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1. Experimental supporting information

Table S1. List of samples examined in this study with various Am(lll) and Ox concentrations

Sample A (uM) B (UM) C (uM) D (uM)
numbers [Am]iotar  [OXliotar | [AMliotat  [OXJtotar | [AMltotal  [OXltotar | [AMJtotar  [OX]total
1 1.16 0 1.19 0 277 0 8.35 0
2 1.16 2 1.19 2 2.77 3 8.31 11
3 1.16 10 1.19 10 2.77 10 8.31 22"
4 1.16 30 1.19 25 2.76 30" 8.30 33"
5 1.16 100 1.18 50 2.76 50" 8.28 55
6 1.15 500 1.18 99 2.76 500 8.23 110°
7 1.15 990 1.19 200 2.74 990" 7.49 1000°
8 0.97 17000 1.18 500 2.49 10000 7.49 10000
9 1.18 990 1.94 30000 4.16 50000
10 1.16 2400
11 1.13 5200
12 1.07 10000
13 1.02 14000
14 0.83 30000

“The samples showing a decrease in the absorbance over a week were excluded in the
further analysis.



Table S2. Summary of reaction constants of hydroxo-Am(lll) and oxalic acid (NEA-TDB) "2

Reactions log"B° log’B8 (I1=0.1 M NaClO,)
Am3* + H,0 — Am(OH)#*+H* -7.2+0.5 -76+0.5
Am3* + 2H,O — Am(OH),*+2H* -156.7+0.7 -156.8+0.7
Am3* + 3H,O — Am(OH);+3H* -26.2+0.5 -26.9+0.5
log 'Ksp ° log "Ks (1= 0.1 M NaClOy)

Am(OH)s(s, am) + 3H* — Am3* + 3H,0(l) 16.9+0.8 17.6 £0.8

logK? logK (1 = 0.1 M NaClO,)
Ox% + H* —» HOx 4.25+0.01 3.83 £ 0.01
HOx + H* — H,0x 1.40 £ 0.03 1.19£0.03

Table S3. Binary ion interaction coefficients (€) and activity coefficients (a) (NEA-TDB) "2

g(H*, ClIOy) 0.14 £0.02
e(Am3*, ClOy) 0.49 +0.03
e(Am(OH)?*, ClOy) 0.39 +0.04
e(Am(OH),*, ClOy) 0.17 £0.04
€(Am(Ox)*, CIOy) 0.08 + 0.05
g(Na*, Am(Ox)y) -0.21 £ 0.08
¢(Na*, Ox?) -0.08 £ 0.01
¢(Na*, Am(CO3)s%)’ -0.23+0.1
€(Na*, OH") 0.04 £0.01
g(Na*, HOx) -0.07 £ 0.01
g(Na*, Ox?) -0.08 £ 0.01
log(at20) -0.001479

‘e(Na*, Am(CO),;%) was used for the unknown g(Na*, Am(Ox);%

Table S4. Deconvoluted results of Am(lll) absorption spectra in the presence of 0-1 mM
Na,Ox, under which contribution of Na,Ox to the total ionic strength is negligible and | = 0.1

M NaClO,4 can be applied.

Reactions Abs. peak Molar abs. coeff. (M-'cm) log Bin
Am3* + OxZ — AmOXx* 504.3 nm 507 +9 5.36 £ 0.04
Am3* + 20x2 — Am(OXx), 505.7 nm 555 + 14 9.12 +0.07
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Figure S1. Eigenvector plots as a function of wavelength for the first five non-zero singular
eigenvalues from factor analysis of the absorption spectra. The 5" curve (light gray) shows a
much higher noise level compared to the first four curves, indicating that it is from errors rather
than an absorbing species.® On the other hand, the 4t curve shows a low level of noise,
although the singular eigenvalue is small. Therefore we analyzed the data with a four species
model in the system.

(a)

Am835uM+0x22uyM |
© B
0.0034 o 100
—— 3 days 8
8 4 days 8 0.75-
5 5 days £
8 0.002- — 6 days 3
[
8 11 days 8 0.50
2 2
< ©
0.001 (]
2 0.251
®
, & Am 8.35 M s ¥
0.000 - T T T T T T N B 0.00 -1 T T T T T
500 505 510 515 520 0 5 10 15 20 25 30
Wavelength (nm) Time (days)

Figure S2. Time-dependent absorption spectral changes of Am(lll)-Ox species. (a)
Representative absorbance decrease against time. The sample contained 8.35 yM Am(lIl)
and 22 uM Ox (b) Time-dependent absorbance change of 8.35 uM Am(lll) in the presence of
various concentrations of Ox. All the samples were prepared in 0.1 M NaClO4 and pH ~ 6.1.



2. Computational supporting information

Evaluation of the implemented methods in the DFT calculations In order to assess
the efficacy of the level of theory implemented herein, the geometry of AmClg3~ was first
optimized, where this compound was recently crystallized by Cross et al.# In their
crystal structures, the average Am—-Cl bond distance was reported to be 2.724 A. Our
calculations indicated an average bond distance of 2.833 A, which deviates slightly
from the experimental data. This difference is due to the limitations of the computations,
where the calculated structures are optimized in the gas phase and the polarization
effects of the crystal structure are ignored. The same level of theory was applied for
the calculation of the optimized structures of Am(H,O)y and Am(Ox),-(H20)g.2n (n = 1—
3) illustrated in Fig. 7. The optimized structures had negligible spin contamination in
the unrestricted DFT ground states, where the <S> values were close to the ideal
value of S(S+1).

Characterization of bonding strength between Am(lll) and O of water (O,)) by NBO
calculations To characterize the interactions between Am(lll) and water molecules in the first
sphere, NBO study was conducted. As summarized in Table S5, the lone pair electrons in p
orbitals of O,, is donating some amount of electron to the d and/or f orbital of Am(lll) (Table
S6). The calculated highest second-order interaction energy (E?2) in each bonding between O,,
and Am(lll) orbitals is decreasing sequentially as Am(lll) forms complexes with Ox ligands
(from 7.13-18.69 to 1.3-4.28 kcal/mol). The results indicate that Am(lll)-Ox complex with
bidentate structure in solution shortens the Am-O,, bond distance, whereas, lengthen the Am-

Oy bond distances by weaker bonding strength.



Table $5. NBO analysis of Am-O,, their description and highest second-order interaction
energies between donor (p orbital of Oxygen in water) and acceptor (d/f orbitals of Americium

in each complex)

. NBO
[;?g:qr NE:)(:bd‘.gror [(;Esnconrp:rct;riltglf Ac;;::or at(:]cri?;[;r Description of acceptor orbital E%(kcal/mol)
01 $(0.17%)p(2.65%)d(95.06%) f(2.12%)  18.69
02 s{ 0.11%)p(3.41%)d(96.35%)f(0.12%)  8.94
03 s{0.02%)p(2.43%)d( 92.07%)(5.47%)  9.76
04 5(0.02%)p(2.43%)d( 92.07%])f(5.47%) 7.13
Am(H20)s 05 LP(0) p(100%) Am  LP*(Am) _s(0.49%)p(4.13%)d(94.75%)f(0.63%)  12.28
06 5(0.06%)p(90.00%)d(8.64%)f(1.30%)  9.39
07 5(0.73%)p(13.27%)d(85.13%)f(0.88%)  12.52
08 s{ 0.11%)p(3.41%)d(96.35%)f(0.12%)  11.25
09 $(0.78%)p(91.53%)d(6.52%)f(1.16%)  10.88
01 $(52.08%)p(5.63%)d( 41.89%)f{0.40%)  5.07
02 $(0.64%)p(4.29%)d(93.82%)f(1.25%)  1.27
03 $(0.64%)p(4.29%)d(93.82%)f(1.25%)  11.42
Am (Ox)2(H20)7 04 LP(0) p(100%) Am  LP*Am) s(0.14%)p(55.18%)d(41.36%)f(3.31%)  1.17
05 5(0.64%)p(4.29%)d(93.82%)f(1.25%) 1.49
06 $(0.38%)p(1.54%)d(97.83%)f(0.25%)  11.81
07 s(0.38%)p(1.54%)d(97.83%)f(0.25%)  6.23
01 5(2.74%)p(6.01%)d{87.52%)f(3.73%) 1.18
02 $(0.24%)p(12.38%)d(85.91%)f(1.47%)  1.98
Am{Ox)2(H:0)s 03 LP(0) p(100%) Am  LP*(Am) s(0.24%)p(12.38%)d(85.91%)f(1.47%)  10.67
04 $(0.48%)p(74.35%)d(24.78%)f(0.39%)  1.07
05 5(0.05%)p(90.21%)d(8.35%)f(1.38%) 0.57
01 $(0.00%)p(0.51%)d(84.85%)f(14.64%)  4.28
Am (Ox)3(H20)s 02 LP(0) p(100%) Am  LP*(Am) s(0.00%)p(0.00%)d{0.03%)f(99.97%) 13
03 5(0.15%)p(2.16%)d{96.09%)f(1.60%) 3.52

Hydrogen bonding interactions between oxalate and water molecules To understand

why O, atoms in the Am-Ox complexes are not oriented toward Am(lIl) center, we investigated

the hydrogen bonding properties between water and oxalate in the complexes by calculating

core-valence bifurcation (CVB) index, which have been frequently used to estimate the

hydrogen bond strength on the basis of electron localization function.> CVB index is positive

for weak hydrogen bond and it decreases with stronger hydrogen bond; usually its negative

index stands for the strong hydrogen bonds.




Am (0x),(H,0); Am (Ox),(H,0)s Am (Ox);(H,0);

Strong hydrogen bonding formation between water and oxalate

Bond Length CVB index
1 1.87 -0.0081
2 1.94 -0.0009
3 1.76 -0.0414
4 1.85 -0.0270
5 1.92 0.0027
6 1.88 -0.0875
7 191 -0.0153
8 1.96 0.0159

Figure S3. Selected hydrogen bonding property studies on the optimized Am-Ox structures
by CVB index, an indicator on the strength of hydrogen bond.

Analysis of electronic structure of Am(lll) All electronic structure analyses including natural
population analysis (NPA) charges were performed using natural bond orbital (NBO)
calculations. The multiplicity for each studied complex was determined from the lowest energy
states by comparing energies of all possible spin states. The Am(lll) charges, electron

configurations, and spin densities for each complex are summarized in Table S6.

All the studied complexes favor the identical spin multiplicity of septet as the lowest-energy
state. In the spin population shown in Table S5, the unpaired electrons are predominantly
derived from the 5f-electron contributions. All the other contributions from 7s, 6d, and 7p are
less than 1 electron. According to the predicted NPA charges of Am(lIl), Am(lll) in all studied
complexes is acting as an electron acceptor and one can conclude that the 7s, 6d, and 7p
orbitals are additionally occupied by electrons from ligands by forming chemical bonds with
organic ligands. This is confirmed by the decrease in positive charge and the retention of the

5f6 orbital structure.



Table S6. Electron structures of Am(lll) in the studied complexes are predicted by calculating
the energies of all spin states and analyzing NPA charge values with NBO investigation.

Charge o . .
Complexes Multiplicity Electron Configuration Spin Density
on Am
Am(lll) 3 5f6 NC
Am(H,0), 1.69 750-25f6.096(0577p0.22 5f5.980.03
Am(H;0)/(Ox), 7 1.68 750235{6.226(40-587p0-22 70-0155.9850.03
Am(H,0)5(0x), 1.79 750-25f6.1560577p0.01 750.015§5.9860.03
Am(H;0);(0x)s 1.61 750215f6.106¢0.697p0.3850.02 7s0015f5.976¢0.047p0.01

NC: not calculated because it is obviously 5

Electronic topology analysis suggests ionic bonding properties between Am(lll) and O
of Ox (Oox) To understand more about the nature of the bonding properties of the Am-O,,
we performed electron topology analysis using Bader’s atoms-in-molecule (AIM) bond critical
point analysis (a sample of bond critical points (3, -1) are represented in Figure S3). Bonding
property index (BPI) is defined as negative potential energy density, V(r), divided by the
Lagrangian kinetic energy, G(r). A value less than 1 for the -V(r)/G(r) ratio indicates a typical

ionic bond, while a value greater than 2 represents covalent bonding.

Based on this information, one can conclude that Am(lll)-Ox complexes, whose average BPI
is less than 1, contain mostly ionic bonds. This is an expected result in conjunction with Wiberg
bond indices (WBI) analysis and NPA charge calculation; the negatively charged oxalate
ligand provides a large population of electrons to positively charged Am(lIl), which results in
the ionic bonding properties. Additionally, the electron density and Laplacian of electron
density were calculated. Generally, the electron density in a bond critical point is used as a
standard of bonding properties, where more ionic bonding gives a smaller electron density
and larger Laplacian of electron density. As presented in Figure S3, these data also represent

the formation of stronger ionic bonding in Am(l11)-Ox complexes.
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(3, -1)bond critical point

Electron
. Laplacian of electron density -V(r)/G(r)
density
average std average std average
Am(H,0);(Ox), 0.045 0.005 0.181 0.031 0.991
Am(H;0)5(0x), 0.044 0.004 0.179 0.022 0.990
Am(H,0)3(0x); 0.043 0.004 0.174 0.023 0.993

Figure $4. Am(H,0),(Ox); structure describing the bond critical point (3, -1) with green dots
(upper picture) and the calculated bond property indices with electron density and the
Laplacian of electron density are tabulated.
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Structural coordination of Am-oxalates
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