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9912 short-lived forbidden 5f transitionsf

M. Sturzbecher-Hoehne,? P. Yang,*® A. D'Aléo*© and R. J. Abergel*?

The photophysical properties and solution thermodynamics of water soluble trivalent americium (Am'")
complexes formed with multidentate chromophore-bearing ligands, 3,4,3-LI(1,2-HOPO), Enterobactin,
and 5-LIO(Me-3,2-HOPOQO), were investigated. The three chelators were shown to act as antenna chromo-

phores for Am'"

, generating sensitized luminescence emission from the metal upon complexation, with
very short lifetimes ranging from 33 to 42 ns and low luminescence quantum vyields (107> to 1072%),
characteristic of Near Infra-Red emitters in similar systems. The specific emission peak of Am" assigned
to the °D; — ’F; f—f transition was exploited to characterize the high proton-independent stability of the

Received 22nd January 2016, complex formed with the most efficient sensitizer 3,4,3-LI(1,2-HOPO), with a log 110 = 20.4 + 0.2 value.
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Introduction

The past several years have seen an increased resurgence of
interest in nuclear power from many countries, with the
common goals of ensuring sustainable energy supplies and
curbing greenhouse gases."” However, while proceeding at a
rapid rate, the development of nuclear energy is still hampered
by safety concerns associated with the handling and proces-
sing of spent nuclear fuel and high-level nuclear waste.>* The
long-term radioactivity of nuclear waste repositories is one of
the main issues at stake, and is in part determined by the pres-
ence of minor trivalent actinides such as americium (Am™)
and curium (Cm™"™).>”” The separation of these metal ions from
each other and from trivalent lanthanides has proven inher-
ently difficult due to their similar chemical properties and
remains a great technical challenge for advanced transmuta-
tion and irradiated fuel-reprocessing operations.® Approaches
for separation range from established solvent extraction tech-
niques such as the TALSPEAK process that relies on selective
complexing agents and cation exchanging extractants™'® to
more recent methods that combine oxidation and ion
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In addition, the optical and solution thermodynamic features of these Am

" complexes, combined with

density functional theory calculations, were used to probe the influence of electronic structure on
coordination properties across the f-element series and to gain insight into ligand field effects.

exchange procedures."’ The complexity of these approaches
and the further need for effective separation processes direly
call for a better understanding of the fundamental coordi-
nation chemistry of trivalent actinides as well as for precise
methods to detect, characterize, and differentiate these metal
ions in solution.

Several lanthanides and actinides, including Am™ and
cm™, are known to display specific luminescence
properties,’*™*® which can provide important information on
the electronic and chemical differences between the 4f and 5f
elements and may be in turn used for speciation determi-
nation. Most prior actinide photo-luminescence studies have
been performed in the solid state and are based on direct exci-
tation of the metal centered transitions, which necessitates
high excitation power in order to populate emissive states and
generate weak luminescence signals attributed to Laporte-
forbidden f-f transitions.'®? In contrast, most of our recent
work has focused on the indirect modulation of actinide
luminescence through the use of sensitizing antenna
chelators.”*> In this process, luminescence of the metal ion
is prompted by the excitation of the ligand and subsequent
intramolecular energy transfer from a triplet excited state or a
singlet intra-ligand charge-transfer excited state of the ligand
to the metal ion.'>*® Using the so-called “antenna” effect
therefore leverages the much larger molar absorption coeffi-
cients of organic chromophores as compared to those of the
weakly absorbing f-f transitions of actinide and lanthanide ions.

Siderophore-inspired hydroxypyridinone (HOPO)-contain-
ing multidentate ligands are flagship chelators currently under

This journal is © The Royal Society of Chemistry 2016
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Fig. 1 Top: structures of 3,4,3-LI(1,2-HOPO) (1, left), Enterobactin (2,
centre), and 5-LIO(Me-3,2-HOPO) (3, right). Bottom: simplified
Jablonski diagram depicting the sensitization of Eu", Am", and Cm"' by
the ligands 1, 2, and 3.

scrutinized development as therapeutic actinide decontamina-
tion agents.>” They are also known for their propensity to act
as luminescence antenna for Cm"™ and a variety of trivalent
2528 and, based on the relative electronic energy
329 should therefore

lanthanides,
levels of metals from the 4f and 5f series,
also act as antenna chromophores for Am™ (Fig. 1). The 5f°
configuration of Am"™ makes it isoelectronic with Eu™ (4f°),
only differing from the lanthanide ion over its larger spin-
orbit coupling and crystal field splitting, a smaller value of the
Slater parameter, and a slightly larger ionic radius induced by
the presence of 5f electrons.>® Thus, Am"" displays the same
ground- and excited-states symbol terms as Eu" but with
different energies,” which results in °D; (17 200 cm™") being
the emissive state in Am™, whereas Eu™ emission arises from
the higher energy state °D, (17 500 cm™") and °D; is the best
accepting state in Eu'".>! In the work presented here, the sen-
sitization of Am™ luminescence was attempted and character-
ized using three different ligand structures that display
different triplet excited state energies above that of the Am""
D, state. Expanding on early observations by Yusov,**> we
report the first thorough characterizations and quantifications
of the antenna effect in Am"™, using (i) the octadentate syn-
thetic chelator 3,4,3-LI(1,2-HOPO) (1, Fig. 1) that bears four
1-hydroxy-pyridin-2-one (1,2-HOPO) moieties on a spermine
scaffold, (ii) the natural hexadentate siderophore Enterobactin
(2, Fig. 1) that links three catecholamide metal-binding groups
to a cyclic tri-serine lactone, and (iii) the tetradentate synthetic
ligand 5-LIO(Me-3,2-HOPO) (3, Fig. 1) that connects two
N-methyl-3-hydroxy-pyridin-2-one ~ (Me-3,2-HOPO)  subunits
onto a linear ether backbone through amide linkages. The
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Am™ complexes formed with these three compounds exhibit
sharp luminescence features that were used to probe and
discuss coordination chemistry properties as compared with
corresponding lanthanide and Cm"™ complexes, evidencing
new tools for the speciation and characterization of minor tri-
valent actinide species.

Experimental

Caution: >*Am and ***Cm are hazardous radionuclides with
high specific activities that should only be manipulated in
specifically designated facilities, in accordance with appropri-
ate safety controls.

General considerations

Chemicals were acquired from commercial suppliers and were
used as received. Enterobactin was obtained from Prof. K. N.
Raymond (Department of Chemistry, University of California
at Berkeley). The ligands 3,4,3-LI(1,2-HOPO) and 5-LIO(Me-3,2-
HOPO) were prepared and characterized as previously
described.?® The LnCl;-nH,O lanthanide salts utilized were of
the highest purity available (>99.9%). Aliquots of acidified
stocks of carrier-free >**>Am and ***Cm (95.78% >**Cm, 4.12%
?4°Cm, 0.06% ***Cm, 0.02% ***Cm/**’Cm isotopic distribution
by atom percentage) from the Lawrence Berkeley National Lab-
oratory were used in this work. All solutions were prepared
using deionized water purified by a Millipore Milli-Q reverse
osmosis cartridge system and the pH was adjusted as needed
with concentrated HCl or KOH. The pH of solutions was
measured with a conventional pH meter at 25 °C (Metrohm
Brinkmann) that was equipped with a glass electrode (Micro
Combi, Metrohm) filled with KCI and calibrated with pH stan-
dards. Stock solutions of ligands were prepared in Milli-Q
water further degassed by boiling for 1 h while being purged
under Ar. Metal stock solutions were prepared in 0.1 mol L™
HCI previously standardized by titrating against TRIS. For
direct spectroscopic measurements, equimolar amounts of
metal and chelator were used to constitute complex solutions
(3 pmol L™, pH 7.4) in 0.1 mol L™" HEPES buffer.

Photophysics

UV-Visible absorption spectra were recorded either on a Varian
Cary 6000i double beam absorption spectrometer, NanoDrop
2000C, or Ocean Optics USB 4000, using quartz cells of
1.00 cm path length. Emission spectra were acquired on a
HORIBA Jobin Yvon IBH FluoroLog-3 spectrofluorimeter, used
in steady state mode. Spectra were reference corrected for both
the excitation light source variation (lamp and grating) and the
emission spectral response (detector and grating). Lumine-
scence lifetimes were determined on a HORIBA Jobin Yvon
IBH FluoroLog-3 spectrofluorimeter, adapted for time-corre-
lated single photon counting (TCSPC) and multichannel
scaling (MCS) measurements. To measure lifetimes >15 ps, a
sub-microsecond Xenon flashlamp (Jobin Yvon, 5000XeF) was
used as the lightsource, with an input pulse energy (100 nF

Dalton Trans., 2016, 45, 9912-9919 | 9913
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discharge capacitance) of ca. 50 mJ, yielding an optical pulse
duration of less than 300 ns at full width at half maximum
(FWHM). For shorter lifetimes, samples were excited with a
pulsed NanoLED source (Jobin Yvon, N-16, pulse duration
1.1 ns; maximum repetition rate 1.0 MHz; peak excitation
330 nm). Spectral selection was achieved by passage through a
double grating excitation monochromator (2.1 nm mm™" dis-
persion, 1200 grooves per mm). Emission was monitored per-
pendicular to the excitation pulse, again with spectral
selection. A thermoelectrically cooled single photon detection
module (HORIBA Jobin Yvon IBH, TBX-04-D) incorporating
fast rise time photo-multiplier tubes (PMT), wide bandwidth
preamplifier, and picosecond constant fraction discriminator,
was used as the detector. Signals were acquired using an IBH
DataStation Hub photon counting module and data analysis
was performed using the commercially available DAS 6 decay
analysis software package from HORIBA Jobin Yvon IBH.
Goodness of fit was assessed by minimizing the reduced chi
squared function, and visual inspection of the weighted
residuals. Each trace contained at least 5000 points, and the
estimated error on the reported lifetime values is +10%.
Quantum yields were determined as previously described
and detailed in the ESLt The g values were calculated by using
eqn (1)** and (2)* for Cm™ and Am" species, respectively.

g = 0.65 kops — 0.88 (1)

g =256 x 1077 kops — 1.43 (2)

Solution thermodynamics

General considerations. A Micro Combi (Metrohm) glass
electrode (response to [H+] calibrated before each titration)
was used with a Metrohm Titrando 907 (Metrohm) to measure
the pH of the experimental solutions. All thermodynamic
measurements were conducted at 25 °C, in 0.1 mol L™ KClI
supporting electrolyte under positive Ar gas pressure.

Spectrofluorimetric competition batch titrations. Varying
volumes of a Eu™ (or Am™, respectively) stock solution were
added to solutions of ligand and Am™ (or Eu"™, respectively)
in 0.1 mol L™" KCl buffered at pH 7.4 with 0.1 mol L' HEPES.
All solutions were diluted to identical volumes to reach final
concentrations of ligand and Am™ (or Eu"™, respectively) of
3 pmol L7', and the ratio [Eu™]:[Am™] (or [Am™]:[Eu™],
respectively) was comprised between 0 and 7 (or 0 and 5,
respectively). Samples were equilibrated in a thermostatic
shaker at 25 °C for two hours. The emission spectrum of each
solution was measured using a 1 cm quartz cell (A = 325 nm,
Aem1 = 595-620 nm, Aemp = 695-710 nm). Each titration was
performed independently twice and included over 20 data
points. The data were then imported into the refinement
program HypSpec®®*” and analysed by nonlinear least-squares
refinement.

Data treatment. All equilibrium constants were defined as
cumulative formation constants, S according to eqn (3),
where the metal and ligand are designated as M and L,
respectively.

9914 | Dalton Trans., 2016, 45, 9912-9919
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[MleHh]}h 3)

mM + IL + hH = [MLiHy][; =
[ m1 h] Pmin [M}m[L}][H

All metal and ligand concentrations were held at estimated
values determined from the volume of standardized stock solu-
tions. The refinements of the overall formation constant f;4,
included the four previously determined ligand protonation
constants,*® the metal hydrolysis products for both competing
metals, for which equilibrium constants were fixed to the
literature values,” and the previously determined f;,0 and f11;
Eu™ complex constants;*® all ligand species formed with Am™
or Eu"" were considered to have significant emission to be
observed in the emission spectra. The pM(Am™); value was
calculated using the modelling program Hyss.***!

Density functional theory calculations

First principle -calculations were performed using PBE
exchange-correlation functional*> implemented in the Amster-
dam Density Functional (ADF 2014.07) program.***> Scalar
relativistic effects were taken into account by the ZORA formal-
ism to the Dirac equation.*® TZ2P basis sets with small cores
were used for geometry optimization and QZ4P were used for
property analysis.”’ Initial coordinates used for geometry
optimization were obtained from published X-ray diffraction
studies.”®

Results and discussion
Sensitization of Am™ complexes

As introduced earlier (vide supra), the use of antenna ligands is
known to result in the sensitization of, and brighter emission
from, selected trivalent lanthanide or actinide ions,*® making
spectro-fluorimetric measurements possible even at very low
concentrations with, in this case, minimum amounts of radio-
active metal. The photophysical properties of the Am™ com-
plexes formed in situ with 1, 2, and 3 were investigated in
buffered aqueous solutions at pH 7.4 with 1:1 metal: ligand
stoichiometries and concentrations of Am" of the order of
3 pmol L7'; the relevant parameters are summarized in
Table 1. As expected the maxima of the electronic UV-visible
absorption of the Am™ complexes, due to © — n* transitions,
are located in the UV part of the spectrum, spanning from 315
to 345 nm (Fig. 2 and Table 1), at the same energies as those
observed for the corresponding lanthanide and Cm™ com-
plexes (previously published results***® in the case of 1 and 3
and new data on Eu™ and Cm™ complexes of 2, ESI Fig. S1
and Table S17).

The occurrence and efficiency of the antenna intra-
molecular energy transfer process in emitting metal complexes
will greatly depend on the energy of the sensitizing ligand
triplet excited state, which may be estimated by measuring the
residual phosphorescence emission of the ligand singlet and

1 The conditional stability constant pM is the —log [free M] for the specific set of
conditions [metal] = 107° M, [ligand] = 10™° M, pH 7.4.

This journal is © The Royal Society of Chemistry 2016
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Table 1 Photophysical parameters for Am'"' complexes formed with
ligands 1, 2, and 3¢

1 2 3
Amax (NM) 316 340 342

£max (Mol ™' Lem™) 17750 13320 23940
Aexe (NM) 325 345 345

Do (H,0)? 1.0x107* 6.2x107° 1.3x107°
Tobs (11S) 42 (56°, 739 37 33

“All values reported are the results of at least three independent
experiments performed in aqueous buffered solutions (0.1 mol L™
HEPES, pH 7.4). ”Uncertainties determined from the standard
deviation between three independent measurements are within 10% of
the given value. “In 25:75 (v:v) D,0 : H,0. “In 50: 50 (v:v) D,O : H,O.

3 1.2
g 41.0
‘:\ S "7495 500 505 510 515 520 . 0_8 Lul‘
E A (nm) 3
1—0 .a
2 106 §
) 5
L {04 §
{02 E
_y b 0.0
300 400 500
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Fig. 2 Electronic absorption (solid, left) and normalized steady-state
emission (solid, right, lexc = 325 nm) and excitation spectra (dashed,
Aem = 700 nm) of [Am"'(1)]~, in 0.1 mol L™* HEPES buffer (pH 7.4). Inset.
Magnification of [Am"(1)]~ excitation spectra (lem = 700 nm), revealing
an absorption band due to the Am"" 5Lg < 7F, transition.

triplet excited states in the corresponding Gd™ complexes, as
described elsewhere and detailed in the ESL1°® The lowest
triplet excited state of 1 had previously been determined by
this technique at 24 390 cm™",*® an adequate level for the sen-
sitization of most lanthanide ions as well as Cm".>>*® That
energy level is typical of the 1,2-HOPO chromophore and was
found higher than those of the CAM- and Me-3,2-HOPO-based
ligands, 2 and 3, which were respectively determined at 20 600
and 18650 cm™'. Hence all three ligands were predicted to
efficiently populate the °D, emitting level of Am"™ (Fig. 1).
Upon excitation of [Am"'(1)]™ at 325 nm, in the 1,2-HOPO 1 — ©*
transition, two distinct emissions were observed: a broad
band, centered at 405 nm, attributed to the residual singlet
excited state emission from the chelating moieties (with a fluo-
rescence quantum yield of 0.13%), and a much less intense
structured emission pattern centered at 700 nm that was
ascribed to the Am™ °D; — ’F; transition (Fig. 2). It is also
clear from the excitation spectrum collected at 700 nm (Fig. 2)
that the Am™ emission arises from the = — n* transitions of
the 1,2-HOPO ligand, a direct evidence of the antenna effect.

This journal is © The Royal Society of Chemistry 2016
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Fig. 3 Deconvolution of the normalized Am"' emission peak for ligands
1 (A), 2 (B), and 3 (C); solid and dashed lines represent the original
spectra and fits, respectively. (D) Simplified depiction of the Stark levels
of the emitting 5D, and accepting 7F, states.

Finally, attempts to directly excite this forbidden f-f transition
under the same conditions resulted in no emission, a conse-
quence of its low molar absorption coefficient, as compared
with the highly accessible singlet = — =n* transition of the 1,2-
HOPO units (i.e. & values of 100 mol™' L cm™" vs. 17 750 mol
L cm™). Together, these data perfectly illustrate the advantage
of using an antenna chromophore to increase complex bright-
ness§ by exciting the ligand rather than directly exciting the f-f
transitions (i.e. brigthness values of 1.8 mol™ L cm™ vs.
0.01 mol ' L ecm ™).

Similarly, Am™ emission was observed upon ligand exci-
tation in the complexes formed with 2 and 3, allowing us to
assert that the triplet excited states of the sensitizing chromo-
phores (ie. 1,2-HOPO, CAM, and Me-3,2-HOPO) within this
series of chelates lie at adequate energies relative to the Am™
D, level. As evidenced in Fig. 3, the structure of the character-
istic Am"™ emission varies with the coordinating ligand, a
result from ligand field splitting of the metal emitting and
accepting states. Deconvolution of this emission band using
Lorentzian functions revealed the participation of four tran-
sitions between different J = 1 Starks levels: two °Dy (', I's)
emitting and two 'F; (T, T's) accepting levels. For all three
complexes, the most intense contribution (from 29 to 39%,
centered between 693.2 and 698.3 nm) is assigned as originat-
ing from the lowest Stark level of the °D; state to the lowest
one of the “F, state (ESI Table S2+). However, the relative con-
tributions of the different states are more equally distributed
for 2 and 3, indicative of a higher symmetry for the complexes
formed with those two ligands and geometry distortions
different from that of the [Am™(1)]” complex.

§ The brightness is defined as the product of molar absorption coefficient and
luminescence quantum yield, and it represents the capacity of the complex to
absorb photons multiplied by its capacity to emit photons.

Dalton Trans., 2016, 45, 9912-9919 | 9915
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Efficiency of the antenna process

Upon further measurement accumulations focusing on a
smaller region of the spectrum (i.e. 495-520 nm), the forbid-
den Am™ °Lg « ’F, transition was also observed as an absorp-
tion band in the excitation spectrum (Fig. 2), albeit as a slight
feature centered at 508 nm, but only in the case of ligand 1.
This result is consistent with the energy levels of the respective
ligand lowest T, excited states (Fig. 1): the intramolecular
energy transfer from the chromophore triplet state can only
occur with the lower-lying excited state of Am™ °D, in the
cases of ligands 2 and 3, while excitation of 1 could result in
the population of higher-energy levels such as °Lg
(19500 cm™) and up to °H, (23900 cm™").”° The lumine-
scence quantum yields of the three Am"™ complex solutions
were also noted to increase with higher chromophore T,
excited state: the least efficient sensitization being observed
with the Me-3,2-HOPO-based ligand 3 (¢ = 1.3 x 107°%) and
the most efficient with the 1,2-HOPO-containing ligand 1 (¢ =
1.0 x 107>%). This trend is consistent with data obtained from
! complexes, where all three types of chromo-
phores can populate the emitting °D-,, state, with respective
luminescence quantum yields of 45%, 40%, and 16% for
ligands 1,>> 2 (ESI Table S17), and 3,> respectively. Corre-
spondingly, in the case of Eu', sensitization cannot occur
with 3, and a very weak emission (¢ = 0.2%) was found with 2
(ESI Table S1t), since its triplet excited state energy lies only
slightly higher than that of Me-3,2-HOPO and is too close to
the °D, state, resulting in inefficient energy transfer or back
transfer to the triplet excited state. Similarly to what is
reported with Sm'™, Dy™ or Nd™ species,*>*° the lumine-
scence quantum yields of the Am™ complexes are quite low
due to the inherently low metal-centered luminescence of the
Am" a consequence of the proximity between the highest
ground state ("Fe) and the emitting °D; excited state (with an
energy gap of only 4400 cm™" based on calculations by Simoni
et al.>®). In addition, non-radiative decay from the °D; state
onto the non-emissive D, ground state in Am'" creates a
rather efficient emission-quenching pathway in this actinide
ion.

the same Cm"

Time-resolved luminescence

Time-resolved analysis of the emitting complexes in H,0
revealed very fast luminescence decays in comparison with
analogous Cm'™,* Eu™, and Tb™ species*® (ESI Table S17),
with respective lifetimes of 42, 37, and 33 ns for 1, 2, and 3
(Table 1). As for the low quantum yields (vide supra), these
short lifetimes are attributed to the narrow gap between the
emitting *D, state and the highest ground “F, state. Such rapid
decay patterns are commonly measured for Nd™ complexes
and to a lesser extend for Sm"™ and Dy™ compounds.*®*
Kimura and coworkers have derived empirical methods to
determine the number of inner sphere water molecules g in
luminescent f-element complexes in aqueous solutions.**?’
There is ample data for metal ions such as Cm'™, which
increases the reliability of these methods and has led us to

9916 | Dalton Trans., 2016, 45, 9912-9919
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apply the derived equations to the HOPO ligand systems in
previous reports.”> Hence coordination numbers of 9, 10 and
10 were determined for the Cm™ complexes of 1 (g = 0.8),
2 (g = 4.2), and 3 (g = 2.5), respectively, and were confirmed
using independent alternate calculations.” Likewise, a ¢ = 0
value was determined and verified for the eight-coordinated
[Eu™(1)]” complex.’®** However, less data are available for
Am™ compounds in general and, when applied to the present
experimental lifetime values, this empirical method®® provided
unreasonably high g values of 4.7, 5.5, and 6.3 for 1, 2, and 3,
respectively. These results are incoherent with the similar sizes
of the Cm®*" and Am®" ions, with a slightly longer ionic radius
for the latter, which would allow for an additional water mole-
cule at most in comparison to Cm®". The short lifetimes
observed here strongly suggest that energy transfer-back trans-
fer with higher excited states occurs in Am(m) complexes,
which may prevent the accurate use of empirical correlations.
High uncertainties in these equations can also certainly arise
from the presence of numerous N-H vibrations (like those
found in the terminal amide functions of the HOPO or CAM
units) that are known to quench luminescence lifetimes to
some extent in visible emitters, such as Eu'"", and strongly in
NIR emitters.”®*® To address the applicability of the Kimura
method to antenna-triggered luminescence, lifetimes were
measured for [Am"™(1)]” after sequential additions of D,O
(Table 1 and ESI Fig. S27), resulting in an only slightly slower
luminescence decay of 73 ns in 50% D,O, in contrast to a
reported increase from 24 ns to 55 ns for the nona-aqua ion.*
These experiments evidenced the little effect of D,O when the
metal center is chelated, suggesting less H-D exchange pro-
cesses and fewer water molecules in the first coordination
sphere than hypothesized by applying the Kimura equation,
and another indication that N-H vibrations from the ligands
have a substantial effect on the luminescence emission from
the metal.

Solution thermodynamic characterization

As in our previous solution thermodynamic characterizations
of f-element complexation by these high-affinity HOPO chela-
tors,>>?® the sensitized emission of the Am™ was used to
determine the stability constants of the complex formed with
the better sensitizer ligand 1, through spectrofluorimetric
indirect metal competition titrations at low micromolar con-
centrations (ESI Fig. S31). Non-radioactive Eu"" was taken as a
reference because of its electronic structure similar to that of
Am™ and the remarkable luminescence properties of the
corresponding complex, for which emission bands do not
overlap with that of the Am™ complex. In these competition
titrations, solutions containing an equimolar ratio of Am™
and 1 ([Am"™] = [1] = 3 pmol L™, [KCI] = 0.1 mol L™, [HEPES]
= 0.1 mol L', pH 7.4, 25 °C) were divided into separate ali-
quots and the competing Eu™ was added to reach concen-
trations varying from 0 to 15 pmol L™'. The solutions were
allowed to reach equilibrium (when no luminescence change
was observed) and the emission spectra recorded (Aexe =
325 nm). The intensity of the [Am™(1)]” emission decreases
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upon addition of Eu™ (ESI Fig. S37), corresponding to the for-
mation of the new complex. Fully reversed titrations were per-
formed in the same manner, starting with solutions of Eu™
and 1 and using Am'" as the competing added metal. The data
consisting of sets of emission spectra (lem; = 595-620 nm,
Aemz = 695-710 nm) with varying concentrations of competing
metal were imported into the refinement program HypSpec®’
and analyzed by nonlinear least-squares refinements. The
equilibration of 1 between both metals was calculated by
including the proton association and Eu™ complex formation
constants of the ligand, as well as the hydrolysis constants of
both metals, as fixed parameters in the refinements, with the
emission intensity resulting exclusively from the sensitization
of the two metal ions by the ligand. Refinements yielded a
complex formation constant log ;1o = 20.4 + 0.2 and corres-
ponding pM(Am™) value} of 21.3 + 0.2. The stability of the
Am™ complex of 1 falls well within the range observed in
corresponding f-element complexes (pM;, from 17.2 to 23.1
for the 4f series) and is equivalent to that of the Gd™ complex
(pM;.4 = 21.3).%® As expected, it is also barely higher than that
of the Eu™™ complex (pM, 4 = 21.1) but significantly lower than
what is observed for Cm"™ (pM; 4, = 22.7).>®

Density functional theory computational results

Density functional theory (DFT) calculations were employed to
seek further insights into the metal-ligand interactions. Com-
putational work was restricted to ligand 1, based on the avail-
ability of complex coordinates from X-ray diffraction studies
with [Eu™(1)]7°.*® The structures of Eu", Am"™, and Cm™
complexes formed with ligand 1, [M"™(1)]”, were optimized,
with resulting metal-oxygen distances listed in Table 2 and
molecular orbital bonding analysis results illustrated in Fig. 4.
Metal-oxygen distances were separated into two categories,
depending on the chemical nature of the binding oxygen: the
hydroxyl oxygens linked to nitrogen atoms display longer M-O
distances by ca. 0.05 A, as compared to the pyridinone oxygens
linked to carbon atoms. The small differences in M-O dis-
tances among the three different metal species were also
indicative of a strong ionic character in bonding: the four
hydroxyl oxygens carry negative charges when deprotonated,
displaying larger M-O bond distance variations than the pyri-
dinone oxygens. However, based on the orbital analysis,
overlap between the metal 5f orbitals and those of the ligand
is higher with Cm™ than with Am"™, resulting in more covalent
interactions. Owing to the large octadentate structure of the
1,2-HOPO ligand, many of the computed orbitals exhibited the

Table 2 Metal-oxygen bond distances from predicted geometric
structures of Eu", Am" and Cm""' complexes formed with ligand 17

Bond length (A) Eu™ Am™ cm'™
M-O(-N) 2.478 2.487 2.483
M-O(-C) 2.430 2.437 2.437

“Elements in parentheses are those connected to the oxygen atom.
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Fig. 4 Molecular orbital diagram of [Am"'(1)]~, with “HOPO" designating
ligand 1. The respective natures of frontier orbitals are listed by their
main contributors. The isosurface value for the MO orbitals is 0.03.

same nature. We therefore used a simplified diagram to eluci-
date the frontier orbitals. In all three metal cases, the occupied
frontier orbitals are the f-orbitals at the metal centre, while the
n-bonding orbitals of the ligand lie below the f-orbitals. The
bonding mixing between the ligand and metal d/f orbitals
were omitted for clarity. The lowest unoccupied orbitals are
dominated by the n*-antibonding orbitals of ligand 1. Thus,
excitation of ligand n-bonding orbitals is predicted to promote
electrons to the m*-antibonding orbitals, which are higher in
energy than the metal f-orbitals. The relaxation of these
excited states will then sensitize the f-electrons and result in
f — f transition decay, as observed experimentally.

Nephelauxetic effect and bonding strength

The bathochromic shift of the emission maxima observed
during complexation of Ln™ and An™ cations is induced by
the relative decrease in inter-electronic repulsion, and is corre-
lated with the nephelauxetic effect. While the shifts observed
with 4f species are typically small (0-3 nm range, corres-
ponding to an energy shift of less than 65 ecm™*),>® shifts as
large as 50 nm (corresponding to ~1100 cm™') have been
noted in 5f systems.>* When choosing the transition from the
lowest Stark level of the excited state °D; to the ground level of
the accepting state “F,, shifts of about 9, 4, and 6 nm were
observed in the complexation of Am™ by 1, 2, and 3, respect-
ively, with 689 nm as the reference for the free ion in solu-
tion."® These shifts are of the order of 1% and are therefore
remarkably less pronounced than those observed with the
corresponding Cm™ complexes (ca. 2.5%).>® Most theoretical
studies of the nephelauxetic effect have investigated series of
ligands for individual cations,*** but have seldom provided
comparisons among analogous complexes through the 4f and
5f series. A recent study established that the nephelauxetic
parameter increased regularly with increasing Z in series of
allyl acetoacetate lanthanide complexes.”® This trend is
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consistent with the increasing effects observed here when
replacing Am™ by Cm'"™. The experimental formation con-
stants of the complexes formed with ligand 1 increased in the
4f series with decreasing metal ionic radius and also increased
from Am™ to Cm™. This could simply be explained by ionic
metal-ligand bonding. However, the observed nephelauxetic
shift of the emitting f-f transitions in the 5f complexes could
also indicate partial covalency in the metal-ligand bonds,
which is corroborated by the increased metal-ligand orbital
overlap observed in the computed structures when substitut-
ing Am™ for Cm™. In addition, the significantly shorter M~O
bond distances observed in the calculated [Eu"(1)]” structure
contrast with a slightly lower complex stability, as compared to
the Am™ species, which implies increased covalency in the 5f
complexes. Comparisons among ligands for a same metal ion
are slightly more intricate, as the shift may be due to a combi-
nation of factors such as the coordination number or the
basicity of the different ligands.

Conclusions

We report the first characterization of Am™ luminescence sen-
sitization by three antenna ligands, 3,4,3-LI(1,2-HOPO), Entero-
bactin, and 5-LIO(Me-3,2-HOPO). Those ligands were initially
probed based on their ease of production and availability due
to on-going pharmaceutical development studies, but it had
become apparent that their respective triplet excited state ener-
gies are adequately situated at higher levels than accepting
Am™ levels. The photophysical properties of the resulting
Am™ complexes have revealed intramolecular energy transfer
processes with features specific to the electronic structure of
the Am®" ion and drastically different from those of corres-
ponding Eu™ and Cm™ complexes. As further evidenced
through the determination of solution thermodynamic para-
meters for the complexation of Am™, the use of steady-state
luminescence spectroscopy may become an important tool for
actinide speciation in complex environments. Future studies will
focus on fine-tuning ligand structures to regulate these lumine-
scence sensitization processes with actinide ions and establish
direct correlations between stability and spectroscopic properties
of the complexes with coordination numbers and electronic
structures of both the ligand and the chelated element.
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