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ABSTRACT: The ability to have precise control over the designed structure and properties of molecular self-assemblies is critical
for tailoring the quality and efficacy of their functionality, yet the underlying mechanisms governing the evolution from molecules
into self-assembled structures are not fully resolved. Here, we employed the graphene liquid cell (GLC) transmission electron
microscopy (TEM) approach to observe nucleation and evolution of individual nanoscale micelles during polymerization-induced
self-assembly. We speculate that the electron beam induces radical formation by homolytic cleavage of the poly(glycerol
methacrylate) —thiocarbonylthio (PolyGMA—thiocarbonylthio) macro-chain-transfer agent (macroCTA), at which it initiates the
polymerization of HPMA monomer in aqueous solution. Chain growth of the hydrophobic block, PolyHPMA, and subsequent
instability of the resulting block copolymer in the solution trigger the formation of the nanoscale polymer self-assemblies. The
spinodal decomposing mechanism is proposed here for the formation and evolution of the polymer assemblies. Such in-situ
visualization of polymeric micelle formation, devoid of metal-ion labeling, provides new insights into understanding the complex
mechanism of the self-assembly process in amphiphilic molecules.

1. INTRODUCTION the kinetic and thermodynamic landscapes of the self-assembly
process is essential. Despite much efforts, the mechanism of
the molecule-to-assembly transition in amphiphilic systems is
still not entirely resolved.''~*

Transmission electron microscopy (TEM) can visualize
morphological and structural properties of soft matter and hard
matter at the nanoscale and atomic level. Therefore, this
technique has been widely used to visualize conventional self-
assembly of amphiphilic block copolymers by direct dissolution
of the copolymer in a selective solvent. """ Cai et al."”
employed polymerization-induced self-assembly to synthesize
nanostructured polymeric materials with different morpholo-
gies using poly(dimethylaminoethyl methacrylate-co-styrene)

Molecular self-assembly is a pervasive occurrence in biological
systems that is responsible for formation of functional
structures (e.g,, molecular cluster, tubes, helices, and ribbons)
from nanoscale to macroscale dimensions. The structure is
controlled by a physical or chemical stimulus such as hydrogen
bonding, electrostatic forces, dipole—dipole interactions, 7—mx
stacking, and hydrophobic forces.'~* Important examples of
self-assembled biological systems include cell membranes,
folded proteins, transport vehicles, and reaction vessels with
controlled composition and size. During the past years, much
attention was paid to implement this bio-inspired strategy in
synthetic systems that possess higher physical and chemical
flexibility to develop new materials and devices.”™ In the
synthetic systems, block copolymers, phospholipids, and
surfactants form various amphiphilic assemblies such as
toroidal structures, micelles, and vesicles, with applications in
biomedicine, catalysis, separation science, food science, and
templated synthesis.”'® To design particular structures with
precise control often observed in natural systems, knowledge of
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(PDMAEMADBT-co-St) diblock copolymer. By changing the
styrene concentration in the feed and reaction conditions, a
variety of morphologies such as spherical micelles, nanostrings,
and vesicles were observed. Similar studies have been reported
for other block copolymers such as poly(acrylic acid)-b-
polystyrene (PAA-b-PSt), poly(4-vinylpyridine)-b-polystyrene
(P4VP-b-PSt), and poly(ethylene oxide)-co-polycaprolactone
(PEO-b-PCL), in solutions under different application
conditions, such as conversion rate of the comonomer,
monomer feed molar ratio, and solvent quantity."'~">""~"
However, visualization of the molecular self-assembly by dry-
state. TEM is limited to direct dissolution of the ex-situ
synthesized copolymer in a selective solvent.

Direct real-time visualization of nucleation and evolution of
polymer structures as they assemble from growing copolymer
amphiphiles can offer new insights into the field of molecular
self-assembly. For instance, established theories for polymer
aggregation, morphological evolution, and reorganization can
be examined. Liquid phase transmission electron microscopy
(LP-TEM) is an emerging technique for observing evolution
and dynamics of materials in liquids, with the vast majority of
the studies being on hard/inorganic matter.20723 Lately, LP-
TEM has been used to study imaging single polymer
chains,'®**** observing real-time polymerization and reactions
initiation and particles §row’ch,20’23’26_30 observing micelliza-
tion or vesiculation,'®' ™" and observing supramolecular
structures and transformation.”*~** In a study by Ianiro et al.,**
a new mechanism for copolymer vesicles was reported during
LP-TEM, at which vesicles evolve from spherical micelles
formed by polymer-rich liquid droplets (acting as precursors).
In a recent study by Touve et al,”® the formation and
evolution of spherical micelles by the polymerization-induced
self-assembly of a diblock copolymer was reported. The
electron beam of TEM was used to generate radicals from a
polymerizable initiator or iniferter to initiate the monomer
polymerization while imaging the formation of structures in the
solution. Because of imaging through two 30 nm thick Si,N,
membranes and thick layer of solvent, the spatial resolution
was poor, caused by significant electron beam scattering.

The emergence of graphene liquid cell transmission electron
microscopy (GLC-TEM), with the ability to attain the lowest
possible solvent thickness and mitigation of the electron
radiation-induced damage by graphene layers, significantly
improved LC-TEM to attain high-resolution images with
minimal sample damage.*’ In this approach, a very thin liquid
is trapped between graphene sheets that are impermeable to
small molecules, are flexible, and possess excellent thermal and
electrical conductivity. Thus, it allows to enhance the signal-to-
noise ratio and image resolution, mitigate solvent evaporation
under the high vacuum environment of TEM, and minimize
sample damage (e.g, charging, degradation, and ionization
induced by electron beam radiation).”**> Considering the high
resolution enabled by a thin liquid layer, Nagamanasa et al.'®
and Bae et al.”> were able to visualize nanoscale individual
polymers in aqueous or organic solution by GLC-TEM.

Herein, we observed the nucleation and evolution of
polymer self-assemblies based on a model block copoly-
mer—poly(glycerol methacrylate)-b-poly(hydroxypropyl
methacrylate) (PolyGMA-b-PolyHPMA)—in real time by in-
situ GLC-TEM. The PolyGMA—thiocarbonylthio macro-
chain-transfer agent (macroCTA) is synthesized by reversible
addition—fragmentation chain-transfer (RAFT) method. We
speculate that the electron beam of TEM can generate radicals
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by homolytic cleavage of the thiocarbonylthio group of
PolyGMA~—thiocarbonylthio macroCTA, which is also re-
ported elsewhere.”® This causes the initiation of the HPMA
polymerization and subsequent self-assembly of the resulting
block copolymer within the electron beam irradiated region.
Moreover, in view of the full solubility of the PolyGMA
homopolymer and HPMA monomer in aqueous solution and
under the initial reaction conditions, no organic cosolvent is
needed. An unusual property of HPMA is that it is a water-
miscible monomer up to 13% w/w at 25 °C, while the
corresponding PolyHPMA is insoluble in water.”® Initially, the
growing PolyGMA-b-PolyHPMA block copolymer is water-
soluble because the PolyHPMA block is relatively short. The
hydrophobic character of the PolyGMA-b-PolyHPMA block
copolymer increases as PolyHPMA becomes longer, leading to
induced phase separation and formation of PolyGMA-b-
PolyHPMA self-assemblies and, ultimately, PolyGMA-b-
PolyHPMA colloidally stable (sterically stabilized) assemblies.

2. EXPERIMENTAL SECTION

2.1. Raw Materials. Glycerol methacrylate (GMA, 160.2 Da,
Polysciences) and hydroxypropyl methacrylate (HPMA, 144.17 Da,
97%, Sigma-Aldrich) were purified before the experiments by passing
the liquid through a column filled with basic alumina. All other
chemicals including 4,4'-azobis(4-cyanopentanoic acid) (ACVA or V-
501, 280.28 Da, >98%, Sigma-Aldrich), CD,Cl (Sigma-Aldrich)
containing 1% tetramethylsilane (TMS), deuterium oxide (D,0O, 99.9
atom % D, Sigma-Aldrich), 4-cyano-4-[(dodecylsulfanyl-
thiocarbonyl)sulfanyl]pentanoic acid (CDPA, 403.7 Da, Fisher
Scientific), anhydrous ethanol (EtOH, anhydrous, >99.5%, Sigma-
Aldrich), methanol (Sigma-Aldrich), ultrapure water for chromatog-
raphy (MilliporeSigma), and diethyl ether (Fisher) are used as
received. A UV-lamp (Black-Ray) with a light wavelength and
intensity of 360 nm and 100 mW/cm?, respectively, was used for
light-induced copolymerization.

2.2. Synthesis of PolyGMA—Thiocarbonylthio MacroCTA by
Reversible Addition—Fragmentation Chain-Transfer (RAFT)
Polymerization. The PolyGMA-—thiocarbonylthio iniferter or
macroCTA was synthesized by RAFT controlled/living radical
polymerization of GMA in the presence of CDPA as a RAFT
agent. A general mechanism of RAFT controlled/living polymer-
ization is presented in Figure SI. GMA (1 g, 6.2 mmol) and ethanol
(2 mL) were added to a 10 mL dry reaction tube containing a stirring
rod and CDPA (30 mg, 0.07S mmol) as well as ACVA (2.1 mg,
0.0075 mmol). After purging the solution chilling in an ice bath with
argon for around 20—30 min, the reaction tube was transferred to an
oil bath preheated at 60 °C. Samples (ca. 0.2 mL) were periodically
withdrawn with an argon-purged syringe to monitor the monomer
conversion by nuclear magnetic resonance (NMR). After reaching the
around target degree of polymerization (Dp) of ~50 (~60%
monomer conversion), the polymerization was stopped by opening
the cap and exposing the polymer solution to air. The synthesized
PolyGMA macroCTA was isolated by precipitating in ether as a
nonsolvent. The isolated copolymers were redissolved in methanol
and reprecipitated in ether. This process was repeated at least three
times to ensure that all the impurities (solvent, monomer, and
initiator) were removed. The obtained yellow color PolyGMA
macroCTA was dried in a vacuum at room temperature.

2.3. RAFT Aqueous Polymerization of HPMA with PolyGMA
MacroCTA under UV Light. PolyGMA-b-PolyHPMA block
copolymer with target D, ~ 300 of HPMA (PolyGMA;,-b-
PolyHPMA,;,,) was synthesized as follows: The as-synthesized
PolyGMA macroCTA (0.15 g, 0.019 mmol) from the previous step
and HPMA monomer (0.799 mL, 0.82 g, 5.7 mmol) were dissolved in
water (10% w/v). The intended D, of HPMA was 300 (this means
that the target polyHPMA has 300 HPMA units). After purging the
solution chilling in an ice bath with argon for around 20—30 min, the
reaction tube was sealed and exposed to the UV light illumination. 0.2
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Figure 1. (a) Synthetic procedure for the RAFT homopolymerization of GMA. (b) '"H NMR spectrum of pure GMA monomer. (c) Time-
dependent RAFT polymerization of GMA analyzed by "H NMR. (d) Kinetics of the GMA homopolymerization: GMA conversion vs time and the
semilogarithmic plots for the PolyGMA homopolymer synthesis using [GMA], = 40% w/v, target D, = 80, and actual D, = S0 (at ~60%
conversion) in ethanol at 60 °C using the RAFT agent and ACVA initiator (CTA/ACVA molar ratio is 5:1). [GMA], and [GMA]; represent the
initiall GMA monomer concentration and after time t, respectively. The linearity in the semilogarithmic plot shows first-order kinetics.

mL aliquots were taken from the solution and diluted around 10 times
in water for the dynamic light scattering (DLS) measurements.
Particle growth kinetics analysis was performed using a Malvern
Zetasizer Nano ZSP.

2.4. Dry-State Transmission Electron Microscopy (TEM). A
small aliquot (1 L) of the sample was manually pipetted onto a TEM
grid (carbon-coated 300 copper mesh, Sigma-Aldrich). Excess
solution was removed by blotting the edge of the grid with filter
paper, and then the sample-loaded grid was dried by evaporation at
room temperature. The TEM imaging was performed on a JEM-
ARM200 (JEOL, Ltd.) operated at 200 keV, and micrographs were
recorded on 2K X 2K Orius SC200 CCD camera (Gatan Inc.).

2.5. Protocol for Preparation of Graphene-Coated TEM
Grids. A detailed explanation for the preparation of graphene-coated
TEM grids and their characterization was reported in our previous
work.*® A general protocol was as follows: 200 or 300 mesh carbon-
coated Au grids from carbon-coated side were gently placed onto a
small piece of a smooth graphene-on-Cu foil. Having a smooth surface
ensures a good contact between the graphene layer and carbon layer
of the Au grid. Then, a few drops of isopropanol were poured onto
the grids or foil and allowed to dry for approximately 2—3 h.
Isopropanol ensures a good contact between the carbon film on the
Au grids and the coating graphene layer. Then, the Cu foil was etched
by gently laying down a graphene-on-Cu piece on the Na,S,04
etching solution (made of 1 g of Na,$,04 in 10 mL of ultrapure
water) and kept for approximately 20 h. In the last step, the floating
graphene-coated Au grids were removed and rinsed with water (in a
Petri dish) at least three times to ensure full removal of the etched Cu.
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Afterward, the graphene-coated Au grids were dried under a lamp or
at ambient temperature.

2.6. Protocol for Making Liquid Cell Pockets for GLC-TEM
Experiments. GLC was formed by putting a small droplet (~0.2 uL)
of the polymer aqueous solution onto a graphene-coated TEM grid,
and the second graphene-coated TEM grid was gently located on top
of the bottom grid. Excess solution was removed by blotting the edge
of the grid with filter paper, followed by laying a top graphene chip, or
cover chip, onto the bottom chip, leading to producing the creases in
the top graphene sheet and trapping the liquid. The graphene sheets
provide the required mechanical integrity for the liquid pockets.*®

2.7. Visualization of PolyGMA-b-PolyHPMA PISA by GLC-
TEM. The as-synthesized PolyGMA macroCTA from the previous
step was used for the polymerization-induced self-assembly of
PolyGMA-b-PolyHPMA copolymers. PolyGMA macroCTA (0.15 g,
0.019 mmol) and HPMA (0.799 mL, 0.82 g, 5.7 mmol) were
dissolved in deionized water (10% w/v). The resulting solution while
chilling in an ice bath was purged with argon for around 20—30 min.
The liquid pockets were made by pipetting out a small aliquot (0.2—
0.3 puL) of the solution onto a graphene chip (graphene-coated
copper, Graphenea Inc.). Excess solution was removed by blotting the
edge of the grid with filter paper, followed by laying a top graphene
chip, or cover chip, onto the bottom chip, leading to producing the
creases in the top graphene sheet and trapping the liquid. The TEM
grid that graphene sheets were coated onto provided the required
mechanical integrity. The GLC-TEM imaging was performed on a
JEM-ARM200 (JEOL, Ltd.) operated at 200 keV, and micrographs
were recorded on a 2K X 2K Orius SC200 CCD camera (Gatan Inc.).
The electron beam radiation induced HPMA polymerization within
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the liquid pockets where nucleation and evolution of PolyGMA-b-
PolyHPMA self-assemblies were directly imaged. The same
concentration of the polymer solution was pipetted onto the
carbon-coated TEM grid and the graphene-coated TEM grid for
the ex-situ and in-situ micelle formation experiments, respectively.

2.8. '"H NMR Spectroscopy. '"H NMR analyses were performed
on a Bruker Avance 500 NMR spectrometer. GMA and the PolyGMA
samples were prepared in D,O solvent; HPMA and PolyGMA-b-
PolyHPMA copolymerization samples were prepared in (CD;),SO
solvent. "H NMR spectrum of the CDPA CTA (Figure S2) indicates
signals at chemical shifts of 3.4, 2.7, 2.4-2.6, 1.9, 1.7, 1.2—1.50, and
0.9 ppm.47

3. RESULTS AND DISCUSSION

3.1. Synthesis of PolyGMA—Thiocarbonylthio Macro-
CTA by RAFT Polymerization. Generally, two major
strategies have been investigated for preparation of polymeric
nanomaterials: self-assembly of polymers in a selective liquid
medium and heterogeneous polgrmerization such as emulsion
and dispersion polymerization.*>*’ Unlike the first approach
which requires multistep synthesis and troublesome purifica-
tion and is also limited to a very dilute solution (e.g., 1% w/v
solid content), heterogeneous polymerization is a single-step
facile approach that facilitates the visualization of nucleation
and evolution of polymeric self-assembled structures during
polymerization. Dispersion polymerization-induced self-assem-
bly (PISA) is a simple and scalable method for synthesizing
nanoscale soft, organic materials with various morphologies
and size at high polymer concentrations, up to 50% w/v.'****
In this method, the hydrophilic block of a multiblock
copolymer is synthesized by a controlled/living polymerization
technique (e.g, RAFT), followed by addition of the hydro-
philic monomer that polymerize into the hydrophobic block.
At the early stage, the homogeneous polymerization results in
the formation of the hydrophobic block polymer. Later on and
due to hydrophobicity of the growing polymer chain and
increasing length ratio of hydrophobic to hydrophilic blocks,
phase separation takes place and polymer chains aggregate
(homogeneous polymerization transit into a dispersion
polymerization), and the resulting block copolymer self-
assembles into nanoscale structures. As a result of constant
polymer chain growth, a series of morphologies are expected to
be observed during self-assembly trajectory with the spherical
micelles being the first typical morphology.

In this study, preparation of PolyGMA-b-PolyHPMA
amphiphilic copolymers with PolyGMA as water-soluble
block and PolyHPMA as water-insoluble block is performed
in two steps: First, PolyGMA—thiocarbonylthio iniferter or
macroCTA is synthesized by controlled/living RAFT polymer-
ization of GMA, and then the synthesized PolyGMA
macroCTA is used for controlled/living RAFT polymerization
of HPMA monomer in aqueous solution. PolyGMA-—
thiocarbonylthio macroCTA homopolymerization is per-
formed under heat, and the RAFT polymerization of
PolyHPMA is performed under UV light irradiation (ex situ)
or electron beam irradiation (in situ). RAFT polymerization is
chosen because it allows a facile radical polymerization under
electron beam radiation during the direct TEM imaging. A
schematic illustration of the reaction conditions for RAFT
homopolymerization of PolyGMA macroCTA with a target
block degree of polymerization (Dp) of 83 and actual Dp ~ 50
(at ~60% conversion) is shown in Figure la. The '"H NMR
spectra of pure GMA monomer and the PolyGMA-—
thiocarbonylthio macroCTA at different polymerization times
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are also given in Figures 1b and 1c. All the signals associated
with the GMA and PolyGMA macroCTA in the RAFT
polymerization medium are observed in each of the sample’s
spectrum: 6.10 ppm (1H, CH), 5.60 ppm (1H, CH), 4.1 ppm
(2H, —CH(OH)—-CH,—-0-), 3.9 ppm (H, —~CH(OH)-), 3.5
ppm (2H, —CH(OH)—CH,—0-), 1.8 ppm (3H, CH,—C=
CH,) ppm. All other signals (around 1.1, 3.6, and 4.7 ppm) are
related to either ethanol solvent or residual D,O solvent. The
appearance of new broad signals at around 0.8—1 and 3.8—4.2
ppm can be correlated to the PolyGMA. The 'H NMR
spectrum of PolyGMA powder (Figure S3) synthesized by
precipitation in ether shows signals at around 3.7 ppm (2H,
—0-CH,-), 39 ppm (1H, —CH,—CH(OH)-), 3.4 ppm
(2H, CH,(OH)—-CH(OH)-), 1.8 ppm (2H, —CH,—C-
(CH;)-), and 0.8—1 ppm (CH;—C(CH,)—).>>*" The signals
at around 4.7 and 4.9 ppm are correlated to the OH groups.
The signal at chemical shift of ~2.5 ppm can be attributed to
the residual d-DMSO solvent.

The conversion rate of the GMA monomer is calculated by
integrating the area under peak of the vinyl CH signals (5.6 or
6.10 ppm) versus the PolyGMA peaks (Figures 1c,d and S3) or
versus CDPA (Figure S4). It is important to note that all the
signals of the CDPA overlap with the GMA or PolyGMA
signals, except the region around 2.2—2.6 ppm (related to four
protons of the CDPA) which is used for the GMA monomer
conversion calculations. Before the polymerization, the molar
ratio of GMA is around 83 times compared to CDPA. This
means that there should around 83:4 or around 20 times more
vinyl protons of GMA compared to the four protons of CDPA
(shown in 2.2—2.6 ppm). The GMA:CDPA molar ratios after
30, 60, 90, and 120 min of polymerization times are around 44,
68, 89, and 95%, respectively. This indicates that the calculated
GMA conversion rates using end groups (CDPA) are
consistent with the GMA conversion rate calculated by
integrating the area under the peak for vinyl protons and the
forming PolyGMA (shown in Figure 1d) and intended D,. The
increased ratio of the CDPA signal compared to the vinyl
signals being consumed during polymerization further
indicates continuous GMA polymerization. According to the
kinetics of GMA homopolymerization (GMA conversion rate
versus polymerization time in the semilogarithmic plot) shown
in Figure 1d, the linearity in the semilogarithmic plot shows
first-order kinetics (linear increase in the conversion rate with
respect to the polymerization time).”>® This means that the
PolyGMA polymerization complies with controlled/living
polymerization criteria (linear increase in the semilogarithmic
conversion rate with respect to the polymerization time).
Moreover, as often found for RAFT polymerization syn-
thesis,">*>**~>° a short induction period is observed for the
RAFT polymerization of GMA. Controlled/livingness of the
RAFT dispersion polymerization of HPMA is key to the phase
separation, self-assembly, and morphological transitions in a
PISA process.

3.2. UV-Light-Triggered Synthesis of PolyGMA-b-
PolyHPMA Block Copolymer. To assess the morphological
features of electron beam radiation-induced PolyGMA-b-
PolyHPMA self-assemblies during in-situ GLC, the copolymer
is synthesized ex-situ under UV-light irradiation. UV-light-
induced and electron-beam-induced RAFT copolymerizations
of PolyGMA and HPMA are schematically shown in Figure S6.
A similar concentration of the polymer solution used for the
light-induced RAFT copolymerization is drop-casted onto the
dry-state TEM grid and the GLC-TEM grid for the ex-situ and
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Figure 2. Preparation of PolyGMA-b-PolyHPMA copolymer under UV light irradiation and morphological study of the self-assembled structures.
(a) Schematic illustration of UV-light-induced polymerization of HPMA in the presence of PolyGMA macroCTA. (b) 'H NMR spectrum of pure
HPMA monomer. (c) Time-dependent RAFT copolymerization of HPMA analyzed by "H NMR. (d) Kinetics of the HPMA copolymerization.
HPMA conversion vs time and the semilogarithmic plots for the PolyHPMA ([HPMA], = 10% w/v; target D, = 300; in water using the RAFT
agent (HPMA/PolyGMA molar ratio is 300). [HPMA], and [HPMA], represent the initiall HPMA monomer concentration and after time f,
respectively. The linearity in the semilogarithmic plot shows first-order kinetics. (e) Photo image of the copolymerization medium (PolyGMA and
HPMA in water) before and after copolymerization. (f) Dry-state TEM image of PolyGMA-b-PolyHPMA copolymer micelles formed under UV-

light irradiation.

in-situ polymer self-assembly experiments, respectively. A
schematic illustration of the RAFT polymerization of HPMA
in the presence of PolyGMA macroCTA is shown in Figure 2a.
The 'H NMR spectrum of pure HPMA monomer is given in
Figure 2b. The signals are observed at 6.10 ppm (1H, vinyl),
5.60 ppm (1H, vinyl), 4.8 ppm (1H, —CH(OH)—CH,;), 3.9
ppm (2H, —CH,—CH(OH)-), 1.9 ppm (3H, CH;—CH-
(OH)), and 1.2 ppm (3H, CH;—C=CH,). The signal at the
chemical shift of ~2.5 ppm can be attributed to the residual d-
DMSO solvent. The 'H NMR spectrum of the copolymeriza-
tion medium composed of pure HPMA monomer and the
PolyGMA—thiocarbonylthio macroCTA in water (10% w/v)
at different polymerization times is also given in Figure 2c. The
weak signals of the PolyGMA are overlapped by the signals
related to the HPMA or water solvent, except a weak signal at
chemical shift of around 0.8—1 ppm (CH;—C(CH,)—) which
can be easily distinguished. The conversion rate of the HPMA
monomer (Figure 2d) is calculated by integrating the area
under peak of the vinyl CH signals (5.6 or 6.10 ppm) versus
the PolyHPMA peaks (around 4.6—4.8 ppm) or versus
PolyGMA macroCTA. It is also important to note that the
ratio of the PolyGMA signal versus the vinyl signals increases
as the copolymerization proceeds, further indicating the
constant copolymerization. Furthermore, the chemical shift
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of the water proton peak is typically observed ~4.7 ppm, and
herein the proton peak is slightly upfield shifted caused by
paramagnetic shift effects.””>®

It should be noted that prior to the copolymerization, the
aqueous solution containing PolyGMA macroCTA and HPMA
is homogeneous and clear (Figure 2e). During initial stage of
copolymerization, the growing PolyGMA-b-PolyHPMA co-
polymer with short PolyHPMA block is also water-soluble. It is
important to note that the chain length of the PolyGMA
macroCTA is fixed throughout the copolymerization. When
the chain length of PolyHPMA block reaches a critical value®®
(instability of free polymers in solution influenced by the chain
length), microphase separation occurs to induce molecular self-
assembly and the formation of polymer nanostructures. Thus,
the mixture turns translucent and opaque, and with further
progress of the HPMA polymerization, the polymerization
mixture becomes white. This observation can also denote the
increase in number as well as size of the self-assembled
polymer nanomaterials. The dry-state TEM micrographs of
PolyGMA-b-PolyHPMA  self-assembled micelles with no
staining (Figure 2f) indicate the assembly of the block
copolymer into spherical micelles. According to the image
analysis results (Figure S7), the polymer assemblies have an
average size of 14 nm. This micellar particle size is similar to
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Figure 3. Nucleation and evolution of PolyGMA-b-PolyHMPA block copolymer micelles acquired by in-situ GLC-TEM. (a) Schematic illustration
of the formation of liquid pockets (aquaous solution of polyGMA and HPMA) between graphene layers of the graphene-coated TEM grids. (b—d)
Time-lapse sequential TEM images taken during an in-situ GLC-TEM experiment of an aqueous solution of HPMA and PolyGMA macroCTA
forming PolyGMA-b-PolyHMPA block copolymer micelles obtained from Movie S2. The solution is continuously irradiated by the electron beam.

the block copolymer micelles formed under UV-light reported
elsewhere.” It should be also noted that the imaged assemblies
are in the dry state (after drying solvent), at which the final
sizes could be influenced by rearrangement of polymer chains
(especially PolyGMA hydrophilic corona) to form denser
structures as result of solvent removal. Furthermore, we have
measured size of the polymer assemblies by DLS as shown in
Figure S8. According to the DLS results, the hydrated micelles
have an average size of 42, 51, 57, and 102 nm after 15, 30, 45,
and 120 min of UV light irradiation. Similar sizes of the
hydrated assemblies measured by DLS are reported by Touve
et al.”® for micelles formed from copolymerization of
poly(ethylene glycol) macroCTA and HPMA under UV light.

3.3. In-Situ Observation of Molecular Self-Assemblies
during GLC-TEM Imaging. Our speculation is that PISA of
the PolyGMA-b-PolyHPMA block copolymer is also triggered
by the electron beam radiation during GLC-TEM imaging,
allowing simultaneous formation and visualization of molecular
self-assemblies, as also reported elsewhere.”® In contrast to the
ex-situ-prepared PolyGMA-b-PolyHPMA micelles, this ap-
proach allows direct visualization of the polymer particles as
they are assembling from the growing copolymer amphiphiles
in solution. Beside the imaging mode, GLC-TEM videography
is also performed to visualize the nucleation and evolution of
the polymer self-assemblies. Figure 3a schematicly illustrates
the formation of liquid pockets (aquaous solution of polyGMA
and HPMA) between graphene layers of the graphene-coated
TEM grids. For the first step, we examined the possibility of
the PolyGMA-b-PolyHPMA micelles formation under TEM.
Thus, we image the control solutions by removing one
component from the polymerization solution. Each control
solution is imaged at the same imaging conditions as
PolyGMA-b-PolyHPMA solution. One of the control experi-
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ments included a solution containing only PolyGMA-—
trithiocarbonate macroCTA (no HPMA) in water to ensure
no particle formation observation (Figure S9). As can be seen,
no structure or noticeable change in the solution is observed.
The presence of water in a liquid cell can be verified by
electron energy loss spectroscopy (EELS)**%°~%> to measure
water exciton or oxygen, bubble formation,””°" and liquid
thickness measurement.””®" The presence of water in GLC
during the TEM imaging of the PolyGMA aqueous solution is
confirmed by EELS as shown in Figure S10. Low loss EELS
data exhibit a peak ~7 eV related to the water optical gap, a
peak ~9 eV related to water exciton, a peak ~14 eV related to
graphene o+7 bond, and a peak ~24 eV for the plasma maxima
of water.****%% The presence of bubbles (Movie S1) further
indicates the presence of water in the GLC. Indeed, bubbles
have very distinct contrast (white or colorless) compared to
the surrounding liquid area (dark contrast). In the other
control experiment, an aqueous solution containing only
HPMA (no PolyGMA—trithiocarbonate macroCTA) is tested
(Figure S11). Similar to the previous case, no structure or
noticeable change in the solution is observed. Similar
observations (no assembly formation) are reported by Touve
et al.”® for the control experiments of pure HPMA in water as
well as pure poly(ethylene glycol) macroCTA in water.
According to our observations, we infer that the formation of
self-assembled structures requires the presence of an easily
dissociable molecules (such as iniferter or macroCTA) and a
monomer to polymerize.

In the next step, we investigate the formation of PolyGMA-
b-PolyHPMA micelles under electron beam of TEM while
imaging the copolymer solution. Under continuous imaging
conditions at an electron dose of ~1.2 e¢”/(A?* s), the micellar
particles are observed to form in the small pockets of GLC and
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Figure 4. Spinodal decomposition mechanism proposed for the formation of PolyGMA-b-PolyHPMA micelles. (a) Time lapse sequential TEM
images taken during an in-situ GLC-TEM experiment for the formation of PolyGMA-b-PolyHMPA copolymer micelles from an aqueous solution
of HPMA and PolyGMA macroCTA. TEM images are taken from Movie S2. Scale bar is 20 nm. (b) Corresponding area plot for the evolution of

the PolyGMA-b-PolyHMPA micelles.

grew over time. The change in image contrast can be attributed
to the rearrangement of the copolymers aggregates into
micelles with a dark contrast core surrounded by a lighter
contrast solvated corona. During the initial stage, PolyGMA—
thiocarbonylthio macroCTA and HPMA are both water-
soluble, and the solution appears free of any polymer assembly
(Figure 3b). It is important to note that an unusual property of
HPMA is that it is a water-miscible monomer up to 13% w/w
at 25 °C, while the PolyHPMA is water-insoluble.”® At initial
stages of the molecular self-assemblies, the growing PolyGMA-
b-PolyHPMA block copolymer is water-soluble because
PolyHPMA block is relatively short (Figure 3b). The block
hydrophobic character increases as the propagating chains
become longer, leading to induced microphase separation and
the formation of faint polymer aggregates or structures (Figure
3c). In a recent work, it is also reported that the polymer
aggregates look darker in contrast to the background
(surrounding liquid medium).'® Ultimately, PolyGMA-b-
PolyHPMA transit into colloidally stable (sterically stabilized)
micelles (Figure 3d). The last step minimizes the surface
tension at the water—PolyHPMA interface. The shape and size
of the PolyGMA-b-PolyHPMA micelles formed in GLC
(Figure 3d) are similar to the micelles formed under standard
conditions (Figure 2f). The formation of nanoscale micelles
with a rough spherical morphology synthesized experimentally
by LC-TEM and calculated theoretically by molecular
dynamics (MD) simulation is also reported in the previous
works 265563

To have a controlled polymerization chemistry, it is critical
to ensure that the concentration of radicals formed via cleavage
of thiocarbonylthio molecules is significantly greater than that
of radicals formed from the water radiolysis induced by the
electron beam. The electron dose used in this study is up to
~1.2 e”/(A?s), which is equivalent to ~48 X 10° Gy/s at 200
keV acceleration voltage. Water radiolysis can lead to the
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formation of radical species and other types of molecular
species such as H;0%, OH", . OH*, H*, H,0,, H,, and
HO,.””** Roughly estimated steady-state concentrations of
predominant radiolysis species (H,0,, H,) at this electron
dose can be less than 7 X 107> M in the beam-irradiated region
within the liquid cell at 300 eV acceleration voltage.””*** This
value is expected to be much lower at 200 eV acceleration
voltage, which is used in this study. Moreover, the steady-state
concentrations of radical species (e.g, OH®* and H*) could be
estimated at orders of magnitude lower than the predominant
radiolysis species. The concentration of the PolyGMA-—
thiocarbonylthio molecules in the aqueous solution during
GLC-TEM experiment is ~2.4 X 107> M. Therefore, if we
assume that all the PolyGMA— thiocarbonylthio molecules
within the beam-irradiated region cleave rapidly with equal
likelihood of beam-induced cleavage, then the concentration of
PolyGMA—thiocarbonylthio molecule-derived radicals would
be significantly higher than concentration of the solvent
radiolysis product. Hence, we speculate that the radical
polymerization primarily results from the cleavage of
thiocarbonylthio molecules.

We have also studied the electron dose effect on the polymer
assemblies. Movie S2 is collected with an approximate electron
dose of ~1.2 e/(A*s), and Movie S3 is collected with a lower
electron dose of ~0.8 e/(A?s). As can be seen from Movie S3,
a similar size and shape for assemblies are observed when
compared to the higher electron dose. However, the polymer
assemblies form at a slower rate under lower electron dose
which could be correlated to the slowed radicals formation
through cleavage of PolyGMA—thiocarbonylthio molecules
and, hence, a slowed HPMA radical copolymerization. We also
speculate that the electron beam can affect livingness of
polymer chains, and D, of PolyHPMA might not reach 300
(target value), which can account for observation of micelles
with smaller diameters, especially when compared to the
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micelles formed under standard condition measured by DLS.
Yet, because the micelles formed under different imaging
conditions show almost the same size and shape, it can be
speculated that the smaller diameter of micelles may be due to
limited micelles aggregation numbers rather than the formation
of polymers with lower Dp. A similar behavior is reported by
Touve et al.”° for micelles formed from copolymerization of
poly(ethylene glycol) macroCTA and HPMA, whereas sizes of
hydrated micelles measured by DLS were greater than the sizes
of micelles observed under the electron beam.

In general, continuous growth of the self-assemblies can be
as a result of a sin%e or combination of pathways such as
monomer addition®”°*®” or micelle—micelle coalescence/
fusion.®®~"! Considering the very rapid reaction kinetics, it is
very hard to distinguish individual particles during initial
copolymerization stages. We believe that the mechanism of the
micellar evolution could be explained via spinodal decom-
position (defined as spontaneous separation of a single
thermodynamic phase into two phases as result of very small
thermodynamic barrier for the phase separation). Figure 4
shows analysis of the polymer assemblies evolution based on
spinodal decomposition mechanism. According to the TEM
snapshots shown in Figure 4a, the copolymerization medium is
initially a homogeneous single phase (up to 16 s). It should be
noted that during the initial stage, PolyGMA macroCTA and
HPMA are both water-soluble, and the growing PolyGMA-b-
PolyHPMA copolymer with short PolyHPMA block is also
water-soluble. Afterward, the phase separation by spinodal
decomposition starts and converts the mixture into two phases
of a polymer-rich and a water-rich (polymer-poor) phase. The
polymer-rich phase appears darker, and the water-rich phase
appears brighter. In fact, the block hydrophobic character
increases as the propagating PolyHPMA chains become longer,
inducing microphase separation and the formation of faint
polymer aggregates or assemblies.”® Observation of small
aggregates at the initial stage of the micelle formation (Figure
4a) could result from the PolyGMA-b-PolyHPMA copolymer
with a relatively short PolyHPMA block. With further progress
of the HPMA polymerization, the polymer assemblies form
mature, round-shaped micelle structures to minimize the
surface tension between hydrophobic PolyHPMA block and
water molecules. This could be also indicated by the
copolymerization mixture becoming white at later copoly-
merization stages (Figure 2e).

To further investigate mechanism of the polymer self-
assemblies, we have measured and plotted the area fraction of
polymer-rich region (darker region) over time as shown in
Figure 4b. The phase separation happens by appearance of the
darker region (around ¢t = 16 s) and continues by a fast
increase in the area fraction of polymer-rich area (until around
t = 46 s). After this point, phase separation is completed (from
around t = 46 s until t = 86 s), and the area of the polymer-rich
region decreases at a constant rate. After formation of stable
micelles (around ¢ = 86 s), the area fraction of the polymer-rich
region does not change significantly. The TEM snapshots
(Figure 4a) show that coalescence between small assemblies is
observed toward forming micellar assemblies. Also, it can be
seen the darker regions are condensing to form compact,
sphere-like 3D assemblies. The single particle tracking (Figure
S12) shows that initial micelles are transforming into more
compact micelles which we speculate to be correlated to the
polymer chains rearrangements to enhance thermodynamic
stability. This could explain why ex-situ-synthesized micelles
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have slightly smaller average size when compared to the in-situ-
formed micelles (Figure S7). It can be expected that, upon
further aging, the in-situ-formed micelles reach the same size of
the ex-situ-formed micelles.

Using a PolyGMA macroCTA with a fixed chain length, a
systematic increase in chain length of the PolyHPMA block
with respect to the polymerization time leads to an increase in
the diameter of micellar particles. In general, continuous
growth of the self-assemblies can be as a result of a single or
combination of pathways such as unimer addition”>**®” or
micelle—micelle coalescence/fusion.”*””" The observed slow
growth of some of the micelles can be attributed to a
concentration gradient or sluggish movement of the reacting
species such as HPMA monomer and the growing PolyGMA
chain. It also appears that some of the PolyGMA-b-PolyHPMA
micelles did not have enough time to rearrange and form a
dense core. Polymer micelles with no distinct core and corona
are also reported in the previous studies."”'***%® Indeed,
electron microscopy imaging of bare polymer structures is
rather challenging due to their small size, low image contrast,
and propensity for chemical decomposition under focused
electron beam radiation.'”™'**%®* The aged, dried copoly-
merization sample prepared under UV light (Figure S13)
clearly indicates the formation of large micelles with a distinct
core and corona. Similar polymer assemblies with irregular
shapes, sizes, or shell thickness are reported in the previous
literature,'>>°3°%%72 yhich could be correlated to com-
pound micelles formation as result of micellar fusion or
transformation into other assembled structures or structural
damage induced by electron beam during TEM imaging.

Generally, the formation of block copolymer assemblies is
primarily dependent on thermodynamic rule, whereas the
change of free energy (AG) must be negative.”” As for the
spherical micelles formation, enthalpy change (AH) with a
negative value is desirable. This is mainly because of a stronger
affinity that exists among PolyHPMA blocks than of that
between the blocks and solvent. This desirable enthalpy change
can also be ascribed to the corona-forming PolyGMA blocks as
a result of an increase in polarity of the medium upon the
HPMA monomer consumption. In view of the conformational
change in both PolyHPMA and PolyGMA blocks, the entropy
(AS) contribution to the formation of micelles is undesirable.
Nevertheless, the change of the solution composition might
lead to a negative entropy value. Overall, the formation of
PolyGMA-b-PolyHPMA micelles in the solution is thermody-
namically spontaneous. Similar to the previous report by
Eisenberg et al,”* the formation of micellar aggregates can be
under control of the stretching degree of PolyHPMA core-
forming block (entropy concern), the repulsion interaction of
PolyGMA corona-forming block (enthalpy and entropy
concerns), and interfacial energy of core—corona (enthalpy
concern). In this work, the chain length of PolyGMA block is
fixed, indicating that the enthalpy contribution from the
hydrophilic blocks is unchanged throughout the polymer-
ization. The interfacial energy of core—corona is product of
interfacial area and interfacial tension, where the former has
the tendency to a minimum value and the latter is constant.
Additionally, the PolyHPMA block should further stretch upon
increase in the PolyHPMA chain length, especially in the core
area next to the interface, leading to protuberance of the core-
forming PolyHPMA block into the surrounding medium.”
Hence, deformation of PolyGMA-b-PolyHPMA spherical
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micelles, aggregation and coalescence, and also transition into
other morphologies can be expected.

We have also observed that some of the micelles
intermittently disappear prior to reappearing into the solution
(Figure S14). This can be due to movement of the micelles
within the volume of the electron irradiated region of the GLC
or due to a slight change in the hydrophobic core density or
transient crystallization of the glassy core during the assembly
growth. The micelles growth can be mainly explained by
gradual attachment of the copolymer molecules rather than
coalescence of the smaller micelles.”*’® A similar observation is
reported by Touve et al.”® during SiN LC-TEM imaging of
polymer micelles within thick SiN membranes. Nagamanasa et
al."? also have reported detachment of polymer molecules from
the surface of GLC window followed by readsorption. Bae et
al.”® introduced a particular functionality as electron-rich
pendant groups are also introduced within the polymer chains
to enhance image contrast as well as surface (attractive)
interactions between the functionalities and graphene layer of
the GLC, enabling visualization of molecular rearrangement or
movement of single polymer chains. It should be also noted
that the graphene layer around the liquid pockets does not
significantly affect the micelle growth.”” Furthermore, no
significant bubble formation or sample decomposition is
observed during GLC-TEM imaging.'” Minimizing electron
dose during LC-TEM imaging is crucial, especially for soft
matter nanostructures, as high dose rates can lead to beam-
related artifacts, influencing motion of individual objects,
change equilibrium and kinetics across a system, change the
solution chemistry via radiolysis, and create other reactive
species.””*>7%7? Decreased electron dose could result in poor
resolution of low-contrast soft/organic matter including
polymer self-assemblies.”® Yet, high electrical and thermal
conductivity of graphene layers (compared to Si,N, mem-
branes) lead to distribution of the locally irradiated electron
beam and minimize the occurrence of the parasitic side
reactions.'> This allows imaging under relatively higher
electron flux using GLC, leading to high-resolution imaging.

In short, we have shown that organic reactions (molecular
structures formed by self-assembly in this case) can be initiated
and visualized by GLC-TEM in real time. Because of many
advantages of graphene layer (e.g, impermeable to small
molecules, flexible, excellent thermal and electrical conductiv-
ity), GLC-TEM is demonstrated as a promising approach to
study electron beam-sensitive soft/organic matter such as
polymers and proteins. More developments in experimental
design, liquid cell design, imaging conditions, and data analysis
can further facilitate our understanding related to dynamics of
organic reactions.

4. CONCLUSIONS

In summary, we demonstrate the formation and visualization
of molecular self-assemblies during organic reactions by GLC-
TEM in real time. The graphene layer of the liquid cell offers
encapsulating an ultrathin liquid layer containing organic
reactants, enabling a high-contrast imaging with mitigated
electron-beam-induced damage. GLC-TEM is successfully
used to induce as well as visualize polymerization-induced
self-assemblies of PolyGMA-b-PolyHPMA block copolymer in
aqueous solution. It is our inference that electron beam
radiation homolytically cleaves the PolyGMA—thiocarbonylth-
io macroCTA initiating living/controlled RAFT polymer-
ization of HPMA. Continuous chain growth of the hydro-

phobic PolyHPMA block and subsequent microphase
separation leads to the formation of nanoscale PolyGMA-b-
PolyHPMA self-assemblies. We believe that the mechanism of
the micellar evolution could be explained via spinodal
decomposition, whereas the initial single phase transform
into two phases of a polymer-rich and a water-rich (polymer-
poor) phase, followed by the formation of dense polymer
assemblies. The size and shape of the self-assembled structures
are in consistence with the results obtained by RAFT
polymerization of HPMA in the presence of GMA—
thiocarbonylthio macroCTA. Besides the nucleation and
growth of the molecular self-assemblies, coalescence/fusion
of the self-assemblies is also observed. Arising from unique
features of the graphene layer (impermeability to small
molecules, flexibility, and excellent thermal and electrical
conductivity), GLC can extend the LC-TEM application in
imaging organic/soft matter by enhancing image contrast and
mitigating electron-beam-induced damage.
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