [(UY'O2)(dpa)(OH)]2* had been
reported previously with a different counterion.l'7

'H NMR studies of water solutions of 3 showed that the
dissociation of one ligand occurs also for uranyl(V) above pH10
and increases with increasing the pH (Fig. S30), as observed for
1-Crypt, probably as a result of the formation of a uranyl(V) mono-
dpa hydroxo species. Notably, dissolution of complex 3 in water
at pH = 10 results in the presence of 'H NMR signals assigned to
the  bis-ligand  [UYOz(dpa)2]*,  mono-ligand  species
[UVYO2(dpa)(OH)y]™ and free dpa (Scheme 4). The stability of the
putative mono-ligand [UYO2(dpa)(OH),]™ species in water solution
contrasts with the immediate disproportionation of the mono-dpa
complex in pyridine.

These results indicate that, at high pH, the hydroxo groups are
tightly bound to the uranium center and therefore are capable of
saturating the uranium coordination sphere and prevent cation-
cation interactions even in the absence of polydentate ligands.

2 [K(2.2.2.crypt)]*

H,0 2-

pH =10/11 CjN: Hw O\Hv/\ 33
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Scheme 4. 'H NMR speciation of U(VI) and U(V) in water.

We investigated the possibility of isolating this species from the
reduction of in situ prepared uranyl(VlI) mono-dpa complex
[K(2.2.2.crypt)]2[UY'O2(dpa)(OH)]2, 4 with Na2S204in basic water
solution (Fig. S31). From the reaction mixture we isolated,
together with crystals of the complex 3-NaK2, a few crystals of a
novel triangular CCIl species with a proposed formula
[K(2.2.2.crypt)]o.s[H2KNa1.5{UO2(dpa)}sSO3s] 5, and presenting a
U3Os core with three uranyl groups involved in U=0...U
interaction (Figure 3). Stable uranyl(V) CCI complexes of different
geometries have been isolated in organic solutions.[6? 8330 gnd
similar compounds have been isolated from water solution for
neptunyl(V)®" but not for uranyl(V).

Complex 5 is a rare example of triangular-shaped cation-cation
complex and the first example of uranyl(V) CCI isolated from
water. A similar triangular geometry was reported for a
UVIYU(VD/UVI) uranyl complex,B2 a U(V)/U(V)/U(V) uranyl
complex,’®! and a mixed-valence ps-Cl-bridged U(V)/U(V)/U(VI)
carbene complexP®! all isolated from organic solutions.



Figure 3. probability of
[K(2.2.2.crypt)]os[H2KNa15{UO2(dpa)}sSOs] 5 ([K(2.2.2.crypt)], K and Na
counter-cations, co-crystallized H2O and H were omitted for clarity, C are
represented in grey, O in red, N in blue, S in yellow and U in green). CCDC
numbers are given in Supporting Information.

Ellipsoid plot at 50%

Each uranyl center in 5 is coordinated by a dpa? ligand in the
equatorial plane. The lengths of three terminal (U1-016 1.858(4)
A; U2-018 1.843(4) A; U3-020 1.880(4) A), of the three bridging
(U1-017 1.907(4) A; U2-019 1.912(3) A; U3-021 1.924(4) A)
uranyl-oxo bonds and of the U=0...U CCI bonds (U1-021
2.354(3) A; U2-017 2.373(4) A; U3-019 2.359(4) A), are very
similar to those found in the triangular CC1 U(V)/U(V)/U(V) [UO2L]s
(L = 2-(4-Tolyl)-1,3-bis(quinolyl)malondiiminate) complex,®°l
(mean terminal oxo 1.84(1) A; bridging 1.93(2) A; CC1 2.37(1) A).
The bond distances between U-centres and O-atom of a p3- SO3
are all similar (U1-013 2.376(4) A; U2-014 2.405(4) A; U3-015
2.384(3) A). The values of U-O bond distances in 7 are slightly
longer in comparison with mixed-valence U(V)/U(V)/U(VI) CCI
trimer  [UO(u-O)(L)(us-CI){UO(u-0O)(L)}2].B%!  (mean  terminal
1.86(2) A vs 1.83(5) A; mean bridging 1.91(1) A vs 1.89(7) A).
While it was not possible to identify the presence of 2 additional
protons because they are probably delocalized over the structure,
the observed bond distances point to the presence of a
U(V/U(V)U(V). Additionally, the calculated bond valence sum
(BVS)B? is in agreement with the presence of three U(V) centres
in complex 5 (Table S3). Due to the poor yield of complex 5 and
the presence of contaminating amounts of 3-NaK2, it was not
possible to perform further characterization. However, the
structure of the cluster 5 confirms that stable uranyl(V) mono
dpa?® species are formed at basic pH.

These results clearly indicate that uranyl(V) species can be
stabilized in anaerobic basic water solutions in the presence of
environmentally relevant low denticity ligands such as
dipicolinates.

Cyclic Voltammetry

In order to further understand the properties of the uranyl-dpa
system, cyclic voltammetry (CV) studies of complexes 1-Crypt, 3-
Crypt and 3 were performed in pyridine and water solutions.
Firstly, the measurements were performed on 4 mM pyridine
solutions of 1-Crypt using [BusN][PFs] as supporting electrolyte.
An irreversible redox wave is observed in pyridine if alkali ions are
present (Figure S40 top). The additon of 1 equiv. of
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2.2.2.cryptand is necessary to observe the reversible redox
couple of interest suggesting that the interaction of cations with
the complex plays an important role on the electron transfer
kinetics. Compound 1-Crypt exhibits a quasi-reversible event at
E1o= -1.78 V (Fig. S40, bottom), which corresponds to the
U(VI)/U(V) couple. The same redox wave is observed for
complex 3-Crypt (Fig. S41) confirming the assignment of the
redox event. The value of the measured redox potential is in the
range (-0.93 V to —1.82 V) of those previously reported for
uranyl(V) complexes in organic media. 13 34

The electrochemical properties of complexes 1-Crypt and 3 were
also investigated in 0.02 M HEPES buffered aqueous solution at
different pH conditions. The voltammograms of 1-Crypt and 3
display redox events that were assigned to uranium centered
electron transfers. The observed redox events are irreversible at
all investigated pH conditions and are pH dependent (Figure 4
and Fig. S42). The CV at pH=4 for 1-Crypt shows two irreversible
cathodic waves at -0.7 V and -1.6 V with no associated wave in
reverse scan. In neutral (pH=7) and basic (pH=11) conditions only
a single cathodic wave is observed at - 0.96 V and -1.4 V
respectively with associated anodic peaks at 0.3 V and 0.9 V
respectively.
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Figure 4. Cyclic voltammograms for 4 mM  solutions of

[K(2.2.2crypt)]2[UO2(dpa)2] (1-Crypt) recorded in 0.02 M HEPES H20 at pH=4;
pH=7 and pH=11 solution at 100 mV/s scan rate.

The voltammetric data demonstrate that in acidic environment two
different reduction events can be differentiated that were
assigned to the U(VI)/U(V) redox couple and to the reduction of
the dpa? ligand in the [UO2(dpa)2]> species (the same redox event
at -1,6 V was observed for [K2Zn(dpa).], Fig. S44).AtpH =7
only one large cathodic wave assigned to the U(VI)/U(V) redox
couple can be observed which is shifted at lower potential with
increasing pH. The presence of irreversible redox features in
water was observed for other uranyl complexes!'* 3 and was
interpreted in terms of slow electron transfer kinetics due to
structural rearrangements. The observed pH dependence
suggests that such rearrangements may involve proton binding to
the uranyl oxygen.

The electrochemical behavior of the studied uranyl-dpa system
can be compared to that previously reported for the [UO2(dpaea)]
complex which shows the U(VI)/U(V) reduction at -0.6 V at pH
=7.I'"1 Both systems show pH dependence of the observed redox
events with a shift to more negative potentials of the reduction
events at more basic pH conditions. Therefore, in both systems
the reduction proceeds via a proton-coupled electron-transfer
mechanism.



Luminescence spectroscopy

Luminescence is a highly useful spectroscopical tool to study
uranium speciation both in organic and aqueous conditions and
to monitor redox transformations of uranium in biological systems
or inorganic media.* The photophysical properties of the
dominant form of uranium, the uranyl(Vl) cation UY'O2**,
originating from partially forbidden charge transfer transitions
from oxo-based molecular orbitals to non-bonding f-orbitals, have
been extensively studied.®! In contrast, only a few studies of the
luminescence of uranyl(V) and uranium(lV) compounds were
reported, ¢ 38371 and none of these studies presents a direct
comparison of the photophysical properties of uranyl(Vl),
uranyl(V) and U(lV) species containing the same organic ligand.
A better knowledge of the photochemical properties of uranyl(V)
and uranium(lV) compounds is needed and should provide a
useful tool to study uranium speciation in complex systems, e.g.
in microbial bio-reduction of U or nuclear waste processing.

The Iluminescence emission and excitation spectra were
measured for the solid-state complexes 1, 2 (see supporting
information), 3 and the free ligand (H2dpa) (Figure 5). Upon
excitation at 320 nm at room temperature, [K2U"'Ox(dpa)2] 1
displays the characteristic uranyl(VI) sharp bands due to the
deactivation of LMCT from uranyl-oxo molecular orbitals to
unoccupied f-orbital, centered at 504 nm. The vibrational
progression corresponds to the coupling of ground state Raman
active vibrational mode (v1) with the 3[]. excited state. The
observed bands are only slightly shifted (5 nm) compared to those
reported for the analogous neutral [UV'O2(dpaH)2] complex.?d!
The emission in all complexes is essentially excitation wavelength
independent as reported for other systems.’®! The measured
lifetimes decays are found to be bi-exponential with t1 = 666+1 us
and 12 = 26119 ps. The shorter lifetime can be attributed to
deactivation pathways taking place within the solid phase.

The solid-state room temperature emission spectrum of the
uranyl(V) complex 3 is significantly shifted to lower wavelengths
compared to that of complex 1. The emission spectrum, with two
maxima at 415 and 430 nm, is slightly red shifted compared to
that reported for solutions of [UYO2(COs)s]°” (404 and 419 nm) at
low temperature,®™™ and blue-shifted compared to that of uranyl
U(V) perchlorate aqueous solutions (440 nm) (Fig. S52).%8 The
measured radiative lifetime (t = 8+0.1 ps), which is probably
associated to the O‘'yI'>U LMCT transitions is significantly shorter
than that measured for 1 U(VI). A second shorter lifetime was also
measured (0.6+0.03 ps) that could be possibly associated to
ligand-metal LMCT. The excitation spectra present two broad
bands centered at 365 nm and 271 nm and are independent of
the emission wavelengths (415 and 430 nm) suggesting that they
originate from the same excited level.

The emission spectrum of the uranium(lV) complex 2 upon
excitation at 320 nm has similar emission profile compared to the
uranyl(V) complex 3 but is red-shifted by 6 nm (436 nm) and can
be deconvoluted in 3 bands (Fig. S53). Rare luminescence
studies of U(IV)-doped solid-state materials *® and simple U(IV)
compounds in water and organic solvent showed metal-centered
emission into the UV and visible region arising from excitation into
vibrationally coupled states of the 5f'6d" configuration or from
525 transitions. 72 37

The lifetime decay is bi-exponential and the values of the
emission lifetimes are t1 = 7.740.2 ys and 12 = 0.7£0.02 ps, are
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longer than those reported for the metal centered transitions in
U(IV) chlorides (4 ns)®7@ and in [U(DO3A)]Br (8-12 ns).
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Figure 5. Normalized room-temperature luminescence emission (solid line,
Aex=320 nm) and excitation (dashed line) spectra of powdered [KzUV'Oz(dpa)z]
(1) (Aem=504 nm) (orange); [K:UV(dpa)s] (2) (Aem=436 nm) (green);
[K(2.2.2.crypt)]z[KUVOz(dpa)z] (Aem=430 nm) (3) (blue), and Hzdpa (Aem=336 nm)
(magenta).

The luminescence of the three complexes in pyridine and water
solution (at room temperature and in frozen solution due to
luminescence quenching occurring at r.t.) was also investigated
(2.2.2.cryptand was added to increase solubility).

All 3 compounds showed luminescence emission in 5 mM
pyridine solution and demonstrated very different excitation and
emission profiles at room temperature (Figure 6). As found for the
solid-state sample, the uranyl(Vl) complex 1-Crypt yields a
vibrationally resolved excitation wavelength independent
emission centered at 505 nm. In contrast, the uranyl(V) (3-Crypt)
and uranium(IV) (2-Crypt) complexes demonstrate very different
behavior in pyridine solution in comparison to solid-state (ss). The
room temperature emission spectrum of 3-Crypt (Aex = 360 nm)
is broad with two maxima at 404 and 459 nm (415 and 430 nm in
ss), while 2-Crypt (hex = 320 nm) shows an even broader
emission with maxima at 475, 534 and 587 nm. Very different
shapes of both excitation and emission spectra were observed for
3-Crypt (U(V)) and 2-Crypt (U(IV)) at 77 K, while only a better
resolution was observed for 1-Crypt compared to the room
temperature spectrum (detailed description in Sl). Lifetime decays
of 3-Crypt and 2-Crypt were analyzed for different excitation and
emission wavelengths, at room temperature and in frozen solution.
They were best fitted by using a bi or tri-exponential model and
values were found in the microsecond range (see Table S1). The
longest one at room temperature was around 11 pus for 3-Crypt
and 8 pus for 2-Crypt. Within experimental errors, the values were
identical for the whole emission and excitation selected, which
indicating that the emission occurs from a common excited state.
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Figure 6. Normalized luminescence excitation and emission spectra of 5 mM
pyridine solutions of 1-Crypt (U(VI)), 2-Crypt (U(IV)) and 3-Crypt (U(V)) at
room temperature and in frozen solutions.

Finally, the luminescent properties of 5 mM water solutions of all
three species were investigated (Figure 7). The luminescence of
complex 1-Crypt could be observed at room temperature but it
showed weak emission due to deactivation processes taking
place in the presence the O-H oscillators of water molecules.
When working with frozen solution (77 K), the spectra are well-
resolved and the excitation spectrum is similar to that observed in
solid state. The emission spectrum presents additional lines blue
shifted by approx. 10 nm compared to solid state.

The uranyl(V) complex 3 showed excitation wavelength-
dependent photoluminescence in 5 mM water solution (pH=10) at
room temperature. Three different emission spectra with Amax =
408 nm, 434 nm and 524 nm were obtained upon excitation at Aex
= 320 nm, 380 nm and 445 nm respectively. In frozen solution a
significant increase of the luminescence intensity and a different
profile for both emission and excitation spectra were obtained.
The excitation at Lex = 271 and 291 nm yields two similar emission
spectra at Amax = 403 nm. The values of the measured lifetimes,
fitted using a bi or tri-exponential model, are similar to those found
in pyridine solutions indicating similar coordination environment
for the solution species in pyridine and water at pH =10.

Finally, the photoluminescence spectra of 5 mM 2 aqueous
solution (pH=7) were recorded, also demonstrating wavelength
dependence of the emission bands. Notably, complex 2 yields two
distinct excitation spectra at Aem = 445 and 525, as well as three
different emission spectra (Lex = 304, 385 and 445). This differs
from the excitation independent emission spectra previously
reported for U(IV) chlorides or for the U(DO3A)]*. 401 (378
Moreover, excitation at 253 nm through the dipicolinate ligand
does not results in quenching of the 5f-centered emission as
found in the rare examples of reported coordination
complexes.P’ Lifetimes decays were not shortened compared to
those found in pyridine, suggesting the presence of uranium
solution species with similar coordination environment in both
solvents. The emission spectra of 2 are a rare example of spectra
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of a U(IV) complex coordinated to an organic ligand which are
observable at room temperature.
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Figure 7. a) Normalized luminescence excitation and emission spectra of 5 mM
water solution of 1-Crypt at pH = 7 at room temperature (red) and at 77 K
(orange).b) Normalized luminescence excitation and emission spectra of 5 mM
water solution of 3 at pH = 10 at room temperature (bottom) and c) in frozen
solution (top). d) Normalized luminescence excitation(dashed) and emission
(solid) spectra of 5 mM water solution of 2 at pH = 7 at room temperature
(bottom) and e) in frozen solution (top).

Conclusions

The low stability of uranyl(V) (UO2") in water, where it tends to
disproportionate to UQO2?* and to U(IV), has minimized its
environmental relevance. Herein, we demonstrated that in the
presence of the low denticity complexing ligand dpa®, the
uranyl(V) species can be stabilized and isolated in basic aqueous
conditions. This is particularly relevant in view of the presence of
dipicolinic acid in the soil. The dipicolinate complexes of uranyl(VI)
1 and 1-Crypt can be reduced both in organic solution and in
basic anoxic water to yield stable complexes of uranyl(V) (3, 3-
Crypt and 3-NaK2). Additionally, the uranyl(VI) dipicolinate 1-
Crypt also undergoes photochemical reduction both in pyridine
and in basic water to yield the analogues U(V) (3-Crypt) and
U(IV) (2-Crypt) species. Uranyl(V) bis-dipicolinate complexes
formed at pH 10 and were isolated in the solid state as polymeric
chains resulting from the alkali ion coordination. Alternatively,
stable mono-dipicolinate complexes of uranyl(V) were obtained in
water upon reduction of [UY'Oz(dpa)(OH)]2* at higher pH values.
Additionally, crystals of a trinuclear mono-dipicolinate uranyl(V)
cation-cation complex 5 were isolated from the reaction mixture.
The measured voltammetric data show pH dependence of the
observed redox events suggesting that the reduction proceeds via
a proton-coupled electron-transfer mechanism. Finally, the
uranyl(VI), 1-Crypt, uranyl(V), 3-Crypt and U(IV) 2-Crypt
dipicolinate complexes display very different measurable
luminescent spectra characteristic of the uranium oxidation state,



suggesting that luminescence provides a tool to discriminate
between these species in different environments.
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The tridentate dipicolinate ligand dpa?®, allowed to stabilize and isolate mononuclear and trinuclear uranyl(V) species in anoxic basic
water providing the second example ever isolated of a water stable uranyl(V) and further demonstrating the environmental relevance

of U(V). The uranyl(VI), uranyl(V) and U(IV) dipicolinate complexes show very different measurable luminescent spectra characteristic
of the uranium oxidation state.
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