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Liquid cell transmission electron microscopy (LCTEM) is a powerful technique for investigating
crystallisation dynamics with nanometre spatial resolution. However, probing phenomena occurring in
liquids while mixing two precursor solutions has proven extremely challenging, requiring sophisticated
liquid cell designs. Here, we demonstrate that introducing and withdrawing solvents in sequence
makes it possible to maintain optimal imaging conditions while mixing liquids in a commercial liquid
cell. We succeeded in visualising a fast nanoscale crystallisation mechanism when an organic
molecule of R-BINOL-CN dissolved in chloroform interacts with methanol. The scanning transmission
electron microscopy images recorded in real-time during the interaction of the two volatile solvents
reveal the formation of chain-like structures of R-BINOL-CN particles, whereas they coalesce to form
single large particles when methanol is absent. Our approach of mixing liquids establishes a platform
for novel LCTEM studies of a wide range of electron-beam-sensitive materials, including drug

molecules, polymers and molecular amphiphiles.

Liquid cell transmission electron microscopy (LCTEM) has evolved sig-
nificantly over the past decade to become an unrivalled technique for
investigating material growth processes in liquids in real-time and with
atomic spatial resolution'"*. The most common way to image a liquid inside
a transmission electron microscope (TEM) is by encapsulating a small
volume of liquid between two electron-transparent layers, usually made of
graphene or silicon nitride, to form a liquid cell (LC)™*. Commercially
available liquid cell holders employ chips with amorphous silicon nitride
windows that contain one liquid. In order to perform experiments involving
two or more reagents, a holder where liquid mixing happens shortly before
reaching the LC has been previously utilised to investigate the crystallisation
of calcium carbonate’. Since the liquids are pre-mixed just before entering
the viewing area for imaging in the microscope, this approach restricts the
ability to visualise important reactions that occur during the instance at
which the solutions mix. Furthermore, the exact manner of flow of the two

liquid streams and the position and extent of reagent mixing were reported
to be unclear in this study.

Due to the shortcomings of the above-mentioned technique, a spe-
cialised 2D heterostructure mixing cell was developed to visualise the same
calcium carbonate synthesis, allowing for the controlled mixing of pre-
cursors in the vicinity of the electron beam'’. However, the applicability of
this method is restricted to the study of particles or clusters that are a few tens
of nm in size and formed during the early stages of a solution-phase reaction.
Additionally, the electron dose needed to crack the MoS, layer in order to
initiate the mixing of the two solvents is very high, thereby making this
design unsuitable for studying beam-sensitive specimens. Another study
demonstrated solvent exchange in a commercial holder by following the
self-assembly of an amphiphilic block copolymer into vesicular structures'".
However, as the mixing process was complicated and not well controlled,
the formation of vesicular structures failed often. Moreover, imaging was
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performed in TEM rather than scanning TEM (STEM) mode, limiting the
achievable contrast through the liquid layers and making it difficult to
control the electron dose per pixel. In general, image contrast and radiation
damage have limited the capabilities of LCTEM for studies of the dynamics
of organic specimens'. In part for this reason, only a handful of LCTEM
studies have reported the details of self-assembly processes in organic
materials'"'"°. New strategies for minimising electron dose involve using
direct electron detectors and imaging in STEM mode with reduced pixel
dwell times and beam currents".

Despite the several advances in LCTEM techniques for understanding
nucleation and growth mechanisms, a reliable solvent mixing methodology
is still lacking, making it highly challenging to visualise the dynamics of two-
solvent phenomena in beam-sensitive specimens with sufficient spatial
resolution. In this study, we present an LCTEM methodology that allows
mixing two liquids and is capable of following the growth kinetics of beam-
sensitive materials in STEM mode. In order to demonstrate the capability of
our mixing technique, we elucidate a fast precipitation process, namely
antisolvent crystallisation (ASC). ASC is a widely employed method in the
pharmaceutical industry to produce ultrafine drug particles'*. ASC uses two
miscible solvents, one of which can dissolve the molecule of interest and one
cannot (the so-called antisolvent). The antisolvent triggers rapid desolvation
of molecules, resulting in instantaneous precipitation'”. This method offers
flexibility to control the amorphous or crystalline forms of active pharma-
ceutical ingredients (APIs) and helps to achieve high drug loadings™. Apart
from a previous unsuccessful attempt to induce crystallisation through the
antisolvent method?', to the best of our knowledge, no real-time observa-
tions of the ASC process have been reported using in situ liquid cell electron
microscopy. Here, we demonstrate the ASC process of a beam-sensitive
organic molecule (R-BINOL-CN) involving mixing two different volatile
solvents using a commercially available LC.

Results and discussion

Material and Ex situ characterisation

Chirality is an important concept for the development of drugs and progress
in the pharmaceutical industry *. A vital aspect of developing APIs is the
determination of the enantiomeric purity of chiral therapeutic agents”. In
drug discovery, R-BINOL has been used as a nuclear magnetic resonance
solvating agent to distinguish between enantiomers of antitumor alkaloids™
and natural isoflavanones™. In order to study ASC, we utilised the push-
pull-type chiral donor-acceptor (D-A) molecule (+)-4,4-(2,2’-diethoxy-
[1,I-binaphthalene]-6,6’-dial) dibenzonitrile (R-BINOL-CN) (See Fig. 1a,
Supplementary Note 1 and Supplementary Figs. 1-6). The solvent is
chloroform, while the anti-solvent is methanol. Adding methanol increases
the supersaturation of R-BINOL-CN in the solution, leading to the
nucleation and growth of crystals™. Ex situ TEM and field emission scan-
ning electron microscopy (FESEM) studies have shown that when R-
BINOL-CN is dissolved in chloroform, and methanol is added to the
solution, spherical particles self-assemble into pum-sized assemblies. The
particle size and morphology depend on the solution ageing time and the
amount of methanol added. (Supplementary Figs. 7-11). For self-assembly,
2mg of R-BINOL-CN was dissolved in 2mL of CHCl; in a clean vial,
followed by layering the solution with 2 mL of MeOH (Fig. 1a). The solution
was kept undisturbed at room temperature for ASC. The self-assembly of R-
BINOL-CN from the mother liquor was performed on different days to
monitor the ASC products using optical microscopy, ex situ TEM and
FESEM. Drop-casting the mother liquor (20 pL) onto a clean glass coverslip
after a day of solution preparation produced discrete microspheres of var-
ious diameters ranging from ~1 to 6 um (Fig. 1b). Performing the same
experiment after two days revealed the formation of micropods due to the
fusion of most of the microspheres into dimers, trimers, tetramers, penta-
mers, etc. (Fig. 1c). After three days, the self-assembly produced clear aci-
cular microrods, indicating the transformation of micropods gradually into
microrods. Further, the reduction in the width of the microrods signifies the
stretching of the micropods along their long axis (Fig. 1d, h).

Preliminary ex situ TEM studies were also performed to estimate the
size and morphology of particles formed via the ASC process. These
experiments were done on copper grids with continuous carbon support
film (Agar Scientific). The solution was prepared by dissolving 1 mg of R-
BINOL-CN in 1 mL of chloroform, to which 0.6 mL of methanol was added.
This solution (20 uL) was immediately dropped onto the TEM grid and
allowed to dry for a few minutes before loading it in the TEM holder. The
experiments were performed on a JEOL 2100 microscope, with a LaBg
emitter operating at 200 kV. We observed that most particles existed as
individual spheres (Fig. le, f and Supplementary Fig. 11). However, we
identified a few particles which had already formed dimers and micropods
(Fig. 1e and f). The mean particle radius was measured to be approximately
265 nm. Selected area diffraction patterns obtained at low dose confirm that
the particles were crystalline (Fig. 1g and Supplementary Fig. 12).

Liquid mixing in LCTEM

Most commercial LC holders are based on the bathtub design'>”~*'. Here,
the holder tip is designed such that liquid accumulates within a tiny well*>*
containing two silicon chips with electron-transparent SiN membranes
facing each other, thereby creating a narrow gap through which liquid flows
due to capillary action. An interchangeable PEEK tubing transports the
liquid from the syringe pump to the tip of the holder in the microscope
column. To perform our experiments, we used the DENSsolutions Ocean
holder consisting of two Si chips with SiN windows of thickness ~50 nm and
dimensions ~25pm X ~ 400 um. There are a few studies where liquid
mixing experiments were performed using this holder. Therefore, we first
tried to investigate the possibility of using such holders to follow the anti-
solvent precipitation process involving the mixing of two volatile solvents.
One of the previous studies on mixing liquids using the DENSsolutions
Ocean holder used a straightforward drop-casting technique'. Here, the
first solution was drop cast on the silicon nitride window of the bottom chip.
Then, the top chip was placed above the droplet, and the cell was assembled.
The second liquid was then flowed into the holder using a syringe pump.
However, this way of mixing could not be adopted for our experiments due
to the highly volatile nature of the solvents. During our ex situ TEM studies
and preliminary in situ TEM studies using the Ocean holder, we noticed that
a tiny droplet of R-BINOL-CN dissolved in chloroform evaporated in less
than 10 s, and it was impossible to assemble the chips and align the windows
within this timeframe. Therefore, this method was unsuitable for experi-
ments involving volatile solvents.

The other study used air to push the excess solution left within the area
of the bathtub''. Once the bathtub area was emptied, the second solution
was introduced into the holder. This method might be successful for aqu-
eous solutions, but in our case, due to the highly volatile nature of chloro-
form, using air to push the excess liquid resulted in the evaporation of
chloroform that was initially present between the chips. Furthermore, due to
the very high flow resistance and the possibility of liquid flow not being
confined to a specific path in the bathtub design, liquid mixing may occur
outside the viewing area itself. Since anti-solvent precipitation occurs
instantaneously, it is pivotal that methanol interacts with the chloroform
only inside the viewing area to be able to have any chance of capturing this
process. We attempted to introduce methanol using this approach but were
unsuccessful in visualising the process. Thus, the Ocean holder based on the
bathtub design was deemed unsuitable for carrying out anti-solvent pre-
cipitation. It was also observed that controlling the liquid thickness was
difficult using this holder even while imaging a single liquid (Supplementary
Movies 13 and 14). Instead, we chose to use the DENSsolutions Stream
holder (Supplementary Movies 8-12) in which the liquid flow path is
confined to a defined channel, where the control over liquid thickness is
significantly better due to the ability to push and pull liquids in and out of the
viewing area. Initial trials performed using this holder showed improved
image contrast (Supplementary Movie 15). Additionally, theoretical studies
strongly support the applicability of holders with on-chip inlets and outlets
for achieving mixing within the viewing area of the liquid cell””.

Communications Chemistry | (2025)8:8


www.nature.com/commschem

https://doi.org/10.1038/s42004-025-01407-3

Article

-~
A\

Microspheres

Drop-casting

MeOH layer CHCIj, layer

Fig. 1 | Overview of the ex situ self-assembly process. a Molecular structure of R-
BINOL-CN. b-d Schematic representation and optical and FESEM images of R-
BINOL-CN microspheres, micropods, and microrods obtained via self-assembly
from CHCl;/MeOH solution (1:1) ratio at different ageing. e, f Bright field (BF)-
TEM images showing particles formed by drop-casting a solution of ratio 1: 0.6, R-
BINOL-CN in chloroform to methanol, on a carbon grid. Two particles forming a

neck and multiple particles are necked together forming a micropod. Scale bars are
(e) 100 nm (f) 200 nm (g) Selected area diffraction pattern (SADP) obtained at low-
dose (0.1 e/A?) from the near-spherical particles similar to those shown in (e, f).
Scale bar for the diffraction patternis 2 nm . h FESEM image of R-BINOL-CN drop
cast on glass coverslips after ageing the solution for 4 days. Scale bar is 2 um.

There are other commercially available holders from Hummingbird
Scientific consisting of dual inlets, offering the possibility to perform
solvent mixing experiments. A few studies where reactions occurring
while mixing two different solvents have been investigated using such
liquid flow TEM holders”*. These systems have two inlets that terminate
within a few centimetres of the liquid cell, facilitating the liquid streams to
mix and flow through and around the viewing area of the liquid cell. The
availability of two inlet channels is beneficial for flowing each liquid
separately with desired flow rates, thereby providing better control over
the ratio of reagents that are being mixed and also ensuring that a con-
stant overall flow rate can be maintained. Recently, Merkens et al. pro-
posed the concept of a diffusion cell that relies on diffusive mass transport
near the viewing area, significantly improving important characteristics
of LP-TEM flow reactors, particularly offering rapid solution exchange
dynamics”. In addition to such new designs, Insight chips have

developed liquid cells containing multiple channels that open possibi-
lities for mixing liquids inside the viewing area”.

The in situ LCTEM observations were carried out in a JEOL JEM F-200
Multipurpose TEM equipped with a cold field emitter and using a liquid
flow holder (Stream) and LC (Nano-Cell, DENSsolutions). The Nano-Cell
comprises two micro-electromechanical systems (MEMS) based chips
sandwiched to form a sealed chamber™. Both chips have rectangular
electron-transparent 50-nm-thick silicon nitride windows. (Supplementary
Fig. 15). Using the tool provided with the holder, the two windows can be
aligned to provide a viewing area through which imaging can be carried out.
(Supplementary Fig. 16). The Nano-Cell is mounted into a dedicated holder
capable of connecting the cell assembly to a syringe or pressure-based pump.
The lower MEMS chip has an on-chip inlet and outlet, as well as spacers that
create a well-defined microfluidic channel, facilitating a regulated flow of
liquid across the viewing area of the cell. (See Supplementary Note 2).

Communications Chemistry | (2025)8:8


www.nature.com/commschem

https://doi.org/10.1038/s42004-025-01407-3

Article

(i) Cross-sectional view of the chip assembly.
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windows i ‘

Flow Channel (400-800 nm)

Outlet (O)

1)

Inlet (I)  Bottom Chip

(iii) Step 2: Once the fluid entry is spotted, retract liquid 1 through
the inlet by reversing the flow.

Og

(v) Step 4: Flush liquid 2 from the outlet.

Fig. 2 | Schematic diagrams of the liquid mixing procedure. i Cross-sectional view
of the Nano-Cell assembly, consisting of a top chip and a bottom chip, as well as an
inlet and outlet on the bottom chip. The on-chip microfluidic flow channel defined
by the spacers ensures controlled flow from the inlet to the outlet. Both chips have
electron-transparent windows to facilitate imaging. ii-vi Steps involved in mixing R-

(i) Step 1: Introduce liquid 1 through the inlet into the flow channel while
monitoring the viewing area under an optical microscope.

(iv) Step 3: A thin layer of liquid 1 adheres to the top and bottom windows.
Insert the holder into the column of the microscope at this stage.

(vi) Step 5: Capture the reaction occurring in the viewing area.

BINOL-CN dissolved in chloroform (liquid 1 - blue) and methanol (liquid 2 - red),
leading to antisolvent crystallisation. Black stars in (vi) represent R-BINOL-CN
particles, which precipitate spontaneously during the ASC process. White arrows in
(ii), (iii), and (v) denote the direction of liquid flow.

Our strategy to mix two volatile organic solvents in the viewing area of
the microscope is as follows (See Supplementary Movie 1). Once the Nano-
Cellis aligned and assembled in the holder (Fig. 2-i), a 1.8 mM solution of R-
BINOL-CN dissolved in chloroform is introduced into the cell at the slowest
flow rate of the syringe pump, which is connected to the inlet valve of the
holder (Full control of the flow rate is not possible due to the high flow
resistance). The viewing area is monitored continuously under an optical
microscope to identify liquid entry into the cell. Once the liquid fills the
viewing area (Fig. 2-ii), the direction of flow is reversed, such that the liquid
front is pulled backwards (Fig. 2-iii), leaving some liquid adhering to the
windows (Fig. 2-iv). At this stage, the holder is inserted into the microscope.
Now, using a syringe pump connected to the outlet valve of the holder,
methanol is introduced at a rate of 2 uL/min into the Nano-Cell (Fig. 2-v).
The flow is stopped once it enters the viewing area in order to maintain a
liquid thickness that is as low as possible and achieve the best possible
contrast. While LC experiments are often performed in TEM mode with
poor image contrast, the use of STEM mode proves beneficial for imaging
thicker specimens™ and organic materials***'. Therefore, here, ADF-STEM
mode (camera length = 200 mm) is used to record the dynamics of particle
formation and growth, the microscope is operated at 200kV, and the
electron dose is optimised by using a combination of spot size and aperture.
(See Supplementary Note 3). The electron dose (e'/A%) was calculated using
the electron beam current, pixel dwell time and pixel size*’. We calculated
the dose per frame by dividing the probe current at the sample, i (C/s), by
the scan area A (A?) and multiplying by the frame time (t;) as follows: (i,.t;)/
e.A (e is the elementary charge, C/electron and t;=2.16s).

LCTEM of antisolvent crystallisation
Snapshots (Fig. 3) from a time series (Supplementary Movie 2) show the
evolution of the precipitation process as methanol interacts with R-BINOL-

CN in chloroform in the Nano-Cell. As soon as methanol enters the viewing
area (Fig. 3a, t = 2.16 s), nucleation and growth occur instantaneously, with
many R-BINOL-CN particles with spherical morphology appearing across
the field of view. To the best of our knowledge, this is the first time anti-
solvent precipitation has been visualised in real-time.

The growth of four particles, which are labelled 1 to 4 and have initial
radii of ~215, ~155, ~385 and ~230 nm, respectively, is followed in Fig. 3a.
All  four particles initially grow via monomer attachment
(2.16 < t<123.125). At t = 123.12 s, the surfaces of particles 2 (195 nm) and
4 (270 nm) touch that of particle 3 (450 nm). Nevertheless, no coalescence
occurs, and the growth process continues via monomer addition. In con-
trast, when the radii of particles 1 and 2 grow to 270 and 215 nm, respec-
tively, their surfaces touch, leading to coalescence and forming a larger
particle 5 with a radius of ~360 nm (f = 203.04 s).

Subsequently (203.04 < t < 246.24 s), despite the surfaces of particles 3,
4, and 5 being in contact, no further coalescence takes place and the three
particles ‘neck’ together, forming a so-called micropod (t=246.24s)
(Fig. 3¢). A similar growth trend is observed in another cluster comprising
five particles (Fig. 3b). Particles 6 and 7 (radius ~230 nm) coalesce to form a
larger particle 11 (radius ~320 nm), whereas particles 9 (radius ~250 nm)
and 10 (radius ~280 nm) neck to each other. Particles 8,9 and 11 also form a
neck as they touch each other (t=162s, red dotted region), ultimately
creating a new micropod (t=216's). Based on the two groups of particles
analysed, the growth of individual particles by either monomer attachment
or coalescence is influenced by the dimensions of other nearby particles,
such that a resulting micropod consists of nearly uniformly sized particles.
This result is consistent with ex situ TEM data (Supplementary Fig. 11),
which indicates that micropods consist of similarly sized particles.

From Fig. 3a (t = 123.12 s), we observe that particle 3 does not fuse with
particles 2 and 4 when they touch each other. Since there are two silicon
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nitride windows, one on top and one on the bottom, it is essential to confirm
whether adjacent particles coalesce into a large solid object or visually
overlap in the projection. In order to establish that particles 2, 3 and 4 are
growing on the same membrane and to support our coalescence claim, we
performed an ex situ structural characterisation on the bottom chip at the
end of the in situ experiment. Although the same particles aggregated during

t=28.08s

t=30.24s t=216s

(T s

the in situ experiment had delaminated from the window surface, similar
aggregates were formed outside the viewing area (Supplementary Movie 3).

To provide further evidence, we repeated the mixing experiments to
capture coalescence events between particles growing on different silicon
nitride windows (Supplementary Movie 4). The growth of three particles
labelled 1 to 3 and having initial radii of ~290, ~350, and ~275nm,
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Fig. 3 | Anti-solvent crystallisation process and mechanisms of particle forma-
tion. a Snapshots from an in situ ADF-STEM movie of the ASC process (Dose rate:
0.01 ¢/A%f; Total dose: 1.18 e/A?). The growth of four particles labelled 1-4 (yellow,
orange, green and blue arrows, respectively) can be observed from the time-resolved
STEM images. The green dotted region marks a micropod. b Snapshots from the
same movie following the growth of five particles labelled 6-10 (yellow, orange,
green, blue and pink arrows, respectively). The red dotted region marks the necks
formed between particles 8, 9 and 11. The yellow dotted region represents a
micropod. All scale bars are 1 um. ¢ Schematic diagram showing the mechanism of

micropod formation during the ASC process. A solution containing monomers of R-
BINOL-CN (violet dots) dissolved in chloroform (grey) upon methanol (yellow
drop) addition results in the instantaneous precipitation of particles (violet discs).
Pathway (A): growth by monomer addition; Pathway (B): growth via coalescence.
d Snapshots from an in situt ADF-STEM Movie showing the growth of R-BINOL-CN
particles labelled 1-3 via anti-solvent crystallisation because of methanol addition
(Dose rate: 0.01 e/A%f; Total dose: 1 e/A?%). At t=2.16s and t = 28.08 s, the red
arrows indicate a brighter region, wherein particles growing on the top and bottom
windows overlap before coalescing. All scale bars are 1 um.

respectively, is followed in Fig. 3d. It can be seen that particles 1 and 2 are
growing on different windows from the bright contrast (thickness contrast)
obtained from the overlapping region (red arrows in t=2.16s). All the
particles grow via monomer attachment, similar to what was observed in
Fig. 3a. At t = 28.08 s, the overlapping region between the particles increases
as the size of the individual particle increases (red arrows in ¢ = 28.08). The
edges of both particles are clearly distinguishable. In this instance, particles 1
and 2 come in contact and coalesce to form the larger particle 4, which grows
with time. However, particle 4 did not coalesce with the adjacent particle 3
but started elongating in one direction. We calculated the dimensions of
particle 4 during this period (30.4 <t <216s). The aspect ratio (length to
width) of this particle changed from 0.97 (nearly circular) to 0.55 (elon-
gated). This kind of growth was seen only in rare cases.

Statistical analysis of multiple videos of precipitation events (Supple-
mentary Movie 2) allows for a detailed understanding of the mechanism of
particle growth. We used a Python script to identify and track particles in
each frame of one movie (Fig. 4a). (See Supplementary Note 5). At the start,
56 particles are in the field of view. (Supplementary Fig. 24). This number
first increases slightly (Fig. 4b; 0 < ¢ < 10 s) as particles that nucleated during
the mixing process but which were too small to be identified grow as they
interact with methanol. The number of particles remains constant
(10 < £ <246.24 ).

Next, we study the growth of 5 particles that cover the entire viewing
area (Fig. 4c). We find a slow growth rate of ~0.1 nm/s for particles with
initial radii of 100-300 nm and a higher growth rate of 0.52 nm/s for a
particle of radius 700 nm. A comparison between the initial and final par-
ticle distribution (Fig. 4d) shows that the particle radii mostly remain in the
range of 100-300 nm, with the mean particle radius increasing from 202 nm
(+5nm) to 210 nm (+3 nm). The larger size of particle 14 (Fig. 4a) may
reflect the sensitivity of the ASC process to local liquid mixing, as poor
antisolvent mixing can create regions with high local supersaturation,
resulting in excess primary nucleation and leading to fine particle formation
and agglomeration®. Another probable reason for such higher growth rates
is Ostwald ripening. The inability to acquire compositional information
inside such microfluidic channels during the experiment makes it difficult to
quantify the degree of supersaturation. Hence, the process is confirmed as
antisolvent crystallisation by relying mainly on visual evidence, which is the
formation of particles as observed in our in situ and ex situ studies. Similar
observations on controlling the shape and size of lead halide perovskite
nanocrystals via antisolvent crystallisation have been recently reported.

The critical factor for producing ultrafine particles via antisolvent
precipitation is maintaining conditions that result in rapid particle forma-
tion, with limited or no particle growth”. Thus, during the ASC process, a
nearly constant number of particles with time, slow growth rates and similar
initial and final particle size distributions are expected. Our statistical ana-
lysis confirms the same, thereby illustrating the suitability of our metho-
dology for fully characterising the most relevant aspects of ASC. All these
observations also highlight the suitability of the LCTEM methodology for
optimising API production via an ASC route.

Growth kinetics in the absence of the antisolvent

In order to confirm the role of the antisolvent, we studied the growth kinetics
of R-BINOL-CN dissolved in chloroform in the absence of methanol. We
introduced an R-BINOL-CN solution with a similar concentration of
1.8 mM into the Nano-Cell by following the same procedure (up to the

introduction of the methanol) (Fig. lii-iv). This time, the energy of the
electron beam was used to nucleate R-BINOL-CN particles by parking the
beam at a specific location for 2-3 s. (See Supplementary Note 4).

Figure 5 and Supplementary Movie 5 show the growth kinetics of two
R-BINOL-CN particles that nucleated (¢ =2.16 s) and started growing via
monomer attachment (¢ = 49.68 s). Here, we observe the influence of the
narrow channels on the shape of the particles. For large particles (radius >

1 um), the shape changed from spherical to disc like morphology. The disc
like particles touch and coalesce to form a single larger particle (t =54 s).
This particle then keeps growing until it fills the entire viewing area of the
Nano-Cell (¢ = 168.48 s). Before coalescing, the growth rate of both particles
(Fig. 5¢) follows a linear trend, with the larger particle growing at
approximately 22 nm/s, compared to the smaller particle which grew at
8.5 nm/s. The coalescence of the two particles, which contrasts with the
formation of a micropod in the presence of methanol, highlights the crucial
role of the antisolvent. We repeated this nucleation method and followed the
growth of a few more particles (Fig. 5b, t=2.165) (See Supplementary
Movie 6). Here, we find that particle growth proceeds via monomer
attachment and Ostwald ripening (OR)* is also observed. It is seen that
within this field of view, particle 3 grew with time, whereas particle 4 kept
shrinking as monomers diffused across, assisting the growth of the larger
particle (2.16 < t <470.84 s). Figure 5d shows the growth and dissolution
rates of particles 3 and 4, with the smaller particle dissolving at 0.7 nm/s.

Visualising particle attachment at the nanoscale

The ex situ images (Supplementary Figs. 7 and 11) reveal the formation of
long chain-like structures of identically-sized attached particles. We inves-
tigated whether this type of self-assembly could be due to the oriented
attachment (OA) of mutually oriented particles within the solution®. In
order to probe this phenomenon, we added a small fraction (0.1:1) of
methanol to the solution containing R-BINOL-CN in chloroform ex situ
and introduced it into the microscope. (Supplementary Movie 1).

In this study, we did not reverse the liquid flow in order to retain a
sufficient liquid thickness to allow the particles to move instead of adhering
to the surfaces of the windows. Here, we do not observe spatial confinement
effects and the particles move freely, whereas there is always an influence of
the membranes onto which the particles can adhere to in case of the mixing
experiment. Figure 6 shows snapshots of the growth process from a time
series (Supplementary Movie 7). Three particles of approximately 20 nm are
initially present in the solution (¢t = 2.16 s). They move within the solution,
encountering each other several times (2.16 <t <123.12s). For example,
particles 2 and 3 meet each other at t = 103.68 s but do not coalesce. Instead,
they rearrange themselves (103.68 < < 162 s) before undergoing attach-
ment. Finally, particle 1 also attaches to particles 2 and 3 (¢ =233.28 s). The
attachment process observed here proceeds in several stages. First, two
particles approach each other and make contact. They do not attach, but
with time, one of the particles flips before undergoing attachment (Fig. 6g).

In order to gain insights into the crystallinity of these organic nano-
particles, we performed ex situ low-dose diffraction studies usinga TESCAN
TENSOR analytical 4D-STEM to study dry specimens that were drop-cast
onto a C grid (Fig. 5h, 1). Lattice spacings measured from the diffraction
patterns (Fig. 6j-1) are in agreement with powder XRD data (Supplementary
Fig. 6 and Supplementary Table 1) and low-dose selected area diffraction
(Supplementary Fig. 12) from R-BINOL-CN. From the 4D-STEM dataset,
we observe crystallinity at several locations along the edges of the particles,
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which are free from carbon support. (Supplementary Figs. 13 and 14). The
results from our ex situ ageing experiments and diffraction studies, coupled
with our LCTEM observations and previous reports in the literature on the
self-assembly of nanostructures during solution ageing***, suggest that OA
along specific crystallographic planes might possibly be the reason for self-
organisation. However, further detailed real-time 4D-STEM investigations
are required to establish this observation as an oriented attachment process.

Conclusions

In this study, we have developed a method for sequentially introducing two
solvents into a commercially available liquid cell in a TEM, providing direct
access to the visualisation of antisolvent crystallisation of an electron-beam-

sensitive chiral organic molecule in real-time. Our LCTEM methodology
offers new opportunities for the real-time imaging of reactions in a wide
range of processes that involve reagent mixing, including self-assembly
processes in liquid crystals, block copolymers, hydrogen-bonded and -
bonded complexes, as well as many natural polymers that are essential for
developing new structures and devices across scientific disciplines™. In
particular, block copolymer micelles, which are critical for drug delivery
purposes’’, can be formed via two solvent mixing reactions. Recently,
crystallisation has been employed to control the self-assembly of polymeric
and molecular amphiphiles in solution to fabricate non-spherical nano-
particles and sophisticated hierarchical assemblies”. Our LCTEM technique
provides a platform for obtaining a fundamental understanding of such
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graph shows a linear fit to the data. d Plot showing growth and dissolution rates of
particles 3 and 4. The gaps in the time axis are due to delays during long series capture
in STEM mode. The timestamp has been adjusted in Fig. (b) (see Supplementary
Note 4). All scale bars are 2 um.

processes, which are essential for the reproducible synthesis of desired
structures™.

Probing a spontaneous reaction such as ASC while mixing highly
volatile solvents is essential for studying liquid mixing processes in a wide
range of organic and inorganic solvents. The excellent signal-to-noise ratio
of low-dose electron microscopy in STEM mode allows for the accurate
quantitative analysis of the growth of electron-beam-sensitive organic
crystals. In contrast to previous liquid mixing cells, our LCTEM metho-
dology allows for high-contrast imaging of the dynamics of particles ranging
from the 10 nm to the 10 pum scale. Using a combination of STEM mode for
in situ imaging and low-dose 4D STEM techniques for ex situ studies
provides excellent contrast and unparalleled insight into the crystallinity of
extremely electron-beam-sensitive materials, which is not otherwise
achievable when imaging in conventional TEM mode. Since in TEM mode,
the dose control is not precise, as the beam is spread over a large area and the
dose deposited on the specimen varies on the intensity as opposed to STEM
mode where the dose per pixel can be fixed throughout the experiment*

Our study provides a route to the investigation of the self-assembly
processes of soft materials, which can involve varying levels of complication,
ranging from the simple dimerisation of two building blocks driven by
hydrogen bonding to the formation of complex supramolecular
architectures™. Our results not only strengthen the importance of LCTEM
as a platform for exploring complex chemical processes in real-time but also
provide an impetus for developing on-chip flow channels to enable control
over mixing rates directly in the viewing area in order to make it possible to
perform experiments with greater precision™.

Methods

In order to perform the liquid cell studies, a commercially available liquid
flow holder (Stream) and liquid cell (Nano-Cell) from DENSsolutions B.V.
was used. The Nano-cell design comprises two chips sandwiched to create a
closed fluidic chamber. The lower chip contains a set of on-chip inlet and
outlet, which is surrounded by a 200 nm SiNx spacer, creating a well-defined
fluidic path. The top chip includes a dedicated groove to house an O-ring,
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preventing the liquid from leaking into the TEM column. Both chips have an
electron transparent window of 20 um x 200 um in dimension. The Nano-
Cell is fully covered with silicon nitride, ensuring an inert environment for
the liquid and the experiment. The side-entry holder that houses the Nano-
Cell has a modular design which enables the possibility to remove the tip
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where the Nano-Cell is assembled, such that one can easily replace the inner
tube. This provision helps to prevent clogging and cross-contamination.
During the experiments, this system provides the flexibility to choose the
material of the tubing and the O-ring to provide the broadest possible
chemical compatibility. The Nano-cell is assembled with the help of an
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Fig. 6 | Rearrangement and attachment of R-BINOL-CN particles with time
observed by in situ STEM and ex situ 4D-STEM. a—f Snapshots from an in situ
ADE-STEM movie showing attachment of nanoparticles (Dose rate: 28.53 e /Af;
Total dose: 6077.89 € /A?). Three particles labelled 1-3 precipitated by ASC rearrange
and attach to form a chain, as observed in time-resolved STEM images. Orange and
green arrows in (b-e) mark the orientations of particles 2 and 3, respectively. The
directions of the arrows change with time, showing how the particles rearrange
before attaching. All scale bars in (a—f) are 20 nm. g Schematic diagram showing the
steps in the attachment process. Black arrows indicate the orientations of the par-
ticles. h Integrated diffraction pattern obtained from low-dose 4D-STEM

measurements by summing 16384 diffraction patterns from each pixel in the Virtual
Bright Field (VBF) STEM image shown in (i), scale bar here is 10 mrad. (i) VBF
image obtained from a specimen of R-BINOL-CN dissolved in chloroform and
methanol (in the ratio 1:0.8), drop-cast onto a Cu grid with a holey C supporting film.
The scale bar is 500 nm. The diffraction patterns from the locations marked (j, k and
1) in the VBF-STEM image (i), along the edges of the R-BINOL CN micropod, are
shown in images (j), (k) and (1), respectively. Scale bar here is 10 mrad. The TIFF
frame numbers corresponding to points (j, k and 1) are 9551, 11103 and 11976,
respectively, from the entire dataset.

alignment stage that is supplied along with the holder. This stage has an
integrated optical camera and micrometre screws to align the top and
bottom windows precisely.

To facilitate fluid flow, the back part of the holder has two
manual valves at the sides. The inlet and outlet valves regulate the
entry and exit of liquid into the holder. We connected a syringe
pump (HOLMARC, HO-SPLF-1) to the inlet valve via PEEK tubing
of 300 um internal diameter. From here, glass capillaries connected
using PEEK fittings run through the shaft, into the tip of the holder,
and lead the fluid into the liquid cell placed at the tip. In this study,
by switching the flow between the inlet and outlet in a sequence, we
could mix reagents in the field of view. The liquid 1 is introduced
from the inlet side and withdrawn immediately as it enters the
viewing area, which is continuously monitored under an optical
microscope. However, a thin layer of liquid 1 adheres to the SiN
window. At this stage, the holder is introduced into the column of the
microscope. Then liquid 2 is introduced from the outlet side to
initiate liquid mixing within the viewing area. By recording a STEM
image series, the mixing process is captured in real-time. Before
starting the experiment, the single tilt holder can be leak-tested in a
dedicated station connected to a turbomolecular pump to mimic the
vacuum inside the TEM. However, we leak-tested our liquid cell
assembly in another microscope (JEOL JEM 2100) to ensure vacuum
compatibility.

All the liquid cell experiments were carried out on a JEM-F200 mul-
tipurpose analytical S/TEM equipped with a cold field emission gun oper-
ated at 200 kV. The low-dose 4D-STEM measurements were performed on
a TESCAN TENSOR 4D STEM operated at 100 kV and equipped with a
DECTRIS QUADRO detector.

The molecule R-BINOL-CN was synthesised via Suzuki coupling by
reacting 4-cyano phenyl boronic acid with 6,6™-dibromo-2,2’-diethoxy-1,1"-
binaphthalene, as a white solid. A detailed account of the material synthesis,
experimental methods and data analysis is provided in the supplementary
information.

Data availability
The data that support the findings of this study are openly available here:

https:/figshare.com/s/ecdb48eaf24e3271338f.
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