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ABSTRACT: Studies of the complexation of new
promising ligands with uranyl (UO,*") and other
seawater cations can aid the development of more
efficient, selective, and robust sorbents for the re-
covery of uranium from seawater. In this work, we
propose that the ligand design principles based on
structural preorganization can be successfully ap-
plied to obtain a dramatic enhancement in UO,*
ion binding affinity and selectivity. This concept is
exemplified through the investigation of the com-
plexes of UO,*, VO,’, and VO*" with the highly
preorganized ligand PDA (1,10-phenanthroline-2,9-
dicarboxylic acid) using a combination of fluores-
cence and absorbance techniques, along with den-
sity functional theory (DFT) calculations. The
measured stability constant value, log K, of 16.5 for
the UO,*/PDA complex is very high compared to
uranyl complexes with other dicarboxylic ligands.
Moreover, PDA exhibits strong selectivity for ura-
nyl over vanadium ions, since the determined sta-
bility constant values of the PDA complexes of the
vanadium ions are quite low (V(IV) log K, = 7.4,
V(V) = 7.3). The structures of the corresponding
UO,™, VO,", and VO** complexes with PDA were
identified by systematic DFT calculations, and
helped to interpret the stronger binding affinity for
uranium over the vanadium ions. Due to its high
chemical stability, selectivity, and structural preor-
ganization for UO,*" complexation, PDA is a very
promising candidate that can be potentially used
in the development of novel adsorbent materials
for the selective extraction of uranium from sea-
water.

INTRODUCTION

In a comment article recently published in the
journal Nature, the extraction of uranium from
seawater was listed among seven energy-intensive
separation processes that would “change the
world” providing new routes to the resources that
people need.' Indeed, there is at present consider-
able interest in recovering uranium from the
oceans.”® While the known uranium reserves on
land can sustain power generation for about a cen-
tury at the current consumption rates, more than
4.5 x 10° tons of uranium is dissolved in the world’s
oceans, affording almost limitless supply of urani-
um for the nuclear fuel cycle.” Since the concentra-
tion of uranium in seawater is very low (1.3 x 10°M
),/ functional groups of substantial binding
strengths are needed to extract uranium, and to
overcome competition from the carbonate ligand
present in seawater at a relatively high concentra-
tion of 2.5 x 10> M.® Currently, the leading ap-
proach for extraction of uranium from seawater is
the sorption of uranyl ions, UO,*”, onto a
poly(acrylamidoxime) adsorbent.” This sorbent
material contains polyethylene or polypropylene as
a trunk polymer and amidoximated polyacryloni-
trile copolymerized with hydrophilic groups (e.g.,
acrylic, methacrylic, itaconic acids) as a graft chain
(Scheme 1). Although amidoxime ligands exhibit
high uranyl binding affinity,'" they have the
drawback of low selectivity over other cations in
seawater."” In particular, vanadium ions, present in
the oceans as pentavalent VO," and tetravalent
VO™ species at total concentrations of about 4.0 x



10 M, are significantly absorbed by

poly(acrylamidoxime) fibers, diminishing the ef-
fective sites that are available for uranium and thus
significantly reducing the sorption capacity and
efficiency. Furthermore, the vanadium species
bind so strongly that stripping them under harsh
acidic conditions irreversibly damages the amidox-
ime sorbent.®’® Therefore, to improve the perfor-
mance of fiber adsorbents to its maximum, ligands
should have low binding affinity for competing
cations such as vanadium, and at the same time
very high binding affinity for uranyl in the slightly
basic (pH = ~8.3) marine environment. It is known
that the addition of acidic co-monomers increases
the sorption capacity of the sorbent by improving
the hydrophilicity of the fiber. For instance, adsor-
bents with the weight ratio of amidox-
ime/carboxylic acid = 60/40 in the monomer mix-
ture have been reported to exhibit the highest ura-
nium adsorption rate.” However, hydrophilic ad-
sorbent fibers containing 100% of mono- and di-
carboxylic acid groups are not expected to show
high uranium uptake, because carboxylates are
typically weak Lewis bases, and should not form
strong complexes with UO,*, which is a strong
Lewis acid metal. Nevertheless, uranyl complexing
properties of carboxylates can be significantly en-
hanced via ligand design principles based on struc-
tural preorganization,™®? which is the focus of the
present study.
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Scheme 1. Schematic depiction of a small subsection
of the poly(acrylamidoxime) fiber.
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Figure 1. Ligands discussed in this paper.

In 1987 Shinkai et al.** applied the principles of ra-
tional ligand design to the calixarene-based ligand —
uranyl system. Although strong extraction of uranyl
by calixarenes (e.g. L, in Figure 1) with acetate
groups arranged so that they would bind in the
plane of the UO,* has been achieved, metal ion
selectivity appears again to be a problem.*** The
complexes of L, and its larger calix[s]arene and
calix[6]arene analogues seem to have the highest
known log K, values with UO,* among the carbox-
ylic-based ligands,* illustrating the capability of
preorganization™ to produce ligands of high
complexing power. Thus, oxalate has a log f; with
the UO,” cation of only 1.0, but the ca-
lix[6]arene-based analogue of L,, also providing six
carboxylate donor groups, forms a complex of
UO,” with log K, = 19.2.*° Beer et al.”® demonstrat-
ed successful extraction of UO,”" by three rigid 2,6-
terphenyl acid ligands from aqueous solutions in
the presence of excess brine. However, the appro-
priate association constants for the resulting com-
plexes have not been measured. Another interest-
ing example highlighting the importance of struc-
tural preorganization in the design of uranophiles
was recently reported by Zhou et al.** It was shown
that otherwise poor-coordinating natural amino
acids were able to achieve the highest recorded
uranium selectivity in seawater because they were
preorganized within a protein to form an ideal
binding site for the uranyl ion.**

We decided to test the highly preorganized ligand
PDA (1,10-phenanthroline-2,9-dicarboxylic acid)
(Figure 1), because it possesses a high complexing
power.”” The ligand forms three five-membered
chelate rings upon complexation with large metal
ions, having ionic radii (r*) in the vicinity of 1.0
A?®*° This is particularly important, as UO,* is
effectively a large metal ion, with in-plane bond
lengths quite similar to those of lanthanum, La",
with r* = 1.04 A3 In contrast, the competing VO,"
and VO™ ions are comparatively small, which
should lead to much lower complex stability and
result in higher selectivity for UO,*" over vanadi-
um. The extensive preorganization of PDA is de-
rived from the rigidity of the phenanthroline
(phen) backbone, which also affords high levels of
preorganization in analogues such as PDAM and
PDALC.>™ The size-based selectivity increases as
the denticity of the ligand increases from 2 in phen
to 4 in DPP. This is displayed in Scheme 2 for se-

lectivity of the large Cd" ion (" = 1.00 A) over the



small Zn" ion (r* = 0.74 A), or the large Ca" ion (r*
= 1.00 A) over the small MgII ion (r' = 0.74 A).
What the data in Scheme 2 suggest is that log K;
for a bidentate ligand is largely controlled by the
affinity of the metal ion for the donor atoms, with
little input from architectural effects such as che-
late ring size. However, for the tetradentate ligand,
the arc created by the four N donors causes severe
steric difficulties for the small Zn" and Mg" ions,
such that the crystal structure of the Zn'/DPP
complex (1" = 0.74 A) shows that one of the pyridyl
groups of DPP is not coordinated to the Zn" at all,
whereas with Cd" (" = 0.96 A) all four N donors
are coordinated.3*%

increasing denticity ————

/ \
\=
phen DPP
log Ky Cd®*: 5.4 12.2
(large)
log K1 Zn?*: 6.4 8.7
(small)
log K4 Ca®*: 1.0 3.8
(large)
log K1 Mg?*: 1.5 0.7
(small)

Scheme 2. The effect of increasing denticity in pass-
ing from phen to DPP on the selectivity of large metal
ions over otherwise chemically similar small metal
ions. Formation constant (log K;) data from refs. 32
and 33.

The PDA ligand is tetradentate and like DPP high-
ly preorganized, with all binding sites positioned
to structurally complement the uranyl ion. The
combined results of the spectroscopic and ab initio
studies of the UO,*/PDA complex reported here
suggest that ligand preorganization plays a signifi-
cant role in the enhanced uranyl binding affinity.
The complex stability of the PDA complexes of
VO," and VO™ are also reported here, so as to al-
low for assessment of the probable selectivity of
PDA-based ion exchange materials for UO,*" over
these vanadium species. Since it is of interest to
know how apparently small ions such as VO," and
VO™ as well as a large UO,™ ion coordinate with
PDA in aqueous solution, density functional theory
(DFT) calculations were performed to elucidate

the optimal coordination modes and geometries of
VO,"/PDA, VO**/PDA, and UO,*"/PDA complexes.

In addition, stability constant values for UO,™,
VO,’, and VO** complexes with simple aliphatic
dicarboxylic acids were theoretically assessed to
trace how structural preorganization affects the
ligand binding affinity and selectivity.

EXPERIMENTAL METHODS

Materials. PDA was synthesized by a literature
method.?® UO,(NO,),*6H,0 (depleted) was ob-
tained from Fisher and used without further puri-
fication. All solutions were prepared in deionized
water (Milli-Q, Waters Corp.) of > 18 MQ.cm™ re-
sistivity, plus HPLC grade methanol from Merck.

Fluorescence Measurements. Excitation-
emission matrix (EEM) fluorescence properties
were determined on a Jobin Yvon SPEX Fluoro-
max-3 scanning fluorometer equipped with a 150
W Xe arc lamp and a R928P detector. The instru-
ment was configured to collect the signal in ratio
mode with dark offset using 5 nm band-passes on
both the excitation and emission monochroma-
tors. The EEMs were created by concatenating
emission spectra measured every 5 nm from 250 to
500 nm at 51 separate excitation wavelengths.
Scans were corrected for instrument configuration
using factory supplied correction factors. The fluo-
rescence of the PDA metal ion solutions was rec-
orded in Milli-Q water, with titrations occurring in
an external cell with N, bubbled through the cell
to exclude O,.

Absorbance spectra. UV-Visible spectra were
recorded using a Varian 300 Cary 1E UV-Visible
Spectrophotometer controlled by Cary Win UV
Scan Application version o02.00(5) software. A
VWR sympHony™ SR60IC pH meter with a VWR
sympHony™ gel epoxy semi-micro combination
pH electrode was used for all pH readings, which
were made in the external titration cell, with N,
bubbled through the cell to exclude CO,. The ab-
sorbance spectra of the PDA metal ion solutions
were recorded in Milli-Q water. Formation con-
stant were determined using Excel.*

COMPUTATIONAL METHODS

Quantum chemical calculations. Electronic
structure calculations were performed with the
Gaussian 09 D.o1 software.*” We adopted the den-
sity functional theory (DFT) approach for our cal-
culations using the Mo6* density functional with
the standard Stuttgart small-core (SSC) 1997 rela-
tivistic effective core potential (RECP),* the asso-



ciated contracted [6s/5p/3d/1f] and [8s/7p/6d/4f]
basis sets for vanadium and uranium atoms, re-
spectively, and the 6-3u++G(d,p) basis set for the
light atoms. Frequency calculations were per-
formed at the B3LYP/SSC/6-31+G(d)*® level to en-
sure that geometries (optimized at the same
B3LYP/SSC/6-31+G(d) level) were minima and to
compute zero-point energies and thermal correc-
tions. Hindered rotation corrections for ligands
with low frequency modes (e.g., the rotation of
CH, and C,H, groups along the C-C bond) were
also incorporated in the complexation free energy
calculations following the method of Pitzer and
Gwinn** as implemented by Schlegel et al.*

Using the gas-phase geometries, implicit solvent
corrections were obtained at 298 K with the SMD*®
solvation model as implemented in Gaussian og at
the B3LYP/SSC/6-31+G(d) level of theory. The re-
sults are reported using the lowest energy clusters
identified at the Mo6/SSC/6-311++G(d,p) level for a
given stoichiometry and binding motif.

Optimized atomic coordinates for all reported
structures, as well as a sample Gaussian o9 input
file, are provided as Supporting Information.

The preference for using a combination of the Mo6
and the B3LYP functionals with the SMD solvation
model was based on the results of our previous
studies,*”* which showed that the chosen level of
theory provides the best overall performance in
predicting the log K, values of uranyl*”** and vana-
dium® ions complexes with anionic oxygen and
amidoxime donor ligands.

Chemical bonding analysis of [UO,(PDA)(H,O)],
[VO,(PDA)(H,0)]’, and [VO(PDA)] complexes was
performed with the natural bond orbital (NBO)
method®® at B3LYP/SSC/6-3u++G(d,p) using NBO
6.0 program. It is worth noting that total electron
densities derived from effective core potential
(ECP) calculations may lead to artifacts in the top-
ological analysis,” however, NBO derived proper-
ties appear to be less critical in this respect and
showed a remarkable consistency between ECP
and scalar relativistic all-electron calculation
schemes,”” thus justifying our choice towards ECP
for the description of chemical bonding.

Calculation of the complexation free energies
and stability constants. Complexation free ener-
gies in aqueous solution, AG,q, and stability con-
stants, log K, were calculated using the methodol-
ogy described in our previous work on UO,™ as

well as VO, and VO** containing complexes.*”™*

According to the thermodynamic cycle shown in
Scheme 3, AG,q is given by:

AG, = AG% + AAG g + (n-1)AG® ™ + nRT
In([H.O])

where AG’; is the free energy of complexation in
the gas phase and AAG )y is the difference in the
solvation free energies for a complexation reaction:

AAG*solv = AG*solv( [ML(Hzo)m—n]X+y) + nAG*solv(HzO)
- AG solv([M(Hzo)m]x) - AG solv(Ly)

where L’ denotes the ligand with a charge of y and
M can be UO,** or VO,"/VO?*". The standard state
correction terms must be introduced to connect
AGOg, AAG*solv, and AG,q, which are defined using
different standard state conventions. The free en-
ergy change for the conversion of 1 mol of solute
from the gas phase at a standard state of 1 atm
(24-46 L/mol) to the aqueous phase at a standard
state of 1 mol/L at 298.15 K is given by AG®™" =189
kcal/mol. Likewise, RT In([H,O]) = 2.38 kcal/mol
(T = 298.15 K) is the free energy change for the
conversion of 1 mol of solvent from the aqueous
phase at 1 mol/L to pure water at a standard state
of 55.34 mol/L. Lastly, the stability constant (log
K;) value is related to free energy change for the
complexation reaction by the following equation:
-AG,,

logK, = Ju
& =303 R

) , G (n1)aGe
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Scheme 3. Thermodynamic cycle used to calculate
AG,q.

RESULTS AND DISCUSSION

Stability Constants of UQO,*, VO,", and VO**
Complexes with Aliphatic Dicarboxylate Lig-
ands.

As was mentioned in the introduction, the incor-
poration of acidic groups such as acrylate and ita-
conate into a poly(acrylamidoxime) adsorbent is
crucial to obtain a high uranium uptake. Although
hydrophilic carboxylate ligands have been suggest-
ed to help seawater to access the amidoxime
groups on the graft chain,”* the exact mechanism
has not yet been fully established and understood.



According to some experimental®* and theoretical®
studies, carboxylic acid functional groups can also
directly participate in binding with uranyl ions. In
an effort to probe the dependence of the complex-
ing properties of simple dicarboxylate ligands on
the extent of their structural preorganization, we
have assessed the stability constant, log K, values
for the UO,™, VO,", and VO*" complexes with ox-
alic, malonic, succinic, and glutaric acids. In con-
trast to the experimental data for the uranium
complexes available in the Smith and Martell com-
pilation of the Critical Stability Constants series,*
the log K, values for the VO," and VO™ complexes
are available only for oxalic and malonic ligands.
To supplement this lack of data, we have applied
our recently developed approach* based on quan-
tum chemical calculations to estimate and com-
pare the equilibrium constants for the formation of
VO," and VO* complexes with the aforemen-
tioned dicarboxylic ligands. The log K, values of
the UO,*" complexes were also theoretically calcu-
lated to make sure that the adopted computational
method is capable of reproducing experimental log
K, data for the complexes with dicarboxylic ligands
having a long alkyl chain. Since only the first coor-
dination shell of the uranium and vanadium com-
plexes was treated explicitly, it was possible to per-
form a systematic search of low-energy clusters for
a given composition. The most stable geometries
of the complexes were used to compute the corre-
sponding free energies in aqueous solution, AG,q,
and stability constants, log K;. According to our
calculations, the dicarboxylic acids form stronger
complexes with UO,”, VO,", and VO*" ions
through chelation involving both carboxylate func-
tional groups. The results of the log K, calculations
for the dicarboxylic ligands are summarized in Ta-

ble 1.

Table 1. Experimental and Theoretically Calculated log
K, Values for Uranyl, Dioxovanadium (V), and Oxo-
vanadium (IV) Complexes with Dicarboxylate Ligands

log K,

ligand uo,™ VO," VO™

expt’ calc® expt® calc® expt® calc”
I oxalate 7.3 6.6 6.6 5.6 7.0 6.0
II malonate 6.9 7.0 5.2 5.6 6.7 6.2
III succin- 5.2 4.9 - 6.8 - 5.4
ate
IV glutarate 4.8 4.5 - 6.6 - 4.9
Vitaconate  58° 51 - 6.7 - 5.3
VI 2,2- - 6.4 - 7.7 - 6.1
dimethyl-
succinate

*Taken from ref. 21 and corrected to zero ionic strength
with the Davies equation.® The corresponding experi-
mental data for the VO," and VO** complexes with ligands
I1I-VI are not available.

®Calculated using the methodology described in refs. 47,48
(UO,™ complexes) and ref. 49 (VO," and VO** complexes).
“Taken from ref. 57.

As one may see, our theoretical protocol provides a
good estimate of the log K, values for the consid-
ered set of ligands, with the maximum absolute
error below 1 log unit. In order to find the trend in
the relative binding affinity and selectivity of the
dicorboxylate ligands we have compared log K,
values for the corresponding UO,*, VO,’, and
VO™ complexes. A histogram of the calculated log
K, values for the metal oxycation complexes as a
function of the length of the ligand’s aliphatic
chain (Figure 2, ligands: I-IV) shows that more
flexible ligands tend to form weaker complexes
with UO,*" and VO™ cations. However, the oppo-
site trend is observed for the complexes with VO,
suggesting that increasing the number of alkyl
groups in the aliphatic chain can lead to a positive
effect on the stability of the VO,"/dicarboxylate
systems. .
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Figure 2. Comparison of theoretically predicted log
K, values for UO,*" (red), VO, (turquoise), and VO**
(dark blue) complexes with dicarboxylate ligands: I)
oxalate, II) malonate, III) succinate, IV) glutarate, V)
itaconate (2-methylenesuccinate), VI) 2,2-
dimethylsuccinate.

Stability constants, log K,

The log K, values for the UO,™, VO,", and VO**
complexes with itaconic acid (Figure 2, structure
V) were also theoretically assessed (see Table 1).
Itaconic acid, which contains a vinyl group con-
nected directly to a succinic acid terminus, is often
used as a co-monomer in the synthesis of
poly(acrylamidoxime) adsorbents for the extrac-



tion of uranium from seawater. Since in the actual
adsorbent the vinyl group is polymerized to give a
branched polyethylene, aliphatic 2,2-
dimethylsuccinic acid (Figure 2, structure VI)
would be a more accurate model representation of
itaconic acid grafted on a fiber. Theoretically pre-
dicted log K,“ value of the VO, complex with VI
is 1.3 and 1.6 log units higher than that of the UO,*
and VO™ complexes, respectively, indicating high-
er selectivity of VI towards VO," over UO,”" and
VO™ ions. Interestingly, recent experimental stud-
ies on the performance of poly(acrylamidoxime)
adsorbent show higher vanadium uptake selectivi-
ty over uranium, irrespectively of grafting the ad-
sorbent with different mole ratios of amidoxime
and itaconic acid.”® Overall, our results suggest
that simple aliphatic dicarboxylic ligands possess
low binding affinity and selectivity for uranyl, be-
cause their backbones present architectures that
are poorly organized for the UO,” complexation.
Indeed, the two carboxyl groups of the lowest-
energy conformers of the dycarboxylic acids point
in opposite directions such that it is not possible
for the two oxygen atoms to simultaneously con-
tact the metal ion. Therefore, the dicarboxylate
structure must adopt a higher-energy confor-
mation to allow chelation. Our calculations show
that in addition to the entropically disfavored re-
stricted rotation about C-C bonds, the structural
changes induced by metal chelation lead to in-
creasing ligand strain, with a strain energy, AEeorg
(Evound = Efee), of 39.50 kcal/mol (Mo6/SSC/6-
31++G**) for the least preorganized glutarate lig-
and, which exhibits the smallest stability constant
value with UO,™" (log K = 4.5).

The foregoing analysis suggests that a considerable
enhancement in binding affinity and selectivity for
uranyl over vanadium ions can be achieved if the
dycarboxylates are conformatially constrained in a
favorable host architecture that is structurally or-
ganized for binding with UO,*, thereby eliminat-
ing unfavorable entropic and enthalpic (strain en-
ergy) terms. For instance, dipicolinic acid, DIPIC
(Figure 1), consisting of the rigid pyridine back-
bone that connects two carboxylic groups togeth-
er, demonstrates a higher selectivity for UO,* (log
K" = 11.6) over VO," (log K" = 9.3) and VO™
(log K“* = 8.0) cations.” Thus, the incorporation
of even more preorganized phenanthroline back-
bone is expected to result in much higher selectivi-
ty towards uranyl versus vanadium species.

Stability Constants of UQ,*, VO,", and VO™
Complexes with the Highly Preorganized PDA
Ligand.

Uranyl/PDA complexes. The relatively low pK, val-
ue of the PDA ligand and at the same time high log
K, values found for PDA complexes®™ suggest that
many of these complexes cannot be broken down
by competition with the proton, even at pH values
as low as 1.0. Many log K, values were determined
by competition with EDTA,**” but the low log K,
for EDTA with UO,” means that EDTA is unable
to displace UO,*" from the UO,”/PDA complex.
Experimentation with the species distribution dia-
gram program HySS*® suggested that UO,> would
show amphoteric behavior at high pH values and
low UO,”" concentrations, and is cleaved from the
PDA ligand, suggesting that one might determine
log K, for the UO,”/PDA complex by competition
with OH". The rather complex equilibria involving
the UO,”/OH’ species in solution have been ex-
tensively studied,® imparting confidence that
these reported formation constants can be used
reliably to measure log K, for the UO,*/PDA com-
plex.

The formation constant for the UO,*/PDA com-
plex was determined by monitoring both the fluo-
rescence and absorbance spectra for 11 UO,”":PDA
solutions as a function of pH. In the case of the
absorbance studies, spectra of solutions containing
1.0 x 10° M UO,* and 1.0 x 10° M PDA were rec-
orded over the pH range 2.0 - 12.5, and in the case
of the fluorescence studies 5 x 10> M UO,*" and
PDA solutions were used. Figure 3a displays the
absorbance spectra for the 1:1 UO,*":PDA solutions
over the pH range 7-12. Fitting the theoretical
curves showed that the pH dependent equilibrium
around pH 1 involved two hydroxides. The limit-
ing absorbance spectra of the species produced at
pH values above 12 were those with peaks charac-
teristic of the uncomplexed PDA* anion, while the
spectra at around pH 10 showed peaks characteris-
tic of a PDA metal ion complex. Based on the
shape of the curve of fluorescence intensity versus
pH and consistent with two hydroxides (or equiva-
lently, two protons) involved in the equilibrium,
the most reasonable interpretation of this equilib-
rium is as given in equation 1:

[UO,(PDA)OH] + 20H 5 [UO,(OH),] + PDA* (1)

Theoretical curves of absorbance versus pH were
fitted to the experimental data in Figure 3a. This
produced a pHs, (pH at the midpoint of the curve



of absorbance versus pH) of 1.52. Below a pH of 9
the UO,”/PDA solutions began to show evidence
of precipitate formation in terms of large light-
scattering peaks in the wavelength region below
250 nm. Investigating the disappearance of the ab-
sorbance peaks due to the UO,”"/PDA complex as
a function of time suggested that complete precipi-
tation below pH 9 took approximately 3 hours.
The fluorescence spectra appeared less sensitive to
the formation of small amounts of precipitate, so
that the variation of the fluorescence spectra as a
function of pH was used to study the complex
equilibria occurring below pH 9.

The fluorescence spectra of 5 x 10° M 11
PDA:UO,*" between pH 6 and 12.4 are seen in Fig-
ure 3b. The variation of fluorescence intensity ver-
sus pH at a variety of wavelengths was analyzed as
seen in Figure 3c to yield a pHs, of 11.94 for the
equilibrium apparent at higher pH. This is some-
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what higher than the corresponding pH;, obtained
from absorbance, which is typical of fluorescence
studies.®* The latter refer to the excited state,
whereas absorbance and other techniques of de-
termining formation constants refer to the ground
state, and so can be somewhat different.®> In Fig-
ure 3b further drops in pH reveal a second equilib-
rium best fitted as involving a single proton, which
is found in Figure 3c to yield a pHs, of 8.77. This is
most reasonably attributed to equilibrium (2),
which yields a log K of 5.2 for the binding of an
OH’ to the [UO,(PDA)] complex.

[UO,(PDA)OH] + H' 5 [UO,(PDA)] + H,0 (2)

The two pHs, values can be combined in HySS>®
with all the equilibrium constants for formation of
uranyl hydroxy complexes®® to yield log K, = 16.5
for the uranyl PDA complex (Table 2), with the
speciation as shown in Figure 3d.
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3.0E+06 pH10.71

[UO,(PDA)OH]

complex pH 6.36
[UO,(PDA)]

2.0E+06 1 complex

relative Intensity (a.u.)

1.0E+06

0.0E+00 +4
330 380 430 480 530
wavelength (nm)

(d)

100 -
90 -
80 A
70 4

60 o

[UO,(PDA)]

[UO,(PDA)OH] [UO,(OH),1*

50 4
40 4
30 A [UO,(OH)s]

20 A

% of uranyl as species indicated

10 4

Figure 3. (a) Absorbance spectra of 11 solutions of PDA and UO,** (as the nitrate), both 1.0 x 10> M, between pH
7.30 and 12.37. The sharp shoulder at 248 nm is considered to be diagnostic of fully coordinated PDA,* forming
three chelate rings with the UO,™, as seen in the crystal structure of the [UO,(PDA)] complex.26 (b) Fluorescence
spectra of 11 PDA:UO,*" solution (5 x 10° M) between pH 6.36 and 12.36. Excitation wavelength = 290 nm. (c) Varia-
tion of fluorescence intensity as a function of pH of 1:1 PDA:UO,* solution (5 x 10° M) between pH 6.36 and 12.36.
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Theoretical curves of fluorescence intensity as a function of pH were fitted using the Solver module of the Excel
program. Excitation wavelength = 290 nm. (d) Species distribution diagram for 2 x 10°> M UO,”" and 2 x 10°> M PDA
as a function of pH between pH 6 and 14. Diagram was calculated using HySS®® and formation constants for uranyl-

PDA complexes and uranyl hydroxy species given in Table 2.

Table 2. Equilibrium Constants for the UO,”/PDA
Complex, Together with Literature Constants for the
Uranyl Hydroxo and Carbonato Complexes Used in
This Work for Modeling Uranyl Solution Species, All at

25 °C and Ionic Strength (p) = 0%
equilibrium log K ref.
H*+ OH S H,0 14.00 21
H" + PDA” 5 PDAH" 5.14(2) this
work*
H' + PDAH S PDAH, 2.80(2) this
work*
UO,>" + PDA™ S UO,(PDA) 16.5(1) this
work
UO,(PDA) + OH S UO,(PDA)(OH)” 5.2(1) this
work
UO,”" + OH S UO,(OH)* 8.75 57-59
UO,”" +20H S UO,(OH), 15.85 57-59
UO,™ +30H" S UO,(OH); 21.8 57-59
UO,”" +40H S UOZ(OH)A‘} 23.6 57-59
2UO0,”" + OH S (UO,),(OH)** 1.3 57-59
2UO,”" + 20H 5 (UO,),(OH),* 22.4 57-59
300, +50H" 5 (UO,);0(0H)," 54.4 57-59
300, +70H 5 (UO,);0(0OH)y 65.3 57-59
4U0,™ +70H 5 (UO,),0(0OH)," 76.1 57-59
UO,”" + 20H™ 5 (UO,)(OH),(s) -22.0 21
UO,™ + CO,” 5 UO,(CO,) .68 57
UO,™ +2C0," 5 UO,(CO,), 16.9 57
UO,™ +3C0;” 5 UO,(CO,), 21.6 57

*Previously reported at ionic strength = 0.1 as pK; = 4.75
and pK, = 2.53.”°

Vanadate(V)/PDA complexes. The VO," cation has
an extensive complex-formation chemistry in
aqueous solution, forming complexes with ligands
such as DIPIC and EDTA.** However, because of
formation of species such as VO,”, HVO,”, and
particularly H,VO,’, which persists down to a pH
of 3.5, below which pH the VO," cation is formed,
only ligands powerful enough to displace the OH"
groups of H,VO, to form complexes of the VO,"
cation will be observed at higher pH. In Figure 4a
are shown absorbance spectra of 2 x 10> M Na;VO,
anion in the presence of 2 x 10° M PDA in the pH
range 4.24 to 9.24. At pH 9.24 the spectrum is that
of the free PDA> anion, which means that the V" is
uncomplexed, and present as the HVO,* anion at
that pH, as shown from species distribution dia-
grams generated using HySS.%® The spectra chang-
es as the pH is lowered, showing peaks typical of
PDA complexes with metal ions as one approaches

22, 59-61

pH 4.24, consistent with the formation of
[VO,(PDA)]. Analysis of the spectral changes as
was done in Figure 3a, combined with modeling of
the V¥ species present in solution using equilibri-
um constants (Table 3) for speciation of vanadate
species present in solution® yields log K, = 7.3 for
the formation of the [VO,(PDA)]" complex accord-
ing to equation 3:

VO," + PDA” 5 [VO,(PDA)] 3)

The complex polymeric species formed by vana-
date in solution between pH 3 and g dissociate into
monomers below a total concentration of V" spe-
cies of 10* M, as indicated using constants availa-
ble in the literature® and the modeling program
HySS,® and so are not of any further concern here.
HySS was used to model the species distribution
diagram for vanadate and PDA as seen in Figure

4b.
(a)

0.9 1 235nm  PH 9.24 free PDA>
plus HVO,>
no sharp peak at ~ 248 nm

indicating fully chelated PDA

0.8 4
0.7 1
0.6 A
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0.5 4
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0 T T T

190 240 290 340
wavelength (nm)

b
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Figure 4. (a) Spectra of 2 x 10> M PDA 1:1 with 2 x 10”
M Na,;VO, in the pH range 4.24 to 9.24 at 25 °C. The
peaks at 235 and 278 nm, as well as the three small
peaks between 310 and 350 nm, are characteristic of
the free PDA™ anion, while peaks near 212 and 285
nm are typical of complexes of metal ions with PDA,
indicating the formation of the [VO,(PDA)] complex
at lower pH. Note the lack of a sharp small peak near
248 nm (compare with [UO,(PDA)] in Figure 3b)
which would be indicative of formation of a fully che-
lated PDA complex with the metal ion.”>*’ (b) Species
distribution diagram calculated using HySS* for 2.0 x
10° M PDA and 2.0 x 10> M Na,;VO,, as a function of
pH at ionic strength zero. The diagram was calculat-
ed using formation constants relating to vanadate
speciation given in ref. 21, relevant ones of which are
given in Table 3, and log K, = 7.3 determined here for
the [VO,(PDA)]" complex. Note the existence of the
[VO,(PDA)] complex in the pH range 2-6.

Table 3. Equilibrium Constants for the VO, /PDA
Complex, Together with Literature Constants for
the V¥ Solution Species Used in This Paper for
Modeling Vanadate Solution Species, All at 25 °C
and Ionic Strength (p) = 0%

equilibrium log K ref.
VO," + PDA™ S VO,(PDA) 7.3(1) this
work
VO, +H" 5 HVO,” 14.3 22
HVO,” + H' 5 H,VO, 8.55 2
H,VO, +2H" 5 VO," + 2H,0 7.3 22
VO," + CO;” 5 VO,(CO,) 6.5* this
work

0.9 A

pH 4.66, sharp peak at 249 nm

0.8 1 suggesting fully chelated [VO(PDA)]

0.7 1 pH 1.91, uncomplexed

0.6 PDAH,, peak at 287 nm

pH 4.66, [VO(PDA)]

complex peak at
293 nm

0.5 A

0.4 A

absorbance

0.3 A
0.2 1

0.1 1

190 240 290 340
wavelength (nm)

Figure 5. Titration of 2 x 10* M VO*" and 2 x 10° M
PDA (101 VO*":PDA) between pH 1.91 and 4.66 at 25
°C and ionic strength zero. Note the sharp peak at
249 nm suggesting the VO** forms a complex with
PDA with three fully formed chelate rings.

Table 4. Equilibrium Constants for the VO*'/PDA
Complex, To§,ether with Literature Constants for the
Associated V' Hydroxo Species, All at 25 °C and Ionic
Strength (p) = 0%

*Estimated as described in the text from the LFER in Figure
S1 of the Supporting Information.

Vanadyl(IV)/PDA complexes. The spectra recorded
for the 101 VO*'/PDA system with 2.0 x 10* M
VO™ and 2 x 10° M PDA between pH 1.91 and 4.66
are seen in Figure 5. The equilibrium being ob-
served can most reasonably be assigned to equa-
tion 4:

VO* + PDAH, S [VO(PDA)] + 2H* (4)

The pHs, value of 2.12 for equilibrium 3 allows one
to fit log K, = 7.4(1) (Table 4) for the VO*'/PDA
complex.

equilibrium log K ref.
VO™ + PDA” 5 VO(PDA) 7.4(1) this
work
VO* + OH S VO(OH)* 8.3 22
VO™ + 20H S VO(OH),(s) -22.1 22
VO* + CO,* 5 VO(CO,) 8.1* this
work

*Estimated as described in the text from the LFER in Figure
S1 of the Supporting Information.

Comparison of Binding Strength.

The value of log K, of 16.5 obtained for the
UO,*/PDA complex is very high for a dicarboxylic
acid, and is exceeded for UO,* only by the log K,
values reported by Shinkai et al.** for complex lig-
ands of the L, type (Figure 1). It can be compared
with log K, = 1.4 for EDDA with UO,*.%® Like PDA,
EDDA has an N,O, donor set, with the O donors
being carboxylates. The extra stability of the PDA
complex thus derives from the high level of preor-
ganization of the PDA ligand compared to the
more flexible EDDA. Such stabilization of the PDA
relative to the EDDA complex is typical, except for
very small metal ions such as Cu", where log K, for
EDDA is 16.2 and for PDA is 12.8.2 The value of
log K, = 5.2 for the binding of an OH" to the PDA
complex (Table 2) means that the complex be-
tween UQ,”" and PDA is further stabilized, and the
uranyl ion remains bound to PDA to a high pH of



over 11, as seen in Figure 3d. The changes in the
fluorescence spectrum of the UO,*"/PDA system as
a function of pH seen in Figure 3b are of some in-
terest. As the pH is lowered below 12.3, the intensi-
ty of the fluorescence due to free PDA* drops as
the [UO,(PDA)(OH)]" complex is formed. Below
pH 10 as the [UO,(PDA)(H,O)] complex is formed,
assuming that protonation of the bound OH" pro-
duces a bound H,O, one sees that the fluorescence
in the range 330 to 430 nm falls to almost zero. The
latter drop in intensity is accompanied by the ap-
pearance of fluorescence peaks in the range 480-
530 nm. The latter peaks resemble those formed by
UO,” hydroxy complexes in the pH range 5-9,*
but the peaks in Figure 3b do not resemble those
of UO,*"/hydroxyl complexes in details such as
overall shape or position of the sharp peaks nor-
mally attributed to coupled vibrations. We thus
propose that the peaks that appear in the wave-
length range 480 to 530 nm in Figure 3b are due to
transitions within the UO,* bound to PDA. The
progressive quenching of the fluorescence due to
the PDA in the 330 to 430 nm range as it becomes
bound to UO,”" may be due to the fluorescence-
quenching ability of the stretching vibrations of O-
H bonds® from first an OH", and then an H,O,
coordinated to the UO,*".

It is clear from the high log K; of 16.5 for the
[UO,(PDA)] complex that UO,*" should be bound
very selectively relative to the [VO,(PDA)]" and
[VO(PDA)] complexes, both with log K, values of
7.3 and 7.4, respectively. This is particularly im-
portant, as PDA is much more selective for uranyl
over vanadium than glutarimidedioxime, a cyclic
imidedioxime ligand, which is reputedly responsi-
ble for the extraction of uranium from seawater
using the current generation of amidoxime-derived
sorbents."

Structures and Stabilities of UO,*", VO,", and
VO™ Complexes with PDA Ligand from Theo-
retical Calculations.

Density functional theory (DFT) calculations at the
Mo6/SSC/6-311++G** level of theory were per-
formed to elucidate the optimal coordination
modes and geometries of uranyl, vanadate(V), and
vanadyl(IV) complexes with PDA. The most stable
structures of the complexes are shown in Figure 6.
Consistent with previous single-crystal X-ray dif-
fraction data,*® our calculations show that the PDA
anion is bound to the uranyl cation in a tetraden-
tate fashion through both nitrogen atoms at an
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average distance of 2.56 A and through two car-
boxylate oxygen atoms at an average distance of
2.34 A (Figure 6a). It is noteworthy that the PDA
ligand in the UO,*/PDA complex is almost exactly
planar, with the uranium atom lying in the plane
of the ligand, which suggests that the PDA is high-
ly preorganized for uranyl complexation and tends
to coordinate to UQO,* in a low-strain manner.
While X-ray diffraction studies® of UO,*’/PDA
indicate that the uranyl ion is five-coordinate, the
preferred coordination number for the correspond-
ing species in water has not yet been identified.
Thus, we used DFT calculations (Mo6 and SMD) to
determine the most stable coordination environ-
ment in aqueous solution. The free energy change,
AG,q, calculated for the equilibrium shown by eq

(a):

[UO,(PDA)(H,0)] + H,O S [UO,(PDA)(H,O).],
AG,q = +4.52 kcal/mol (@)

suggests that the five-coordinate structure (Figure
6a) is more thermodynamically stable than the six-

coordinate UO,*/PDA with two water molecules
bound to UO,™.

The structure of the VO," complex of PDA (Figure
6b) further confirms our expectations that vanadi-
um (V) would be too small to accommodate simul-
taneous binding of all four donor atoms of PDA.
Our initial structure for a DFT optimization, con-
sisting of the VO," bonded to all four donor atoms
of PDA and one water molecule, refined to a struc-
ture with only three-coordinating PDA (Figure 6b),
with one carboxylate group left noncoordinated
and hydrogen-bonded to a water on the VO,". Alt-
hough our calculations for the VO,"/PDA complex
without any additional water molecules converge
to a local minimum with four-coordinating PDA,
the formation of [VO,(PDA)] is less thermody-
namically  favorable = compared to  the
[VO,(PDA)(H,O)]" complex, as follows from the
negative AG,q value for eq (b):

[VO,(PDA)]” + H,O S [VO,(PDA)(H,O)], AGyq =
-5.33 kcal/mol (b)

In contrast to vanadium(V), vanadium(IV) is able
to coordinate with all four donor atoms of PDA
simultaneously. The five-coordinate vanadium(IV)
complex, [VO(PDA)], in Figure 6¢ was found to be
~10 kcal/mol more stable than the corresponding
six-coordinate [VO(PDA)(H,O)] complex with an
additional water bonded to the vanadium metal
center:



[VO(PDA)] + H,O S [VO(PDA)(H,O)], AGyq =
+10.42 kcal/mol (c)

However, thorough examination of the [VO(PDA)]
structure indicates that the ionic radius of vanadi-
um(IV) is still small for an ideal coordination in
the cleft of PDA, because the VO*' cation induces
deviation from planarity and distortions in the
PDA ligand upon binding (Figure 6c¢). Our calcula-
tions at the Mo6/SSC/6-3u1++G** level of theory
show that the PDA ligand strain energy upon bind-
ing with VO** is as much as 34.78 kcal/mol higher
than the strain energy associated with negligible
structural changes of PDA when binding the
UO,* cation.

The theoretically obtained structures of the UO,™,
VO,’, and VO** complexes with PDA (Figure 6) are
in agreement with their experimental electronic
spectra. The spectra of UO,*/PDA (Figure 3a) and
VO**/PDA (Figure 5) show a sharp band at 247 nm,
indicating all four donor atoms of PDA to be coor-
dinated to the corresponding oxycations. In con-
trast, no band is present at 247 nm in the spectrum
of the VO," species (Figure 4), which is unlikely to
contact all donor atoms of the PDA ligand simul-
taneously.

[UO,(PDA)(H,0)]

[VO,(PDA)(H,O)

[VO(PDA)]

Figure 6. Top and side views of the fully optimized
geometries (Mo6/SSC/6-311++G(d,p)) of aqueous 11
(a) UO,>*/PDA, (b) VO,/PDA, and (c) VO*/PDA
complexes. Color legend: O, red; N, navy blue; C,
grey; H, white; V(V), turquoise; V(IV), blue; U, or-
ange.

Having established the most stable forms of the
UO,™, VO,’, and VO* complexes with PDA, we
can now computationally assess their individual
stability constant (log K,) values using our DFT-
based methodology for predicting stability con-
stants of uranyl*”*® and vanadium* complexes.
The results given in Table 5 verify that our compu-
tational protocol provides very accurate estimates
of the log K, values (with the maximum absolute
error of 0.5 log units) for 11 [UO,(PDA)(H,O)],
[VO,(PDA)(H,0)], and [VO(PDA)] complexes.
Mutual consistency of experimental and theoreti-
cally predicted stability constant values of the PDA
complexes further confirms the validity of the pre-
sented log K, data.

Table 5. Experimental and theoretically calculated log
K, Values for Uranyl, Dioxovanadium(V), and Oxo-
vanadium(IV) Complexes with PDA Ligand

log K,
complex experimental® calculated”  abs.
error
[UO,(PDA)(H,0)] 16.5 16.0 0.5
[VO,(PDA)(H,0)] 73 7.2 01
[VO(PDA)] 7.4 7.5 0.1

*Determined in this work.
®Calculated using the methodology described in refs. 47,48
(UO,™ complexes) and ref.49 (VO," and VO*" complexes).

As one may see from Table 5, the log K, value of
[UO,(PDA)(H,0)] is significantly greater in magni-
tude than the log K, values of the vanadium com-
plexes with PDA. Therefore, our results indicate
that the PDA ligand is better organized for binding
with large UO,*" than with small VO," and VO**
cations. In spite of the fact that VO*" is able to co-
ordinate to all four donor atoms of PDA, this in-
duces high ligand strain resulting in a low log K,
value, which is similar to that of the VO,'/PDA
complex. This phenomenon can also be rational-
ized within the framework of natural bond orbital
(NBO) analysis. NBO reveals that the chemical
bonding between metal oxycations (M = UO,™,
VO,’, or VO*) and PDA has an essentially dative
character, i.e., the occupied electron lone pairs of
the anionic carboxylates O as well as the lone pairs
of the phenanthroline N donor atoms enter into
the vacant valence orbitals of M to form coordina-
tive o bonds. The main results with respect to the



strength of LPo—n*y (carboxylate) and LPy—n*y
(phenanthroline) donor-acceptor NBO interac-
tions associated with the donation of electron den-
sity from carboxylate and phenanthroline func-
tional groups of the PDA ligand to M are summa-
rized in Table 6. The donor-acceptor interactions
between PDA and UO,*" were found to be substan-
tially stronger than those between PDA and VO™,
As indicated in Table 6, second-order perturbation

theory® suggests that the strength of the
LPo—n*y and LPy—n*y interactions is ~174
kcal/mol and ~22 kcal/mol greater for the

UO,*/PDA than for the VO**/PDA complex. This
is caused by the high levels of PDA preorganiza-
tion that sustains a greater overlap between the O
p- and N p-type lone pairs of the ligand and the
vacant f-orbitals of UQO,** than VO?" d-orbitals,
resulting in stronger M«—:0 and M«:N dative
bonds in the [UO,(PDA)(H,O)] complex than is
observed in [VO(PDA)]. The [VO,(PDA)(H,O)]
complex is stabilized through LPp—n*y and
LPy—n*y interactions by only 87.7 and 671
kcal/mol, respectively, because VO," does not
bond to all four donor atoms of PDA (see Figure

6b).

Table 6. Leading donor-acceptor natural bond orbital
interactions and their second-order stabilization en-
ergies E? (kcal/mol) for UO,*, VO,*, and VO** com-
plexes with PDA

donor NBO — acceptor* NBO?

complex
LPO—> I'I*M LPN—> l‘l*M
(carboxylate) (phenanthroline)
[UO,(PDA)(H,0)] 385.7 155.6
[VO,(PDA)(H,O)] 87.7 67.1
[VO(PDA)] 211.2 133.5

*The starred and unstarred labels correspond to Lewis (do-
nor) and non-Lewis (acceptor) NBOs, respectively. LP de-
notes an occupied lone pair; n* denotes vacant metal orbit-
als. M can be UO,™, VO,", or VO*".

Implications for the Selective Recovery of
Uranium from Seawater.

In seawater, one has to take into account the car-
bonate complexes and the relatively high concen-
tration of carbonate of 2.5 x 10> M. Stability con-
stant, log K, values for the carbonate complexes of
UQO,* are available,” but have not been reported
for the VO," and VO*" complexes. We have con-
structed an LFER (Linear free energy) relationship
of log K, for VO," and VO*" complexes with ligands
containing negative oxygen donors (e.g. formate,
acetate, oxalate, malonate, salicylate, catecholate)
versus log K, with the corresponding Cu(Il) com-
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plexes, as seen in Figure S1 of the Supporting In-
formation. The reasonably good LFER yields the
estimates for log K, for the carbonate complexes of
VO," and VO™ given in Tables 3 and 4, respective-
ly, from the reported value of log K, = 6.77 for the
Cu" carbonate complex.”® A species distribution
diagram was constructed by incorporating the log
K, values for the carbonate complexes of UO,™,
VO,’, and VO™, together with all the hydrolysis
constants known for these metal ions*™** as well
as the log K, values for the PDA complexes deter-
mined here (Figures 3d and 4b). The inclusion of
carbonate complexes made little difference to the
species distribution diagram for VO," shown in
Figure 4b, so that even without the inclusion of
competing UO,™, the VO, cation forms no com-
plexes with PDA at pH 8. These are completely
suppressed at this pH by the formation of the very
stable H,VO, anion. Experimentation with the
VO>"/PDA system shows that with the inclusion of
carbonate at a relatively high concentration of 2.5 x
102 M as found in seawater, the [VO(PDA)] com-
plex is largely suppressed. To obtain a model that
realistically reflects the UO,*" speciation in the
presence of the PDA ligand under seawater condi-
tions, the stability constants of the ternary
(Ca**/Mg™)-UO,**-CO;™ complexes must also be
included in the simulations.®> As one may see from
Figure 7, even in the presence of o0.0o1 M PDA
(very small concentration) at the seawater pH =
8.3, more than 9o% UO,™" is complexed by PDA
(65% [UO,(PDA)], 30% [UO,(PDA)OH]’), while
[UO,(CO;);Ca,] and [UO,(CO,);Mg]* only account
for 5% UO,*". One can thus conclude with confi-
dence that that the PDA ligand would exclusively
bind UO,*" and effectively compete with the for-
mation of carbonate complexes under seawater
conditions. It is worth mentioning that the low
hydrophilicity of the PDA aromatic backbone may
be the major challenge associated with the suc-
cessful operation of the potential PDA-based pol-
ymer adsorbents. However, functionalizing the
phen backbone with amines or alcohols can be suf-
ficient to improve the solubility of PDA while in-
creasing its electron donation properties and thus
UO,”"-PDA bond strength. Hence, we expect that
ion-exchange materials based on a PDA functional
group would be highly efficient and selective for
UQO,™ over the vanadium species present in sea-
water.



[UO,(PDA)] [UO,(CO,),Ca,]

% of uranyl as species indicated

[UO,(PDA)OH] [UO,(CO,),Mg]?

10.0
pH

Figure 7. UO,” speciation in seawater conditions
calculated using the values of log K, from Table 2. The
values for the formation of the aqueous species
(Ca*'/Mg™)-UO,*"-CO;™ are taken from Endrizzi and
Rao.” C(CO;”) = 0.0025 M, C(UO,™) = 1.4 x 10° M,
C(Ca™) = o.010 M, C(Mg*)= 0.053 M, C(PDA*) =
0.001 M.

CONCLUSIONS

In this work, we assessed the potential of the PDA
(1,10-phenanthroline-2,9-dicarboxylic acid) ligand
for the extraction of uranium from seawater by
using a combination of fluorescence and absorb-
ance studies, along with density functional theory
(DFT) calculations. It was found that PDA is highly
preorganized for uranyl complexation and tends to
coordinate to UO,*" in a low-strain manner. The
stability constant value (log K;) of 16.5 obtained for
the UO,*/PDA complex is high compared to ura-
nyl complexes with other dicarboxylic and repre-
sentative amidoxime ligands, suggesting that PDA
can form strong UO,” complexes and effectively
compete with carbonate ions for the complexation
of UO,*" at the pH of seawater and in the presence
of vanadium species. Therefore, ligand preorgani-
zation plays a significant role in the enhanced ura-
nyl binding affinity and selectivity.

An important result from our studies of PDA is
that it has several advantages over a glutarim-
idedioxime ligand, which is reputedly responsible
for the extraction of uranium from seawater using
the current state of the art amidoxime-based ad-
sorbents." For instance, glutarimidedioxime is
highly unstable under strongly alkaline or acidic
stripping conditions and has the drawback of low
selectivity for uranium over vanadium cations. In
contrast, PDA shows no sign of decomposition on
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standing in HNO,; or NaOH for three months.
Moreover, PDA exhibits strong size-based selectiv-
ity in that the determined log K, values of the PDA
complexes of the vanadium ions are low (log K, =
7.3 (VO,") and 7.4 (VO™)) and the ligand is ex-
pected to be stable during UO,* stripping from
the adsorbent, which should occur in basic solu-
tion of pH ~ 12. DFT calculations suggest that the
vanadium cations are too small for ideal coordina-
tion in the cleft of PDA: while the vanadium(IV)
adapts to this by inducing deviation from planarity
and notable distortions in the structure of the PDA
ligand, vanadium(V) is not able to coordinate with
all four donor atoms of PDA simultaneously, as
indicated by the absence of the sharp band at 247
nm in the electronic spectrum of the VO,"/PDA
complex. Hence, the structural preorganization
helps PDA achieve higher binding affinity for
UO,* over the VO," and VO ions, which is due
to the strong dative interactions between UO,*
and functional groups of the ligand, promoting
stronger coordination with the uranyl cation, as
suggested by the NBO analysis. Overall, due to its
high chemical stability and selectivity for uranyl,
PDA is a very promising candidate for the devel-
opment of novel adsorbent materials for the selec-
tive extraction of uranium from seawater.
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Synopsis: Using UV/Vis, fluorescence, and quantum chemical methods we report very high selectivity of the PDA
(1,10-phenanthroline-2,9-dicarboxylic acid) ligand towards UO,™ over competing VO," and VO*' ions, suggesting
that PDA could be used as a new functional group in ion-exchange materials for the selective recovery of uranium
from seawater.

uo,* VO* VO,
log K=16.5 logK=7.4 log K=7.3
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