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Elucidating the role of halides and iron during
radiolysis driven oxidative etching of gold
nanocrystals using liquid cell TEM and pulse
radiolysis
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ABSTRACT: Graphene liquid cell transmission electron microscopy has enabled the observation of a
variety of nanoscale transformations. Yet understanding the chemistry of the liquid cell solution and its
impact on the observed chemical transformation remains an important step towards translating insights
from the liquid cell TEM to bench-top chemistry. Gold nanocrystal etching can be used as a model
system to probe the reactivity of the solution. FeCl; has been widely used to promote Au oxidation in
bulk and liquid cell TEM studies, but the roles of the halide and iron species have not been fully
elucidated. In this work, we observed the etching trajectories of gold nanocrystals in different iron halide
solutions. We observed an increase in gold nanocrystal etch rate in going from CI-- to Br- to I"-containing
solutions. This is consistent with a mechanism in which the dominant role of the halide is as
complexation agents for oxidized Au species. It also suggests that hydroxyl radical scavenging and
formation of oxidizing X;'~ radicals is not a dominant mechanism. Additionally, iron has empirically been
determined to induce etching of gold nanocrystals in liquid cell transmission electron microscopy, but
the mechanism through which this happens remains unclear. Pulse radiolysis was used to gain
spectroscopic insight into the role of iron in liquid cell transmission electron microscopy. Ground state
bleaching of the Fe(lll) absorption band indicates that iron may react with the Cl,-~ radicals to form an
oxidized, long-lived transient species under irradiation. CASSCF calculations indicated that the aqueous
FeCls complex is oxidized to an Fe species with reduced electron density at an OH ligand, which may act
as the oxidant in this system. Liquid cell transmission electron microscopy studies support that a long-
lived species is involved in the oxidative etching mechanism. Together our data indicates that an
oxidized iron species may be the active oxidant in the system, while halides can modulate the etch rate
by tuning the reduction potential of gold nanocrystals.

INTRODUCTION
The morphology of gold nanocrystals (AuNCs)

systems where the chemical environment is not
well understood or is challenging to probe, the

can be controlled with high precision with careful
control of the synthetic environment. Minute
changes in precursor concentration,* or ppm-
level impurities®® can drastically change, or
completely inhibit nanocrystal formation. This
sensitivity to the environment has been exploited
to create a variety of different nanocrystal
morphologies.>’*° This literature forms a
foundation enabling a reverse approach. In
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evolution of pre-synthesized gold nanocrystals
can be used as a tool to deduce the reactive
species in the chemical environment.

One environmental system that has remained
challenging to probe is the solution in liquid cell
transmission electron microscopy (LCTEM).
LCTEM is a technique where a solution is
hermetically sealed between two electron
transparent SiIN membranes,’® two graphene



coated TEM grids,®® or amorphous carbon
windows,!? enabling in situ imaging of nanocrystal
transformations in solution. LCTEM has led to
discoveries of new methods of crystal growth,%!!
kinetic intermediates of gold nanocrystals,'>'* as
well as the precise atomic structure of individual
solvated nanocrystals,'®” yet probing the
solution chemistry in these systems has remained
a challenge. Radiolysis induced by the electron
beam is thought to dominate the chemistry in
LCTEM, is challenging to replicate ex situ, and
chemical intuition from ‘traditional’ chemistry
often does not hold during radiolysis. However,
with  careful experimental design, gold
nanocrystals can be used as a chemical probe to
elucidate the major reactive species present in
LCTEM.

When a high energy electron beam irradiates
an aqueous solution, it produces a variety of
radiolytic products, including OH-, H,0,, and H-,
among others.'®2° Schneider, et. al developed a
kinetic model to understand how the electron
dose rate affects the concentrations of different
radiolytic species.® They showed that by
switching from a low dose rate to high dose rate
regime, the liquid cell can be modulated from an
oxidizing to a reducing environment, respectively,
by altering the balance of highly oxidizing species
(OH:) and highly reducing species (€7q).
Experimentally, it was shown that in the high
dose rate regime, the etch rate of gold
nanocrystals is directly dependent on the electron
dose rate,’* indicating a close relationship
between gold nanocrystal etching and radiolytic
products.

In typical graphene LCTEM etching experiments
preformed previously in our group, the
encapsulating solution contains HCI to control the
stability of AuNCs?* and prevent hydrolysis of
added metal salts.*® It is well known that the
vast majority of hydroxyl radicals (>90%) are
scavenged in the presence of halides to produce
halide-based radicals.?**! When halides scavenge
hydroxyl radicals, the major radical product is
X2+-, where X = Cl, Br, or |.?® Furthermore, bromide
and iodide are far more efficient radical
scavengers than chloride, as the intermediate
formed from the initial reaction between halides
and hydroxyl radicals primarily reverts back to
the initial state in the case of chloride. For
bromide and iodide, this intermediate is stabilized
and continues reacting to form Bry and I
radicals. Consequently, the concentration of
bromide or iodide containing radicals in solution
will be greater than chloride containing radicals,
even with a 600-fold greater concentration of
chloride ion present.?® This means that even
minute quantities of bromide or iodide present in
the encapsulating solution of LCTEM can
drastically alter the radiolytic environment.
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One hypothesis is that the highly oxidizing
hydroxyl radicals are responsible for etching gold
nanocrystals in graphene LCTEM.!31532 |f this
were the case, the etch rate would be modulated
with chemical additives to alter the power of the
oxidant. When halides scavenge hydroxyl
radicals, the standard reduction potential is
drastically reduced from OH- to I,-" (E(OH-/OH") =
2.73 V vs. E(l> /2I) = 1.05 V), indicating a
marked decrease in the strength of the oxidant
(Scheme 1, left). Accordingly, one would expect
the average etch rate of the gold nanocrystals to
decrease in the presence of heavier halides.

A second hypothesis for the role of halides in
LCTEM etching studies is their possible function
as complexation agents for oxidized gold ions,
thus serving to stabilize the products of the
oxidation. Addition of heavier halides to the
system can lower the reduction potential of gold
by c.a. 600 mV (Scheme 1, right). This would
present itself as an increase in etch rate in the
presence of heavier halides, opposite of the trend
expected for the halides if their radical species
are acting as the oxidizing agents for the gold
nanocrystal. By observing the trend in etch rate
of AuNCs as heavier halides are added, the
dominating mechanism can be elucidated.
Further, it is critical to understand the role of
halides in LCTEM experiments, as halides are
present as HCI in the encapsulating solution, or
through an ionic  surface ligand (i.e.
cetyltrimethylammonium bromide (CTAB)).
Additionally, as halides from halide-containing
ligands such as CTAB would introduce minute
quantities of halides, it is important to
understand the role of sub-stoichiometric
concentrations of halides in graphene LCTEM
etching experiments of AuNCs. Though the
effects of halides in LCTEM of AuNCs have been
acknowledged,?3*-3 the highly non-linear effects
in halide mixtures warrant careful study to
elucidate the relative role of complexation and
radical chemistry to the observed etching
trajectories.

While careful observation of nanocrystal
etching trajectories in different chemical
environments provides a route to understand the
etching chemistry, it is unable to identify the key
reactive chemical intermediates (i.e. radiolysis
products)

Scheme 1. Radical chemistry vs.

coordination chemistry hypotheses for the
effect of halides on AuNC etching in LCTEM
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which are responsible for etching. Pulse radiolysis
is a technique in which a high energy pulsed
electron beam irradiates a solution of interest
which is probed by time resolved optical
spectroscopy. Through this technique, a solution
can be irradiated with the same radiation source
and at a peak dose rate that is approximately the
same as the steady state dose rate of LCTEM (

4.25><109Gy/s peak in pulse radiolysis vs

1.14 x 109Gy/s steady state in graphene
LCTEM). While the continuous irradiation in
LCTEM provides much higher average power than
in pulsed systems, the products formed in pulse
radiolysis are likely still formed in LCTEM at short
timescales. Accordingly, pulse radiolysis may
provide a route to direct chemical identification of
key reactive intermediates in graphene liquid cell
(GLC) encapsulation solutions.

FeCls is frequently introduced as the etchant for
LCTEM etching experiments.?3153236  Previous
reports hypothesized that Fe(lll) is reduced by
solvated electrons to Fe(ll) which then
catalytically produces sufficient hydroxyl radicals
through a Fenton’s type mechanism to etch
gold.** While this mechanism is certainly one of
the many simultaneously occurring reactions in a
greater reaction network, the feasibility of this
mechanism in LCTEM has not been investigated.
An alternate possibility that, to date, has not
been considered is that the preloaded Fe(lll)
complex is oxidized to a highly reactive species
with sufficient potential to etch gold directly.
Under the highly oxidizing conditions in LCTEM, it
seems plausible that added metal complexes
could be oxidized through a ligand/or the metal
center itself.

In this work, we aim to unravel the role of
halides and iron during oxidative etching of gold
nanocrystals in graphene LCTEM. We achieve this
by combining in situ microscopic studies using
graphene LCTEM with in situ spectroscopic
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studies using pulse radiolysis, combined with
radical reaction network models and quantum
chemical calculations of possible key
intermediate species. In this manner, we can
elucidate the roles of certain additives to
nanocrystal transformations in graphene LCTEM,
while pulse radiolysis can provide insight into the
identity of the species causing these
transformations. We designed a series of
graphene LCTEM experiments to track the etch
rate of gold nanocrystals in the presence of
chloride, bromide, and iodide to elucidate their
effect on etch rate. The increase in etch rate as
we add heavier halides indicates that the
predominating role of halides in graphene LCTEM
is to act as complexation agents, rather than the
active oxidant. The lack of etching in all halide
environments in the absence of FeCl; indicate
that iron is significant in the mechanism of gold
nanocrystal etching. Accordingly, pulse radiolysis
measurements were performed on GLC solutions
with and without FeCl; to gain a better sense of
iron’s role in the AuNC etching mechanism. The
observed ground state bleaching of the Fe(lll)
absorption band suggests that the Fe(lll) complex
may be oxidized by radiolytically produced
radicals. CASSCF calculations suggest that an
oxidized iron complex with a OH ligand is likely
the reactive form of iron in solution. Finally, we
suggest a mechanism consistent with this data,
where the radiolytically produced oxidized iron
complex oxidizes the gold nanocrystal, while the
halides control the rate of removal of the gold
atoms.

METHODS

Nanoparticle Synthesis: Gold nanocrystals were
synthesized following a modified procedure published
previously?.

Preparation of Seeds: Briefly, 10mL of 100mM
cetyltrimethylammonium chloride (CTAC) and 0.25mL
of 10mM hydrochloroauric acid (HAuCl,) was added to a
clean, 20mL vial. The vial was put into a water bath set
to 30 °C and was stirred rapidly. 0.45 mL of 20 mM
NaBH4 was added, allowed to stir for 1 minute, then left
undisturbed at 30 °C for 1.5 hr to decompose any
excess NaBHa.

Preparation of Nanocrystals: Two identical solutions
of 9.5 mL of 100mM CTAC, 0.25 mL of 10 mM HAuCl,,
and 90 UL of 40 mM ascorbic acid (AA) were each
added to clean 20 mL vials, in order. To the first vial, 25
UL of the seed solution was added during rapid stirring
until the solution turned pale pink (approximately 5 s).
Then, 300 /UL of this solution was added into the other
vial, briefly mixed and left to sit on the bench for 15
mins to allow the growth to complete. Then solution
was then washed and resuspended in water three times
by centrifugation at 8000 rpm for 10 minutes. After the
final washing, the nanocrystals were concentrated to
an OD of 1, then stored in a vial in the dark.

Graphene Liquid Cell (GLC) Preparation:
Graphene liquid cells were prepared as described
previously.?” The encapsulating solutions were prepared
as follows: 100 mM solution of FeCl; was prepared in



0.1 M HCI to prevent hydrolysis of the iron. 100 UL of
the FeCls solution and 100 /UL of water were added to a
small vial. 10 UL of the desired AuNC solution was
added just before assembly of the GLC. For samples
with Br~ or I, concentrated HBr or HI was serially
diluted with Milli-Q water to a 0.8 mM concentration.
100 UL of this solution was added to a vial with 100 /L
of the FeCl; in HCI as described above.

In-Situ TEM Imaging: All experiments were
performed on a FEIl Tecnai S-Twin T-20 TEM operating at
200 kV with a LaB¢ filament. In situ videos were
collected with a Gatan Rio 16 IS camera using the
Digital Micrograph in situ data collection function.
Videos were binned by two for 2048 x 2048 resolution.
The nominal magnification was 97 kx for a pixel
resolution of 1.4 A/pixel. The frame rate for most videos
was 5 fps, yielding a temporal resolution of 0.2 s. The
frame rate of videos containing iodide and no iron was
2 fps, yielding a temporal resolution of 0.5s. To convert
CCD counts to electrons, a conversion value of 124 was
used and all videos were taken at 800 e/ AZs, except
for the GLCs without iron, which were taken at 2000 e’/
A%s. It is important to note that there may be a slight
inaccuracy in this conversion value, but as all videos
were taken at the same dose rate, the conclusions of
this paper are independent of its exact value.
Additionally, this conversion value is different from that
in previous publications from our group** since we have
updated our camera system. So far, we have been
unable to determine a conversion value from our
previous camera to this one, so exact dose rates
published in this and future works may be slightly
different from previous publications.

Pulse Radiolysis: The pulse radiolysis experiments
were carried out using 15 ns electron pulses from the
10 MeV linear accelerator ELEKTRONIKA-UOO03 (Toriy,
Moscow). The dose delivered per pulse was measured
by electron dosimetry and SCN dosimetry.*® Doses of
~85 Gy/pulse were selected. The optical detection
system consisted of a pulsed 1000 W xenon lamp
(Osram, XB01000), Suprasil cell (light path 1 cm), a
high intensity grating monochromator (Acton research,
SP500), an R928 photomultiplier (Hamamatsu
Photonics) and a fast transient recorder (Tektronix,
TDS5034B). Linac operation and data acquisition were
done in the computer-controlled mode.

Theoretical Calculations: All calculations were
carried out with the ORCA program package.? A revised
B3LYP functional was employed for structure
optimization which is optimized to estimate the energy
splitting between different spin states.®**! The
resolution of identity (RI) approximation was used to
speed up Coulomb and exchange integrals.*? All
calculations employed the def2-TZVP basis set.*
Dispersion forces were considered by an atom pairwise
dispersion correction with the Becke-Johnson damping
scheme** while solvation effects of water were
incorporated by the Conductor-like Polarizable
Continuum Model (C-PCM).*® The structure was
confirmed as a minimum on the potential energy

surface by a semi numerical frequency calculation.
Subsequently, CASSCF calculations were carried out.
The final active space consists of 15 electrons in 10
orbitals for the initial complex and 14 electrons in 10
orbitals for the oxidized complex. The natural orbitals of
the active space as well as a detailed discussion how
the most stable isomer was identified can be found in
the supporting information. Local spins were
determined by the approach proposed by Herrmann,
Reiher, and Hess.*” All calculations were uploaded to
the NOMAD repository with an embargo time of 3
months to support the FAIR data principles.
RESULTS AND DISCUSSION

Role of Halides

For the LCTEM studies, gold nanocrystals were
specifically synthesized to contain minimal
additives that affect the observed etch rate. The
gold nanocrystals were synthesized in the
absence of silver, and chloride containing CTAC
ligands were used rather than bromide containing
cetyltrimethylammonium bromide (CTAB), so that
the concentration of bromide added to the
encapsulating solution could be controlled. A
concentrated solution of these pre-made
spherical AUNCs were added to a solution of FeCls
and HCIl to create the encapsulating solution. 40
mM FeCls is added as the etchant precursor, while
HCl is used to prevent hydrolysis of FeCl; and also
tune the final CI- concentration to 190 mM.
Enough HBr or HI was added to the respective
solutions to bring the final concentration of Br- or
I- to 0.38 mM. The amount of HX (where X= Br, I)
added is low enough that the effect on pH is
negligible. The exact role of FeCl; in graphene
LCTEM is, to date, unknown, but a hypothesis is
presented later in this report. FeCl; can etch gold
in ambient conditions,*® yet the rate of this is slow
and the amount added in these experiments is
low enough that minimal etching takes place
before the in situ experiments begin. Once in the
TEM, the beam is spread so that the dose rate
imparted on the sample is very low (< 25 e’/ A%s).
When a candidate particle is found, the beam is
condensed using a home written script to a
specified dose rate.?” At this high dose rate, the
combination of radiolysis species and FeCls create
a highly oxidizing environment in the liquid cell,
where AuNC etching can be observed in real time.

Figure 1A shows a representative etching
trajectory of a gold nanocrystal in chloride
environment without iron, where Figure 1B shows
the calculated projected area vs. time curve of
the etching trajectory. This lack of etching was
observed in all three halide environments without
the presence of iron (see Mov. S1-3). Figure 1C,
1E, and 1G show
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Figure 1. Effect of halides on oxidative etching of AuNCs. Etching trajectory and corresponding area vs. time
curves for AuNCs in an aqueous encapsulating solution of 190mM C[ ol (A, B), 40mM Fe(lll) and 190mM CI[ bl

(C, D), 40mM Fe(lll), 190mM CI *%, and 0.38mM Br *‘ (E, F), and 40mM Fe(lll), 190mM CI “*, and 0.38mM

17‘.’"” (G, H). 1) Box and whisker plot of the average AuNC etch rate in each conditions, totaling ca. 80 individual
etching trajectories. Etch rates were determined by the slope of the area vs. time curves as shown in B, D, F,
and H. The average is given by the line in the box, the interquartile range by the edges of the box, and the
range of the rates is given by the whiskers. Outliers are marked with a cross. J) Circularity of the AuNC as it
undergoes oxidative etching. A perfect circle has a circularity of C=1 while any deviations lead to C<1. The
AuNC in solution with 190mM CI” *° and 40mM Fe(lll)(purple) maintains a constant circularity of ~C=1 while
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the AuNC in solution with 190mM Cliu, 0.38mM Br °° and 40mM Fe(lll) (green) deviates from C=1 and is
constantly changing throughout etching.

representative etching trajectories of gold The calculated projected area vs. time curves of
nanocrystals in chloride, chloride and trace the etching trajectories of the gold nanocrystals
bromide, or chloride and trace iodide in chloride, bromide, and iodide environments are

environments, respectively, all with FeCl; present.
5

shown in Figure 1D, 1F, and 1H, respectively.



Clearly, the etching time scale depends heavily
on the species present in the GLC. Without any
iron added, the nanocrystals do not etch
measurably under the time scales studied. With
Fe(lll) added to the liquid cells, complete etching
occurs in the case of all three halides (see Mov.
S4-6). The rate of gold nanocrystal etching is
modulated by the addition of different halides.
The gold nanocrystals etch the fastest in the
presence of iodide and the slowest in the
presence of chloride. Figure 1l summarizes the
etching rate of ~80 nanocrystals, as box and
whisker plots, for each of the environments
explored. From this plot, it is apparent that the
etch rate increases going down group 17. This
trend is consistent with halides acting as
complexation agents for the gold ions, rather
than active oxidants.

These results indicate that the halide
dependent radical chemistry present in graphene
LCTEM does not dominate the observed chemical
transformations. Water-based and halide-based
radicals are certainly formed once the liquid cell
is exposed to the electron beam, but these
radicals do not seem to drive the observed
reaction trend. There are likely less radicals
present in GLCs than is estimated through kinetic
modeling, as graphene is known to scavenge
radicals and create a milder environment.*® This
could decrease the concentration of halide
radicals in the system, releasing halides to
complex with gold ions. Ultimately, this allows
‘traditional’ chemical concepts to be studied at a
single particle level with graphene LCTEM.

It is also evident that the interquartile range
(i.,e. the spread) of the etch rates in Figure 1l
becomes larger in the case of large rates. One
possibility is that as the etch rate increases, the
exact rate becomes much more sensitive to the
liquid cell geometry. For instance, if one liquid
pocket is much thinner than another, then the
etch rate will decrease due to a lower
concentration of oxidizing species near the
surface of the AuNC. While this same pocket-size
variability is present in all cases, the slower etch
rate allows more time for diffusion, potentially
making it less sensitive to these differences.

Notably, the intermediate shapes of the
nanocrystals as they undergo oxidative etching
appear to become more anisotropic as heavier
halides are added. Qualitatively, the AuNCs in
solution with CI- maintains its spherical shape
throughout etching, while the AuNCs in solution
with Br- and I become much more anisotropic. To
quantify this, the circularity of the particle was
calculated in each frame of the video (see Fig. S1
for details). Circularity (C) is a measure of how
close a shape is to a perfect circle, where a
perfect circle has C = 1, while anything that
deviates from a circle will have C < 1. For

reference, an n-sided polygon will increase in
circularity as n increases, with C~0.9 for n=4.

Figure 1) demonstrates that the nanocrystals in
solution with CI- maintains a constant circularity
throughout the etching trajectory. In the case of
added Br~ and I, the circularity begins near 1, but
quickly decreases. Possible explanations for the
decreased circularity when moving to heavier
halides is two-fold. Bromide and iodide are well
known to have strong affinity for certain gold
facets,”® while chloride does not. This affinity
directs etching to certain facets,” decreasing the
circularity of the gold nanocrystals. On the other
hand, as the complexation energy increases
when heavier halides are added, the
overpotential for oxidative etching of gold also
increases. The system with iodide present has
over a 600 mV increase in overpotential
compared to the system with just chloride. This
increase likely moves the oxidative etching well
into the diffusion limited regime, causing the
oxidation to become anisotropic due to localized
differences in the oxidative environment.

It is surprising that small concentrations of
bromide and iodide can induce a significant
increase in etch rate throughout the entire
trajectory. If the AuNCs are oxidized to the Au(l)
oxidation state, then two halides are needed to
complex every gold atom. A gold nanocrystal 20

nm in diameter contains approximately 2 x 10°

gold atoms, meaning that 4 x 10° halides need to

be present in each liquid cell pocket to complex
all the gold atoms. As the thickness of the GLCs
are typically less than 200 nm,!*?! the lateral
dimension of the liquid cell needed to contain
stoichiometric concentrations of
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Figure 2. Pulse radiolysis measurement (85
Gy/pulse, 15 ns FWHM) of a 0.2 M HCI solution (A,
B) and a 0.2 M HCI, 1 mM FeCls solution (C, D) in
N.O saturated water. A) Transient absorption spectra
of a 0.2 M HCI solution at 4 different times 1 ps, 10
Mus, 100 ps, 300 us. B) related time profile of the
transient absorption decay at 340 nm. Inset: time
profile at 340 nm plotted as 1/0.D. vs. time. The
black line depicts a linear fit C) Transient absorption
spectra of a 0.2 M HCIl, 1 mM FeCls solution at 4
different times 1 ps, 10 ps, 100 ups, 300 us. D)
Related time profile of the transient absorption
decay at 340 nm. Inset: time profile at 340 nm
plotted as 1/0.D. vs time. Note the O.D. values in
the inset have been shifted by + 0.0378 to prevent
the disruption due to the pole of the 1/x function for
x=0.

bromide and iodide is on the order of 20 #m, far
larger than the size of typical liquid cell
pockets.>*2 An excess of chloride is present in all
the experiments, but if the complexation were to
switch from a heavier halide to chloride in the
middle of an etching trajectory, we would expect
to see a distinct decrease in the etch rate due to
the increasing reduction potential. This would
manifest itself in the projected area vs. time
curves as a decrease in etch rate as the etching
trajectory progresses, or as a second linear
portion of the graph with a smaller slope, which is
not present in these etching trajectories.

To rationalize this, we must consider ways in
which the trace halides may be recycled. This
may indicate the presence of chemical loops
inside the liquid cell pockets. In this manner, a
single chemical species is repeatedly oxidized
and reduced many times by radicals or other
species present in the system. For instance, two
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halides from solution complex an oxidized gold
atom on to form a [AuX;] - complex. This complex
could then be reduced by a solvated electron or
hydrogen atom to form an Au® atom and two free
X ions. These same halides are now available to
complex another gold atom. This process
constantly refreshes the supply of precursors to
the system. In this case, even though there is a
sub-stoichiometric concentration of bromide or
iodide added to the system, the concentration of
the heavy halide ion available to the system
approaches a steady state, which would give rise
to the constant etch rates observed in this study.

Role of Iron

In initial AuNC etching studies, iron in the form
of FeCl; was empirically determined to be a
suitable  beam-initiated etchant precursor.
However, the mechanism of etching remains
unclear. Iron was previously proposed to be a
catalyst to produce "OH radicals through Fenton’s
mechanism,!* as shown in equation (1).

Fe(ll |+H,0,~>Fe|Ill|+-OH+OH ** (1)

In the GLC, Fenton’s reaction would occur as
follows. Preloaded Fe(lll) from FeCls would be
reduced by the electron beam to Fe(ll). Fe(ll)
would then react with radiolytically produced
H.O, to catalytically produce "OH. Through this
mechanism, the presence of iron would need to
cause a significant increase in the concentration
of "OH to account for the significantly accelerated
etch rate of AuNCs. Additionally, any hydroxyl
radicals produced through this mechanism are
likely to be scavenged by the halides, as
discussed previously. Therefore, any additional
hydroxyl radicals produced through Fenton’s
reaction would ultimately manifest as a greater
concentration of the X, species, where X = Cl,
Br, I. When Fenton’s reaction is added to our
kinetic model, we see no significant change in the
concentration of hydroxyl radicals in the presence
of halides, and even a slight decrease in -OH
concentration compared to when no iron is
present (see Fig. S2). We have shown above that
the gold nanocrystal etch rate increases with the
presence of halides, moving down group 17. If the
X»~ radicals were the active etchants in this
system, the gold nanocrystal etch rate should
decrease, even if the halides are acting as both
complexation agents and oxidants (see Fig. S3).
While Fenton’s reaction is likely occurring to some
extent in the liquid cell solution, it seems unlikely
that this reaction accounts for the observed
reactivity. It is well known that under the high
electron dose rates used in this study, both highly
reducing and oxidizing species are formed.*!
Under these conditions, it is possible that the
preloaded Fe(lll) is oxidized by radicals to some
extent, and it is this oxidized iron complex that
directly oxidizes the AuNC.



Pulse radiolysis was used to gain spectroscopic
insight into the role of iron in graphene LCTEM
experiments. Pulse radiolysis is a pump-probe
technique that allows spectroscopic observation
of the formation of short-lived radicals under
electron radiation with nanosecond time
resolution. Additionally, by using selective radical
scavengers, it is possible to investigate the
oxidative and reductive reaction pathways
separately. In these experiments the solution of
interest is placed into a flow cell system ensuring
the desired gas saturation of the solution as well
as allow for a renewal of the sample solution in
the sample cell for every electron pulse. The
sample is irradiated with an electron pulse with a
peak dose rate of ~4.25 X 10° Gy/s (85 Gy / pulse
and a 15 ns pulse width), comparable to the
steady state dose rates used in graphene LCTEM.
Using a fast-transient recorder, the absorption
and decay of transient radical species can be
observed within a 1 ms time domain. Herein, A
0.D. is defined as the difference in optical density
before (0.D. (GS), ground state absorption) and
after (0.D.(T), transient) the electron pulse, as
shown in equation (2).

AO.D.=0.D.|T)—0.D.(GS) (2)

A trans-FeCl,(H,0)4

B mer1-FeCl,(H,0);0H*
0.59

5=2.0

Figure 3. Mulliken partial charges and spin density
isosurfaces from CASSCF calculations of A) trans-
FeCl,(H,0)s* and B) merl-FeCl,(H,0)sOH*. See Sl for
information on active space. The blue isosurface
highlights regions with increased alpha spin density
while orange highlights regions of increased beta
spin density.

Figure 2A and 2C depict the pulse radiolysis
transient absorption spectra of an aqueous 0.2 M
HCI solution and an aqueous 0.2 M HCI solution
containing 1 mM FeCls, respectively, both
saturated with N,O. Such conditions lead to the
production of three highly reactive species,
namely °‘H, "OH, and e.y, in addition to the
molecular products H, and H;0,. Under our
experimental conditions, N,O is used to efficiently
scavenge and convert e,y into "OH. The 'OH
radicals react with CI- and ultimately forms Cl,*~
(see Table 1 for the detailed reaction cascade)
which is discernable by the well-established
transient absorption spectrum with a maximum
at 340 nm.>® This peak is observed in both pulse
radiolysis transient absorption spectra with and
without FeCls (Fig. 2A and 2C). A first indication
towards a potential reaction of Cl;’~ with Fe(lll)
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comes from the comparison of the transient
spectra in the 100 us range. When FeCl; is
present, the decay of the Cl;”~ transient
absorption goes below zero in the UV part of the
optical spectrum around 290-360 nm, where
Fe(lll) complexes show strong ground state
absorption (see Fig. S4). This ground state
bleaching indicates that less Fe(lll) is present at
this time than before the electron pulse,
suggesting a potential reaction between Fe(lll)
and Cl;”". A similar behavior was also observed
when probing the reaction of Fe(lll) with SO,™,
which is an even stronger oxidizing intermediate
compared to Cl,~ (see Fig. S5 for details),
indicating the Fe(lll) may in general react with
very strong oxidizing intermediates.

Table 1. Proposed reaction cascade in pulse
radiolysis experiments

H.O * e.q+ ‘H + ‘OH
a)* N,O + e, + H,O0 ™ N, + -OH + OH-
b)**  -OH + H* + CI"™> CI- + H,0
c)** Cl-+Clr=Cly-
d)*®  2Cl, 2CI + Cl;
e) 2Cl + [Fe(lLP*—2Cl- + [Fe(ox)L]*+b+
f) 2Cly + [Fe(ll)L]** 2 CI- + [Fe(lll)L(ox)]

(x+1)+

Further, the Cl;"” decay, as depicted by the 340 nm
time absorption profile in Figures 2B and 2D can be
evaluated to determine the kinetics of the reaction.
Without any other potential reaction partners Cl,--
recombines in a disproportionation reaction (Table
1d). As expected for such a bimolecular
recombination reaction when plotting 1/AO.D. vs.
time for the 340 nm time profile (Fig. 2B, inset) in
the systems without FeCl; the resulting graph can be
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Figure 4. A) Etching trajectory of a AUNC in 40 mM
Fe(lll) and 190 mM CI. The etching trajectories
began at 800 e/ A% but were reduced to 25 e/ A%s
in the middle of etching. After the dose rate
decrease, the nanocrystal continues etching. B)
Control experiment showing that when the AuNC is
initially irradiated at 25 e/ A% the nanocrystal does
not etch. C) Area vs time curve of the etching
trajectory shown in A. The nanocrystal etches at a
constant rate initially, consistent with the previous
experiments. When the dose rate is decreased, the
etch rate immediately slows, but etching continues.
D) Box and whisker plots summarizing 19 different
etching  trajectories recorded under these
conditions. The average etch rate of the AuNC after
reducing the dose rate is significantly lower than the
initial etch rate, but it is non-zero.

fitted linearly and from the slope a bimolecular
recombination rate constant of 2k = 2.7 X 10° Ms?
was derived as the recombination rate constant for
Cly*~ under our reaction conditions. Plotting 1/AO.D.
vs time for the time profile of Cl,” decay in the
presence of Fe(lll) (Fig. 2D, inset) shows a
significant deviation from a linear relation,
indicating a more complex reaction other than
only the recombination of Cl*~. This further
supports our hypothesis that the Cl,"~ radical is
reacting with Fe(lll). Unfortunately, even if
evidence for a reaction of Cl;*~ with Fe(lll) were
obtained, the reaction of Cl*~ with Fe(lll) is a
minor channel and we have not been successful
in obtaining a reliable rate constant for this
reaction.

To consider how a reaction between Fe(lll) and
Cl;’” might be possible, we consider two pathways
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for the oxidation. Cl;"~ can react with Fe(lll) to
oxidize the iron center ([Fe(ox)L]**) or the ligands
([Fe(llL(ox)]**). To explore the oxidation of the
ligands, we first consider the ligand shell present
on the iron ion. At the chloride concentration
used in these studies, there is likely 1-2 CI
ligands present in the iron(lll)-aqua complex.> All
possible isomers with 1-2 ClI- ligands were
investigated through DFT calculations to
determine the most stable structure (see Sl for
more details). Under these experimental
conditions, the trans-[FeCl>(H.0).]* structure (Fig.
3A) was found to be most stable in solution. Upon
oxidation, the trans-[FeCl,(H,0).]* complex loses
a H atom to become merl-[FeCl>(H,0);0H"].
CASSCF  (14,10) calculations were used
subsequently to determine the electronic
structure of the oxidized complex. Figure 3B
shows the isosurface of the spin density
indicating that the OH ligand plays an important
role in the electronic structure of the complex.
This is supported by a local spin analysis
revealing a complex which resembles a high-spin
Fe(lV) complex (<Sz>=2.14) antiferromagnetic
coupled to the OH-ligand (<S5z>=-0.14).
Additionally, comparison of the Mulliken partial
charge of merl-[FeCl,(H.O);OH*] to trans-
[FeCl,(H;0)4]" indicates that it is mainly the O
atom of the OH ligand that is oxidized, while the
electron density around the iron center is slightly
increased. This suggests that the role of iron in
the LCTEM experiments may be to stabilize the
reactive radical species by complexing to the iron
center. Considering the pulse radiolysis data, it
seems plausible that the Cl;'~ radical oxidizes the
Fe(lll) complex in solution to decay into its
products. The oxidized iron complex then
stabilizes itself by donating a hydrogen atom to
form merl-[FeCl;(H,O);OH*], supported by the
high acidity of the unprotonated complex. Then
the oxidized hydroxyl ligand bound to the iron
center is the reactive species that oxidizes the
gold nanocrystals.

The pulse radiolysis experiments suggest that
the active iron species in our solution have
extended lifetimes compared to radiolytically
produced radical species. If the active iron
species is long-lived, it may be possible to build
up a concentration during electron beam
irradiation that, upon removal of the electron
beam, would continue to etch the gold
nanocrystal. Figure 3A shows an etching
trajectory of a gold nanocrystal in the same
chloride solution as in Figure 1A. Halfway through
the etching trajectory, the dose was decreased
from 800 e/ A% to 25 e/ A’s. The nanocrystal
continued etching after removal of the high
intensity beam, but at a slower etch rate (see
Mov. S7). This is in contrast to constant irradiation
at 25 e/ A%s without the initial high dose period,
which leads to negligible etching (Fig. 4B). We



confirmed that the nanocrystals were in liquid
rather than in a dry pocket (see Fig. S6) in these
control experiments. Figure 4C shows a
representative area vs. time curve for the
nanocrystals originally irradiated at a high dose
rate. Etching of the nanocrystals continues after
the dose is decreased, albeit at a much slower
rate. This indicates that a concentration of a long-
lived oxidant is built up during the high dose rate
regime. Then, once the dose rate is decreased,
the excess oxidant in solution can diffuse to the
surface of the nanocrystal and continue
oxidatively etching the gold. Figure 4D shows this
data for several different etching trajectories,
presenting the reproducibility of this trend.

The lifetime of the Cl;-"radical in this system is
on the

electron beam

gure 5. Proposed mechanism of AuNC etching in
graphene LCTEM.

order of a few hundred microseconds (Figure 2B),
while water-based radicals have much shorter
lifetimes. Based on this, any radicals formed
while the liquid cell was irradiated with a high
dose rate should decay less than 1 ms after the
dose is de- creased. The prolonged etching after
the dose rate is decreased indicates it is unlikely
that a water or halide-based radical is responsible
for gold nanocrystal etching. This experiment
supports the pulse radiolysis data indicating the
formation of a long-lived transient species that is
directly involved in the gold nanocrystal etching.

Taking into account the role of the halides and
the role of the iron species in graphene LCTEM,
we propose a mechanism consistent with the
data, as shown in Figure 5. First, radiolysis
induced by the electron beam creates a
significant concentration of oxidizing radicals.
These radicals react with the preloaded Fe(lll) to
form an oxidized iron transient species. The
oxidized iron transient species then oxidizes the
gold nanocrystal. Yet the rate at which the gold
nanocrystal is oxidized is controlled by the type of
halide present. The standard reduction potential
for gold decreases in the presence of heavier
halides, effectively increasing the overpotential
and increasing the rate of oxidation.

CONCLUSION
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Understanding the chemical processes
occurring in LCTEM is crucial to determine the
mechanism of nanocrystal etching. We have
shown that introducing trace amounts of halides
can significantly modulate the etch rate of gold
nanocrystals under electron beam irradiation.
While the halides are also known to create
oxidizing radical species, in this system their
dominating role is as a complexation agent for
the oxidized gold ions. Yet it is possible that the
halide radicals may play a much bigger role when
studying less-stable  systems, such as
semiconducting or metal oxide nanocrystals, or
when imaging in a SiN liquid cell as any radical
scavenging effect from the graphene is absent. It
is important to consider the effect of halides,
even in minute quantities, as low concentrations
in solution can cause significant effects under
electron-beam irradiation.

A distinct lack of etching of gold nanocrystals in
the absence of preloaded FeCls indicates that iron
plays a significant role in the etching mechanism.
A combination of LCTEM experiments, pulse
radiolysis experiments, and theoretical
calculations suggest that the added iron (lll)
species is oxidized by radicals, into a highly
reactive yet long lived, oxidized complex. This
complex is responsible for the etching of gold
nanocrystals in LCTEM, contrary to previous
reports proposing ‘OH radicals as the active
oxidant. Further, it is possible that this behavior is
not limited to iron salts and indicates that care
must be taken to consider the reactivity of metal
ions which may be present in the solution or in
the material of interest during liquid cell
observation. This study points to the importance
of understanding the additives in the
encapsulating solution. Ultimately, this is a step
towards defining the chemical environment within
graphene LCTEM to aid in better control and
interpretation of LCTEM experiments.
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