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ABSTRACT: In this work, we describe the radiolytic environment
experienced by a polymer in water during liquid-cell transmission
electron microscopy (LCTEM). We examined the radiolytic
environment of aqueous solutions of poly(ethylene glycol)
(PEG, 2400 g/mol) in the presence of sensitizing gold nano-
particles (GNPs, 100 nm) or radical scavenging isopropanol (IPA).
To quantify polymer damage, we employed post-mortem analysis
via matrix-assisted laser desorption/ionization imaging mass
spectrometry (MALDI-IMS). This approach confirms IPA (1—

e” beam

Scavenger @ Sensitizer

10% w/v) can significantly mitigate radiolysis-induced damage to polymers in water, while GNPs significantly enhance damage. We
couple LCTEM experiments with simulations to provide a generalizable strategy for assessing radiolysis mitigation or enhancement.
This study highlights the caution required for LCTEM experiments on inorganic nanoparticles where solution phase properties of
surrounding organic materials or the solvent itself are under investigation. Furthermore, we anticipate an increased use of scavengers

for LCTEM studies of all kinds.
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Liquid-cell transmission electron microscopy (LCTEM) is
a nascent technique for imaging solvated nanomaterials
and their dynamics in situ (Figure S1). Though there is a
breadth of literature concerned with studying solvated
inorganic materials,' > progress in imaging solvated soft
matter, either by itself or in hybrid organic—inorganic systems,
has been limited.®”"" Growth in this field has been hindered by
the inherently low contrast of soft materials, leading to the use
of imaging conditions that cause electron beam-induced
damage. More generally, under ionizing radiation, damage to
solvated soft materials is chiefly caused by radiolysis of the
surrounding solvent, a process that releases reactive species
into solution that can undergo secondary reactions with the
substrate.">™"* Underscoring this, recent irradiation studies
performed on a series of rigorously dried polymers under y and
electron beam irradiation show negligible change in polymer
molecular weight, suggesting solvent radiolysis is indeed
responsible for the majority of solvated polymer damage."
Moreover, irradiation studies performed on several aqueous
polymers have all concluded hydroxyl radicals (*OH) are the
main culprits, with hydrogen atoms and hydrated electrons
playing a lesser role.'”~** Thus, by simply adding an alcohol
cosolvent that scavenges *OH,”>*" it should be possible to
mitigate indirect damage to soft matter. In the context of
LCTEM, adding a scavenging alcohol could relax strict low
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electron flux (e~ A2 s7') constraints,>*’~'" which limit

the achievable spatial and temporal resolution. Ultimately,
easing these restrictions would expand the diversity of
materials and processes that can be readily studied using
LCTEM.*** Despite precedents from the field of radiation
chemistry, limited work has been reported regarding the
exploration of radical scavengers’ ~>” to mitigate damage to
organic materials in LCTEM.

Though it is well established that soft matter, organic
solvents, and water are all sensitive to damage, the
susceptibility of solutions containing inorganic materials to
beam-induced effects is often overlooked. This is especially
true for one of the most routinely studied materials in LCTEM
literature: gold nanoparticles (GNPs).**™** There has been an
assumption that metallic nanoparticles, which are generally
highly chemically stable, can be irradiated in LCTEM without
regard to radiolysis. In particular, the potential exists for
damage to surface ligands or other organic components of the
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Figure 1. Water radiolysis, PEG secondary reactions, IPA scavenging, and GNP dose enhancement under electron beam irradiation. Note that IPA
can scavenge the radicals that cause PEG macroradical formation and cross-linking, whereas GNPs have the opposite effect and act as sensitizers.

system. Indeed, prior radiation chemistry studies have shown
GNPs have a significant “dose enhancement” effect in
water.” 7> The sensitization effect of gold, reported to
increase the effective dose by nearly 100 times under X-ray
radiation,”>*® is chiefly caused by the irradiation-triggered
release of secondary electrons and X-rays from GNPs, which
directly radiolyze the surrounding solution, causing an effective
local dose increase. Thus, in water, any organic molecule is
expected to readily undergo indirect beam-induced damage
during LCTEM,"57>"*7 and this chemical damage should be
enhanced by GNPs or mitigated by a scavenging alcohol
cosolvent.

Despite the ubiquity of GNPs in LCTEM literature, both by
themselves as preformed nanocrystals’ ™ *>*>** and in the
presence of soft materials,"**"~®* the sensitizing effect of
GNPs has not been directly experimentally explored in the
context of LCTEM. Furthermore, though scavengers have
been used previously in LCTEM,”' ™" there is a lack of
fundamental studies dealing with scavengers as aids for imaging
soft matter. Accordingly, in this study, we seek to understand
the effect of a prototypical *OH scavenger, isopropanol (IPA),
and the effect of sensitizing 100 nm GNPs on 2.4 kDa PEG in
water, which we use as a proof-of-concept system for LCTEM
polymer damage studies. To evaluate beam-induced damage
during LCTEM, we employ a combination of in situ LCTEM
videography and post-mortem matrix-assisted laser desorption/
ionization imaging mass spectrometry (MALDI-IMS, Figure
S2). MALDI-IMS creates a map of mass spectra across liquid-
cell chip surfaces after LCTEM that we process using
molecular mass signal intensity of PEG to quantify beam-
induced damage.”*

Aiming to guide and understand experimental LCTEM
results, we employ kinetic modeling of radiolysis under
LCTEM conditions. With and without additives, the model
tracks the evolution of aqueous PEG under 300 keV electron
beam irradiation using tabulated G-values and reaction rate
constants for all species involved. While radiation chemistry
literature has provided a foundational framework,®*®° studies
modeling the liquid-cell environment have only been
rigorously performed in aqueous conditions without sub-
strates.'” In an attempt to expand this model, we have
examined the irradiated liquid-cell environment for purely
aqueous PEG and PEG with sensitizing GNPs or scavenging
IPA (Figure 1).

The kinetic model, though simple, accurately reflected the
results from LCTEM experiments and is amendable by other
researchers to contextualize LCTEM data. We establish that
the sensitizing effect of 100 nm GNPs causes magnified PEG
damage that could be directly observed through LCTEM
imaging and post-mortem MALDI-IMS. Conversely, we show
IPA mitigates PEG damage, likely by scavenging reactive *OH.
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Though we observed IPA causes beam-induced charging
effects during LCTEM, MALDI-IMS confirms this scavenger
lessens polymer damage. These results reaffirm the value of
exploring different scavengers for combatting beam damage in
soft materials and highlight the potential for GNPs to
accelerate damage to organic species in LCTEM. As the latter
result is likely generalizable to other metallic nanopar-
ticles,” ™% researchers should not overlook the possibility
of beam-induced artifacts in studying such materials, especially
for routinely studied organic—inorganic hybrid systems, where
critical components of the solution, such as capping agents,
ligands, surfactants, and indeed the solvent itself, may be
damaged to an even greater extent because of the nano-
particles.

When a solution is exposed to ionizing radiation, constituent
molecules undergo decomposition via radiolysis (Figure 1).%°
First, in the physical stage, from the onset of radiation up to
107" s, incident radiation directly interacts with solution
molecules via inelastic scattering, causing ionized and excited
molecules as well as subexcitation electrons to form. Next,
between 107" and 107'* s, in the physicochemical stage,
excited molecules dissipate energy through numerous
processes,”’ yielding a set of reactive intermediates. Finally,
in the chemical stage, between 107'* and 107¢ s, reactive
intermediates formed in the previous stage react with each
other and the surrounding solution to yield the primary
products. The initial yield of each primary product is specified
by its G-value, the number of molecules created or destroyed
per 100 eV of energy deposited at the end of the chemical
stage.”* Note, G-values are related to the energy deposited in
the solution, whereas the energy deposited per incident
electron is given by the stopping power, which accounts for
the dose enhancement of GNPs in solution (Figures S3—S7).

The kinetic model we use in this work was inspired by the
work of Schneider et al,'” who simulated the chemical
environment of irradiated water. For the data we present, we
assume all substrates and radiolytic species are homogeneously
distributed in the liquid-cell and draw qualitative conclusions
about the behavior of the irradiated system. Our model tracks
reactions between the primary radiolysis products and the
substrates under study using tabulated G-values, reactions, and
associated rate constants (Tables S1—SS). In our model, we
assume water has a constant concentration across all systems.12
We assume water and GNPs are the only species altered by
direct radiation, and all other species solely transform through
secondary reactions. Finally, we account for the GNP dose
enhancement by using concentration-dependent dose enhance-
ment factors (DEFs) measured under MeV electron beam
irradiation; we convert these experimental DEFs to theoretical
values at 300 keV by conducting calculations with stopping
power values at these different energies (Figure $3).%° We note
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Figure 2. Comparison of the temporal evolution of radical and molecular radiolytic products generated by irradiating deaerated water in the
presence of PEG, GNPs, or IPA at 25 °C and pH 7 at a dose rate of 7.5 X 10” Gy/s. (a) Temporal evolution of radical radiolytic products generated
from water in the presence of 0 and 5 mg/mL 2.4 kDa PEG, (b) 0 and 1 mg/mL 100 nm GNPs, and (c) 0% and 1% IPA. (d) Temporal evolution
of molecular radiolytic products generated from water in the presence of 0 and 5 mg/mL 2.4 kDa PEG, (e) 0 and 1 mg/mL 100 nm GNPs, and (f)
0% and 1% IPA.

[-PEG] vs time [*PEG] vs time [-PEG] vs time
1 1 0.
a Mo PEG b 10 AuNPs e 0 AuNPs
E mg/mL g mg/mL E mg/mL
2 0.5 = 0 = 0
S g = L0 2
S 10 1 8 10 o1 = § 01 =
£ s = £ o5 = £ 05 =
o @
g 107 10 - g 10 1 & E 1 -
¢} o 5 = o 5 =
102 107 1.6x10°
10° 10° 10° 10° 10° 10° 10° 10° 10° 10° 10° 10°
Time (s) Time (s) Time (s)
[*OH] vs time [*PEG] vs time [*PEG] vs time
d 10° e 10’ f 210
s % IPA s % IPA s % IPA
2 2 o] 2
5 " o §"° 9 5 0
s 1 I 1 = ® 1 =
= € =
g , 5 - g , 5 - g 5 -
é 10 10 = § 10 L - § o =
10°4 1024 10°
10° 10° 10° 10° 10° 10° 10° 10° 10° 10° 10° 10°
Time (s) Time (s) Time (s)
g ey [PEG], = 1 mg/mL h B0 [PEG], =5 mg/mL i [PEG], = 10 mg/mL
3
] . . . 3.4x10 . a .
- 40x10° " ™ . 2 s
. . 3l e .
2 3.8x10% 2 110 Z . = mg/mLAu NPs
< s S 3.2x10° v %IPA
= 2 | = =
g 3.6x10° % 17105 ¢ ¥ v = g © No additive
Q Q Q
E 3.4x10% = =
v v v 3ox10t{ ° Y « b
3.2x10% 1.6x10°
0 2 4 6 8 10 0 2 4 6 8 10 0 2 4 6 8 10
mg/mL Au NPs or % IPA mg/mL Au NPs or % IPA mg/mL Au NPs or % IPA

Figure 3. Comparison of the temporal evolution of radiolytic products generated by irradiating deaerated water in the presence of PEG, GNPs,
and/or IPA at 25 °C and pH 7 at a dose rate of 7.5 X 10’ Gy/s. (a) Temporal evolution of PEG macroradicals generated under varying [PEG],,.
(b) Temporal evolution of PEG macroradicals generated under varying [GNP], and [PEG], fixed at S mg/mL. (c) Zoomed in section of plot b.
(d) Temporal evolution of ®OH generated under varying percentages of IPA cosolvent. (e) Temporal evolution of PEG macroradicals generated
under varying percentages of IPA cosolvent and [PEG], fixed at S mg/mL. (f) Zoomed in section of plot e. Under varying amounts of % IPA or
mg/mL GNPs, the curve of [PEG"], vs time was integrated to quantify the amount of damaged polymer chains formed. Initial polymer

concentrations of (g) 1 mg/mL, (h) S mg/mL, and (i) 10 mg/mL are shown. Note that 0 mg/mL GNPs and 0% IPA are given as the same point
for each concentration of [PEG],,.

the DEF of GNPs depends on their size and shape, the incident radiation.**™>*”" For simplicity, again, we assume

distance of solutes from the GNP, and the type and energy of GNPs are distributed in the liquid-cell uniformly so the DEF is
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Figure 4. LCTEM and MALDI-IMS data for S mg/mL 2.4 kDa PEG imaged in the presence and absence of 0.0S mg/mL 100 nm GNPs. (a)—(d).
Single frames of LCTEM video of S mg/mL PEG imaged at 22 e~ A7 s™" for 15 min. (e)—(h) Single frames of LCTEM video of S mg/mL PEG
and 0.05 mg/mL GNPs imaged at 22 e~ A™ s™" for 15 min. (i) Optical image of one of the liquid-cell chips. (j) Mass spectrum of an unimaged
chip coated with S mg/mL 2.4 kDa PEG. (k) MALDI-IMS color map of chip surface with inset showing the chip window for PEG imaged by
LCTEM in the absence of GNPs with a mass filter of 2400 + 100 m/z displayed as 0—100% of total intensity on a logarithmic scale. () Mass
spectrum for 2.4 kDa PEG imaged by LCTEM in the absence of 100 nm GNPs. (m) MALDI-IMS color map of chip surface with inset showing
window for PEG imaged in the presence of GNPs with a mass filter of 2400 + 100 m/z displayed as 0—100% of total intensity on a logarithmic
scale. (n) Mass spectrum for 2.4 kDa PEG imaged by LCTEM in the presence of 100 nm GNPs.

uniform and we may draw qualitative conclusions using this
simple model. Finally, we use LCTEM electron energy-loss
spectroscopy (EELS) to verify that an experimental DEF is
caused by GNPs in water under 300 keV electron beam
irradiation (Figures S8—S15).

First, we examined the radiolytic environment of the liquid-
cell in neat, deaerated water and overlaid these data with the
behavior of radiolytic species in the presence of the substrate,
PEG, and additives, IPA or GNPs (Figure 2). Compared to
pure water, adding 5 mg/mL of 2.4k PEG has a significant
effect on the temporal evolution of all aqueous radiolytic
products (Figure 2a,d).

Next, we introduce 100 nm GNPs into the model at 1 mg/
mL, and consistent with radiation chemistry litera-
ture,"**$°193°6 GNPs cause increased steady state concen-
trations for all radiolytic species (Figure 2b,e). With the model
predicting that GNPs do impact the temporal evolution of
radiolytic products, we next aimed to investigate the effect of
IPA as a *OH scavenger. IPA alters the behavior of all
radiolytic products and, in particular, significantly lowers
[*OH] (Figure 2c,f).

Having confirmed the presence of individual additives alters
the temporal evolution of radiolytic species generated from
water using our model, we next aimed to understand the effect
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of having both PEG and an additive in the same liquid-cell.
Here, we tracked the evolution of radiolytic products when
hydrated PEG is simultaneously irradiated with either GNPs or
IPA (Figure S16). Under different initial conditions, we then
aimed to track the evolution of *OH, the most destructive
radiolytic product, and *PEG (Figure 3). First, we studied the
effect of varying the initial PEG concentration, [PEG],,
without other additives. As [PEG], increases from 0.5 to 10
mg/mL, the steady state concentration of *PEG increases
(Figure 3a). Similarly, increasing [GNPs], causes a subtle
increase in the macroradical steady state concentration with
[PEG], fixed at S mg/mL (Figure 3b,c). We also monitored
the evolution of nonradical PEG chains and the formation of
damaged polymeric products. We observed that at fixed
[PEG],, a larger fraction of damaged product forms as [GNP],
increases, with a more pronounced effect at higher [PEG],
(Figure 3g—i).

With the model predicting that the presence of GNPs does
impact the temporal evolution of °PEG, we next aimed to
evaluate the effect of IPA as a *OH scavenger. Without PEG,
adding increasing amounts of IPA causes a significant decrease
in [*OH] (Figure 3d). Interestingly, while *OH does not
appear to reach a steady state, *PEG reaches roughly the same
steady state both with and without IPA, regardless of the

https://dx.doi.org/10.1021/acs.nanolett.0c04636
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Figure 5. LCTEM and MALDI-IMS data for S mg/mL 2.4 kDa PEG imaged in the presence of different percentages of IPA cosolvent. (a)—(c)
Single frames of LCTEM video of 5 mg/mL PEG imaged at 22 e~ A" s™' for 15 min with 1% IPA cosolvent. (d) MALDI-IMS color map of top
chip surface with inset showing window after imaging 2.4 kDa PEG with 1% IPA cosolvent with a mass filter of 2400 + 100 m/z displayed as 0—
100% of total intensity on a logarithmic scale. MALDI-IMS color map of window after imaging 2.4 kDa PEG with (e) 5% IPA cosolvent and (f)
10% IPA cosolvent with a mass filter of 2400 = 100 m/z displayed as 0—100% of total intensity on a logarithmic scale. Mass spectrum of S mg/mL
2.4 kDa PEG imaged by LCTEM with (g) 1% IPA cosolvent, (h) 5% IPA cosolvent, and (i) 10% IPA cosolvent.

percentage of IPA (Figure 3d—f). However, the greatest
[*PEG] is reached with 0% IPA, followed by 1% IPA, 5% IPA,
and 10% IPA. As the formation of *PEG necessarily causes a
change in polymer structure, the greatest damage to PEG
should occur without IPA; note, opposite to the effect of
GNPs, the damage-reducing effect of IPA is more pronounced
at lower [PEG], (Figure 3g—i).

With modeled predictions in hand concerning PEG damage
enhancement with GNPs during LCTEM, we prepared two
samples: 5 mg/mL PEG and 5 mg/mL PEG with 0.05 mg/mL
100 nm GNPs both in water (Figure 4). Aiming to damage
PEG, each of the four liquid-cell corners was sequentially
irradiated for 15 min uninterrupted at a flux of 22 e” A™>s™" at
300 keV, starting with one corner, and in turn moving the
beam to each of the other three corners; each corner received a
fluence of 19 800 e~ A% and the entire liquid-cell received a
cumulative fluence of 79 200 e~ A% Damage phenomena that
manifest in real space images were captured using Camtasia
Studio (Figure 4a—h, Videos S1 and S2). Both with and
without GNPs, discrete, high-contrast particles proliferated
within the irradiated region but with notable differences
between the two experiments. Without GNPs, PEG solutions
exhibited gradual beam damage during 15 min of continuous
imaging in the first corner of the liquid-cell, with negligible
damage when imaging each subsequent corner (Figure 4a—d,
Figures S17 and S18). Conversely, with GNPs, PEG rapidly
formed dendritic structures on the GNPs within seconds
(Figure 4e—h, Figures S19 and S20, Videos S1 and S2). The
resulting structures moved rapidly, likely from charge
accumulation and electric field production in the irradiated
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region.””” Unlike the GNP-free system, damage phenomena

manifested similarly in each irradiated corner (Figures S17 and
S18).

For post-mortem MALDI-IMS analysis, we evaluated the
used liquid-cell chips, a pair of top and bottom chips, for each
sample as well as a control chip, which was prepared without
exposure to LCTEM irradiation. The unimaged control chip
was coated with 5 mg/mL 2.4k PEG, the same concentration
used for LCTEM. MALDI-IMS mass spectra and color maps
reveal that PEG irradiated during LCTEM in both experiments
has a far lower mass signal intensity than the control, indicating
radiolysis-induced PEG damage (Figure 4j—n). However,
comparing the two irradiated samples reveals that GNPs
cause a detectable increase in PEG damage; with GNPs
present, the PEG signal was completely obliterated in the
imaged window, generating a spectrum lacking discrete
fragments (Figure 4Ln). Note, lower m/z peaks now visible
correspond to the MALDI matrix (Figure 41, Figure S21). At a
fixed flux, more PEG survived when imaged in the absence of
GNPs, with discrete peaks of the polymer distribution
remaining. In the GNP system, LCTEM videographic data
qualitatively indicate heterogeneous GNP sensitization, where
the local dose within ca. 20 nm of a GNP is significantly higher
than in the surrounding solution, causing localized PEG
damage at GNPs (Figure 4, Video S$2).”> These two
experiments, imaging PEG with and without GNPs, were
repeated at a lower flux of 9 e~ A2 571 and 300 keV; again, as
predicted by modeling, MALDI-IMS data show there is a lower
signal intensity for the sample containing GNPs, though more
PEG survives in these two respective systems at reduced flux

https://dx.doi.org/10.1021/acs.nanolett.0c04636
Nano Lett. 2021, 21, 1141-1149



Nano Letters

pubs.acs.org/NanoLett

(Figure S21 and Videos S3 and S4). Note, control experiments
of unimaged samples show that GNPs do not impact the
ability of PEG to ionize by MALD], indicating that the MALDI
detection sensitivity for PEG is consistent across experiments
(Figure S22). These LCTEM and MALDI-IMS results confirm
that, at a fixed flux and [PEG],, GNPs exhibit a sensitizing
effect that causes more rapid and more net polymer damage, as
evidenced by lower signal intensity for the polymer and rapid
formation of damaged, dendritic polymer products at GNP
surfaces (Figure 4e—h). Note that though we employ a 300
keV electron beam in our experiments, radiolysis should be
reduced at higher beam energies and so we expect PEG to
undergo more radiolytic damage at lower accelerating
Voltages.29 Moreover, this enhanced damage at lower
accelerating voltages should be further magnified in the
presence of GNPs, following the same trend as 300 keV
electron beam irradiation. The increase in radiolysis with
decreased accelerating voltage can be rationalized by the
increase in stopping power values of water and gold at lower
accelerating voltages; at 300 keV, the stopping power of water
is 2.360 (MeV-cm?®)/g and of gold is 1.274 (MeV-cm?)/g,
whereas at 80 keV, the stopping power of water is 4.761 (MeV-
cm?)/g and of gold is 2.327 (MeV-cm?)/g.”*

For LCTEM studies investigating to what extent damage is
reduced with IPA, three samples were prepared, each with 5
mg/mL of PEG and 1%, 5%, or 10% IPA. Using the same
protocol as previous experiments, each liquid-cell was imaged
for 15 min uninterrupted at each corner at a flux of 22 e~ A
s~ (Figure 5, Figures $22—524). The proliferation of damaged
products in the irradiated region is seen for all three
experiments, in a form of damage distinct from purely aqueous
PEG. Due to the lower dielectric constant of IPA, higher
percentages of IPA led to more charging phenomena.*®
Notably, material was drawn into irradiated regions rapidly
with 5% and 10% IPA and less so with 1% (Figure Sa—c,
Figures $S22—S24, Videos SS, S6, and S7). However, visual
observation of material accumulation is not necessarily
indicative of damage. To assess polymer damage, MALDI-
IMS was again used to probe the liquid-cell chips following
LCTEM. Critically, MALDI-IMS data reveal that IPA was
effective in mitigating PEG damage, with increasing retention
of PEG signal intensity from 1% to 5% to 10% IPA (Figure
Sg—i). While modeling predicts little effect from IPA at S mg/
mL PEG, due to local depletion of precursors and limited
diffusion, we find experimental LCTEM and MALDI-IMS data
to be more consistent with trends modeled for lower [PEG],
(Figure 3g—i). Despite the agreement between modeling and
experimental data, in LCTEM, damage mitigation comes with
increased charging. Such charging phenomena are caused by
inelastic scattering of electrons, leading to the formation of
secondary and Auger electrons, which then escape from the
sample.'” Since IPA has a lower dielectric constant than water,
a mixture of the two solvents is not able to dissipate this
buildup of charge as well as pure water, leading to a charge
imbalance and thus real space charging phenomena. Though
charging is not necessarily indicative of radiolytic damage to
the solvent or solvated species,72 it is an undesired beam—
sample interaction that cannot be studied using our simple
kinetic model; charging is highly sample-dependent, reflecting
the magnitude of inelastic scattering interactions between the
electron beam and the entire liquid-cell, including the solvent,
solvated species, and silicon nitride windows. Despite
complications from charging, our results show scavengers can

mitigate damage, and scavengers with different charging
behaviors, but with efficiencies similar to that of IPA, should
be explored. Once again, we expect enhanced radiolytic
damage at lower accelerating voltages and so, at a fixed
concentration of PEG and IPA, we expect PEG to undergo
more damage at lower beam energies. We also note that while
radiolytic damage to PEG can be mitigated by the addition of a
scavenger, it is possible that polymer design75’76 can also limit
beam damage; for instance, an aromatic polymer should show
enhanced stability compared to the sterically unhindered,
heteroatom-containing backbone of PEG.">"”

To calibrate post-mortem MALDI-IMS results, we conducted
MALDI for mixtures containing different percentages of low
and high molecular weight PEG. These data reveal the lower
molecular weight polymer produces a more intense signal even
when the larger polymer composes up to 99% of the sample
(Figure S25). This may explain why MALDI signal intensity is
reduced when the polymer undergoes damage, but no new
peaks appear in the mass spectra, as cross-linking is the
predominant *PEG quenching reaction in LCTEM. Moreover,
a heavily cross-linked polymer, such as the dense particles
produced under LCTEM irradiation, likely cannot ionize as
easily as a linear, nonaggregated polymer to produce a MALDI
signal. PEG may also undergo scission, forming fragments that
are likely obscured by low molecular weight matrix peaks,
though scission is expected to be the less favored damage
mechanism given the flexibility and low steric hindrance of the
PEG heteroatom-containing backbone (Figure $25).">"”

In summary, using a multimodal approach of modeling
combined with in situ imaging and post-mortem mass
spectrometry, we show LCTEM conditions and samples can
be tuned to effectively image solvated polymers, while raising
relevant questions about the survivability of soft materials,
including surface ligands, surfactants, and so on, imaged with
GNPs, especially at routinely employed fluxes for imaging
GNPs.””~*" The sensitizing effect of GNPs should be
generalizable to all metallic NPs. Therefore, such inorganic
species should be studied with soft materials at far lower fluxes
than currently in use for even soft matter alone (<1 e~ A7 s~
and <10 e~ A™?). Furthermore, these studies should be
conducted with post-mortem validation of the soft matter
component.”'”'**% L ower fluxes are of course possible for
high contrast materials, although this would preclude any
attempt at achieving lattice resolution. The caveat is studies on
dissolution, etching, and destruction, where significant and
fruitful mechanistic studies of particle geometry and facets have
been conducted.””””~"?

In addition to demonstrating limitations of LCTEM for
organic—inorganic hybrid systems, we suggest “OH scavengers
as a solution for low flux constraints of LCTEM when imaging
soft materials. We test IPA as a *OH scavenger and prove by
MALDI-IMS that it mitigates polymer damage. Though high
concentrations of IPA exacerbate beam-induced charging
effects, we believe other *OH scavengers should be explored.
Such fundamental and systematic scavenger studies would
allow LCTEM to continue to become increasingly reliable and
robust for soft matter characterization.

Finally, the kinetic model presented in this work can be
tailored by researchers to predict or rationalize their own
LCTEM results. We stress the importance of verifying both
modeling and LCTEM data by employing a complementary
post-mortem technique suited to the material under inves-
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tigation, such as MALDI-IMS for polymers and biomole-
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cules,” or diffraction for crystalline materials.
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