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Programmable aerosol chemistry coupled to chemical imaging
establishes a new arena for automated chemical synthesis and
discovery

Aerosol microdroplets are gaining attention as inherently parallel media
for chemical reactions, but harnessing their full potential requires
revisiting the fundamentals of synthetic chemistry. How will syntheses
be conceived and executed in this new arena, and what toolbox of
analytical techniques is suited to the challenge of interrogating vast
inhomogeneous reactivity outcomes? In this work, we set out a
framework, enabled by open programmable hardware, microscopy and
machine vision, that opens up a pathway for translating traditional synthesis
and discovery methodology for execution in aerosol microdroplets.
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Programmable aerosol chemistry coupled to
chemical imaging establishes a new arena for
automated chemical synthesis and discoveryy

Jakub D. Wosik, 3 Chaoyi Zhu,t Zehua Li® and S. Hessam M. Mehr & *

Aerosols have emerged as a massively parallel reaction medium promising accelerated reactivity and
unanticipated reactivity outcomes, yet exploration of these properties has so far only been confined to
specific reactions. Wider deployment in chemical synthesis and discovery is impeded by the lack of
a general-purpose formalism for conceiving multi-step chemical transformations in the aerosol medium
and standardised building blocks to enable adaptation of existing synthesis procedures to execution in
the inherently stochastic and inhomogeneous aerosol phase. Here we propose a framework based on
programmable timed release of reagents as atomised solutions that provides the minimum necessary
building blocks for synthesis in an automated aerosol reactor. This framework both connects synthesis in
traditional bulk media with aerosols and lays the foundation for massively parallel discovery in airborne
microdroplets. To validate our proposed formalism with a concrete methodology, we demonstrate
a prototype open hardware platform and three examples of automated procedures. Further, we propose
chemical imaging as a category of analytical methodology tailored to interrogation of aerosols. As
a proof-of-principle demonstration, we use optical microscopy to detect reactivity in the resulting
microdroplets and study the spatial distribution of their compositions in response to changes in the

rsc.li/digitaldiscovery synthesis program.

Introduction

Research at the interface of chemistry and aerosol science has
intensified in recent years, sparked initially by observation of
unusual or accelerated reactivity in electrosprays.™ Chemical
reactivity within aerosol microdroplets as a microscopic reac-
tion vessel is rapidly generating research interest with a host of
potential advantages over bulk media. Results published so far
have reported a dramatic departure from bulk reactivity
outcomes,®® signalling the possibility both of reaction acceler-
ation and modulating selectivity for different products. From
a green chemistry perspective, aerosol experiments offer
a drastic reduction in reaction volumes and hence waste,
invaluable especially in the reaction discovery and optimisation
stages where wide combinations of reagents, stoichiometries
and reaction conditions need to be explored. The large surface
to volume ratio of aerosols facilitates rapid solvent evaporation
and/or exchange,’ replacing lengthy evaporation and resus-
pension steps on the benchtop. For researchers wishing to
advance the conceptual underpinnings of experimental
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chemistry, aerosols are inherently high throughput and
stochastic reaction media, dovetailing with the growing use of
large datasets in chemistry. As reaction systems, they are readily
amenable to direct interrogation using microscopy'® and mass
spectrometry. The full potential of aerosols as a venue for
chemical reactions is not yet fully understood," though paral-
lels may be drawn to flow chemistry, whose unique affordan-
ces—augmenting traditional synthesis with a spatial
dimension—have redefined synthetic chemical methodology."*

Studies on chemical reactivity within aerosols have so far
been performed in the steady state,>'*'* often using pre-mixed
reactants,” and predominantly on aerosol particles formed
via electrospray ionisation (ESI) with mass spectrometric
detection of products at trace concentrations.'® There are
particular gaps regarding applicability to more complex, multi-
step transformations; the contribution of atomisation versus ESI
charging to the observed reactivity; and analytical workflows
capable of interrogating the inhomogeneous nature of aerosol
particles as individual microreactors. Here, we endeavour to
tackle all three of these extant challenges. We present a general
experimental framework for time-resolved synthesis and
discovery in the aerosol phase, implemented within a standard
programmable open-hardware setup which does not depend on
ESI, coupled to microscopy and computational image analysis
as a means of probing the spatial diversity of reactivity
outcomes.
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Table 1 Subset of laboratory synthesis operations mirrored in our aerosol-based experimental framework

Phase Bulk synthesis operation Aerosol synthesis correspondence
Reaction Reagent addition Timed aerosol release
Mixing Intersecting aerosol jets
Isolation Evaporation Droplet evaporation
Filtration (to remove solvent) Droplet evaporation
Analysis LC-MS, NMR, etc. Microscopy, imaging mass spectrometry

Yield and purity

The physical operations used within our framework are
inspired by common laboratory manipulations used in batch
chemical synthesis, for a subset of which we have developed
aerosol phase equivalents, Table 1. Specifically, the bulk addi-
tion of reagents is mirrored by their release as aerosols; control
of stoichiometry by measuring weight/volume is instead ach-
ieved via the length and intensity of aerosol pulses, interspersed
with time delays during which reactions are allowed to progress;
and bulk mixing via stirring is replaced with the generation of
mixed microdroplets resulting from collisions between inter-
secting aerosol jets.

Establishing a direct one-to-one equivalence may not always
be straightforward or even desirable. Filtering bulk suspensions
to recover solids is not only challenging to implement in
microdroplets, but often unnecessary due to the rapid equili-
bration of aerosol microdroplets with their surrounding envi-
ronment. Likewise, bulk analytical techniques like NMR or LC-
MS are optimised for interrogation of homogeneous reaction
mixtures, as opposed to aerosol microdroplets heterogeneous
chemical packets with a wealth of collective reactivity infor-
mation. Finally, the high surface-to-volume ratio of aerosol
microdroplets complicates independent control of temperature
and vapour pressure/relative humidity due to rapid equilibra-
tion. Consequently, this initial formulation does not include
explicit temperature adjustment operations paralleling heating/
cooling/reflux in traditional chemistry.

Results

The two-step synthesis of the azo dye Sudan I can be used as
a simple example of translating bulk synthesis to aerosol-phase
operations. The bulk synthesis protocol relies on conversion of
aniline to a diazonium intermediate followed by azo coupling
involving the conjugate base of B-naphthol, Fig. 1A. The
incompatible nature of reaction conditions for these trans-
formations—acidic, followed by basic—necessitates two
distinct reaction steps.

Translating the bulk mixing steps to aerosol release
instructions initially results in the sequence in Fig. 1B, where
the addition of each reagent is abstractly represented as release
events on a dedicated timeline. Specifically, the initial diazoti-
sation step between aniline and nitrous acid is equated with
their simultaneous release, followed by a delay ¢;, during which
the diazo intermediate is allowed to form. Subsequent release of

2424 | Digital Discovery, 2025, 4, 2423-2430
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Fig. 1 Translation of procedures from traditional bulk synthesis to
aerosol chemistry. (A) Example of a two-step synthetic procedure in
organic chemistry, in this case leading to the azo dye Sudan I. (B)
Abstract representation of the same process via synchronised stepwise
release of reagents and delays allowing formation of intermediates.

B-naphthoxide initiates the second step and associated period
¢y, ultimately resulting in the diazo product. This abstract
representation clarifies the essential features of the synthesis
sequences—reagents brought into contact at different points in
time—without constraining the modality for achieving this.

Executing an aerosol-phase synthesis procedure based on
this abstract description requires a suitable aerosol source and
reactor geometry. Our investigations have targeted vibrating
mesh atomisers, a chemically resistant and cost-effective aero-
sol source that is amenable to automation'® and for which we
have created a highly adaptable programmable hardware plat-
form. A suitable reactor configuration requires in turn ensuring
(i) there is an aerosol source for each release timeline and, (ii)
that the sources involved in each mixing event are arranged in
a convergent geometry to facilitate droplet coalescence, Fig. 2.
In cases involving the combination of reagents and intermedi-
ates, such as the second step of synthesising Sudan I, the
reagent source is aimed at a region with a large concentration of
intermediate microdroplets.

For initial experimental validation of our system's ability to
generate reactivity within microdroplets, we undertook bench-
mark reactions exploring fundamental reactivity archetypes. We
chose reactants that would undergo a visible colour change

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.2 Schematic implementation of the timeline for Sudan | synthesis in an aerosol setup. In the first step, aniline and nitrous acid microdroplets
are combined to form the benzenediazonium intermediate, which subsequently collide with a jet of B-naphthoxide (red) aerosol, ultimately
producing the Sudan | azo product.

Table 2 Basic reactivity types executed in our aerosol reactor

Detected colors

Reactivity type

Representative reaction

Acid-base X: bromothymol blue (BTB) X: yellow
Y: NaOH + phenolphthalein Y: purple product: blue
Redox X: Ce'* X: yellow

Azo coupling

Y: Fe(u) ferroin

X: benzenediazonium
chloride

Y: sodium 2-naphtholate

Y: red product: blue
X: colorless

Y: colorless product: red

-t . L) o, - " - - N
Aa T " ol o 4 e "
b . A okt -
ad . ~ . o e o
- ;\._-_ Pial & 5 o 2 5
st ™ . - -
N f + " t-p
A : 7, e 4 i
J - . ~ A a2
- o & . o 5 - ~ e
P A - .3 A
il AN & TARI A R e ]
gy " AR T it D
- ’ " ) A8 L SE P -

Fig. 3 Optical microscope image of collected droplets in the reaction
product droplets (left). Computational segmentation of the image with

centre of each region (right).

upon reaction (Table 2) in order to facilitate observation of
reactivity outcomes within individual droplets.

Starting with acid-base reactivity, optical microscopy of the
deposited microdroplets showed evidence of both reagent
solutions, along with “daughter” product microdroplets, Fig. 3,
detectable based on the color change of BTB indicator from
yellow to blue. Using a machine vision model (Segment
Anything Model, SAM),"” we were able to calculate a mask for
individual droplets, indicating their location and size within the
image. This spatial information was combined with the image
to calculate a representative colour for each droplet, and the

© 2025 The Author(s). Published by the Royal Society of Chemistry

of yellow acid and purple base microdroplets with formation of blue
assignment of a representative colour, in this case sampled from the

resulting colour distribution fed to a statistical mixture model
capable of categorising droplets as acid, base, or product (full
details in ESIY).

The same analysis applied to the redox reaction of Ce**—
specifically aqueous ammonium cerium(iv) nitrate — and fer-
roin [Fe(phen);]*" gave a distribution of pale yellow (oxidant),
red (reducing agent), and blue (oxidised ferroin product)
droplets, Fig. 4.

Although the full spectral information from each droplet has
been reduced to a single RGB reading, analysis of these values
gives valuable insight into the distribution of chemical

Digital Discovery, 2025, 4, 2423-2430 | 2425
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Fig. 4 Yellow Ce(iv) and red ferroin(i) microdroplets observed via optical microscopy along with blue ferroin(in) product (left). Computational
segmentation with representative RGB sampled from the centre of each region (right).

A)

Product; o

Fig. 5 Colour-based resolution of microdroplets using a Gaussian mixture model for acid—base (A) and redox (B) reactivity experiments.
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Fig. 6 Quantifying the statistical distribution of droplet assignments per sample. Each region’s colour corresponds to the RGB coordinates of the

mean value for the Gaussian mixture component that it represents.

composition across the sample. Using a Gaussian mixture
model, for instance, not only can droplets be assigned a prin-
cipal constituent (e.g. in the case of our redox example, Ce*",
ferroin, or oxidised ferroin), their composition can be visualised

2426 | Digital Discovery, 2025, 4, 2423-2430

on a simplex, Fig. 5. Interestingly, depending on the type of
reactivity some regions appear disjoint, while others show
a continuum of compositions. There is an apparent continuum
of Ce* and oxidised ferroin compositions, for instance,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Programmatic control of reaction outcomes via adjustment of
acid and base release durations. Top diagrams represent the aerosol
release program, showing the duration of acid/base release from the
respective atomisers, along with intervening pauses. Longer release of
acid vs. base in each cycle (A) leads to a larger relative population of
“unreacted” yellow acid droplets relative. Longer base release pulses
(B) produce a surplus of unreacted purple base droplets. The
proportion of product droplets is comparable, in line with equal
temporal overlap between acid and base activations (1 s per cycle) in A
and B.

consistent with oxidised ferroin being likely in an oxidant-rich
mixture, Fig. 5B. Similarly, the blue region corresponding to
basic bromothymol blue and the purple NaOH + phenol-
phthalein forms a continuum, in line with the former only
being visible under basic conditions, Fig. 5A.

As expected for an inherently stochastic reaction medium,
outcomes in the aerosol phase are best understood in terms of
distributions rather than single aggregate numbers. There is
variability in droplet populations, even among different areas of
the same sample, which combines with uncertainty in droplet
detection and composition assignment, Fig. 6.

Droplet composition statistics can be linked to reaction
inputs, namely the relative duration of aerosol release pulses as
a proxy for reaction stoichiometry, opening up the possibility of
steering reactivity towards desired outcomes. In an experiment
aimed at demonstrating this possibility, changing the relative

Fig. 8 Microscope image showing the formation of Sudan | (droplets)
due to the reaction between benzenediazonium chloride and sodium
B-naphthoxide microdroplets.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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duration of acid and base atomiser activations led to a propor-
tionate response in the final microdroplet populations, Fig. 6
and 7.

Finally, we attempted a qualitative synthesis of SudanI, as an
example of a two-step organic synthesis. A simplified setup
using two rather than three aerosol sources was used for
simplicity of implementation at this early stage. Specifically,
a pre-mixed solution of aniline and nitrous acid was used in one
aerosol source with a second aerosol source generating aqueous
microdroplets of B-naphthoxide. Optical microscopy images
showed evidence of Sudan I formation as red droplets, Fig. 8
(see ESIT for LC-MS analysis).

Methods

Translation of conventional synthetic chemistry to the aerosol
phase required building a reactor into which reagent solutions
could be introduced as aerosols. We used vibrating mesh
technology as a compact, inexpensive and chemically robust
option for aerosol production, combining it with our open
hardware platform, dubbed AeroBoard,'® Fig. 9A, that makes
programmable aerosol chemistry possible using vibrating mesh
atomisers (VMAs). Currently commercial circuitry for activating
VMAs is only capable of controlling a single atomiser, lacking
the programmability, synchronisation and fine control over the
intensity or timing of aerosol release required in our method-
ology. The AeroBoard addresses this shortcoming by providing
programmable, fully synchronised control of up to nine VMAs,
allowing aerosolisation of multiple solutions in parallel and
with arbitrary timing/dosage patterns. It integrates directly with
our customisable reactor design, Fig. 9B, also released as open
hardware.

The AeroBoard is implemented as a printed circuit board
(PCB) that acts as a carrier for a Raspberry Pi Pico micro-
controller board, which is used for programmatic control of
board devices, Fig. 9. The PCB houses nine discrete piezoelec-
tric drivers, each capable of actuating a vibrating mesh atom-
iser. The board can be powered via the Pico's 5 V USB voltage or
an external power supply. Consumer VMA devices typically
produce a continuous stream of aerosols via constant activation
of the VMAs, whereas the AeroBoard uses the Pico's unique
programmable I/O (PIO) system to generate a train of pulse
forms, calculated according to the specific reaction sequence.
Pulse generation is synchronised across all nine channels to
achieve exact timing and dosing of aerosol release. The supply
voltage can be adjusted to modify the intensity of the ejected
aerosol jet or to overcome higher solution viscosity, and the
generated oscillation frequency can be adjusted programmati-
cally in real time to match the piezoelectric element's resonant
frequency (see ESIt for full implementation details). The asso-
ciated firmware and programming interface are available as
open-source software, documented separately.*

Discussion

Here, we demonstrate for the first time a framework for
chemical synthesis in the aerosol phase which is fundamentally

Digital Discovery, 2025, 4, 2423-2430 | 2427
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JST SH4 I°C interface

Fig.9 The AeroBoard (A) and its integration into our aerosol reactor (B). Power can be supplied either via USB or externally for mean loads above
5V and 1 A. Nine VMA drivers are connected to GPIOs 7-15 of the Raspberry Pi Pico daughter board, enabling fully synchronised control of VMA
activations. An additional four GPIO pins (16—-19) can be used for switching peripheral devices with the same synchronisation guarantees. A 4-pin
JST SH format connector facilitates interfacing with I2C devices, such as sensors. The reactor houses an array of reagent atomisers (two shown in
this case) secured via a configurable 3D printed bracket. Each reagent module includes a glass vial with a piezoelectric VMA attached to the cap. A
pair of wires (not shown) connects each VMA to one of the nine connectors on the AeroBoard, highlighted in green.

designed for programmable execution. In what follows, we will
outline directions for future development in the area, including
tackling limitations of the current implementation. Aerosol
properties, critically size distribution, are known to have
a strong dependence on relative humidity — and for non-
aqueous solvents, solvent vapor pressure — which is not
currently taken into account. Relying on short, isolated bursts
of aerosol release, we have sought to minimize the change in
relative humidity from ambient due to the evaporation of
reagent solutions. In parallel, we are working on a reactor with
closed-loop active humidity control that can maintain relative
humidity at any desired level throughout the experiment. Visual
inspection of microscope images relying solely on RGB values
has been sufficient for validating this methodology, including
with non-specialist camera set-ups,” but has limited the
possibility to reason about reactivity in a quantitative manner.
Hyperspectral imaging techniques, recently demonstrated in
conjunction with microscopy,** can address this deficiency by
enabling quantitative modelling of the effects of concentration
and mixing. Moving beyond optical detection techniques, mass
spectrometry provides access to much richer reactivity infor-
mation. We envision interfacing with mass spectrometers
directly via release of analytes to MS as aerosols, using a gas-
phase soft ionisation technique such as atmospheric pressure
chemical ionisation (APCI) to charge analyte molecules. There is
also a growing set of techniques for MS imaging, e.g. desorption
electrospray ionisation (DESI) capable of yielding composition
data for individual droplets.

Representing experimental outcomes via the spatial distri-
bution of final droplet compositions is a departure from the
concise picture provided by yield figures in bulk synthesis. On
the other hand, it gives access to a wealth of reactivity obser-
vations in parallel and without additional effort. The inherent
variability in stoichiometry can be invaluable as it can reveal an

2428 | Digital Discovery, 2025, 4, 2423-2430

array of possible products in a single experiment. Collected
statistics can be used for reaction optimisation by changing the
timing and duration of reagent pulses to maximise reactivity,
especially useful in multi-step, multi-component reactions
where temporal control of stoichiometry can influence product
makeup. Exploiting the unique possibilities offered in this new
probabilistic regime is dependent on the development of new
computational frameworks to translate discovery/optimisation
goals into strategies for fine-tuning the inputs to program-
mable aerosol reactors.

On the hardware front, activation of VMAs using with
Gaussian or Lorentzian pulses has been demonstrated to result
in a more uniform distribution of droplet sizes,** albeit at the
expense of atomisation rate. Producing these bespoke wave-
forms could facilitate experiments with greater dependence on
droplets of a specific diameter. Built-in automatic frequency
tuning is another potential extension, allowing plug-and-play
operation with a range of VMA form factors and solvents with
widely varying physical properties. Finally, although the
stochastic nature of reactivity in the aerosol phase reduces the
emphasis on exact agreement between theoretical stoichiom-
etry and dispensed amounts — as even with perfect dosing
a wide range of stoichiometries are generated through random
droplet collisions — direct reporting of dispensed amounts, via
built-in sensing of liquid weight/pressure, will be valuable in
the context of generating a reproducible product distribution
for specific experimental regimes, notably at the optimisation
stage.

Conclusion

While not a replacement for bulk synthesis, the aerosol medium
presents exciting new possibilities for chemistry in the unfold-
ing era of digitisation. It responds to the field's growing need for

© 2025 The Author(s). Published by the Royal Society of Chemistry
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experimental media fundamentally designed for programmable
execution and rapid computational analysis. We hope that
wider adoption of this experimental framework and the
accompanying hardware platform will open the way for chem-
istry domain experts to explore the possibilities offered by
aerosols as a reaction medium. Though we have used
a conventional set of reactions for validating this methodology,
its true potential lies in exploring the breadth of possible
reaction products rather than obtaining a single product in high
yield or purity. In line with this, we envision progress, initially in
terms of adapting and optimising known procedures but
increasingly leading to development of new protocols and
procedures fundamentally discovered and optimised in an
aerosol reactor.

Data availability

CAD files for all mechanical parts are freely available via the
Onshape  platform  (https://cad.onshape.com/documents/
3974¢62b9a8592129eaf9f65). Experimental procedures for all
experiments (encoded using the open-source CtrlAer library),
along with analysis code for microscopy data (https://
github.com/MehrResearch/aerosol_synthesis). Webpage for
browsing the acquired images and image analysis outcomes
(https://mehrresearch.github.io/aerosol_synthesis/). Hardware
schematics and bill of materials for assembling the AeroBoard
platform is available on GitHub (https://github.com/
MehrResearch/AeroBoard). Microscope imaging data for all
samples has been deposited online and is freely accessible via
the Zenodo platform (https://doi.org/10.5281/
zenodo.15632556).
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