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Methodology

Caution! The americium solutions employed in this work were highly radioactive. Handling was performed

in dedicated radiological and nuclear facilities using well-established radiological safety protocols.

Materials

Americium was acquired as americium oxide (99.9% 2**Am,0;, 0.1% 2*'Am,0;) from on-hand stock at
Idaho National Laboratory (INL). Deionized water (DI H,0, ultra-pure HPLC grade), hydrochloric acid (HClI,
37 wt.%), nitric acid (HNO;, 299.999% trace metals basis), perchloric acid (HCIO,, 299.999% trace metals
basis), sodium persulfate (Na,S,0g, , 99.99% trace metal basis) and ethylenediaminetetraacetic acid
(EDTA, purified grade) were purchased from MilliporeSigma (Burlington, MA, USA). Unless otherwise

stated, all chemicals were used without further purification.
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Sample Preparation

An americium (Am) stock solution was first purified via column chromatography using a 10 mL column
with 2 mL DGA resin. Am loaded solution (100 mL) was acidified to 4.0 M HNO; with concentrated HNO;
and passed through the column at a rate of 0.5 mL min, forming a pink band of Am(lll) at the top of the
column. After the loaded solution was eluted, the column was rinsed with 15 mL of 6.0 M HNO; to ensure
removal of all organic impurities present. The column was then rinsed with 6 mL of 8.0 M HCI. After the
initial HCl rinse, the Am was subsequently eluted with 20 mL of 0.02 M HCI. The pink Am(lll) band migrated
down the column after 1-2 mL of the eluent was passed, and was completely eluted following 10 mL of

eluent. The remaining 10 mL of eluent was passed to ensure all Am was recovered.

The aforementioned purification procedure was then repeated on a second Am stock solution. The
resulting solutions were combined to give 20 mL of 0.02 M HCI containing approximately 6 mg of Am(lll),
which was divided into two solutions containing approximately 3 mg of Am(lll) each. Metathesis reactions
were then performed on each Am(lll) solution. The metathesis apparatus, consisting of a three-necked
round bottom flask positioned in a heated sand bath, addition funnel, distillation bridge, and three-necked
receiving flask is shown below in Fig. S1. The apparatus was held under a flow of air while being heated,

and the receiving flask connected to an EDTA scrub solution.

Fig. S1. Experimental set-up for Am(Ill) metathesis.

The first metathesis was performed to change the background electrolyte from HCl to HNO;. The initial
Am(I11)/HCI solution was introduced to the round bottom flask and heated to evaporate the HCl until a
green residue remained. The residue was then dissolved in 2 mL of DI H,0 and evaporated back to residue
with gentle heating. The evaporation cycles were repeated six times following which the remaining

residue was pink in color, indicating that HCl had been completely removed. The residue was then
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redissolved in 5 mL of 6.0 M HNO;. The same exact procedure was followed for the conversion of the
second Am(lll)/HCI solution to HCIO,, with the pink residue instead being dissolved in 0.100 M HCIO,,
resulting in two Am(lll) stock solutions which were standardized by UV-Visible spectroscopy (UV-Vis) using

Am(ll1) extinction coefficients reported in the literature.!

Each of the purified americium stock solutions were then used to prepare two sample series, the
formulation of each designed to promote the formation of a given radical species. For the nitrate radical
(NO5®), the Am/HNO; stock was diluted with 6.0 M HNO; to give samples with americium concentrations

of approximately 0.5, 0.75, 1, or 2 mM in 6.0 M HNO; as determined by UV-Vis spectroscopy.

For the sulfate radical anion (SO,*~) the Am/HCIO, stock solution was initially diluted by a factor of 1.58
with a solution of 0.1 M Na,S,05 in 0.10 M HCIO,. Subsequent dilutions were performed using a 0.1 M
Na,S$,04/0.0634 M HCIO, solution to produce four samples with concentrations of approximately 0.50,
0.75, 1.0, and 2.0 mM with respect to Am(lll), 0.100 M with respect to Na,S,0g, and 0.0634 M with respect
to HCIO,. All Am(IIl) sample solutions were transferred to 1.0 cm optical pathlength, screwcap sealed,
spectrosil quartz, semi-micro, Suprasil Starna Scientific Ltd. (lIford, United Kingdom) cuvettes for

irradiation.

Note: A portion of the Am/HNO; stock solution was oxidized with excess sodium bismuthate (45 mg/mL)
and diluted with the intention of preparing samples containing hexavalent americium (approximately 0.5,
0.75, 1, 2 mM) for pulse radiolysis studies. At the time of sample measurement, UV-Vis spectroscopy
indicated complete reduction of Am(VI) to primarily Am(lll) with some percentage of Am(V) (Fig. S4). The
highest concentration sample in this series was therefore used as a duplicate sample for studying the
reaction of Am(lll) with NO;*, following deconvolution of Am(lll) and Am(V) using the published rate
constant (k = 2.5 x 102 M1 s71)2 for the reaction between Am(V) and NOjs". This value is used in Fig. S10B
and the subsequent rate coefficient determination for the reaction between Am(lll) and NO;* at 21.9 +

0.5°C.
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Pre- and Post-irradiation Sample Absorption Spectra

(A) : 2.08 mM Am(lll) in 6.0 M HNO, (B) i— 1.75 mM Am(lll) in 63.4 mM HCI0,/0.100 M Na,$,0
08 [—1:09 mM Am(lll) in 6.0 M HNO, 08 |——0.92 mM Am(lll) in 63.4 mM HCI0,/0.100 M Na,S,0,
'—0 81mM Am(lll) in 6.0 M HNO, }—0.69 mM Am(lll) in 63.4 mM HCI0,/0.100 M Na,$,0,
{——0.54 mM Am(lll) in 6.0 M HNO, ——0.44 mM Am(lll) in 63.4 mM HCIO,/0.100 M Na,5,0,
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Fig. S2. Absorption spectra of HNO; (A) and HCIO, (B) samples containing Am(lll) measured prior to irradiation.

Prior to irradiation the Am(lll) content in each sample was quantified in triplicate by UV-Vis spectroscopy
(Fig. S2). The molar extinction coefficient for the 503 nm peak corresponding to Am(lll) has been well
documented in the literature at a range of acid and americium concentrations. A value of £(503) = 296
M-t cm™ was used for Am(lll) samples in 6 M HNO3, and a value £(503) = 448 M=t cm™ for Am(Ill) samples

in dilute HCIQ,, as reported by Zalupski et al.?

Following irradiation, the Am(IIl) concentration of the highest concentration Am(IlIl)/HNO; sample (ca.
2.08 mM) was redetermined by UV-Vis spectroscopy to ensure no appreciable loss of Am(lIl) (Fig. S3). No

change in Am(lll) concentration in the sample before and after irradiation was observed.
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Fig. S3. Absorption spectra of the 2.08 mM Am(II1)/HNO; sample measured post irradiation.
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| [——1.87 mM Am(ill) and 0.176 mM Am(V) in 6.0 M HNO,|
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Fig. S4. Absorption spectra of the 2.05 mM Am/HNO3 sample following oxidation with sodium bismuthate.

Time-resolved Electron Pulse Irradiations

Chemical kinetics and activation parameters were determined for the reaction of Am(lll) with NO5* and
SO, using the Brookhaven National Laboratory Laser Electron Accelerator Facility; the detection system
for this capability has been previously described.? Acquisition of temperature dependent measurements

involved the use of a custom-built, temperature-controlled cuvette holder, shown in Fig. S5.

Fig. S5. Temperature-controlled cuvette holder designed for the analysis of radiation-induced actinide chemical kinetics as a
function of temperature.

This brand-new capability consists of a brass cell block, containing space for a K-type thermocouple,
through which water from a heat exchanger flows. The cell holder is surrounded by 3D printed secondary
containment, constructed of nylon chopped carbon fiber, measuring 1.5 x 1.5 x 4.5 inches. The secondary
containment vessel contains a thumb screw-secured lid, and a 19 mm diameter x 1 mm thick S1 grade

quartz window, behind which sits a copper plate with a 0.25 inch diameter hole to clip the analysing light
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path. Tygon tubing water lines, leading inside and outside of the sample holder, were sealed with epoxy
resin to completely encapsulate the sample. The temperature inside the sealed cuvette holder was
controlled by a standard chiller bath/heater (NesLab RTE-111). Temperature variations were determined
to be less than + 1 °C during each experiment, for which measurements were taken over the course of 5—

10 minutes.

Once loaded in the new sample holder, the americium samples were irradiated with 9 MeV electron
pulses, averaging four pulses for improved signal to noise. Dosimetry was determined using a water
solution containing 20% methanol and 1 M NaOH,* > affording an average dose of 18 Gy per pulse. For
kinetic measurements, each sample was exposed to four pulses per experiment in triplicate, while the
measurement of transient absorption spectra involved three electron pulses per experiment per

wavelength.

Kinetic measurements were performed at 8.8, 21.9, 30.3, and 40.1 £ 0.5 °C, and monitored up to 17 us
after the electron pulse. For NO;*, chemical kinetics were measured at 365 nm (growth and decay of
Am(IV)) and 632 nm (decay of NOs*). For SO,*~, chemical kinetics were measured at 365 nm (growth and

decay of Am(IV)) and 450 nm (decay of SO,").

Chemical kinetics were derived by fitting the decay of both radicals with a double exponential decay

function:

Abs = pbs,*el™ ) 4 pps e~ 4 g, (1)

where Abs is the measured time-dependent absorbance of the radical, Abs, and Abs, are fitted
absorbances, and B allows for any limiting product absorption (baseline shift). The faster ky rate coefficient
corresponds to short timescale processes involving other radiolysis products, such as the hydroxyl radical
(*OH). The slower k, rate coefficient corresponds to various longer timescale processes, including
reactions with water molecules and other solutes, as demonstrated for the decay mechanism of NO3*® in

nitrate and HNO; media.®

The growth and decay of the Am(IV) signal at 365 nm was fit with a sequential, exponential growth and

decay function:

Abs® * ky k.t kot
Abs = * -
(ky = ky) +B, (2)
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where Abs is the measured time-dependent absorbance of the transient, Abs® is the fitted initial
absorbance, ky is the pseudo-first-order growth of the transient, corresponding to the reaction of the

radical (ca. 5 uM) with the Am(Ill) (ca. 400-2000 uM) present:

NO5*/SO,*~ + Am(Ill) = NO5/SO,2 + Am(IV) ky, (3)
k, is the fitted first-order decay of the Am(IV) transient:

Am(IV) = products k,, (4)
and B is a baseline adjustment parameter.

Arrhenius parameters (activation energy, E,, and pre-exponential factor, A) were derived from the

following linear equation:

(5)

where k is the second-order rate coefficient (M~ s7) derived from Eq. 1 and 2, R is the Ideal Gas Constant

(8.314 ) mol K1), and T is the absolute temperature (K).

Eyring activation parameters (enthalpy of activation, AH*, and entropy of activation, AS*) were derived

from the following linear equation:

T

RT h R (6)

k AHY kB ASi
ln( )— - 4+In—+

where kg is Boltzmann's constant (1.381 x 10-23 J K1), h is Plank’s constant (6.626 x 10734 J s), and k, R,
and T are, again, the second-order rate coefficient, ldeal Gas Constant, and absolute temperature,

respectively.

As SO, is negatively charged and Am(lll) is positively charged, the derived second-order rate coefficients
were corrected for the ionic strength of each sample solution to account for the effects of coulombic

attraction using Eq. 8:7

1

Auz

log (ko) =log (k) - 2Z,Z, N

1+ 47, (7)
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where kj is the rate coefficient (M~ s™1) at zero ionic strength, k is the rate coefficient measured here at a
total ionic strength p (mol L), Z, and Zz are the respective charges of the radical anions (Z,= -1),
and Am(lll) (Zg = +3), respectively, and A is the temperature-dependent Debye-Hiickel constant, Eq. 8:2
1
e3(2000 x N ,)?

3
2.303(81) (e,ek 5T (8)

A=

where e is the charge of an electron (1.602 x 107° C), N, is Avogadro’s number (6.022 x 102 mol™), gy is
the vacuum permittivity (8.854 x 1012 F m), € is the dielectric constant for water (78.84), and kg is the

Boltzmann constant (1.380 x 10723 J K1).

Quoted errors (1s) are a quantitative combination of measurement precision (~¥2-4%) and sample

concentration (initial concentration (5-9%) and dilution (< 1%)) errors.
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Dose Normalized Absorbance

Fig. S6. Growth and decay kinetics of Am(IV) at 365 nm (A) and NO;* at 632 nm (B) at 8.8 °C.
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Fig. S7. Growth and decay kinetics of Am(IV) at 365 nm (A) and NO;* at 632 nm (B) at 30.3 °C.
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Fig. S9. Second-order rate coefficient determination by plotting derived first-order component values of
(A) the growth of Am(IV) and (B) the decay of the NO;* radical measured at 8.8 °C against Am(lIl)
concentration. This afforded values of kg g -c(Am(lll) + NO;3°) = (9.98 + 0.85) x 10’ M1 s71, R = 0.99 (A) and

(1.04 £ 0.01) x 108 M1s7, R = 0.99 (B). Note that some error bars are smaller than the presented data
points.
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Fig. S15. Growth and decay kinetics of Am (IV) at 365 nm (A) and SO,* at 450 nm (B) at 21.9 °C.
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