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8 ABSTRACT: The hydroxypyridinone ligand 3,4,3-LI(1,2-
9 HOPO) is a promising agent for biological decorporation of
10 radionuclides, and allows spectroscopic detection of many
11 lanthanide (Ln) and actinide (An) species via sensitized
12 luminescence. Despite the manifest uses of this ligand, the
13 structural and thermodynamic properties of its complexes
14 across the An series remain understudied. Theoretical
15 investigations of the binding of An(III) and An(IV) ions,
16 from actinium to einsteinium, by the 3,4,3-LI(1,2-HOPO)
17 ligand, as well as experimental extended X-ray absorption fine
18 structure (EXAFS) studies on the trivalent americium, curium,
19 and californium complexes were employed to address the
20  resulting structures, thermodynamic parameters, redox proper-

Covalency in Actinide Complexes of
Decorporation Ligand 3,4,3-LI(1,2-HOPO)
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21 ties, and corresponding electronic configurations. An(IV) ions were found to form much stronger complexes than An(III) ions,
22 consistent with experimental measurements. Complexation of both An(III) and An(IV) ions generally becomes more favorable
23 for heavier actinides, reflecting increased energy degeneracy driven covalency and concomitant orbital mixing between the Sf
24  orbitals of the An ions and the 7 orbitals of the ligand. Notably, the ability of this ligand to either accept or donate electron
25 density as needed from its pyridine rings is found to be key to its extraordinary stability across the actinide series.

26 l INTRODUCTION

27 Radiological contamination incidents can result in widespread
28 radiation exposure to both local and remote regions.
29 Representing an extreme recent example, the 2011 Fukushima
30 Daiichi Nuclear Power Plant accident resulted in the dispersal
31 of several radionuclides across a wide area, including portions of
32 the continental U.S." Actinide (An) and lanthanide (Ln) fission
33 product species are likely to be major components of such
34 contamination events, and it is therefore necessary to
35 thoroughly understand and study the behavior of these ions
36 in environmental and biological systems.”

37 Internal contamination of human populations in the event of
38 a radiological incident, whether accidental or intentional, is of
39 critical concern. Once internalized, An ions transit rapidly
40 throughout the bloodstream and are primarily deposited in the
41 liver and bones (uranium is an exception and preferentially
# deposits in the kidneys rather than in the liver), from which
43 elimination occurs very slowly.”* Uptake and deposition of
44 these ions present severe health risks due to both their
45 radiological and chemical toxicities.” Medical treatments for
46 removal of An ions from the body are deemed essential in
47 limiting radiation exposure. Decorporation is primarily done
48 through chelation therapy, in which a ligand is introduced into
49 the body to complex the ions; the ions are then expelled from
so the body concurrently with the ligand in either the urine or

W ACS Publications  © Xxxx American Chemical Society

feces. Stemming from the similar charge to ionic radius ratios s1
and coordination behaviors of Fe(III) and Pu(IV),” a promising 52
class of compounds for the purpose of decorporation are the s3
siderophore-inspired® multidentate hydroxypyridinonate s4
(HOPO) ligands, which have a peerless affinity for the An ss
ions. 56

HOPO chelators coordinate isotopes of the An and Ln series s7
exceptionally well both in vitro and in vivo, and have been sg
shown to be effective decorporation agents in multiple animal s9
models.* ™" Two hydroxypyridinonate ligands have undergone 6o
preclinical development as potential therapeutic agents for 61
actinide decorporation: the tetradentate chelator S-LIO(Me- 62
3,2-HOPO) and the octadentate chelator 3,4,3-LI(1,2- 63
HOPO),"” with the latter now entering a first-in-human clinical 64
phase. Both of these ligands have been shown to be significantly 6s
more effective An decorporation agents than the only approved s
and used drug so far: the diethylenetriaminepentaacetic acid 67
(DTPA)."” Further, HOPO ligands have potentially a wide s
array of additional medical uses. A HOPO ligand has been 69
proposed as a Gd(III) chelator for use as a contrast agent in 70
magnetic resonance imaging,20_23 and HOPO ligands have 71
been suggested as complexants in radiopharmaceutical treat- 72
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73 ments using *Zr(IV), **Ac(1lI), and **’Th(IV).”*** In
74 addition to their manifest medical utility, HOPO ligands have
75 analytical uses. 3,4,3-LI(1,2-HOPO) is known to sensitize the
76 luminescence of several Ln(IIl), An(III), and An(IV) cations
77 through the antenna effect,”* >’ allowing these systems to be
78 characterized spectroscopically and opening up a range of
79 innovative applications including fluorescence-based bioas-
g0 says.”*#3*73% A recent report has shown 3,4,3-LI(1,2-
81 HOPO) capable of stabilizing Bk in the +4 oxidation state—
g2 the first stable Bk(IV) species observed in solution—a
83 development potentially leading to novel Bk separation and
84 purification techniques.‘?’3

ss  Despite the promising applications of HOPO ligands, a
86 number of gaps in knowledge of their fundamental chemistry
87 remain. Thermodynamic measurements have been performed
gs with 3,4,3-LI(1,2-HOPO) across the Ln(III) series, and with
g0 Am(III), Cm(III), Ce(IV), Th(IV), and Pu(IV).5~'"3%%
90 However, the stability constants of M(IV)—3,4,3-LI(1,2-
91 HOPO) complexes have proven more difficult to measure, as
9 they exceed the stability of any known ligand with these
03 ions.*”*” Furthermore, while the primary uses of HOPO
94 ligands are in biological systems, thermodynamic measurements
9s have necessarily been performed in vitro, and current
96 knowledge of in vivo complex stability is derived solely from
97 the decorporation profiles of the ions.”''™"" In vivo, the
os oxidation state of the Ln and An ions is uncertain upon
99 complexation, as there is some evidence suggesting HOPO may
100 induce the oxidation or reduction of the metal ions.”*”*!
101 Finally, the structure and bonding of the 3,4,3-LI(1,2-HOPO)
102 complexes have not yet been fully investigated. To our
103 knowledge, only the single-crystal X-ray structure of Eu(III)
104 complexed with 3,4,3-LI1(1,2-HOPO) has been obtained,*!
105 while structures of Sm(I1I), Eu(III), Gd(III), Am(III), Cm(IIL),
106 and Cf(IIl) complexes have been determined when bound to
107 the protein siderocalin (Scn).*”** Currently, the only reported
108 structure for a tetravalent metal ion complex of 3,4,3-LI(1,2-
100 HOPO) is with Zr(IV).* Due, in part, to the large amount of
110 material needed, no crystal structure of a free (non-protein-
111 bound) An-3,4,3-LI(1,2-HOPO) complex has ever been
112 reported. Some of the actinide contaminants potentially
113 requiring decorporation have had neither structural nor
114 thermodynamic measurements performed; this gap in knowl-
115 edge can be addressed well with computational studies.
116 Furthermore, the underlying causes of complexation, including
117 the role of covalency in the An—ligand interaction, can be
118 investigated via electronic structure calculations.

119 The present work uses density functional theory (DFT)
120 combined with extended X-ray absorption fine structure
121 (EXAFS) measurements to advance our current understanding
122 of An-3,4,3-LI(1,2-HOPO) complexes. Their structure, ther-
123 modynamics, electronic structures, and redox properties are
124 investigated across the An series up to Es, with both formally
125 An(Il) and An(IV) ions. The similarity of 3,4,3-LI(1,2-
126 HOPO) to other biological complexants and the wealth of
127 excellent experimental information on this system ensures that
128 a fundamental understanding of An-3,4,3-LI(1,2-HOPO)
120 complexation will have applications beyond this single ligand,
130 and presents an opportunity to study trends in An-ligand
131 binding across the actinide series that can inform future work
132 developing An complexants.

=

B RESULTS AND DISCUSSION 133

Structure. The 3,4,3-LI(1,2-HOPO) ligand (Scheme 1; 13451
henceforth referred to as “HOPO” to simplify the notation) 135

Scheme 1. Structure of 3,4,3-LI(1,2-HOPO)

OH |
O._N ‘ N 0
N OH

incorporates four hydroxypyridinone 1,2-HOPO groups linked 136
through a polyamine scaffold, and is capable of forming 137
octadentate complexes with An ions, occupying all—or nearly 138
all—of the first coordination shell of the ion. Ions are bound 139
through the oxygen atoms within the 1,2-HOPO units, O(C) 140
and O(N) (the carbonyl and hydroxyl groups within the 141
hydroxamate, respectively). When fully deprotonated, HOPO 142
carries four negative charges. 143

Density functional theory has frequently been applied to 144
complicated An systems with good results,”">* and has 143
previously been used to study HOPO complexes. Daumann 146
et al. used DFT to optimize the structure of the [Eu(HOPO)]™ 147
complex, resulting in a gas phase geometry consistent with the 148
crystal structure and a calculated UV—vis spectra matching 149
experimental measurements.”’ DFT was also used by Deri et al. 150
to study the [Zr(HOPO)]® complex, using their computational 151
results to direct the synthesis of improved ligands for Zr(IV) 1s2
complexation.” Several studies have used time dependent DFT 153
to study lanthanide luminescence sensitization by ligands 154
containing the 1,2-HOPO unit,”**%%375% in addition to 1ss
calculations on Am and Cm.** These results suggest that 156
DEFT is a useful method for studying the metal-HOPO system. 157

Figure 1 shows the ion-oxygen distances in structures 15811
optimized in the gas phase and utilizing implicit solvation 159
models (polarizable continuum model) with the dielectric 160
constant of water and that of a protein environment, as the 161
HOPO ligand is frequently used in vivo. The results presented 162
in Figure 1 show excellent agreement with available 163
experimental crystal structures.'>***"?**>%97%? The optimized 164
aqueous [Eu(HOPO)]™ complex has an average Eu—O 165
distance of 2.45 + 0.01 A, within uncertainty of the 166
experimentally determined average of 2.40 + 0.04 A.*' Several 167
other experimental studies have determined coordination 168
structures of individual 1,2-HOPO units (without the poly- 169
amine scaffold) in tetrakis-bidentate complexes.’’ > The 170
average Pu(IV)—O distances in these structures are 2.33 =+ 171
0.02 A, compared to 2.36 + 0.02 A for the calculated distances 172
(Figure 1). Experimentally determined Fe(III)—O, Ce(IV)—-0, 173
and Th(IV)—O distances in the 1,2-HOPO complexes are 174
likewise consistent with our calculations of 3,4,3-LI(1,2- 175
HOPO) complexes. 176

The An—O(C) and An—O(N) distances are generally not 177
statistically distinct in measured crystal structures, as is 178
generally the case in our results. Furthermore, the structure 179
of the aqueous [Zr(HOPO)]® complex matches nearly exactly 1s0
that of the B3LYP optimized structure of Deri et al, who 181
calculated average Zr—O(C) and Zr—O(N) distances of 2.22 + 182
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Figure 1. Ion-oxygen distances, M—O(N) (O) and M—O(C) (@), in [M(HOPO)]~ and [M(HOPO)]° complexes. Experimental M—O distances
(red @) are included when available, for Eu, Zr (crystal structures),””* Ce, Th, and Pu (crystal structures from the bidentate 1,2-HOPO
ligexnd),°6’58 and Am, Cm, and Cf (EXAFS data from this work). Error bars depict the standard deviation of ion—oxygen distances in the complex or

the experimental uncertainty.

183 0.05 and 2.27 + 0.04 A, respectively, compared with 2.208 +
184 0.007 A and 2.24 + 0.03 A in the present study.” Sturzbecher-
1ss Hoehne et al. optimized structures of [Eu(HOPO)]~, [Am-
156 (HOPO)], and [Cm(HOPO)]™ in the gas phase using the
187 PBE functional. Jon-oxygen distances are nearly identical to the
188 gas phase structures presented here for all three ions.*

189 EXAFS Measurements. To further verify the DFT/PBE
190 structures, EXAFS measurements were performed on the later
191 actinides, as no experimental structural data were available in
192 the literature for comparison. Usable EXAFS data were
193 obtained on HOPO complexes formed in situ with Am, Cm,
194 and Cf (the amount of Bk material available for these
195 experiments was too limiting). The data quality is best for
196 the Am and Cm spectra, allowing for sharper spectra and a
197 confident comparison to the fit model. The [Cf(HOPO)]~ data
198 are of lesser quality (only ~3 pg available for measurements),
199 limiting the range in wave vector k (Figure 2, top). Though
200 details of the fitting models are provided in the Supporting
201 Information, we describe several important features here. The
202 fitting model for the Am and Cm data is derived from a
203 simplification of the M*' calculations described above. In
204 particular, each scattering shell is modeled by a single atom pair,
205 which is multiplied by the nominal coordination number and
206 Gaussian broadened by a Debye—Waller factors, ¢?, to account
207 for any distribution of such bonds, as well as thermal
208 broadening. This assumption, namely that the distribution of
209 bonds is narrow enough that a Gaussian will describe the

structure adequately, can be considered justified by the 210
relatively small values of 6* (less than 0.02 A for all shells) 211
and the overall good quality of the fits. In addition, the second 212
shell near 3.3 A in the calculation includes both 4 C and 4 N 213
neighbors. Since these species are virtually indistinguishable in 214
this measurement, their bond lengths are constrained together 215
and their Debye—Waller factors, o set equal, so any differences 216
in the An—C and An—N distributions for this shell are reflected 217
in the average ¢>. In addition, the Cm data require an additional 218
shell, corresponding to a bond length near 3.0 A (98% 219
confidence level®). Since Cm* luminescence lifetime measure- 220
ments indicate the presence of inner-sphere water,"’ we 221
tentatively ascribe this peak to an oxygen scatterer, although 222
we note the long bond length and large error in ¢?, which may 223
be a consequence of a dynamic coordination. We also find such 224
a peak improves the fits to the [Am(HOPO)]"~ data, although 225
with less confidence (75% confidence level). We emphasize 226
that the presence of this peak in the spectrum has no effect on 227
the bond lengths reported below. 228

To further consider inner-sphere water coordination, we 229
used a number of different strategies to optimize the calculated 230
[Am(HOPO)(H,0)]~ structure, but none was successful. In 231
the absence of constraints, the added water molecule moved 232
away from the ion to a distance of approximately 4.3 A, where it 233
formed two hydrogen bonds with HOPO oxygen atoms 234
coordinating to the Am ion. It is possible that solution dynamic 235
effects would establish an equilibrium in which a water 236
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Figure 2. EXAFS data and fit results from the An Ly edge of
[An(III)(HOPO)]~ (An = Am, Cm, or Cf). The upper panel shows
the results in k-space. The raw (unfiltered) data reveal error bars
estimated by the reproducibility of 16 (Am, Cm) to 21 (Cf) averaged
traces. The bottom panel shows the data and fit are transformed from
2.5t0 12.0 A™! (from 2.5 to 9.0 A™" for Cf) and fit between 1.5 and 4.3
A (between 1.4 and 5.0 A for Cf). The filtered data and fit in the top
panel are back-transformed over the fit range. See Tables S3 and S4 for
fit details.

molecule is sometimes in the first coordination shell of the ion
and sometimes in the second coordination shell. To fully
investigate this question, it is necessary to include both explicit
solvents and dynamic simulation which is beyond the scope of
this work.

Other than the exceptions described above, the fit model
obtained from calculated structures describes the data well
(Figure 2). Generally speaking, the EXAFS data are consistent
with the HOPO complex structure calculations for the nearest
neighbor M(III)—O pair distances with the largest deviation
occurring with [Am(HOPO)]™. In addition, the Cf—C/N
average bond length differs from calculation, but the calculation
also shows a broad distribution width for the 8 bonds in this
shell. Table 1 compares the EXAFS bond length results to
those derived from the DFT calculations for the first two shells.
Further details of the methods and results are available in
Supporting Information (pp S11—S15).

DFT Structure. The ions shown in Figure 1 maintain a
coordination number of 8, with the exception of the 7
coordinate Fe*, in which one of the O(N) groups is rotated
away from the ion with an Fe**—O distance of 3.6 A. This is
consistent with the ionic radius (IR) of Fe**, 0.78 A, which is

Table 1. Comparison between Measured (EXAFS) and
Calculated M** Nearest-Neighbor Bond Lengths

number bond type Rexaps (A)° Ry (A)°
8 Am-0 2.420(6) 2.46(1)
8 Am—-C/N 3.292(7) 3.33(3)
8 Cm-0 2.444(6) 2.46(2)
8 Cm—-C/N 3.24(2) 3.31(3)
8 Cf-0 245(2) 243(2)
8 Cf—C/N 3.54(10) 3.29(3)

“Values in parentheses indicate fit error. “Values in parentheses
indicate standard deviation of bond length distribution.

significantly smaller than the next smallest ion in Figure 1, Zr*"
(IR = 0.84 A).°" Calculations performed on main group cations,
K*, Ca®*, and AI*', revealed similar trends. AI** (IR = 0.535
A)°" has a coordination number of 6, with two O(N) groups
rotating away from the ion. Ca** is much larger (IR = 1.12 A)®'
but has a significantly lower charge density, resulting in a loose
8 coordinate complex in which the average distance to the
oxygen atoms is greater than 2.5 A. K', with the lowest charge
density and the largest ionic radius (IR = 1.38 A)°" of any ion
examined here, forms a 6 coordinate complex. This is achieved
not by rotating two oxygen atoms away, as AI’" does to
accommodate its smaller ionic radius, but by the disengagement
of an entire 1,2-HOPO unit from the ion. This results in a very
loose 6-coordinate complex with average coordinated K*—O
distances greater than 2.8 A. The structural deformities seen
here for other ions commonly found in biological systems could
represent an advantage for An complexation, minimizing
competition with ions naturally present in the bloodstream,
as the size and conformation of the com})lex is likely to impact
its interaction with proteins like Scn,™ therefore leading to
selectivity of An ions. Some of these complexes are illustrated in
Figure 3. Additionally, the structures of the AI’* and Fe*

@ ® c@\
Figure 3. lon-HOPO structures for complexes with (a) K*, (b) Al**,
and (c) Cm**. Metal ions are represented by spheres, HOPO*~ atoms
by sticks; red = oxygen, blue = nitrogen, gray = carbon. Hydrogen
atoms omitted for clarity. Structure c is representative of all Ln and An

complexes, which can be found in the Supporting Information, along
with coordinates for all structures.

complexes, with the O(N) groups rotating away to
accommodate the smaller ions, imply that the M—O(N)
bonds are slightly weaker than the M—O(C) bonds.

The [An(HOPO)]~ complexes show a fairly small but
consistent increase in An—O distances starting with Th and
leveling off around Am. While this is the opposite trend
expected from the decrease in ionic radii across the series due
to the contraction of the 5f orbitals, it can be understood via the
electronic structure of the earlier An ions, many of which
strongly disfavor the An(III) oxidation state. These ions are

271

essentially oxidized to An(IV), matching the An—O distances of 291

the [An(HOPO)]° complexes; this is explored in subsequent
sections. Ac®* is significantly further from the oxygen atoms in
line with its larger ionic radius and consistent with recent
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295 EXAFS measurements showing Ac(IlI)-H,0 and Ac**—ClI
296 distances to be 0.1—0.2 A greater than corresponding Am>"
297 complexes."**> [An(HOPO)]° complexes behave more pre-
208 dictably, with An(IV)—O distances initially decreasing as the
299 ionic radius decreases and then remaining nearly constant
300 beyond U(IV). [Cm(HOPO)]° is a notable exception to this
301 trend, having an increase in An—O distance inconsistent with
302 the rest of the series. The reasons behind this discrepancy will
303 be covered in the discussion of electronic structure.

304 There are only minor differences—like the convergence of
305 the M—O(N) and M—O(C) distances in water—between the
306 structures optimized in the gas phase, the protein-like
307 environment, and water using the implicit solvation model
308 employed here, as shown in Figure 1. Upon binding by a
309 protein, it is important to note that the HOPO ligand is flexible
310 and therefore the complex structures can be influenced by
311 strong explicit interactions occurring between the metal
312 complex and the protein. Hence the structures of complexes
313 identified in proteins may show larger deviation from the data
314 in this report.

315 Thermodynamics. The free energies of complexation by
316 the HOPO*™ ligand were calculated at the DFT/PBEO level to
317 compare with experimental thermodynamic measurements of
318 the stability constants across the An series. These computed
319 free energies between the hydrated ions (using both an explicit
320 first solvation shell of water and the implicit polarizable
321 continuum model) and HOPO*™ Reactions R1 and R2 are
322 shown in Figure 4. As with the ion-oxygen distances presented
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Figure 4. Free energy (AG) of complexation between the hydrated
ions and the HOPO*" ligand in implicit water solvent.

323 above, the trends between the gas phase calculations, the
324 calculations including the implicit water solvent, and those with
325 a protein-like solvent are similar, most likely because the
326 complex is not very polarizable (see Supporting Information,
327 Figure S6 for thermodynamic calculations in the two solvation
328 environments and the gas phase using the bare ions); therefore,
329 only those using implicit water solvation are shown in Figure 4.
330 The calculated AG of complexation for the M(IV) ions is
331 significantly lower than that of the M(III) ions. This matches
332 well with experimental thermodynamic studies (Table 2),

—

Table 2. Experimentally Measured Stability Constants for
Relevant Ln and An ions with HOPO.?

M 10g(ﬁ101) M* 10g(ﬂ101)
Ce* 17.4(5)* Ce* 41.5(5)**
Eu* 20.2(2) 11,28 Th* 40.1 (5)9,39
Am** 20.4(2)* Put 43.5(7)°
Cm® 21.8(4)"° Bk* 44.7°%

o . e b
“Superscripts indicate reference from which data is cited. “Estimation
based on a linear ionic radius correlation.

which have measured log(f,o,) values for HOPO with M(IV) 333
ions nearly double those of M(III) complexes.”*” For example, 334
the log(f3o;) for Ce*" is 17.4(5) while that for Ce* is 41.5(5), 335
corresponding to an energy difference of approximately 33 336
kcal/mol.*” This is the same order of magnitude as the 337
difference in Ce®" vs Ce* calculated here, despite these 338
calculations considering only the solvated ion within a 339
polarizable continuum without counterions or other aspects 340
of solvation. 341

M(H,0),** + HOPO*~™ — [M(HOPO)]™ + xH,0
(R1) 342

M(H,0),** + HOPO*™ — [M(HOPO)]’ + xH,0
(R2) 343

The above reactions denote the number of water molecules as 344
“x”, with x = 6 for Fe and x = 9 for all other ions. While the 345
assumption of x = 9 is confirmed for the two Ln and the early 346
An jons, later An ions have experimentally debated hydration 347
numbers between eight and nine.”"**~%° Precise determination 348
of the number of water molecules within the first solvation shell 349
of An ions is a challenging computational problem®**°*% 350
beyond the scope of the current work. Additionally, the 351
difference in complexation energy between a hydration number 352
of eight or nine amounts only to the order of 3—4 kcal/mol, 3s3
which is small enough to have no impact on conclusions 354
concerning the complexation energy across the An series 355
despite potential changes in coordination number. Fe*" has a 3s6
hydration number of only six, with a high spin ground state for 357
both the hydrated ion and the Fe(HOPO)~ complex. 358

The left panel of Figure 4 depicts the Gibbs free energy 3s9
(AG) of reaction R1, where An(HOPO)~ complexes have a 360
presumed oxidation state of + III at the metal center. 361
Reassuringly, the difference between the two trivalent Ln ions 362
calculated here, Ce and Eu, matches experiments showing an 363
increase in stability constants across the Ln series.'' Complex- 364
ation of the early An(1II) ions is very favorable, becoming less 365
so as the series is traversed. These early actinides—Th, Pa, and 366
U—readily form An(IV) complexes instead of An(III) species, 367
and the comparative favorability of complexation is due to 368
electron donation to the HOPO stabilizing the ion. The 369
binding energy does not significantly change after Cm*. 370
Formation of the [Ac(HOPO)]~ complex is less favorable than 371
other An complexes, in line with the increased ionic radius and 372
Ac—O distances described in the preceding section. The cause 373
behind this decrease requires a discussion of the electronic 374
structures of the complexes, and is provided in greater detail in 375
the Electronic Structure section. 376

Formation of the [M(HOPO)]® complexes (right panel of 377
Figure 4; reaction R2) shows AG of complexation for the 378
formally An(IV) ions, which is significantly more favorable than 379
the formally An(III) complexation of HOPO, consistent with 3s0
experimental observations.” Complexation energy becomes 3s1
more favorable as the series is traversed, but unlike the trend 3s2
observed for the An(III) ions, this starts near the beginning of 3s3
the series with Th. The trend is not consistent across the series, 384
however, with Bk(IV) complexation becoming less favorable 3ss
than Cm(IV). Additionally, the behavior of Ac, which changes 336
based on the oxidation state of the ion, requires some 387
explanation. The formation of the [Ac(HOPO)]~ complex is 388
unfavorable compared to the rest of the An series, an 38
unsurprising observation given the significantly longer Ac—O 39
bond lengths. Formation of the [Ac(HOPO)]® complex, 391
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392 however, is more favorable compared to its neighbors in the
393 early part of the series— exactly the opposite behavior expected
394 from the geometry. To explain this behavior and other
39s observations mentioned above, it is necessary to delve deeper
396 into the electronic structure of the An-HOPO complexes.

397 Electronic Structure. Charge donation from the ligand to
398 the ion occurs primarily into the 6d orbitals of the metal ion in
399 [An(HOPO)]~ complexes, with 5f participation increasing and
400 6d decreasing slightly across the actinide series up to Am
a01 (Figure S). An exception to this is Ac, which resembles the later

[M(HOPO)]” [M(HOPO))°

0.0+

Ju}

-0.5+
Ac Th Pa U Np Pu AmCm Bk Cf Es Ac Th Pa U Np Pu Am Cm Bk Cf Es

Figure 5. Electron donation into the valence d (M) and f (O) orbitals
(6d/5f for An ions—note that a single electron is donated into the Sd
orbital of Ac in the [Ac(HOPO)]° complex). The change in
population (Ad and Af; actual populations minus the formally
expected An(III) or An(IV) population) is plotted here.

402 actinides despite its position at the beginning of the series.
403 There is also a slight decrease in donation into the 5f between
404 Am and Cm, possibly due to the fact that Cm®" is 5f' and
405 adding an additional electron into the half-filled Sf shell is less
406 favorable than adding into the 6d. The dual participation of the
407 5f and 6d orbitals matches recent experimental and theoretical
408 studies showing participation of both the f and d orbitals in
409 uranium complexation,”® in addition to theoretical work on
410 solid state and molecular structures across the An series.****”°
411 It is important to note that it is not the absolute values of the
412 Mulliken populations shown in Figure 5 that are important to
413 our analyses here, but rather the trends between the An ions.
414 The oxidation state of the metal center is better described using
#15 spin density, as in Figures 6 and 7; we note that calculated S
416 values are uniformly within 0.15 of the expectation value.

417 An interesting feature of the 6d and 5f populations in the
#18 [An(HOPO)]~ complexes (Figure S) is that Th, Pa, and U
419 have a decrease in their Sf populations upon complexation (ASf
40 < 0). This is reflective of the fact that all three of these ions are
#1 more stable as An(IV) species than An(IIl), and when these
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Figure 6. Actual () and formal (O) spin densities on the An ions in
the [An(HOPO)]™ and [An(HOPO)]° complexes.
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Figure 7. Total spin densities on the complexing 1,2-HOPO units of
the HOPO*™ molecule, grouped into total oxygen (O) and total
pyridine (O) contributions.

formally An(III) ions are complexed by the HOPO*" ligand 422
they are oxidized, giving up spin density to the ligand. Figure 6 423
shows that the actual spin density of Th, Pa, and U in the 424
[An(HOPO)]~ complexes is significantly lower than their 425
formal spin densities as An(III) ions. The surrendered spin 426
density moves from the ions into the HOPO*~ ligand, where it 427
is taken into the pyridine rings of two of four coordinating 1,2- 428
HOPO units (Figure 7). The spin density in the pyridine ring 429
increases, making up for the decrease in spin density on the ion 430
(a breakdown of Figure 7 into different groups within each 1,2- 431
HOPO unit can be found in the Supporting Information, 432
Figure SS). Despite the oxidation of these ions, significant 433
electron donation to the 6d orbitals from the ligand still occurs, 434
making this exchange 5f-to-ligand back bonding. This has the 435
effect of stabilizing the ion, resulting in the favorable 43¢
complexation energy observed in Figure 4. It is clear that the 437
ability of the pyridine ring to take electron density from the 438
metal center contributes to the stability of the [An(HOPO)]™ 439
complexes with the early actinides. Introducing an even better 440
electron-withdrawing group could be a path toward creating 441
better chelators for the low oxidation states of early actinides. 442

Actinide ions in the [An(HOPO)]° complexes have levels of 443
electron donation into their 6d orbitals comparable to those in 444
the [An(HOPO)]™ complexes, but significantly greater 44s
donation into the S5f orbitals. Electron donation into the S5f 446
orbitals (relative to the formal An(IV) expectation) increases 447
across the series, a trend briefly reversed at Bk. This is because 448
unlike other late actinides, Bk maintains a + IV oxidation state, 449
as demonstrated by the spin density. The trend of increasing Sf 450
participation continues in Cf and Es. 451

The unexpected increase in the Cm(IV)—O distances relative 452
to the other An (HOPO)° complexes (Figure 1) can be 4s3
explained by examining Figure 6 and Figure 7. Our observed 4s4
increase in Cm—O distances matches observations from 4ss
calculations on solid-state AnO, structures, that predict an 4s6
increase in the lattice constant of CmO, relative to the rest of 4s7
the series. This was explained by Prodan et al.” as being due to 4ss
the electronic configuration of Cm(IV), 5% This less stable 4s9
electron configuration leads Cm(IV) to borrow « spin density 460
from the coordinating oxygen atoms in order to approach the 461
stability of the 5f7 subshell, resulting in a spin density on the 462
Cm atom between the formal Cm(III) and Cm(IV). The spin 463
density on the Cm atom in the [Cn(HOPO)]® complex is 464
nearly 7, indicating that the Cm(IV) has been reduced by 46s
HOPO* to Cm(III). Unlike the solid CmO,, the 1,2-HOPO 466
units have other atoms aside from oxygen to donate spin 467
density; an increase in spin density on the pyridine ring, in 468
addition to the coordinating oxygen atoms, is observed. We 469
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Table 3. Calculated Free Energy (AG) of Oxidation for the [An(HOPO)]~ Complexes to [An(HOPO)]’, in Water Relative to

Ferrocene (eV)

Ac Th Pa 6] Np
—1.01

AG 119 -1.76 —1.95 —-1.99

Pu Am Cm Bk Ccf Es
—0.20 0.72 1.23 0.01 1.32 1.24

note that the majority of the donated spin density comes from
the oxygen atoms rather than the pyridine ring, though both
groups participate. Increasing the electron donation ability of
the coordinating atoms could result in a stronger complex. This
trend continues for the later actinides, which are also essentially
reduced to An(IIl). However, with an already half-filled Sf
subshell, the actinides after Cm take /3 spin from the 1,2-HOPO
units, resulting in a spin density lower than what would be
expected for a formally An(IV) ion and a corresponding
increase in spin density on the HOPO*".

The ability of the HOPO*™ ligand to allow coordinating
actinide ions to attain their most stable oxidation states by
either accepting or donating electron density also explains the
behavior of Ac, where the formation of the [Ac(HOPO)]°
complex was significantly more favorable than any other
complex, counter to expectations from trends in the optimized
geometries and inconsistent with the formation of the
[Ac(HOPO)]™ complex. Ac(IV) has a formal 6p°5f° electron
configuration, which is very unstable. Ac(IV) is, as expected,
quite easily reduced to Ac(Ill) by the ligand, completing the 6p
shell to become 6p°Sf’. The spin density on Ac(IV) is zero,
reduced from a formal spin density of 1 (Figure 6), which is
compensated by an increase in spin density on the HOPO*"
ligand (Figure 7). Spin density from both coordinating oxygen
atoms and the pyridine ring of all four 1,2-HOPO units is taken
to reduce Ac(IV). Since the Ac(IV) ion is unstable,
complexation with HOPO is more favorable due not to the
increased stability of the complex but rather the instability of
the Ac(IV) ion; by reducing Ac(IV) and filling the 6p shell, the
HOPO stabilizes the Ac ion as Ac(1II), resolving the previously
anomalous trend in Figure 4.

Table 3 shows the free energy of the oxidation potentials of
the [M(HOPO)]~ complexes to [M(HOPO)]’, relative to
ferrocene/ferrocenium (Fc’/Fc*; AG for the ferrocene redox
couple was calculated as 4.52 eV). The [Ce(HOPO)]™/
[Ce(HOPO)]® redox couple has been measured experimen-
tally’” as —0.3(1) eV when adjusted relative to Fc’/Fc*; this is a
good match with the —0.55 eV value calculated here. The
difference between the calculated result and experimental
measurements is within the uncertainty of the applied
method.”" The redox potentials of all early actinide complexes,
up to Pu, are negative compared to ferrocene (with the
exception of Ac), while all later actinide complexes have
positive redox potentials relative to the Fc’/Fc* couple. The
complexes with ions having more stable An(IV) oxidation
states (i.e., Th, Pa, and U) are significantly easier to oxidize to
[M(HOPO)]; this is because in the [M(HOPO)]~ complexes,
the metal centers are already in oxidation state IV resulting in
additional electron density residing on the HOPO ligand,
leading to the ease of removal of the electron during the
oxidation process and the negative oxidation potential. For Np
and Pu complexes, it is the metal center being oxidized. In
contrast, the late actinide ions in [M(HOPO)]® mentioned
above (Cm, Cf, Es) are reduced to An(III) during complex-
ation with HOPO*, and are the least likely to form the
[M(HOPO)]° complex. For these complexes, it is the HOPO
ligand being oxidized instead of metal center. Bk is somewhat

of an exception to this trend, as the Bk center is being oxidized,
with a AG of oxidation of only 0.01 €V, essentially the same as
that of Fc’/Fc* couple and contrasting with its neighbors Cm
and Cf which both have values over 1 eV. Metal oxidation states
are known to have some dependence on complexing
lige\nds,72’73 and this redox data gives further evidence of the
stabilization of An(IV) ions by HOPO, recently observed by
Deblonde et al. in their investigation of Bk* complexation by
HOPO.” These differences in redox potential correspond to
the changes in the An spin density observed in Figure 6.
Covalency across the An Series. As the An series is
traversed, the energy of the An Sf orbitals decreases and aligns
better with that of the ligand orbitals, enhancing orbital mixing
between the metal center and the ligand. This effect can be seen
in Figure 8 for both the [An(HOPO)]™ and [An(HOPO)]’
complexes. The descending energy levels of the S5f orbitals
across the An series and their corresponding increase in
degeneracy with the conjugated 7 orbital of the 1,2-HOPO
units in the HOPO*" ligand vyield the increase in charge
donation into the Sf orbitals with the 6d orbitals maintaining a
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Figure 8. Average energy levels of the 5f (blue) and 6d (red) orbitals
in the (a) [An(HOPO)]™ and (b) [An(HOPO)]° complexes. The
conjugated 7 orbital of the 1,2-HOPO units in the HOPO*" ligand
(which includes the pyridine ring and the coordinating oxygen atoms)
are also shown for each complex (gray). Darker lines represent the
average energy value of the orbitals, while the shaded regions give the
standard deviation. Averages and standard deviations of the orbital
energies are weighted by MO composition.
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s47 constant energy and population across the series, as observed in
s48 Figure S. These findings across the entire An series corroborate
s49 the work of Sturzbecher-Hoehne et al., who found increased
sso orbital overlap in the [Cm(HOPO)]™ complex relative to the
ss1 [Am(HOPO)]~ complex, suggesting that this might be
ss2 responsible for the increase in binding constant between the
ss3 two actinides.”” This decrease in An 5f energy has been
ss4 observed previously in a number of different studies, including
555 oxygen 17%ands in both solid state and molecular sys-
556 tems. "0 70775 Comparing Figure 8, parts a and b, one
557 notes that the change of 5f orbital energy across the series is
ss8 oxidation state dependent; for example, the sudden drop in 5f
559 energy between Cm and Bk in Figure 8b occurs because Cm is
s60 actually Cm(III) and Bk is Bk(IV) in the [An(HOPO)]°
s61 complexes. Comparing Figure 8b with solid state AnO, systems
s62 where the metal centers are all formally oxidation state IV
s63 shows that the energy degeneracy to Sf orbitals displays strong
se4 dependency to the ligand type—in the solid-state system, the 5f
sés orbitals interact with the oxygen 2p orbitals only, while here
se6 they interact with the conjugated 7 orbital formed by the
s67 oxygen of the pyridine ring,

se8  As the An Sf orbitals become more degenerate with the #
s69 orbital of the 1,2-HOPO units in the HOPO*" ligand,
s70 significant mixing between the An 5f and the ligand orbitals
s71 occurs. Until Am**, each [An(HOPO)]~ complex has all of its
s72 occupied f molecular orbitals localized in the metal. As the
573 series is traversed, however, the Sf orbitals become increasingly
s74 mixed with the ligand orbitals. For example, in [Bk(HOPO)]",
575 the Sf orbitals are spread across 29 molecular orbitals, each with
576 at least 5% f participation. A similar trend is observed in the
577 [An(HOPO)]® complexes starting at Pu, consistent with the
s78 overall lower energy of the Sf orbitals in the [An(HOPO)]°
579 complexes. This explains why the complexes become more
sso stable across the latter part of the An series, despite the 6d
s81 orbitals remaining at a constant energy level. Additional data on
ss2 the delocalization of the Sf orbitals, including molecular orbital
583 diagrams, is available in the Supporting Information (Figures
584 S1—S4). The changing energy levels of the Sf orbitals also
sss sheds light on the unexpected break in the thermodynamic
ss6 trends at Bk(IV), where an increase in AG of complexation
587 (that is, AG becomes less negative) between Cm and Bk in
ss8 [An(HOPO)]’ is observed (Figure 4). This corresponds to the
589 Sf orbitals of Bk (Bk(IV) is Sf”) decreasing by approximately S
590 eV from the Cm level, so that they are nearly below the range
so1 of the ligand orbitals in energy. As briefly discussed above, this
592 is due to Cm having a +III oxidation state, while Bk has a + IV
593 oxidation state within their respective [An(HOPO)]® com-
so4 plexes. Cf and Es likewise favor the +III oxidation state,
595 increasing the energy of the Sf orbitals in [Cf(HOPO)]® and
596 [Es(HOPO)]° complexes, relative to Bk. The change in
597 behavior between Cm and Bk can therefore be traced back to
so8 the oxidation state of the ion.

s99 In their study of the f and d orbital contributions to
600 covalency, Minasian et al. described covalent bonds using a
601 mixing coeflicient, 4, defined as
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603 where A ranges between zero and one depending on the degree
604 of covalent contribution to the bond, Hy,; is the off diagonal
60s matrix element of the Hamiltonian (proportional to the overlap
606 integral between the two atoms making up the bond), and E,

and E} are the metal and ligand orbital energies, respectively.”® 607
From eq 1, there are two ways in which a covalent bond can be 608
achieved. Overlap driven covalency is realized in the presence 609
of a significant matrix element (H,;), indicating increased 610
spatial overlap of orbitals. Energy degeneracy driven covalency s11
is attained when the metal and ligand orbital energy levels are 612
nearly degenerate; that is when the denominator Ej, — E 613
approaches zero. It should be noted that without a nonzero 614
value for H,;—at least some orbital overlap—A4 is zero and 615
covalency of either type is not possible. 616

The later actinide complexes display strong energy 617
degeneracy driven covalency as described previously by 618
Minasian and others,*®’%”>7® as opposed to the more 619
traditional overlap driven covalency typical of the early 620
actinides. Later actinide ions, which are significantly contracted 621
relative to their earlier peers, have less spatial overlap and 622
therefore are often thought to have primarily ionic interactions. 623
The mixing of the 5f orbitals of later actinides with the ligand 624
orbitals is energy degeneracy covalency in nature. Additionally, 625
this increased orbital mixing correlates with the enhanced 626
stability of the complexes. These results support the idea that 627
ligand dependent energy degeneracy driven covalency is an 628
important feature of the chemistry of the later actinides, 629
supplanting the more traditional covalency derived from the 630
spatial overlap of orbitals, and these results match recent 631
calculations on the heavy actinides with dipicolinate ligands.”® 632
The later actinides are an ideal place to study these competing 633
factors of covalent bonds. 634

B CONCLUDING REMARKS 635

The data presented in this study provide a thorough 636
examination of the fundamental interactions between the 637
HOPO ligand and actinide ions across oxidation states and 638
solvation environments, including changes in the covalency of 639
the actinide-ligand interactions and the ability of the ligand to 640
oxidize or reduce ions as necessary upon complexation. 641
Calculated structures corroborate well with experimental values, 642
including unprecedented EXAFS data on the Am(III), Cm(III), 643
and Cf(III) complexes. The HOPO ligand is shown to be able 644
to both oxidize early actinide ions and reduce later actinide 645
ions, a key to its unparalleled complexation across the series. 646
Charge donation from the ligand occurs largely from the 647
coordinating oxygen atoms, while charge acceptance is driven 648
almost entirely by the pyridine ring. These properties of the 649
HOPO ligand—which is among the strongest actinide complex- 650
ing ligands known—provide insight into future ligand design. 651
These results also highlight the importance of energy 6s2
degeneracy driven covalency for the later actinides. The 653
increase in orbital mixing between the actinide Sf orbitals and 654
the conjugated 7 orbital of the 1,2-HOPO units in the 655
HOPO*" ligand as the actinide series is traversed is an 6s6
important part of the chemistry of the middle and later 657
actinides and a likely target to be exploited by future ligands 6s8
designed to separate these elements. 659

B METHODS 660

Calculations. Structures of the metal—3,4,3-L1(1,2-HOPO) 661
complexes were optimized using density functional theory (DFT) 662
with the PBE functional,”” relativistic ZORA Hamiltonian, and triple-{ 663
plus two polarization function (TZ2P) basis sets with the frozen core 664
approximation applied to the inner shells [1s>—4f'*] for actinide atoms 665
and [1s?] for C, N and O atoms.”®”’ Crystal structures for HOPO 666
complexes have been found in two different conformers, termed A and 667
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B for Ln complexes by Daumann et al, who determined that A is a
kinetic isomer that converts into B over time, which is the more
thermodynamically stable isomer based on DFT calculations.®" Similar
isomers have been observed for Sn** and Zr*.*®
thermodynamically stable of these Ln-HOPO structures matches well
with available crystal structures of An—HOPO complexes inside the
protein siderocalin, which have only been found in this config-
2% These structures were used as a starting point for the DFT
optimizations. Frequency calculations were performed to determine
thermodynamic properties of each structure. Calculations using the
hybrid PBEO functional were used to determine thermodynamic and
electronic properties. The COSMO implicit solvation model®' ~** was
used to model the complexes in aqueous and protein-like environ-
ments, using a dielectric constant of 4 and a radius of 3.45 A for the
protein-like environment. All calculations were performed using ADF
2016.°%%

X-ray Absorption Spectroscopy. Solution samples of Am, Cm,
and Cf complexed with HOPO were all prepared within 10 days of the
synchrotron measurements and loaded into triply contained aluminum
holders with kapton windows. The Am, Cm, and Cf masses were 27.1,
10.9, and 3.3 ug, respectively. The concentrations were 1.840, 0.614,
and 0.207 mM. The ratio ligand/metal was 1.3 to ensure total binding
of the radionuclides, and the pH was comprised between 7 and 8
(CAPS buffer).

X-ray absorption data were collected on BL 11—2 at the Stanford
Synchrotron Radiation Lightsource at the Am, Cm, and Cf Ly; edges
using a Si(220) double-crystal monochromator. Harmonic rejection
was achieved with a Rh-coated mirror for the Am and Cm data, while
the monochromator was half-tuned for the Cf data.

Data were reduced using standard procedures®’ using the
RSXAP suite of XAFS analysis codes.”® In particular, after a pre-edge
subtraction using the Victoreen formula,®” a 5 knot cubic spline (Am
and Cm) or a fifth order Chebychev polynomial (Cf) was used to
describe the embedded atom absorption g, when determining the
EXAFS function y(k) = [u(k) — pu,(k)]/u,(k), where pu(k) is the total
absorption after the pre-edge subtraction (that is, the absorption due
to the element and absorption edge of interest) and k is the
photoelectron wave vector given by k = [(2m,/h)(E — E,)]"? where
E is the incident energy, E, is the photoelectron threshold energy
arbitrarily defined by the energy at the half-height of the absorption
edge, and m, is the rest mass of the electron.

Scattering phases and amplitudes were calculated using FEFF
10.0.1,”" and all fits were carried out in r-space using RSFIT within the
RSXAP suite of XAFS analysis codes.

EXAFS fit models were derived from the DFT results. It is
important to note that while the DFT models were used in the
calculation, the fitting methodology is only very weakly dependent on
the DFT geometry, as it reduces the complicated structure to only a
few pairs and models the bond length distribution with those shells
without further reference to the calculated geometry.

A more complete exposition of the EXAFS methods and results is
presented in the Supporting Information.
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