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1. DESCRIPTION OF THE KINETIC RADICAL-
INDUCED REDOX MODEL FOR GOLD

1.1 General model description of water radiolysis:

The 0%, O3, HO3®, O3° species were not included in the model due
to the lack of any corresponding kinetic data at higher temperatures.
These species are predominantly formed in basic solutions. This is
due to the deprotonation of the hydroxyl radical (OH*) into O* (pK,
= 11') and H,0,; into HO, (pK, = 11%). The presence of the oxygen
anion and the hydroperoxyl anion is responsible for the formation of
the ozone anion and subsequently other ozonide species.! To justify
the model’s simplification, we calculated the ratio between the sum
of the equilibrium concentrations of 0O, Os;, HO3®, Os and the
equilibrium concentrations of the OH* radical, using the correlations
for equilibrium concentrations in a homogenous solution 2 at an
initial pH 7 and 20 °C (Fig. S1). At 10'°Gy/s (upper limit of the power-
law model) the ratio is 0.012; therefore, there are approximately 80-
times more OH* radicals than other strong oxidizing species. Due to
the lower deprotonation rate at lower pH, the ratio of these
concentrations is even lower, leaving the OH® radical as the main
strong oxidizing agent.
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Figure S1. Validity of the simplification of the reaction scheme: the

dose-rate dependence of the ratio of the equilibrium concentration

between 0O, O3, HO3, O3” and OH* radicals at an initial pH = 7 and

20 °C.

According to the Arrhenius plots in Elliot et al.}, all the reaction-
rate constants linearly follow the relation In (k) < T~ " pelow 100 °C.
Therefore, the temperature dependence is written in the form of
activation energies and pre-exponential factors (Table S1). Processes
in the irradiated matter can be described by a mass-balance equation
with the reaction parts and the radiolysis primary yields:

dc;
T = "k ) ket R
7 il

10°

, (S1)
where €i represents the concentrations of the individual species,

ij represents the reaction-rate constant and R; represent the
radiolytic yield. The first part of the right-hand side of the equation
describes the consumption rate of the { compound, while the second
%art describes the formation of the { compound. The rac!iolytic yield

i (Eg. S2) is the formation or consumption rate of the ! compound
by radiolysis.
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In the above Eq. S2, P represents the solvent density, F is the
Faraday constant, Y is the dose rate of the radiation and “iis a G
value, which represents the primary yield of the { compound in the
first us from the start of the radiation. This value is given as the
number of molecules created or destroyed per 100 eV of energy
deposited. The G values depend on the type of radiation, the media
exposed to the radiation and the temperature. They are given in
Table S2. The temperature dependence of the G values is calculated
using linear interpolation. The dose rate Y is calculated from Eqg. S3.
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where S [MeV cm?/g electron] is the density-normalized, stopping
power in the medium, I'is the beam current and @ is the beam radius.
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Table S1. Reaction-rate constants for the temperature range
between 20 °C and 100 °C?

reagents products A[*] E, [kJ mol
1 K-l]
H* + OH- H.0, 1.88 x 103 12.62
H,O H* + OH- 1.70 x 10° 62.37
H.0, H* + HOy 4.12 x 106 43.77
H* + HOy H,0, 5.59 x 1012 11.73
H,0, + OH- HO, + H,0 3.66 x 1012 13.98
HO; + H,0 H,0, + OH" 4.54 x 1011 31.74
€, + H20 H* + OH" 5.58 x 106 31.73
H* + OH" €59+ H20 8.52 x 1013 37.36
H* H" + ey 2.84 x 102 66.66
H" +e75q H* 1.98 x 1012 11.17
HO,* 0, + H* 2.63 x 108 14.58
0, + H* HO,* 5.59 x 1012 11.73
HO,* + OH- 0"+ H,0 7.13 x10° 60.93
0, +H,0 HO,* + OH- 3.66 x 1012 13.98
€,q+ OH* OH- 2.64 x 1012 10.65
€, + H20; OH*® + OH" 7.75 x 1012 15.72
€54+ H0 + 0y HO, + OH" 4.43 x 1010 12.98
€,q + HOZ® HOy 2.45 x 1012 12.98
€,q+ 0, 0,* 2.53 x 1012 11.66
€, + €5 + H2O + | Hy+ OH + OH- | 1.01 x 10% 20.74
H20
€,q+H +H0 H, + OH- 2.06 x 101! 14.93
H* + H,0 H, + OH* 7.39 x 1012 98.24
H® +H*® H, 2.69 x 1012 15.51
H* + OH* H.O 4.19 x 1011 9.03
H*® + H,0, OH*® + H,0 1.76 x 1011 21.01
H* + 0O, HO,* 9.01 x 101t 10.52
H*+HO2* H.0, 5.05 x 10%? 15.09
H® + 0™ HOy 5.05 x 1012 15.09
OH*® + OH* H,0, 9.78 x 100 7.48
OH*® + HO,* 0, + H,0 1.31 x 1011 6.68
OH* + 0™ OH + 0O, 8.75 x 101! 10.84
H, + OH* H* + H,0 6.55 x 1010 18.45
OH* + H,0, HO,* + H,0 7.72 x10° 13.82
OH*®* + HOy HO,* + OH- 1.00 x 10%2 11.92
HO,® + 0, HO, + O, 2.62 x10° 8.09
HO,* + HO,* 0O, + H,0, 2.77 x 10° 20.07

*for the reactions with one molecule the unit is [s?], for two
molecules [M1s1], for three molecules [M2s1] and for four
molecules [M3s1]. We used 55.56 M as the molar concentration of
water.
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Table S2. Primary vyields, G values, for the temperature range
between 20 °C and 100 °C

species Gz °C Gi.100 °C Source
[N;/100eV] [N;/100eV]
e'aq 2.73 3.10 1
H* 3.19 3.61 a
OH- 0.46 0.51 a
H,0, 0.72 0.59 1
H* 0.60 0.71 1
OH* 2.75 3.57 1
Hz 0.43 047 1
H20 -4.65 -5.26 b

2 H" primary yield is calculated using the ratio between G(H’) and
G(ey) obtained from experimental measurements 3% that are
summed in the work of Hill and Smith . Using this ratio the charge-
balance yield G(OH") to 0.46 at 25 °C and 0.51 at 100 °C, which is a
similar value to G(OH-) = 0.50 for low LET radiation.®

b Mass-balance calculation.

Temporal pressure increase: A dynamic pressure increase due to
radiolysis was estimated by assuming the already-formed gas
bubble, composed of H, and O, gas, exposed specimen area using an
electron beam with a diameter of 1 um and the overall liquid-layer
thickness of 100 nm. A constant 10-time cell volume expansion was
assumed due to the gas formation, which is in accordance with the
prediction of Park et al.”. Figure S2 below shows an estimated
dynamic pressure increase.
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Figure S2. The effect of dynamic pressure increase at different
dose rates as a function of time for two limiting temperatures,
20°C and 60°C.

1.2 The interaction between the radiolysis products and the gold
species in the liquid-cell transmission electron microscopy
(LCTEM) system:

Influence of chloride ions: The chloride is an OH*® scavenger. The
main reaction product due to the presence of chloride is CIOH*,®
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which is also a very strong oxidizer (Eo(CIOH"/(CI-+OH")) = 1.91 Vgy°)
and can also oxidize Au particles. Due to the large difference in the
standard electrochemical potentials between CIOH*- and Au®, it is
assumed that the rate of Au oxidation with OH® and CIOH*" is similar,
which is approximated to a negligible influence on the trends of the
Au oxidation state. However, for an accurate assessment of the
chloride’s influence, all the significant reactions with the chloride
species should be added.
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Figure S3. a) Equilibrium pH of the solution containing Au species. b)
Equilibrium difference between pH and pOH. Initial pH = 2.8,
maximum pressure 1 bar.

Calculation of pH and pOH: The Au ions can form hydroxide
species and other aureate species at higher values of pH (>7) and at
high redox potentials.’® In order to evaluate the most stable gold
species for the set experimental conditions the values of pH (Figure
S3a) and pH-pOH (Figure S3b) were calculated. The graph indicates
that the pH is stable at the initial pH value of 2.8 for the broad range
of dose rates from 10° up to 10%° Gy/s. Above the indicated dose rate
the pH value decreases from 2.7 to 2.55, when the dose rate is
increased from 10%° to 102 Gy/s, respectively. Relative to the dose
rate, it was concluded that the pH variations are not significantly
influenced by a change of the temperature in the liquid-cell TEM.
However, to determine the chemical state of the gold species the OH-
concentration is also important. The difference pH-pOH is equal to
log10o([OH]/[H"]) and ranges between -4 and -1, mainly influenced by
the changes in the dose rates. Due to the relatively low pH value (2.7-
2.6) and the pH-pOH value between -4 and -1 (a more acidic solution)
at all dose rates and temperatures, this study confirms that the
dissolved Au species are in the form [AuCl,]~.

Table S3. Reaction-rate constants of the radiolysis products with gold
species

Au Radiolysis | kg Source | E, Source | A cocuiated

spec. | spec. [M1s1] [kJ/mol]

Au* €5 8.0 x 10° u 12.98° 1.64 x 102
H* 8.0 x 10°° 1 15.09¢ 3.91x 10*2
H,0, 0/ 12 / 12 0
HO, 1.89¢ 12 25.8¢4¢ 12 7.46 x 10*
H, 7.4x103%4f | 13 94.148 14 4.28 x 10*4
HO,* 1.894h 25.84h 7.46 x 10*
0," 1.8949n 25.89h 7.46 x 10*

Au° OH* 1.83 x 10% 13.01 3.80 x 101t
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2 Assumed the same kyo °C, as for the reaction between e, and
Au*, because the reaction rate constants oGf : Au+H*/ e,
>Au*?+H*/H,0 are similar ((5.7 +/- 1.5) x 10° M-1s1 11),

b E4 assumed the same as for the reaction e 4 +0,"(+ H,0)>HOy
+0H-, because both reactions are diffusion controlled and O,* as the
[AuCl;] - negatively charged.

¢ E, assumed the same as for the reaction H* + 0,*=> HO,, because
both reactions are diffusion controlled and O," is as the [AuCl,]
negatively charged.

dRate for the presence of a gold catalyst, as given in the literature.

¢ E, from the overall observed constant is used (apparent
activation energy).1?

f Rate expression k[Au®][H,], at pH = 713,

8 E, assumed for the H, dissociation on Au (211) 14, since is the
dissociation step .

h Assumed the same rate and activation energy as for the reaction
HO, +Au*>HO,*+Au®. HO,* and 0, are thermodynamically much
stronger reducing agents (Engrnst = -0.27 and 0.05 respectively (Table
1)) than HO, (Enggust = 0.65 (Table 1)). However, in the DFT study on
Au (111) > they show, that the reaction H,0,*>HO,*+H* has a lower
activation energy (E4 = 113 kJ/mol, AE = 106 kJ/mol) than the reaction
HO,*> O,*+H* (E, = 141 kl/mol, AE = 85 kJ/mol). Also, it is found
that at higher pH (10-13) the reduction of HAuCl, with H,0; is more
significant and much faster than at neutral pH (7-8).12 This can be
due to a larger amount of HO, and O,°. The electron-transfer
reactions are generally fast and it is expected that O,* will reduce the
Au species with a rate similar to H* or e7,,. However, in the case of
low pH, O,° is protonated to HO,*, which needs to be broken on the
Au surface to form O, and H*, and this is a much slower process, as
seen from the DFT calculations.*® Because of the lack of experimental
data on the kinetics of HO,* and O,*- with Au* we assume the same
rate as for the case of the reaction of HO,” with Au*. However, for the
experiments at high pH, where the amount of HO, and O,° is
significant, corrected reaction rates should be used.

i Assumed the same rate coefficient as for the reaction of
Au*+OH*>Au*2 +OH-. The rates of dissolution of Au® with a strong
oxidizing or complexing agent without stirring are usually diffusion
controlled.'® Because of zero stirring, the reaction is diffusion
controlled. For the case of the dissolution of Au in a cyanide solution
the activation energies are 12-21 kJ/mol.1’®* The temperature
dependence of the diffusivity constant for water self-diffusion, which
is similar to the OH* diffusion constant, is used to calculate the
activation energy.!

I The value is 0 because the mechanism of Au ion reduction
proceeds through HO,.2 In the kinetic model we have already
included the reversible reaction between H,0, and HO,, and
therefore the contribution to the reduction of the H,0, is 0.

1.3 Explanation of redox trends due to temperature change:

The influence of the temperature on [Au®]/[Au*] increases with
increasing pressure (Figure 3), which points to the influence of the H,
and O; solubility in the liquid phase. The temperature dependence of
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the O, solubility is significantly higher when compared with the
solubility of H, in water (Table S4).

Table S4. Solubility of the H, and O, gases in water.

1 mol 1 mol
T k%L bar K2 L bar
20°C | 1.40x103 8.08 x10*
0.88x10°3 7.28 x10*
60 °C | (decrease by 37% relative | (decrease by 9.9% relative
t0 20 °C) t0 20 °C)

To prove the impact of the solubility’s temperature dependence
we performed a sensitivity analysis for the temperature-dependent
part of the solubility relation (of both gases at the same time). We
calculated the Au redox ratios for the different factor values: 0.5, 1
and 2.

B (s4)
factor(T —293.15 K) + 293

H(T(K)) = expiti( -A+

Table S5. Parameters of the temperature-dependent Henry
constant. 17,18

Coef. H, 0,

A 48.1611 66.7354

B 5528.45 8747.55

C 16.8893 24.4526

0.175
0.17
0.165
=|— 0.16
Z |
=1=0.155
0.15
0.145
0.14
20 30 40 50 60

Temperature [°C]

Figure S4. Temperature dependence of the Au redox ratio at
different sensitivity factors of the H, and O, solubilities. Dose rate
10° Gy/s, total concentration of gold species is 1.5 mM with an initial
pH 2.8, and pressure 5 bar.

From Figure S4 we can see that the temperature dependence of

the solubility influences the Au redox ratio. When we increase the
temperature dependence of the gases’ solubility (factor = 2) the

This journal is © The Royal Society of Chemistry 20xx
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redox ratio increases faster with temperature, and when we
decrease the temperature dependence of the gases’ solubility (factor
=0.5) the redox ratio increases more slowly. The concentration of O,
in the liquid phase decreases much faster than the concentration of
H,. Because H, is a strong OH" radical scavenger (k, °C- 14_?‘ qzrglﬁ
1) and O, is a strong scavenger of H°® and e'aq_(Le_C__aq-
1.2x10%0,2.1x10° M1s?, respectively), the ratio [OH"]

(consequently Au redox ratio), depends on the concentrations of O,
and H,.

2. MODEL VERIFICATION BY
EXPERIMENTS USING y RADIATION

The conditions used for our model verification were collected
from several sources 61920 for the bulk water radiolysis in solutions
of H,0,, O,, and H, by using y rays as a source of radiation, which is
similar to electron radiation low-LET (linear energy transfer). The
experiments were performed at different dose rates and solute
concentrations.

LOW-DOSE

Table S6. Detailed conditions of the radiolysis model’s verification.

Dos T | Cinit [M]
- Li |e r
source n rate H:
g c | PHi
[Gy ] it H,0, 0, H,
/sl
0.25 | 2 4.88 x
1 7 0 0
basti 0 5 10°
astin , [o2s |2 [ [assx]| 8.00 x
& 4 0 5 10° 10
LaVern
R a 3 0.25 | 2 7 4.88 x 0 8.00 x
2001 6 0 5 10° 10°
4 0.25 | 2 7 4.88 x 0 8.00 x
0 5 10° 104
0.20 | 2 1.20 x
1 7 0 0
5 5 103
5 0.20 | 2 ; 7.57 x 0 0
5 5 10
Hayon | 4 0.20 | 2 5.35 x
3 7 0 0
19641 | b 5 5 10*
0.20 | 2 3.20 x
4 7 0 0
5 5 10
0.20 | 2 1.39 x
4 7 0 0
5 5 10
1 0.65 | 2 7 0 3.32x | 490 x
3 5 10* 10*
Hocha
ndel 4 5 0.65 | 2 ; 0 7.50 x | 7.31 x
1957 20 [ 3 5 10° 10*
0.65 | 2 1.25 x
3 3 5 7 0 102 0

This journal is © The Royal Society of Chemistry 20xx
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3. MODEL VERIFICATION BASED ON Au
PRECIPITATION/DISSOLUTION LCTEM
EXPERIMENTS

Figure S5. Ex-situ SAED analysis of NPs formed during in-situ LCTEM
experiment, indicating the FCC structure of gold.

4. GRAPHICAL ILLUSTRATION OF THE AU
PRECIPITATION/DISSOLUTION CONTROLLED BY THE
RADICAL-INDUCED REDOX CHEMISTRY INSIDE THE LIQUID-
CELL TEM

Figure S6. Growth and dissolution of Au particles are reversible and
can be controlled by different operating conditions in the liquid-cell
TEM. The three-dimensional surface represents the value of the
equilibrium [Au®]/[Au+] ratio. For example, high-slope regions signify
higher gradients in [Au®]/[Au+], hence the gold’s tendency for
precipitation. The vertical component is related to the increase of the
dose rate, while the horizontal component indicates a temperature
increase.
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