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ABSTRACT: Metal aquo ions occupy central roles in all equilibria that define metal
complexation in natural environments. These complexes are used to establish thermodynamic
metrics (i.e., stability constants) for predicting metal binding, which are essential for defining
critical parameters associated with aqueous speciation, metal chelation, in vivo transport, and so
on. As such, establishing the fundamental chemistry of the actinium(III) aquo ion (Ac-aquo ion,
Ac(H2O)x

3+) is critical for current efforts to develop 225Ac [t1/2 = 10.0(1) d] as a targeted
anticancer therapeutic agent. However, given the limited amount of actinium available for study
and its high radioactivity, many aspects of actinium chemistry remain poorly defined. We
overcame these challenges using the longer-lived 227Ac [t1/2 = 21.772(3) y] isotope and report
the first characterization of this fundamentally important Ac-aquo coordination complex. Our
X-ray absorption fine structure study revealed 10.9 ± 0.5 water molecules directly coordinated
to the AcIII cation with an Ac−OH2O distance of 2.63(1) Å. This experimentally determined
distance was consistent with molecular dynamics density functional theory results that showed (over the course of 8 ps) that AcIII

was coordinated by 9 water molecules with Ac−OH2O distances ranging from 2.61 to 2.76 Å. The data is presented in the context
of other actinide(III) and lanthanide(III) aquo ions characterized by XAFS and highlights the uniqueness of the large AcIII

coordination numbers and long Ac−OH2O bond distances.

■ INTRODUCTION

Because metal aquo ions, M(H2O)x
n+, are both ubiquitous and

chemically important, their structures and chemical properties
serve as fundamental benchmarks in exploring trends across the
periodic table. Characterization of aqueous speciation provides a
foundation for advances throughout chemistry and biology. For
example, understanding the chemistry of metal aquo ions is
essential for solving technical problems relevant to biomedical
applications, metal ions in the environment, extraction, food
chemistry, and so on. In this sense, metal aquo ions occupy
central roles in all chemical equilibria that define complexation
properties of a metal by a particular ligand in aqueous media (eq
1).
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Historically, one of the first critical steps in characterizing the
chemical behavior of any element involved establishing its
aqueous coordination chemistry. These results provided a
foundation for determining critical metrics (i.e., stability
constants) and metal solution behavior (i.e., complexation,
precipitation, etc.) that enabled predictive capability for metal
binding affinity. These days, the aquo ion identities and behaviors
for many elements are taken for granted, as they have been well
established for decades.

Motivated by the recent global efforts to exploit radioactive
decay from 225Ac as a promising anticancer therapeutic agent, we
set out to explore actinium’s chemical binding properties in
support of chelator design.1,2 Unfortunately, an insufficient
understanding of actinium coordination chemistry has consid-
erably hindered development of an appropriate actinium
chelator.1 As an example, even something as fundamental as
the actinium aquo ion, Ac(H2O)x

3+ (referred hereafter as Ac-
aquo), remains poorly defined. Closing this gap is one of the first
steps toward establishing thermodynamic data needed for
predicting actinium behavior in biologically relevant media.
Gathering experimental information about actinium is

difficult, primarily because all of its isotopes are highly
radioactive. The most stable actinium isotopes225Ac and
227Achave very short half-lives (t1/2) of 10.0(1) d and
21.772(3) y,3 respectively. Additionally, only very small
quantities of these isotopes are available for research. As a result,
many basic properties associated with actinium have yet to be
defined. For instance, consider that the first actinium bond
distance was not measured until 2016.4 Perhaps the most well-
defined aspect of actinium chelation chemistry is the realization
that actinium’s affinities for binding certain donor atoms are
difficult to predict.5 This deficiency, as well as the implications of
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the large actinium ionic radius on chelation, severely hampers
ligand design efforts for stabilizing actinium in targeted α-therapy
applications.
Herein, we overcame the sample handling and spectroscopic

obstacles associated with studying the actinium(III) (5f0 6d0) ion
in aqueous media and report the first characterization of arguably
the most fundamentally important actinium coordination
complex, namely, the Ac-aquo ion, Ac(H2O)x

3+. In this study,
we made use of X-ray absorption fine structure (XAFS)
spectroscopy and molecular dynamics density functional theory
(MD-DFT) calculations to evaluate actinium speciation in dilute
triflic acid. These data were compared to previous actinium
XAFS studies and presented in the context of what is currently
understood for the other actinide(III) aquo ions.4,6−16 Overall,
the results highlight the uniqueness of the AcIII ion, most notably
in terms of the large coordination numbers and very long Ac−
OH2O bond distance.

■ RESULTS AND DISCUSSION
Sample Preparation. The synthesis of the Ac-aquo ion was

inspired from methodology developed previously for other
actinides (Scheme 1).4,13,17−22 In general, the three step

procedure involved (1) chemical and radiochemical purification
to generate an 227Ac stock solution, (2) preparation of the Ac-
aquo ion, and (3) recovery of the valuable AcIII reagent. The
procedure started by chemically and radiochemically purifying a
sample of actiniumrecovered from a previous scientific
campaignusing a combination of anion exchange (AG1-X8)
and liquid/liquid extraction chromatography (branched DGA;
Eichrom). In the course of our studies we found it important to
add a cation exchange column to further purify AcIII from organic
contaminants that followed through the anion exchange and
liquid/liquid extraction steps. Details associated with the first
anion exchange and liquid/liquid extraction columns have been
described previously.4 In the cation exchange procedure, AcIII

dissolved in dilute nitric acid (HNO3; 0.05 M) was loaded onto
an AG50W-X8 resin. Under these conditions the resin bound
AcIII and organic contaminants were removed with copious

HNO3 (0.05 M) washing. Elution of the AcIII in HNO3 (6 M)
provided a chemically pure stock solution that was suitable for
subsequent chemical transformations. The overall purification
procedure shown in Scheme 1 was attractive because it enabled
recovery of AcIII from numerous inorganic and organic
contaminants. Additionally, the process reduced the dose rate
by removing the radioactive daughters, namely, 227Th and 223Ra
[t1/2 = 18.68(9) d, 11.43(5) d, respectively].4,17−23,5,24,25 Finally,
this procedure provided a means to recycle the valuable and rare
227Ac analyte for subsequent experimentation.
From the chemically and radiochemically purified actinium

stock solution (described above) the Ac-aquo ion was prepared
using a modification of the synthesis reported for the curium(III)
aquo ion, [Cm(H2O)9](CF3SO3)3.

13 This previously published
Cm(H2O)9

3+ procedure involved precipitating CmIII from
aqueous solutions with sodium hydroxide (NaOH). The
presumed curium(III) hydroxide was subsequently washed
with water and dissolved in dilute triflic acid (HO3SCF3; 1.67
M). Unfortunately, in our laboratory, this hydroxide precip-
itation was not directly transferrable to our small actinium
sample. For example, in the CmIII study, there was sufficient mass
(15 mg) to separate the curium(III) hydroxide precipitate from
the supernate by centrifugation. In contrast, the AcIII trans-
formations were carried out on a microscale (only 30 μg). Hence,
it was not possible to isolate the actinium(III) hydroxidethe
most soluble f-element hydroxide5using conventional separa-
tion methods from the aqueous solvent.
To overcome this technical challenge, we introduced stable

lutetium as a macroscopic carrier to facilitate precipitation and
isolation of actinium(III) hydroxide. Here, the purified AcIII

stock was heated under a stream of argon until the solvent
evaporated. Care was taken to avoid bubble formation,
splattering, and aerosolizing radioactive particles outside of the
flask. After achieving a soft dryness, the residue was dissolved in
water. Then, a macroscopic quantity of Lu(CF3SO3)3 was added
(0.5 mg) to the solution, and actinium(III) and lutetium(III)
hydroxides were coprecipitated using NaOH (2 M). Centrifu-
gation of the mixture generated a substantial pellet, from which
the supernate was easily decanted and discarded. After washing
the pellet and dissolving the solid in dilute triflic acid, a solution
suitable for XAFS spectroscopy that contained macroscopic
quantities of the Lu-aquo ion, Lu(H2O)x

3+,26−31 with trace
amounts of the Ac-aquo ion was obtained.
Several factors contributed to the success of this preparative

method. First and foremost, the chemical behavior of LuIII

loosely mimics that of AcIII, which ensured quantitative
coprecipitation of the respective hydroxides. Additionally, there
had to be a method to remove the LuIII from AcIII after the
experiment, so that the precious actinium sample could be
recycled for future studies. Consistent with many actinium/
lanthanide separation studies,17,5,24,25,32−38 we observed that
liquid/liquid extraction chromatography (branched DGA;
Eichrom) was effective for purifying AcIII from LuIII. As an
example, “proof-of-principle” experiments using stable LuIII (0.5
mg) spiked with a radioactive 173Lu tracer [t1/2 = 1.37(1) y; 5.8
kBq; 3.6 × 1011 atoms]3 and short-lived 225Ac [t1/2 = 10.0(1) d;
8.8 kBq; 1.1× 1010 atoms] demonstrated feasibility.3 These 173Lu
and 225Ac isotopes were employed because their radioactive
decay properties provided a convenient method for character-
izing LuIII and AcIII separations using γ-spectroscopy. The
representative chromatogram in Figure 1 shows that complete
separation of 225Ac from 173Lu was achieved and that no cross
contamination occurred in the representative 225Ac and 173Lu

Scheme 1. Schematic Showing the Synthetic Methodology for
Preparing the Ac-aquo Ion and Recovering Actinium from
Previous Scientific Campaigns
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fractions. Moreover, this procedure was successfully applied in
recovering 227Ac after the XAFS experiment. Although similar
elution profiles were previously reported using trace quantities of
actinium and lanthanides,4,17,18,36,38−44 our separation demon-
strated that the DGA process accommodated a large mass range.
This spanned picogram (pg) to microgram (μg) quantities with
successful separations both at the tracer level (225Ac = 1.1 × 1010

atoms; 173Lu = 3.6 × 1011 atoms) and using large masses (227Ac =
7.4 × 104 kBq, 7.4 × 1016 atoms, 2.8 × 10−5 g; stable Lu = 1.7 ×
1018 atoms, 5.0 × 10−4 g).
Ac L3-Edge XANES. To experimentally characterize Ac-aquo

speciation, we exploited the element specific properties
associated with X-ray absorption fine structure spectroscopy
(XAFS). This spectroscopic approach has the crucial capability
to probe low levels of actinium among large quantities of
lutetium carrier. For instance, the Ac L3-absorption edge is well
separated in energy from the Lu K- and L-edges, as well as the
corresponding X-ray emission lines used for fluorescence
detection.45 Figure 2 compares the background subtracted and
normalized XANES spectrum from Ac-aquo (obtained in this
study) with a spectrum of AcIII dissolved in HCl (AcIII in HCl; 11

M; Ac-HCl) from our previous work.4 These two spectra are the
only XANES measurements reported for actinium to date. The
spectra were similar, each having a pronounced edge peak
superimposed on an absorption threshold. From the perspective
of the free ion, the edge feature has been crudely described as
originating from electric-dipole allowed transitions from the
actinide 2p-orbitals to unoccupied states that contain actinium
6d-character, i.e., 2p6 ... 5f0 6d0 → 2p5 ... 5f0 6d1.46,47 The
inflection point in the Ac-aquo spectrum was found at 15874.3
eV, as determined graphically where the second derivative of the
data equaled zero. This value was 0.4 eV lower in energy than the
analogous inflection point 15873.9 eV reported previously for
Ac-HCl.4 It was tempting to attribute this energy difference to
electronic changes accompanying substitution of inner sphere
Cl1− ligands in Ac-HCl for H2O ligands in Ac-aquo. However,
given the uncertainty associated with actinide L-edge XANES
inflection point determination, these energy differences were
only marginally relevant statistically.

Ac-aquo MD-DFT. Before discussing the Ac L3-edge EXAFS
data, we found it instructive to first present results from the
molecular dynamics density functional theory (MD-DFT)
calculations. These computational results were used to guide
the spectral interpretations by providing a glimpse into actinium
species potentially present during the EXAFS experiment. In
these calculations, the speciation of a single AcIII ion with 64H2O
molecules was modeled within a box that had dimensions of
12.54 Å × 12.45 Å × 12.68 Å. To keep the system neutral, the
charge on the box was constrained to be uniformly −3. Prior to
the simulation, the temperature was elevated (498 K) to
randomize the box components. Next, the system was returned
to 298 K and the molecular dynamics (MD) modeled for 8 ps.
Results from the calculation are depicted graphically in Figure 3,

where an averagedH2O occupation was displayed as a function of
the mean distance from the AcIII ion over the course of the
simulation. This plot showed a tight distribution of H2O
molecules at 2.689 ± 0.11 Å in the first actinium coordination
sphere (Figure 4). Second and third shells of water molecules
were subsequently observed near 5 and 7 Å, respectively, and
linked to the first water shell through dynamic and intricate
hydrogen bonding networks. However, over the course of the
entire calculation only 9 H2O molecules were ever observed in
this first actinium coordination sphere. Attempts to add or

Figure 1. Elution profile of 225Ra, 225Ac, and 173Lu separations using
DGA (Eichrom) on a Bio-Rad column (1mL of resin in 10mL column).

Figure 2. Room temperature background subtracted and normalized
AcIII L3-edge XANES spectra obtained from Ac-aquo (HO3SCF3, 0.11
M; blue trace, bottom) and Ac-HCl (HCl, 11 M; red trace, top).

Figure 3. A comparison of the experimental Ac−OH2O bond distance
(red trace) determined by EXAFS spectroscopy and the calculatedmean
distance (blue trace) between AcIII and water molecules within 3 Å from
the actinium center during the 8 ps MD-DFT calculation.
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subtract H2O molecules failed, as a tenth H2O molecule quickly
disassociated and an eight coordinate Ac(H2O)8

3+ ion rapidly
picked up an extra H2O ligand.
Ac L3-Edge EXAFS. Structural information for the Ac-aquo

ion was experimentally determined from the k3χ(k) EXAFS
solution phase measurements shown in Figure 5 and Figure 6. In

spite of the low analyte concentration, high quality data with a
reasonable signal-to-noise ratio was obtained to approximately
8.5 k. As a result, the data confidently represented the actinium
first coordination shell. Meanwhile, longer scattering pathways
were obscured and not considered, i.e., the second water shell
and multiple scattering pathways like Ac−H2O···H2O. The data
was modeled using established methods based on the EXAFS
equation,48 where the coordination number (CN) and the bond
length (R) variables were allowed to converge to reasonable
values. Unfortunately, a reasonable model of the data could not
be obtained when the Debye−Waller factor (σ2) was a free
variable. An unconstrained σ2 model produced spectral fits with
unreasonably large coordination numbers, or S0

2 values >1 when
coordination numbers were fixed. To overcome this challenge, σ2

was constrained to the reasonable value of 0.009. As shown in the
Supporting Information, this value was determined through
extrapolation based on an anticipated linear relationship between
σ2 and the atomic number for the actinide aquo complexes (U to
Cf)6−16,49,50 listed in Table 1.
To guide interpretations of the EXAFS data from Ac-aquo, we

calculated (using FEFF851) an EXAFS spectrum for a stable
configuration of the actinium(III) nona-aquo trication, Ac-
(H2O)9

3+, based on atomic coordinates obtained from one
“frame” of theMD-DFT calculations described above (see Figure
5). The experimental and calculated spectra were nearly
superimposable, except at low k, owing to differences in the
Debye−Waller factors (none were applied to the DFT model).
Each spectrum was best described as having a single frequency
whose amplitude methodically dampened with increased k. The
frequencies were in good agreement, which suggested that the
experimental Ac−OH2O distances approximated those in the
Ac(H2O)9

3+ model.
In the FEFF8 calculation (coordinates obtained from MD-

DFT), the nine Ac−OH2O scattering pathways ranged from 2.544
to 2.845 Å, spanning 0.301 Å. Given that the experimental data
was of high quality between k of 2.6 and 8.5, the experimental
resolution was calculated to be 0.266 Å (π/2Δk). Hence, we
refrained from attempting to experimentally resolve multiple
Ac−OH2O bond distances within the first water shell. A high
quality fit with low residual factors and a reduced chi-squared
value were obtained using an “averaged” single H2O shell, as
displayed in Figure 6 for the k3χ(k) data and its corresponding
Fourier transform. In this model a shell of H2O molecules was
observed at a 2.63(1) Å distance (Table 1, Figure 6). This value

Figure 4. MD-DFT average radial distribution function of water
molecules versus the calculated mean Ac−OH2O distance during the 8 ps
MD-DFT calculation.

Figure 5. Room temperature solution-phase AcIII L3-edge EXAFS
function k3χ(k) from the Ac-aquo ion (HO3SCF3, 0.11 M) (solid blue
trace) and a FEFF8 model for Ac(H2O)9

3+ (dashed red trace), whose
coordinates were obtained from a single frame of the MD-DFT
calculation.

Figure 6. Left: The room temperature solution-phase AcIII L3-edge EXAFS function k
3χ(k) from the Ac-aquo ion (HO3SCF3, 0.11M) (solid blue trace).

Fit of the data is shown as a dashed black trace. Right: Fourier transform of k3-EXAFS spectra from the Ac-aquo ion (HO3SCF3, 0.11 M; blue trace) and
its real part shown as the red trace. Fits to the data have been provided as dashed black traces.
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was quite similar to the mean 2.66 ± 0.09 Å Ac−O distance for
the static Ac(H2O)9

3+ structure obtained from the single “frame”
of the MD-DFT simulation, which was used as the initial atomic
coordinates guess in modeling the EXAFS data. We remind the
reader of the MD-DFT results shown in Figure 3, where the
average Ac−OH2O distances for the nine water molecules varied
between ∼2.61 and ∼2.76 Å [mean 2.689 ± 0.11 Å] over an 8 ps
dynamic simulation. These calculated values were similar to the
experimentally determined distance. Additionally, this 2.63(1) Å
experimental distance was quite similar to the only other
reported Ac−OH2O distance, specifically the 2.59(3) Å distance
determined recently by EXAFS from HCl solutions containing
AcIII, AcCl3.2(1)(H2O)6.6(2).

4 As these values are the only bond
distances reported for actinium to date, their agreement is
important in establishing confidence in the Ac−OH2O bond
length being approximately 2.6 Å. Most notably, this AcIII−OH2O
distance was more than 0.1 Å longer than analogous distances in
other actinide−aquo complexes, as determined by EXAFS
analysis (see Table 1 and Figure 7).
The major difference between the EXAFS calculation from

Ac(H2O)9
3+ and the experimental data was associated with wave

amplitudes, which were larger in the experiment (Figure 5). This
increase suggested that the experimental coordination number
was greater than the calculation (coordination numbercalc = 9).
The fit of the experimental data showed 10.9± 0.5 oxygen atoms
in the inner AcIII coordination sphere. The error with this

coordination number is only associated with the data fitting
model and does not encompass subjective decisions made during
data processing (background subtraction, normalization, spline
range, fitting range, Fourier transform range, choice of Debye−
Waller factor, etc.). Having 10.9 ± 0.5 inner sphere water
molecules seemed reasonable for the large AcIII ion, especially
because this value overlapped with coordination numbers
determined by EXAFS for other +3 actinide and lanthanide

Table 1. Comparison of Lanthanide and Actinide +3 Aquo Ions Analyzed by EXAFSa

compound metal soln concn matrix ionic radius (CN = 6)63 CN R [Å] σ2 [Å2] ΔE0 [eV]

Ac-aquo 0.264 mM 0.11 M HO3SCF3 1.12 10.9 ± 0.5 2.63(1) 0.009 -3.9
LaIII(H2O)y

31 0.2 M pH 1 HO3SCF3 1.032 6.0 ± 0.5 2.560(9) 0.007(1)
3.0 ± 0.5 2.66(2) 0.0065(22)

LaIII(H2O)y
9 2−3 M 0.25 M HCl 1.032 9.2 ± 0.37 2.54(3) 0.0090 −7.3

LaIII(H2O)y
31 0.2 M pH 1 HO3SCF3 1.032 6.0 ± 1.0 2.50(4) 0.014(6)

3.0 ± 1.2 2.57(4) 0.009(7)
UIII(H2O)y

6 1−10 mM pH 0 HCl 1.025 9.1 ± 0.6 2.52(1) 0.009(1) 12.8
UIII

aq
7 1 M HCl 1.025 8.7 ± 0.9 2.56(1) 0.10(1) 2.1

NpIII(H2O)y
6 0.5−2 mM pH 0 HCl 1.01 10.0 ± 1.2 2.51(1) 0.009(1) 7.2

NpIIIaq
7 1 M HCl 1.01 9.8 ± 0.9 2.52(1) 0.10(1) 3.8

NpIIIaq
8 4.7 mM 1 M HClO4 1.01 9.0 ± 1.0 2.48(2)

PuIII(H2O)y
49 20 mM 0.01 M LiCl 1 10.2 ± 1.1 2.510(6) 0.010 −10.4

PuIII(H2O)y
9 10 mM 0.01 M LiCl 1 9.2 ± 0.33 2.510(6) 0.010 −10.4

PuIII(H2O)y
6 0.8−2 mM pH 0 HCl 1 9.9 ± 0.3 2.49(1) 0.009(1) 7.0

PuIIIaq
10 0.01 mM 1 M HClO4 1 8.6 ± 0.2 2.50(2) 0.0083 7.16

PuIIIaq
7 1 M HCl 1 9.9 ± 0.9 2.51(1) 0.10(1) 2.3

PuIIIaq
50 1 8−9 2.48

NdIII(H2O)y
9 2−3 M 0.25 M HCl 0.983 9.5 ± 0.37 2.49(3) 0.0090 −8.2

NdIII(H2O)y
52 HClO4 0.983 9.5 2.51 0.0091

Am-aquo4 4.8 mM 0.11 M HO3SCF3 0.975 9.5 ± 0.87 2.48(1) 0.0088(9) −4.71
AmIII(H2O) y

11 1 mM 0.025 M HClO4 0.975 8.3 ± 0.4 2.473(4) 0.0071(6) −12.2
AmIII(H2O) y

9 10 mM 0.25 M HCl 0.975 10.3 ± 0.33 2.480(6) 0.009 −8.7
AmIII(H2O) y

12 7.9 mmol kg−1 0.03 M NaClO4 (pH 3.5) 0.975 9.0 ± 0.0 2.47(1) 0.0074(5) 7.2
AmIII

aq
7 1 M HCl 0.975 9.5 ± 0.9 2.51(1) 0.10(1) 1.0

CmIII(H2O)y
9 10 mM 0.25 M HCl 0.97 10.2 ± 0.33 2.450(6) 0.009 −13.0

CmIII(H2O)y
13 0.523 M 1 M HClO4 0.97 7.0 ± 0.4 2.469(7) 0.0071(8) −2.0

BkIII(H2O)y
14 0.47 mM 1 M HClO4 1 M 0.96 9.0 ± 0.6 2.43(2) 0.009(2) 2.7

SmIII(H2O)y
52 HClO4 0.958 9.3 2.45 0.0077

CfIIIaq
7 1 M HCl 0.95 9.5 ± 0.9 2.44(1) 0.10(1) 2.5

CfIII(H2O)y
15 2.2 mM 0.1 M HClO4 0.95 8.0 ± 0.0 2.42(1) 0.0077(1) 1.76

CfIII(H2O)y
16 1.67 M 1 M HCl 0.95 8.5 ± 1.5 2.42(2) 0.0095(1) 1.4

GdIII(H2O)y
52 HClO4 0.938 7.6 2.41 0.0066

aData in bold are from this study, and data are presented in the order of decreasing ionic radius.63

Figure 7. Coordination numbers and An−OH2O bond distances
determined by EXAFS for the Ac-aquo ion and actinide(III) aquo
ions previously reported.6−16,49
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aquo ions (Table 1 and Figure 7). For the +3 actinides, these
values ranged from 7.0 to 10.3 for U, Np, Pu, Am, Cm, Bk, and
Cf6−16,49,50 and averaged 9.3 ± 0.9. Similarly, for the +3
lanthanides, these values ranged from 7.6 to 9.5 for La, Nd, Sm,
and Gd and averaged 9.0 ± 0.7.9,31,52 We note that many of the
coordination numbers determined by EXAFS for the actinide
and lanthanide +3 aquo ions were larger than those observed by
single crystal X-diffraction, where coordination numbers larger
than 9 have yet to be reported.13,26,30,53−62

■ OUTLOOK

Herein, we characterized the Ac-aquo complex by Ac L3-edge
XAFS spectroscopy and MD-DFT calculations. Experimentally,
we observed approximately 10.9 ± 0.5 water molecules in the
inner actinium coordination sphere at an average distance of
2.63(1) Å. These results were in reasonable agreement with the
MD-DFT results, which predicted exactly nine water molecules
at a 2.689 ± 0.11 Å distance. The good agreement between
experiment and theory is impressive when one accounts for the
inherently large uncertainties typically associated with EXAFS
coordination number determination alongside limitations
associated with the GGA functionals and the difficulty in
capturing key variables that influence speciation within the
calculations.We anticipate that access tomore experimental data,
through studies like this, will reveal unique chemical and physical
properties associated with the actinium element and enhance
overall predictive capabilities in actinium chemistry. The
characterization of the Ac-aquo ion presented here represents a
fundamental benchmark in the development of actinium
coordination chemistry. For example, with this data in hand,
credible efforts to characterize actinium speciation in more
relevant biological and natural media can proceed. In addition,
characterization of the Ac-aquo ion will facilitate future efforts to
study displacement of H2O by chelating ligands.
While the Ac-aquo ion coordination number was slightly

higher than the coordination numbers of the other actinide and
lanthanide aquo ions, the incredibly long Ac−OH2O distance
exemplified how actinium is the largest +3 cation known (ionic
radius: 1.12 Å63).While it remains unclear how actinium’s unique
size influences coordination numbers and preferences for
binding certain donor atoms, the ion’s size should be a major
consideration when designing ligand architectures for actinium
chelation. Hence, our current efforts are focused on character-
izing the impact of actinium’s large ionic radius on complexation
by chelators relevant to biomimetic applications, i.e., DOTA,
EDTA, HEHA, PEPA, DTPA, NOTA, etc.2,64−69 These studies,
in combination with the data reported here, will heavily influence
our foray into developing new actinium chelators that support
use of actinium in targeted α-therapy.

■ EXPERIMENTAL SECTION

General Consideration. CAUTION! The 225Ac, 227Ac, and
173Lu isotopes present serious health threats, due to their (and their
daughters’) α-, β-, and γ-radiation. As such, this research was
conducted in a radiological facility within certified fume hoods
and monitored with appropriate α-, β-, and γ-particle detecting
instruments. The 227Ac isotope was supplied by the United States
Department of Energy Office of Science Isotope Program in the
Office of Nuclear Physics. The 173Lu isotope was produced and
purified at Los Alamos.70 The 225Ac isotope was purified from a
clean 229Th source, which had been achieved in the LANL
isotope inventory many years ago.71 Trifluoromethanesulfonic

acid and sodium hydroxide were obtained commercially (Fisher
Scientific). Water was purified to 18.2 MΩ/cm resistivity using
Thermo-Scientific Barnstead Nanopure or Millipore Nanopure
water purification systems. Resins used for separations
DOWEX AG1-X8 (BioRad; 100−200 mesh; Cl1− form),
branched DGA (Eichrom; 50 μm), and DOWEX AG50W-X8
(BioRad; 100−200 mesh; H+ form)were obtained commer-
cially, suspended in water, and the fines were decanted prior to
use. Separations were characterized using γ-spectroscopy using
an EG&GOrtec model GMX-35200-S HPGe detector system in
combination with a Camberra model 35-Plus multichannel
analyzer associated with Gamma Vision software.

AcIII Purification. Actinium was radiochemically and chemi-
cally purified as follows. A crude solution containing AcIII in nitric
acid, HNO3 (∼10 mL; 8 M), was loaded onto a Biorad column
(10 mL) filled with DOWEX AG1-X8 (1 mL; BioRad; 100−200
mesh; Cl1− form) that had been conditioned prior withH2O (3×
5 mL), HNO3 (3 × 5 mL; 8 M), H2O (3 × 5 mL), and HNO3 (3
× 5 mL; 8 M). The AcIII and 223Ra daughter (+2 oxidation state)
passed directly through the column, while the 227Th daughter
(+4 oxidation state) was retained. This effluent was diluted with
water so that the final HNO3 concentration was 6 M. This AcIII

containing solution was then loaded onto a second Biorad
column (10 mL) containing a DGA (1 mL; Eichrom) resin that
had been conditioned with H2O (3× 10 mL) followed by HNO3
(1 × 10 mL; 6 M). Under these conditions the RaII passed
through the column while AcIII was retained. The column was
washed with HNO3 (6 × 2 mL; 6 M). Subsequently AcIII was
eluted using HNO3 (2 × 5 mL; 0.05 M). To remove any organic
compounds that followed AcIII through the DGA resin, the DGA
column effluent was loaded directly onto a Biorad column (10
mL) containing DOWEX AG50W-X8 resin (1 mL) that had
been conditioned with H2O (3× 10mL) andHNO3 (1× 10mL;
0.05 M). After washing of the column with copious amounts of
HNO3 (2 × 5 mL; 0.05 M), AcIII was eluted with HNO3 (2 × 8
mL; 6 M). The 227Ac fractions were combined. Subsequently 5
mL of the solution was assayed by γ-spectroscopy. We note that
when assaying 227Ac there is a large uncertainty (>3%) associated
with γ-spectroscopy results, as the 227Ac γ-emission is
complicated by low relative intensities (0.001−0.006% at
energies higher than 100 keV). Hence, more rigorous evaluation
of the actinium concentration was achieved using the Bateman
equation and monitoring ingrowth of the 227Ac daughters,
namely 227Th and 223Ra.72

Synthesis of Ac-aquo. The radiochemically and chemically
purified AcIII stock solution described above was evaporated to a
soft dryness in a conical shaped glass vial on a hot plate under a
slow stream of argon. The resulting residue was dissolved in
Millipore H2O (0.200 mL). Subsequently, sodium hydroxide,
NaOH (0.100 mL; 2 M) was added and the solution was capped
and agitated. To ensure quantitative precipitation and effective
separation of actinium hydroxide precipitate from the supernate,
lutetium(III) tris-triflate, Lu(O3SCF3)3 (0.5 mg in 0.010 mL),
was added as a stable carrier. The solution was then centrifuged
(3 min at 6000 rpm) and the supernate was removed from the
fluffy solid. The solid was washed with NaOH (1 × 0.100 mL; 10
mM) and with Millipore H2O (1 × 0.050 mL). The solid
precipitate was then dissolved in trifluoromethanesulfonic acid
(HO3SCF3; 0.5 mL; 0.11 M) and transferred to an XAFS holder.
The holder was triply contained, which protected against release
of radiological material during shipment and XAFS experiments,
as described below.
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AcIII Separation from LuIII. A solution containing AcIII and
LuIII was evaporated to a soft dryness in a conical shaped glass vial
on a hot plate under a slow stream of air. The resulting residue
was dissolved in HNO3 (3 × 2 mL; 8 M). The resulting solution
was loaded onto a Biorad column (10 mL) filled with a DGA (1
mL; Eichrom; 50 μm) resin that had been conditioned with H2O
(3 × 10 mL) followed by HNO3 (3 × 10 mL; 6 M). Under these
conditions both AcIII and LuIII were retained on the resin.
Actinium(III) was selectively eluted with HNO3 (5 × 10 mL; 10
M). The 227Ac fractions were combined. Then, the solution was
evaporated in a conical shaped glass vial on a hot plate under a
slow stream of argon to a soft dryness. The residue was
subsequently dissolved in a minimal amount of HNO3 (8 M).
XAFSMeasurements.The Ac L3-edge XAFSmeasurements

were made on samples loaded into XAFS cells that were triply
contained. The XAFS holder consisted of a plastic body with a 2
mm well equipped with a set of Teflon windows (1 mil) and a
Kapton window (1 mil). Solutions were introduced into the
holder through an injection hole sealed with a Teflon gasket that
was held in place by an aluminum plate. The sample cell holder
was then transferred into the secondary and the tertiary
container, which are best described as a set of nested aluminum
holders equipped with Kapton windows (2 mil).
The XANES and EXAFS were measured at the Stanford

Synchrotron Radiation Lightsource (SSRL) under dedicated
operating conditions (3.0 GeV, 5%, 500mA) on end station 11-2.
This beamline was equipped with a 26-pole and a 2.0 T wiggler.
Using a liquid nitrogen cooled double-crystal Si[220] (Φ = 0°)
monochromator and employing collimating and focusing
mirrors, a single energy was selected from the incident white
beam. Although the crystals were run fully tuned, higher
harmonics from the monochromatic light were removed using
a 370 mm Rh coated harmonic rejection mirror. The Rh coating
was 50 nm with 20 nm seed coating, and the substrate was
Zerodur. Vertical acceptance was controlled by slits positioned
before the monochromator. The harmonic rejection cutoff was
set by the mirror angle, thereby controlling which photons
experience total external reflection. The samples were attached to
the beamline 11-2 XAFS rail. The rail was equipped with three
ionization chambers through which nitrogen gas was continually
flowed. One chamber was positioned before the sample holder,
to monitor the incident radiation (I0, 10 cm). The second
chamber was positioned after the sample holder, such that
sample transmission (I1, 30 cm) could be evaluated against I0,
while a third chamber (I2, 30 cm) was positioned downstream
from I1 so that the XANES of a calibration foil could bemeasured
in situ during the XAFS experiments against I1. Actinium solution
samples were measured in fluorescence mode using a solid-state
100-element Ge detector against the incident radiation (I0). The
100-element Ge detector was windowed on the Ac Lα emission
line (12.652 keV). Low energy contributions to the fluorescence
signal were removed using a bromine filter (3 path lengths). Prior
to conducting the measurements, dead time correction experi-
ments were performed at approximately 400 eV above the
element edge of the filter. The dead time correction curve
corresponds to the plot of the windowed counts of the emission
line of interest versus the total of incoming counts in the solid-
state detector. This procedure was performed on a Se filter.
XAFS Data Analysis. Data manipulation and analysis was

conducted as previously described.4,48 First the data were dead
time corrected and calibrated to the energy of the first inflection
point of a rubidium(II) chloride, RbCl, pellet, diluted with boron
nitride, BN, to a 1 absorption length thickness. The energy for

the first inflection point for RbCl was determined in comparison
to the Bi LII-edge of a bismuth foil (15711 eV) to be 15874.3 eV.
The energy of the calibration pellet was monitored before and
after each Ac L3-edge measurement. No energy drift during the
experiment time was observed. The XAFS data were analyzed by
fitting a line to the pre-edge region, which removed the
background from experimental data in the spectra. Then a
second to third order polynomial fitting was chosen for the
postedge region. The difference between pre- and postedge lines
was set to unity at the first inflection point, normalizing the
absorption jump to 1.0. Samples were measured for several hours
resulting in the collection of 31 scans. Fittings using Athena and
Artemis73 were performed using atomic coordinates from the
MD-DFT calculations (see below) and FEFF8 calculations.51

The spectra were fit using only single scattering paths obtained
from FEFF8. The adjustments of spectra were performed in 2.6 <
k < 8.5 Å−1 and 1.25 < R < 3 Å. For the fitting procedure, the
coordination number (CN) and distance (R) variables were
allowed to vary. In generating the model, the Debye−Waller
factor (σ2) was fixed to 0.009, which was extrapolated from the
anticipated linear relationship between σ2 and the atomic
number anticipated for U−Cf aquo complexes (see the
Supporting Information). A single value of energy shift (ΔE0)
was used for all scattering paths. The amplitude reduction factor
(S0

2) was set at 0.9 based on initial fits. Results were compared to
data published previously for actinium in concentrated HCl (Ac-
HCl).4

MD-DFT Calculations. The Born−Oppenheimer molecular
dynamics (MD) simulations in the Helmholtz ensemble (NVT)
were performed using the computer code VASP (Vienna Ab-
initio Simulations Package)74 version 5.35. In this code the forces
on the ions are calculated from the electronic structure of the
whole system computed using density functional theory at the
generalized gradient approximation (GGA) level using the
functional by Purdue−Burke−Enzerhof (PBE).75 A simulation
box of (12.54 × 12.45 × 12.68 Å3) was used, including the metal
ion (Ac3+) surrounded by 64 water molecules while a uniform
background charge of −3 was added to keep the neutrality of the
simulation box. The basis set consists of an expansion into plane
wave functions. Due to the large size of the simulation box the k-
space representation included only the Γ point. The energy
cutoff for the plane-wave expansion was set at 500 eV, and scalar
relativistic effects were included using the PAW−PBE
potentials.76 Initially the metal ion and the closest neighboring
molecules and counterions were kept frozen, and the solvent plus
remaining counterion atoms were heated up to 498 K to be
thermalized for 1 ps. After that a 1 ps run was done at 298 K with
all the degrees of freedom released to thermalize the complex
with the solvent. Finally 8 ps of data collection was performed
where we monitored the solvent and ion dynamics.
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