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ABSTRACT: In this paper, we report the in situ growth of FF
nanotubes examined via liquid-cell transmission electron
microscopy (LCTEM). This direct, high spatial, and temporal
resolution imaging approach allowed us to observe the growth
of peptide-based nanofibrillar structures through directional
elongation. Furthermore, the radial growth profile of FF
nanotubes through the addition of monomers perpendicular to
the tube axis has been observed in real-time with sufficient
resolution to directly observe the increase in diameter. Our
study demonstrates that the kinetics, dynamics, structure
formation, and assembly mechanism of these supramolecular
assemblies can be directly monitored using LCTEM. The performance of the peptides and the assemblies they form can be
verified and evaluated using post-mortem techniques including time-of-flight secondary ion mass spectrometry (ToF-SIMS).
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INTRODUCTION
Diphenylalanine (FF) nanotubes have attracted attention for
their relation to amyloid fibers that are associated with the
development of neurological diseases including Alzheimer’s
disease and type II diabetes.1−4 The biological importance of
FF has inspired numerous research efforts, ranging from
directed self-assembly to functional biomaterials with mechan-
ical, thermal, piezoelectric, luminescence, semiconductive, and
waveguide properties.5−10 FF nanotubes spontaneously form
by first solubilizing diphenylalanine in water at 80 °C, followed
by cooling to room temperature.11 To date, the majority of
studies on the kinetics, dynamics, dimensions, and phase
transitions of FF supramolecular assemblies have been
performed by conventional bulk solution characterization
techniques, which largely reveal ensemble behavior and lack
direct insight into the dynamics and morphology of individual
nanotubes.12,13 The ability to visualize the assembly, dynamics,
and formation of FF in real-time with nanometer resolution
would enable the elucidation of the assembly pathways and
phase transformations. Moreover, a deeper understanding of
FF dynamics would build a methodological basis for the future
visualization of cellular machinery like actin filaments, tubulin
(de)polymerization events, and pathophysiological processes
such as amyloid fibril formation.

To probe the solution-phase dynamics of FF, liquid-cell
transmission electron microscopy (LCTEM), an in situ
imaging technique that enables high resolution insight into
solvated nanomaterials, can be employed. The typical LCTEM
platform hermetically seals a liquid sample between two silicon
microchips that are fabricated with an electron transparent
silicon nitride viewing window (Figure S1).14,15 Moreover,
variable temperature (VT) LCTEM enables in situ heating of
solvated nanomaterials, allowing one to probe temperature-
triggered dynamics.16 Recent developments in LCTEM have
shown its potential in imaging solvated materials, dynamics,
and structure formation with high spatial and temporal
resolution. LCTEM has been widely applied to study the
nucleation, growth, and dynamics of inorganic nanomateri-
als.17−21 However, there are limited studies on soft
materials,22−24 hybrid materials,25−27 and biomaterials,28−30

as these materials are inherently limited by low contrast and by
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their electron beam sensitivity. Indeed, success in LCTEM
experiments heavily depends on the flux (e− Å−2 s−1) and
fluence (e− Å−2) used to observe a given nanoscale
process.31−33 Solvated soft materials typically experience
radiation damage by undergoing secondary reactions with
radicals produced from solvent radiolysis, causing a perturba-
tion in the chemistry and dynamics of the nanomaterials under
investigation.34−38 The analysis of the liquid-cell chips after
imaging (i.e., post-mortem analysis) can be performed to verify
morphology and the extent of the electron beam effects in the
observed dynamic process.25,26,39 Specifically for polymers and
peptides, we have reported the use of matrix-assisted laser
desorption/ionization imaging mass spectrometry (MALDI-
IMS) to characterize the extent of electron beam damage at the
chemical level.35,40 Here, we observe FF assemblies in real-time
via LCTEM and examine the effect of the electron beam
through post-mortem surface characterization via time-of-flight
secondary ion mass spectroscopy (ToF-SIMS).

RESULTS AND DISCUSSION
For the formation of FF assemblies within the TEM liquid-cell
(for schematic showing the cell setup see, Figure S1), first, 2
mg mL−1 FF in deionized water was placed inside the cell,
where it was heated to 80 °C for 1 h and allowed to cool to
room temperature for 30 min (Figure 1). The FF peptide
assembles into elongated discrete nanostructures, as visualized
by dry state TEM (Figure 1A,B). Nanotube formation from FF
peptides could be directly and continuously videoed with a flux
of 0.3 e− Å−2 s−1 (Figure 1C, Figure S2A, and Movie S1).
However, with continuous irradiation, the nanotube growth
was eventually impeded, and the assemblies began to
redissolve, demonstrating visible structural damage to the
assemblies at a fluence (cumulative dose) of ∼9 e− Å−2. With
fluence constraints established, the growth of FF nanotubes
could then be examined by applying a pulsed imaging

method.41 To achieve this, we employed a flux of 0.5 e− Å−2

s−1 for a duration of 1 s at a time, with the beam blanked for 10
s at a time between 1 s acquisitions. Subsequent repeat
acquisitions revealed FF nanotube assembly with a cumulative
fluence of 3 e− Å−2 (Figure 1D, Figure S2B). The growth rate,
measured via continuous imaging or via pulsed imaging, varied
only by a factor of ∼1.5, which demonstrates the viability of
pulsed imaging protocols for dynamic imaging for an extended
period with minimum fluence (Figure 1E). This direct
videography performed with high spatial and temporal
resolution reveals the growth of individual peptide fibrils.
The growth of individual fibrils from monomers proceeds by
addition to the end of the fibrils at a rate of ∼20−∼25 nm s−1.
The unidirectional elongation and growth rate observed by in
situ LCTEM are in good agreement with growth measure-
ments obtained using microfluidics devices, which have
micrometer spatial resolution.42,43 Mechanistically, there is a
thermodynamic driving force for monomers to associate by
intermolecular interactions, specifically interpeptide hydrogen
bonding of main chains and π−π stacking between the
hydrogen bonded main chains.1,2 This leads to the formation
of hydrophilic channels with a van der Waals diameter of 1 nm
surrounded by hydrophobic aromatic side chain residues of the
FF monomers. Growth occurs via elongation and dissociation
events, with a net growth rate linear with respect to the local
monomer concentration.42 The initially formed assembly tends
to preferentially attract free monomers along the nanotube
long axis, where the majority of the oxygen atoms are
positioned asymmetrically, resulting in unidirectional elonga-
tion (Figure 1F).42

To the best of our knowledge, the radial growth profile of FF
nanotubes through the addition of monomers perpendicular to
the tube axis has never been observed. That is, it has not been
possible to image individual nanotubes growing in real-time
with sufficient resolution to see them increase in diameter.

Figure 1. LCTEM of FF self-assembly. FF monomers were added to deionized water, placed in the liquid-cell, heated at 80 °C for 1 h and
allowed to cool to room temperature for 30 min. (A) Chemical structure of FF monomer. (B) Dry state TEM of FF assemblies. (C) Time
lapsed LCTEM snapshots of FF nanotube growth acquired with an instantaneous flux of 0.3 e− Å−2 s−1 (continuous imaging). Structural
damage is observed as the cumulative fluence reaches 9 e− Å−2. (D) LCTEM snapshots of FF nanotube growth captured by a time lapse of 10
s interval with a flux of 0.5 e− Å−2 s−1 (pulsed imaging). (E) Length of FF nanotube as a function of time illustrates the linearity in the
elongation of FF nanotubes captured by continuous imaging and pulsed imaging. The error bars represent the average and 1 σ of three
independent measurements. (F) Schematic illustration of FF monomers association and dissociation events leading to the growth of
nanotubes.
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Here, the nanometer spatial resolution of LCTEM revealed the
radial growth of FF nanostructures (Figure 2). The line profile
across the nanotube illustrates the hollowness of the structure,
which confirms that FF monomers indeed self-assemble into
nanotubes (Figure 2A, Figure S3A). While in bulk solution,
nanotubes can grow to millimeters axially and hundreds of
microns radially (Figure 1B, Figure S3B), confinement within
the liquid-cell eventually limits both radial and axial growth of
the nanotubes, with little change in dimension after 3 h
following initiation of the reaction (Figure 2B). Precise
measurement at various time points further showed a linear
growth trend in inner and outer diameters, with an aspect ratio
proportional to the square root of time (Figure 2C, Figure S4).
These results indicate that, in addition to monomer addition
leading to axial nanotube growth, the association and
dissociation of FF monomers occurs radially, resulting in
changes to both the diameter of the hollow core and the wall
thickness (Figure 2D). By prying open the liquid-cell assembly
after growth experiments, we could then subsequently image in
the dry state, where we observed long nanotubes formed
elsewhere within the liquid-cell outside the field of view,
proving that the observed growth is not dependent on or
driven by the electron beam (Figure S5).
Prior reports have shown that FF monomers form irregular

disordered oligomers that transform into double layered
assemblies that subsequently close to form vesicles and the
fusion of vesicles to ring-like motifs that undergo further
elongation to form nanotubes.44−46 To observe these
intermolecular interactions, we imaged the assemblies during

the nucleation process, that is, immediately after cooling from
80 °C. Due to low flux limitations, our imaging conditions
produced only limited contrast and resolution, restricting our
ability to capture intermolecular dynamics. Nevertheless, we
observed the appearance of hollow nanostructures resembling
the ring-like FF motifs that spontaneously organized in less
than ∼3 min of cooling (Figure 3, Movie S2). Time lapse
snapshots revealed the immediate formation of oligomers and
their aggregation to ring-like motifs (Figure 3A−C). At first,
hydrophobic side chains of FF molecules reduced their
exposure to water by stacking and exposing their backbones
to water molecules. This spontaneous intermolecular inter-
action results in parallel β-sheet-like structures, with a majority
of side chains on one side, which creates a favorable interface
for further stacking to form oligomers of a few nanometers as
observed by LCTEM. The aggregation of these oligomers by
further hydrophobic stacking and electrostatic interactions at
the termini to further reduce the entropy of the system results
in larger supramolecular ring-like motifs (arrows in Figure
3C,D, Figure S6).47 This structural motif formation event was
captured by LCTEM. However, the elongation of these
structures was not observed by continuing the reaction within
the liquid-cell. The inability to visualize the subsequent
elongation to nanofibrils is likely due to concentration
constraints. The multistep assembly pathway of FF molecules
follows a complex free energy landscape with diverse molecular
geometries of comparable free energies such that the ultimate
assembly pathway is finely controlled by the conformation
fluctuations and local monomer concentration.45 To verify the
effect of local monomer availability within the liquid-cell, we
performed a series of off-line (outside the electron micro-
scope) LCTEM experiments over a prolonged period. Here,
we observed that, while maintaining the liquid-cell under static
conditions, all the monomers were assembled into long micron
sized, anisotropic nanotubes, whereas a continuous flow of
water led to smaller, isotropic spherical assemblies (Figure S7).
This inconsistency in the morphology represents the delicate
monomer and water interactions, where a constant flow of
water into the liquid-cell depletes free monomers and
dissociates FF molecules from the nanotube, resembling
assembly behavior under subcritical concentrations.42 It should
be noted that these phenomena could be distinctive to
LCTEM, as the reaction takes place under confined conditions
and is heavily affected by the liquid thickness,48 heterogeneity
in local concentration,49 silicon nitride surface chemistry,50 and
water/air interfacial effects.51 For example, we also observed
that preformed FF nanotubes with identical concentration
remain intact within the liquid-cell and do not dissociate into
constituent monomers upon heating, further supporting the
effect of imbalance in water and dipeptide concentration within
the liquid-cell (Figure S8). Hence, it is likely that optimum FF
nanotubes growth conditions may not be achieved at every
instance and specifically in the imaged area. To complement
these growth measurements by LCTEM, ensemble-averaged
FF assembly in bulk conditions was studied using in situ
scattering techniques (Figure S9). The scattering analyses
suggest that FF molecules self-assemble to form nanostructures
larger than ∼250 nm rapidly upon cooling from 80 °C, making
scattering methods nonviable for tracking the early stage
growth of FF in bulk conditions. Further combined, these
observations indicate that nucleation and growth kinetics were
slower within the liquid-cell compared to the bulk, mainly

Figure 2. Radial growth of FF nanotubes by LCTEM. FF
monomers were added to deionized water, placed in the liquid-
cell, heated at 80 °C for 1 h, and allowed to cool to room
temperature for 30 min. (A and B) LCTEM snapshots of radial
growth of FF nanotube with integrated line profiles illustrating the
increase in tube diameter and hollowness of the nanotube. Data
acquired with an instantaneous flux of 0.3 e− Å−2 s−1. (C) Outer
diameter plotted as a function of time shows the linear trend in
increase in diameter. (D) Schematic of FF nanotube cross-section
illustrates the association and dissociation events leading to the
increase in tube diameter with time.
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controlled by mass transport limitations in the confined
environment.
Critical to the success of LCTEM experiments and to our

ability to interpret LCTEM data is our understanding of how
radiolytic beam damage perturbs the system. Radiolytic
chemical processes, such as oriented attachment,52 nano-
particle aggregation,53 and shape-directed54 assembly mecha-
nisms, are commonly reported in LCTEM experiments. In
general, under ionizing radiation, water molecules undergo
radiolysis to form reactive radicals and molecular species. Of
particular importance are the strongly reducing aqueous
electron (e−aq) and hydrogen radical (•H) and the strongly
oxidizing hydroxyl radical (•OH). •H and •OH react rapidly
with organic molecules, leading to hydrogen abstraction and
radical formation. Among the radicals produced from water
radiolysis, •OH radicals are considered to play a significant role
in radiolytic damage.34−36 In FF, •OH radicals could rapidly
react with the aromatic ring, amine, saturated alkanes, amide,
and carbonyl groups; •H radicals react similarly but are less
reactive; and e−aq reacts rapidly with the carbonyl groups.55−58

To gauge the influence of the electron beam on FF
assemblies, we performed electron beam damage experiments
under two conditions; in one experiment, the liquid-cell was
imaged at low flux (∼0.5 e− Å−2 s−1) and, in the other, at high
flux (∼100 e− Å−2 s−1) for 15 min at each of the four corners of
the liquid-cell (Figure 4, Figure S10A−E, and Movies S3 and
S4). Thus, each imaging event involved fluences of 4.5 × 102

and 9 × 104 e− Å−2, and the cumulative fluences of the entire
liquid cell were 18 × 102 and 36 × 104 e− Å−2 for low flux and
high flux conditions, respectively. During the experiment, the

assemblies remained intact under low electron flux and
aggregated to form anisotropic chains under high electron
flux. The quantitative analysis of LCTEM video frames showed
a constant number of assemblies while imaging at 0.5 e− Å−2

s−1 until a fluence of 4.5 × 102 e− Å−2 (Figure S10C). In
contrast, the use of a higher electron flux led to a drastic
increase followed by a gradual decline in the number of
assemblies (Figure S10C). These data show that the
assemblies are drawn to the imaged area while a higher flux
is applied and aggregates when the fluence reaches 4.5 × 104 e−

Å−2. The accumulation of assemblies in the imaged area can
also be quantified by measuring the increase in area over time
(Figure S10D). The degree of aggregation was quantified by
eccentricity, e, where an ellipse with e = 0 represents a circle, e
= 1 represents a line segment, and 0 < e < 1 represents an
ellipse with increasing aspect ratio (Figure S10E). The
eccentricity of assemblies under low flux was almost constant
at e = 0.7, which indicates that preformed individual assemblies
were slightly oblong. The gradual increase in eccentricity under
high flux conditions agrees with the observed accumulation
and aggregation of assemblies. Though we cannot be certain
about the underlying radiolytic reaction, we believe that the
displacement of water molecules under the electron beam
“steers” the small assemblies of FF and draws the assemblies
closer to each other. This creates a favorable condition for the
aromatic side chain π−π stacking of the individual assemblies
to form elongated “necklace”-like morphologies. It has been
shown that cationic dipeptides exhibit reversible tube-to-
vesicle-like morphologies with a similar necklace-like inter-

Figure 3. LCTEM of early stage assemblies of FF molecules. FF monomers were added to deionized water, placed in the liquid-cell, heated at
80 °C for 1 h, and allowed to cool to room temperature. (A) LCTEM overview snapshots after the initiation of cooling cycle. Data acquired
with an instantaneous flux of 0.3 e− Å−2 s−1. (B and C) Time-lapse LCTEM of FF oligomers and aggregation to form ring-like motifs. (D)
Schematic illustration of FF assembly due to hydrophobic interaction of monomers to form oligomers and ring-like motifs.
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mediate morphology with changes in dipeptide concentra-
tion.12

Given the possibility of destruction of the FF molecules by
reactive radical species even under low electron flux conditions,
we subjected the imaged liquid-cell chips to post-mortem
analysis via time-of-flight secondary ion mass spectroscopy
(ToF-SIMS) (Figure 5). ToF-SIMS is a mass spectral
technique in which a high energy ion beam bombards a
surface, resulting in the emission of ions characteristic of the
sample.59 ToF-SIMS allows for high spatial and mass
resolution mapping of analytes on a surface and is especially
suited for studying low molecular weight (<500 Da) analytes.
Mosaic mapping on a 0.5 mm × 0.5 mm area surrounding the
irradiated window was performed on each irradiated liquid-cell
chip to yield a secondary ion map of the SiNx surface. The m/z
peaks of interest corresponding to FF and its fragments are m/
z 77, 91, 120, 165, and 312 (Figure 5A).60 Mass-filtered
secondary ion maps at m/z 312 ± 1 further reveal the location
and morphology of FF nanotubes (Figure 5B, Figure S11).60

Notably, the signal intensity of FF molecules shows a change in
the intensity of peaks within the fragmentation pattern even

under low flux conditions (Figure 5C, Figure S12). The mass
difference on the irradiated liquid-cell chips is also evident on
the secondary ion maps, such that the distinct morphology of
FF nanotubes is not visible at m/z 312 ± 1, suggesting
molecular level damage across the nanotubes even under low
flux conditions (Figures S13 and S14). It should be noted that
the lack of a signal at m/z 312 ± 1 could also be due to the
smearing of sample during prying apart of the liquid-cell
assembly. Hence, we analyzed the intensity of FF fragments
relative to the intensity of the FF molecule by normalizing the
spectra with respect to m/z 312. This normalization procedure
shows the increase in signal intensity at m/z 77, 91, 120, and
165 with increased electron flux, suggesting that the beam
drives the breakdown of diphenylalanine to its constituent
fragments (Figure 5D). Notably, the increase in signal at m/z
165 ± 1 indicates that the fragmentation of FF to
phenylalanine can be initiated by the electron beam. However,
though degradation is seemingly unavoidable, less fragmenta-
tion of FF to its constituent fragments was observed under low
flux conditions compared to high flux conditions as we expect,
correlated with our ability to acquire images of the fibrils at low

Figure 4. LCTEM of preformed FF assemblies in water at various flux conditions. Time lapsed LCTEM snapshots at a low flux (∼0.5 e− Å−2

s−1) and a high flux (∼100 e− Å−2 s−1).

Figure 5. ToF-SIMS post-mortem analysis of FF assemblies within the liquid-cell. FF assemblies were irradiated with a flux of 0.5 e− Å−2 s−1

(low flux) and 100 e− Å−2 s−1 (high flux). (A) Chemical structures of potential fragments of FF generated by the electron beam. (B) Mass-
filtered image of characteristic peaks of FF at m/z 312 ± 1. (C) Normalized ToF-SIMS spectra of FF nanotubes subjected to electron
irradiation under various flux. (D) ToF-SIMS spectra normalized by m/z 312 illustrating the relative change in the intensity of FF fragments
at m/z 77, 91, 120, and 165 under various flux conditions.
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flux. In addition, to elucidate the mechanism of aggregation of
preformed assemblies under high electron flux (Figure 4), we
analyzed the m/z peaks beyond 400 (Figure S15from m/z
400 to 800). Though the presence of an additional peak at m/z
510 ± 1 could indicate interlocking of fragmented dipeptides
to form necklace-like assemblies, most of the peaks
disappeared compared to nonirradiated FF.
Recently, we have shown that the addition of •OH radical

scavengers, such as alcohols, can mitigate indirect damage to
soft materials during LCTEM analysis.35 On the basis of this
observation, we performed LCTEM beam damage experiments
on 0.2 μL of preformed 2 mg mL−1 FF dipeptides dispersed in
ethanol and isopropyl alcohol (IPA). We then imaged the
liquid-cell at low flux (∼0.5 e− Å−2 s−1) conditions for 15 min
and with an extremely low fluence of ∼1 e− Å−2 (0.1 e− Å−2

s−1). Micrometer long FF nanotubes were observed in the
liquid-cell and remained intact with no visible damage as the
fluence reached 4.5 × 102 e− Å−2 (Figures S16−S21). The
intactness of the preformed nanotubes implies they are more
stable compared to the self-assembling nanotubes under the
electron beam (Figure 1C). This suggests that the structural
disintegration of self-assembling nanotubes by irradiation is
primarily due to direct damage to the noncovalent interaction
sites, such as the π−π stacking of side chains and hydrogen
bonding motifs −NH3

+···−OOC− formed during the assembly
process.1 Notably, under the same imaging and defocus
conditions, the edge sharpness (resolution) of FF nanotubes
observed in situ was improved in the order of IPA to ethanol to
water (Figure S22). This clear trend in resolution of FF
nanotubes in situ is primarily due to the lessening of scattering
effects and beam broadening as the mean free path of electrons
decreases from IPA to ethanol to water.61 These results point
to the possibility of using less dense solvents to improve
resolution in situ. The post-mortem ToF-SIMS analysis of FF
nanotubes dispersed in alcohols showed a similar molecular
level damage as observed in FF nanotubes dispersed in water
(Figures S23−S30). These results further support that
molecular level damage was primarily due to the direct damage
to the FF nanostructures rather than indirect radiolytic
reactions such as solvent radiolysis.62 More importantly,
these analyses demonstrate that characteristic m/z peaks of
dipeptides or other low molecular weight organic materials can
be analyzed by ToF-SIMS following LCTEM experiments to
measure the survival of the material under electron beam
irradiation.

CONCLUSION
In summary, we have shown the growth and dynamics of
diphenylalanine assemblies with nanometer resolution via
LCTEM. We note that the strict electron dose damage
threshold of FF molecules limits the use of persistent electron
beam exposure to capture growth over prolonged time scales.
We have shown this can be circumvented by the application of
pulsed imaging protocols with minimum fluence. The critical
electron dose threshold of preformed FF assemblies is higher
than the dose threshold of self-assembling FF. This indicates
that FF assemblies undergo direct damage at the noncovalent
interaction sites such as π−π stacking of aromatic side chains
and hydrogen bond motifs −NH3

+···−OOC− formed during
the self-assembly process. Furthermore, we have used ToF-
SIMS to assess damage at molecular length scales, showing that
this kind of surface characterization technique can be used to
assess low molecular weight synthons following LCTEM

analysis. This showed that the morphology of the assembled
structure may remain intact, but over time, molecular level
damage is inevitable. Together, we have found that the
elongation kinetics of FF in LCTEM are consistent with the
unidirectional elongation observed by bulk microfluidic
conditions. Further, nucleation and early stage assembly
kinetics of FF were slower in LCTEM compared to bulk
experiments, which allowed us to capture the early stage
assembly of FF and notably a linear growth trend in FF
nanotube diameter, a mechanism not previously observed.
More generally, this study demonstrates LCTEM can be a
useful tool for studying the self-assembly and dynamics of wide
range of soft materials and biological systems such as organic
small molecules, amyloid fiber formation and inhibition, and
cellular machinery like actin filaments and microtubules.

METHODS
Diphenylalanine (FF) Assembly. Stock solutions of diphenyla-

lanine (Sigma-Aldrich) were prepared by vortexing 2 mg mL−1 FF for
2 min in an appropriate solvent. Self-assembly in water was initiated
by heating the dispersed solution to 80 °C for 1 h and allowed to cool
to room temperature. Self-assembly in alcohols was initiated
immediately after vortexing, and the dispersed solution was left
unaltered at room temperature. For transmission electron microscopy,
aliquots of FF dispersed in water were taken after 30 min of cooling at
room temperature. For liquid-cell transmission electron microscopy,
vortexed stock solutions were drop-casted onto the liquid-cell chips,
and assembly was initiated in situ.

Transmission Electron Microscopy (TEM). TEM and LCTEM
of bulk and in situ synthesized FF were performed using a JEOL JEM-
ARM300F GrandARM TEM (Tokyo, Japan) with a Gatan OneView-
IS camera (Pleasanton, CA, USA) and K3-IS camera (Pleasanton, CA,
USA) operated at 300 keV. Time lapse LCTEM data were acquired
using Camtasia Studio 2018 (TechSmith Corporation, Okemos, MI,
USA). For post-mortem analysis, LCTEM chips were opened carefully
and washed gently with distilled water. Bottom chips were then placed
on the standard single-tilt TEM holder, and images were collected in
BF-TEM mode.

Liquid-Cell Transmission Electron Microscopy (LCTEM). A
Protochips Poseidon Select Heating holder (Morrisville, NC, USA)
was used to collect LCTEM data. Milli-Q water was used to prefill the
lines of the holder in all LCTEM experiments. LCTEM chips with 50
nm-thick, 200 μm × 50 μm window SiNx membranes were cleaned in
acetone followed by methanol, dried, and subsequently glow
discharged in a PELCO easiGlow glow discharge unit for 5 min.
Next, 0.2 μL of FF dispersed in solvent was pipetted manually onto
the bottom chip, and then, the liquid-cell was assembled with the
windows (50 μm × 200 μm) aligned perpendicularly (50 μm × 50 μm
LCTEM viewing area) and the lines of the holder were sealed off
without external flow. Following a leak check, a liquid-cell holder was
inserted into the column of the microscope, and the cell was heated to
80 °C for 1 h using a Protochips temperature controller at a rate of 1
°C s−1, followed by the cell being allowed to cool to room
temperature for 30 min. During heating and cooling cycles, the liquid-
cell was not exposed to the electron beam. Images and movies were
recorded in BF-TEM mode. In some experiments, liquid thickness
was manipulated by carefully pulling out the excess water through the
flow channels. Pulse image acquisitions were automated using the
SerialEM scripting interface. All TEM alignments, beam settings, dose
settings, and calibrations were conducted prior to the liquid-cell
experiments using standard gold nanoparticles or diffraction grating
waffle TEM sample.

LCTEM Electron Flux Measurements. Beam current (pA cm−2),
measured using the small screen in the microscope, was calibrated
using a Faraday cup (nA). Calibration data were obtained for various
electron beam parameters, like spot size, condenser aperture, and
emission current, in the linear regime over the range of beam currents
used for LCTEM experiments. At the start of each experiment, the
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calibrated beam current from the small screen was measured for
appropriate spot size, condenser lens system, and emission current
used for that specific experiment. The beam diameter (Å2) was
measured for the appropriate magnification. This was used along with
calibrated beam current (nA) to calculate electron flux (e− Å−2 s−1).
These measurements were conducted before the LCTEM experi-
ments using a single tilt holder or blank LCTEM chips without a
liquid sample. The settings were left unaltered for subsequent
LCTEM experiments.
X-ray Scattering Analysis. Small-angle X-ray scattering (SAXS)

experiments were conducted at the 5-ID-D beamline of the Dupont-
Northwestern-Dow Collaborative Access Team (DND-CAT) at the
Advanced Photon Source, Argonne National Laboratory. Samples of 2
mg mL−1 FF in water were prepared and loaded into 1.5 mm quartz
capillaries for variable temperature SAXS. The capillaries were then
sealed with epoxy to prevent solvent evaporation prior to data
acquisition. Capillaries were loaded into a variable temperature
multicapillary holder. The samples were heated to 80 °C and held for
1 h to disperse any preformed aggregates before acquiring a scattering
pattern at 80 °C. Samples were then cooled to 30 °C at a rate of 2 °C
min−1. After reaching the temperature set point, patterns were
obtained every 2 min for 60 min. Samples were then heated back to
80 °C at 2 °C min−1. After reaching the set point, patterns were
acquired after 1 h. Two-dimensional scattering patterns were obtained
from 10 s exposure using a Rayonix MX170-HS CCD area detector
using a 0.5 s exposure time to X-rays with a wavelength of λ = 0.7293
Å and a sample-to-detector distance of 8.5 m. The 2D data were
azimuthally averaged to yield 1D scattering patterns as intensity
versus q. Incoherent background scattering was measured by
acquiring scattering patterns for a water-loaded capillary in the
absence of FF. The experimental data was fit to a power law of the
form I(q) = A + Bq−m + Cq2 and subtracted from the FF data, where 2
≤ m ≤ 4. For the room temperature X-ray scattering patterns, 2 mg
mL−1 FF monomers were dispersed in water and heated to 80 °C and
then cooled ambiently to room temperature overnight, resulting in the
formation of visible powdery precipitates. The powders were then
removed from the vials, mounted on Kapton tape adhered to a plastic
washer, and dried for several days. Simultaneous SAXS, MAXS, and
WAXS patterns were then obtained for the powders at the 5-ID-D
beamline, and data analysis followed the same procedure as that for
the variable temperature solution SAXS data.
ToF-SIMS Analysis. TOF-SIMS measurements were performed

using a Physical Electronics Inc. (PHI, Chanhassen, MN, USA)
TRIFT III mass spectrometer equipped with a gallium ion primary
beam source. Measurements were performed with a raster size of 100
μm, a voltage of 25 kV, and analytical charge compensation. Mosaic
mapping on a 0.5 mm × 0.5 mm area surrounding the irradiated
window was performed on both (top and bottom) liquid-cell chips to
yield a secondary ion map of the SiNx surface from 0 to 1850 m/z.
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