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Over the past decade the use of electrospray ionization mass spectrometry (ESI-MS) has been extended
from the domain of chemical analysis to that of chemical synthesis. This development was spurred by
the observation of reaction acceleration (by as much as 10° times compared to analogous bulk
reactions) occurring in microdroplets, entities once thought merely to deliver ionized compounds to the
mass analyzer. Interest in microdroplet synthesis is fueled by the fact that many reactions proceed

rapidly without catalysts or pH adjustment. In this Perspective, we explore the basis for these features
Received 28th June 2025

Accepted 4th September 2025 and propose that field ionization (Fl) followed by chemical ionization (Cl) occurs in water-containing

microdroplets and generates reactive intermediates that account for their unique chemistry. The
DOI: 10.1039/d55c04781a implications of this proposal extend to the mechanism of ESI itself and to applications of accelerated

rsc.li/chemical-science reactions in drug discovery, green synthesis, and prebiotic chemistry.

Introduction mixtures in organic solvents.® The synthetic potential of the
experiment was underlined by the collection of products of
Microdroplet reactions are of intense interest, driven by the Claisen-Schmidt and Pomeranz-Fritsch reactions, amongst
phenomenon of interfacial reaction acceleration. The topic has  others.””
been thoroughly reviewed.' This field started with the obser- Features widely agreed to be essential for reaction accelera-
vation of enhanced rates for ‘on water’ reactions*® and was tion in microdroplets are the following: (i) reaction acceleration
propelled by the observation of orders of magnitude increases is an interfacial phenomenon,'*'*'* as shown by the effects of
in reaction rates for simple derivatizations in sprayed reaction microdroplet size and by direct experiments on single levitated
droplets.’>** (ii) The earliest microdroplet experiments used
organic solvents, but completely dry solvents do not exhibit
“Department of Chemistry, Purdue University, 560 Oval Dr, West Lafayette, IN, 47907,  gcceleration.'>'%'” Water thus appears to be essential for reac-

USA. B-mail: cooks@purdue.edu tion acceleration. (iii) Reaction acceleration is driven by a strong
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v, f 4 interfacial electric field at the water/air interface.’** (iv)

Lafayette, IN, 47907, USA

Dylan T. Holden completed his
PhD in Analytical Chemistry
under the supervision of Prof. R.
Graham Cooks at Purdue
University. His research focused
on fundamental and applied
studies of microdroplet chem-
istry and ambient ionization
mass spectrometry, with
a particular focus on prebiotic
biopolymer synthesis and green
chemistry. Dylan is currently
a Chemistry Future Leaders
Postdoctoral Fellow at Harvard
University in the lab of Prof. Christina Woo working in chemical
biology and chemoproteomics.

Brison A. Shira is a graduate
student in Prof. R. Graham
Cooks' Aston Labs. Before Pur-
due, he attended the College of
Charleston where he studied
classics and chemistry. He
researches physical chemistry
with mass spectrometry; his
favorite topics are chirality,
origins of life, and novel ion trap
experiments.

Dylan T. Holden Brison A. Shira

17020 | Chem. Sci., 2025, 16, 17020-17033 © 2025 The Author(s). Published by the Royal Society of Chemistry


http://crossmark.crossref.org/dialog/?doi=10.1039/d5sc04781a&domain=pdf&date_stamp=2025-09-20
http://orcid.org/0000-0002-3957-8307
http://orcid.org/0000-0002-5250-5882
http://orcid.org/0009-0004-1836-6868
http://orcid.org/0000-0003-0218-407X
http://orcid.org/0000-0002-9581-9603
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sc04781a
https://pubs.rsc.org/en/journals/journal/SC
https://pubs.rsc.org/en/journals/journal/SC?issueid=SC016037

Open Access Article. Published on 04 September 2025. Downloaded on 31/01/2026 4:28:27 PTG.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Perspective

Incomplete solvation of the reagents at the interface provides
a significant energy advantage.>*'>¢

Other features of accelerated reactions on which there is
general agreement in the literature are these: (i) except in rate,
the reaction products almost always parallel those of the cor-
responding bulk-phase reactions.”” Correspondingly, many
reactions that are slow in bulk occur more rapidly and under
much milder conditions (e.g. ambient temperature, no catalyst)
in microdroplets. (ii) The observed reactions have an extraor-
dinarily wide scope. They include redox (in which interfacial
water drives electron transfer), acid-base, condensation,
hydrolysis, and various types of substitution reactions, amongst
others.? (iii) Chemistry in water-containing microdroplets is
remarkably ‘green’: there is no need for extraneous catalyst and
reactions typically occur under ambient conditions. (iv) While
often integrated with MS for real-time reaction monitoring,
increasingly some investigators®®*® are foregoing MS and simply
collecting sprayed microdroplets, obtaining product in
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quantities sufficient for characterization by NMR.****** (v) Some
features of the reactions are explained by interfacial superacidic
or superbasic properties of microdroplets, for example the
capture of CO, by amines."*

What is still needed is a coherent explanation for this
assembly of empirical data. Such a model must account for
enhanced reaction rates and the extreme diversity of the reac-
tions observed. These features are best explained by the
hypothesis that interfacial environments generate initial reac-
tive chemical species that are responsible for this rich chem-
istry. The nature and formation of the initial reactive species is
one subject of this Perspective.

Proposed mechanism

In this section, we consider the question “what is the mecha-
nism of microdroplet reaction acceleration?” We answer that it
is based on two factors, partial solvation and strong interfacial
electric fields, both previously suggested. Then we tackle the key
remaining question concerning the nature of the primary
reactive species. In our view, the primary oxidizing agent is
H,0"" with HO' being a secondary oxidizing agent. Similarly,
the primary reducing agent is H,O " or the solvated form,
e (aq.). These redox species react further to generate water-
derived acid/base forms. This novel proposal®*** incorporates
known properties of the electric fields in microdroplets to
explain the diverse types of droplet reactivity.

Key concepts

(i) Reaction rate constants at the microdroplet interface are
increased due to the destabilization of interfacial species by
partial solvation. This effect is more important in the reagents
than in the transition state, so increasing rate constants.>*'>*

(if) Microdroplet and related interfacial chemistry depends on
the existence of a strong electric field at the interfaces of
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Fig. 1 Proposed combination of FI and ClI processes that operate at
the solution/gas interface of water-containing microdroplets.

microdroplets that contain water, as originally noted by Zare,
Min, and Head-Gordon.'*° This electric field is intrinsic to the
interface.

(iii) Field ionization (FI)** of water to create H,O"" is sug-
gested to be the primary step in the generation of reactive
species that drive droplet reactions. The strong electric fields
associated with atomic-scale structures ionizes adjacent mole-
cules by electron tunnelling as in the FI technique of Beckey.**
This technique was later modified, under the name field
desorption, to include ionization of low-volatility compounds
on the surfaces of nanomaterials.*® FI of molecules gives
molecular radical cations. These species then undergo ion/
molecule reactions to give the observed protonated mole-
cules.**® We suggest that FI of water itself,* followed by
secondary ‘self-protonation’ reactions, is the key initial step in
microdroplet chemistry (Fig. 1).

‘Field-assisted’ ionization has been suggested to facilitate
hydroxyl radical formation from hydroxide.***’ It has even been
suggested*** that the strong electric field is responsible for
unpairing the water radical cation/anion pair (H,O"'/H,0™").
However, the view that strong electric fields cause ionization by
electron tunnelling at droplet interfaces is novel (presented at
the spring 2025 ACS meeting and in the PhD thesis of one of the
authors®>*?).

Field ionization explains microdroplet reactivity

The FI step generates the initial reactive species, the strong
oxidizing reagent H,O"", that initiates the chemical trans-
formations that are accelerated in microdroplets. FI is rapid
and requires effectively zero activation energy, given that
electron tunnelling is involved. In fact, the ready tunnelling of
electrons in water is evident in surface science experiments,*
such as scanning tunnelling microscopy in aqueous environ-
ments.** It has also been extensively modelled across thin
water layers and empirically observed in water clusters, both
cases with clear implications for water microdroplet
interfaces.**** These studies also show that electron tunnelling
has a lower effective energy barrier in water than in vacuum
(the latter being the scenario for Beckey's early work with FI)*’
with the tunnelling probabilities heavily depending on the
orientation of the water molecules as well as the magnitude of
the electric field across the water layer.*® These observations
align with the known properties of the water-containing
microdroplet surface.
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Note that the electron released by the FI mechanism is
captured by water at the interface and is the likely initial
reducing agent in subsequent chemistry.>® These two entities,
H,0" and e (aq.), ensure the creation of a redox active region,
primed for chemical reactions and for molecular ionization.
Note that the water molecule that is field ionized might be in
the vapor phase near the interface or be part of a small cluster or
occur in a bubble within a microdroplet (recent computational
efforts show that electrosprayed droplets take time to adopt
a simple spherical morphology®').

The water radical cation can be stabilized by solvation® (if
not generated directly as a solvated species), to give the water
radical cation dimer (m/z 36) and higher oligomers.**** The
water radical cation dimer is easily dissociated to give hydro-
nium cation and hydroxy radical (eqn (1)). The second step in
this reaction can be described as ‘self-chemical ionization’ or
‘self CI’, following early suggestions by Harrison and others in
the chemical ionization literature.>

H,0"" + H,O0 — H,0""(H,0) — H;0" + HO’ (1)

Ionization and reactivity in microdroplets are suggested to
involve a combination of two of the oldest and best-known of
the mass spectrometry ionization methods, FI and CL.** This
statement is conveniently summarized: the electric field at the
interfaces of aqueous microdroplets causes field ionization of
water, followed by chemical ionization, and this results in (i)
ionization of molecules for subsequent MS measurements as
their gas phase ions and (ii) accelerated reactions between
partially solvated ions and molecules for subsequent product
collection or online MS product analysis.

Not only does the FI mechanism explain how acid/base® and
redox*>*® chemistry can be performed in a single population®” of
microdroplets, but the products can produce the commonly
detected oxidant H,0,, unifying seemingly disparate chem-
istry.*®**® The water radical cation/anion pair has been invoked
in microdroplet redox chemistry***** and theorized based on
fleeting charge transfer and quantum mechanical delocaliza-
tion of electrons between water molecules.®” FI produces the
water radical cation directly.****% Indeed, the electric field
strengths determined computationally***”
experimentally*®*® at the air/water interface of nebulized—not
electrosprayed—microdroplets are 10’-10% V em ™", a sufficient
electric field to drive FI.

and measured

How this view differs from current explanations of reaction
acceleration in microdroplets

The most significant point of distinction lies in the nature and
origin of the oxidizing agent. The oxidation of the hydroxyl
anion to create the hydroxy radical is often suggested in
a process that is ca. 3 eV endothermic (eqn (2)). A related view is
that water disproportionation is followed by electron transfer
from interfacial OH™ to an acceptor molecule (in one case
pyridine) to form the molecular anion radical and OH", medi-
ated by the inherent peripheral electric field.** Further, electron
transfer between surface H and OH ™ to form H' and OH' (20H"
then recombining to form H,0,)* becomes thermodynamically

© 2025 The Author(s). Published by the Royal Society of Chemistry
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favorable due to limited interfacial hydration® and electric field
fluctuations.*

H,O + H,0 — H;0" + HO ™ (via E-field) — 2HO" — H,0, (2)
H;O0" + HO" — [H,0-H,O["" (mlz 36) 3)

In our view, the water radical cation (and its hydrate, m/z 36)
is the product of the primary chemistry shown in eqn (1), rather
than being generated as a secondary product (eqn (3)) as sug-
gested in papers by Zhang et al.**” (note the opposite direction
of the reactions shown in eqn (1) and (3)). Our suggestions in no
way negate the importance of the hydroxyl radical or hydrogen
peroxide as oxidizing agents, they do suggest a different route to
their production. The most recent idea in this area, from Zare
et al, proposes photoionization—‘microlightning’ (via
a spark)—instead of field-assisted oxidation (eqn (2)) as a route
to hydroxyl radical formation.®®* Nevertheless, the energy
requirements for FI (with electron tunnelling) is much less than
that for any form of photoionization. Still, we do not dispute the
contribution of a variety of processes to generate ions seen in
ESI, including among others, electron ionization resulting from
emission from negatively charged microdroplets.*

Consequences for understanding of the ESI mechanism

The suggested FI model for accelerated reactions in micro-
droplets has consequences for the ionization step of ESI and
related spray ionization methods, as well as for the subsequent
reactions that may occur (and be deliberately enhanced by
measures such as extending the droplet flight length). It would be
illogical to argue the FI mechanism for reactions in microdroplets
generated via spray ionization without implicating this process in
conventional ESI ionization as well as newer ionization methods.
For example, Stein and co-workers have constructed a nanopore
source which also has appropriate field strength for FI.7*7 In
these cases, FI may exert as a yet unaccounted influence on
coulomb explosion” and ion formation by ion evaporation.®*7*!

Beyond the initial ionization event, an interesting modifi-
cation to current understanding of the ESI mechanism®* is the
contribution of FI to charge accumulation. Each FI event creates
individual charge and, correspondingly, coulomb explosions
with the formation of smaller droplets increasing with the
number of these FI events. Provided charge losses do not offset
this process, a feedback loop will rapidly generate the smallest
possible units (very small droplets by some accounts®™*%),
leading to rapid and irreversible generation of the ions observed
in MS through ion emission or the charge residue process.” We
also speculate that the initial charge supplied to the earliest
droplets might direct the electric field polarity (see below). The
major source of charge supplied to the large and increasing
surface area of the progeny droplets is provided by FI together
with water autoionization.

Access to microdroplet reactions

The choice of MS conditions, especially initial microdroplet size
and the distance the droplets travel, determines whether an

© 2025 The Author(s). Published by the Royal Society of Chemistry
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‘analytical mass spectrum’ will be recorded. This spectrum
shows ionized analytes but alternative MS conditions can be
chosen to operate as a tool for synthesis. In the latter case, the
recorded spectrum will not show the reagents but instead the
products of accelerated reactions. For multistep trans-
formations like the Hantzsch reaction,®® increasing the distance
the microdroplets travel increases the extent to which reagents
are transformed into early then later intermediates and then
into products. The occurrence of multistep reaction sequences
indicates that reacting molecules have substantial lifetimes at
the interface, while the common occurrence of condensation
reactions means that the interface must be relatively dry under
normal conditions, as in Fig. 1.

This sequence of processes continues with the distance of
droplet travel until one of two limits is reached: either the
process completes and final products are fully formed (for
droplets of a given original size) or the ion source is reached and
the reaction is quenched by rapid desolvation.

m/z 36 and the extraordinary oxidizing power of pure water

The extraordinary oxidizing power of water—in the form of
microdroplets—is responsible for oxidation products. Some of
these results have been confirmed by tandem mass spectrom-
etry and by comparison to commercial standards in the positive
and, more rarely, negative ion modes. Examples include phos-
phonates,** sulfonates,” dinitrogen,”” and common redox-
active organic molecules.>*%%°

A report in 2021 (ref. 91) noted the presence of an ion at m/z
36, observed when pure water was ionized gently. These authors
used both high resolution MS (HRMS) and characteristic
chemical reactivity to argue that the responsible species was
[H,0-H,0]"™ (m/z 36) and that it was present in two isomeric
forms, the O-O bound dimer and the hydronium/hydroxy
radical complex (a subject studied at length more than
a decade earlier®®). Zhang and Zare later made similar
arguments.®**

These and related conclusions regarding [M + 18]" ions in
mass spectra have been questioned by Williams®® whose HRMS
data indicate that the ions observed at m/z 36 correspond to
hydrated ammonium cations, (H,0)-NH,'. Huanwen Chen
et al., however, have contested this argument with EPR®” and
HRMS of their own.”® The issue remains unresolved,®
although the possibility that the extraordinary reactivity of
water microdroplets might involve a species of m/z 36 (and
other hydrated forms of the water radical cation),’*®® which is
reactive and relatively unstable, is not nullified by the obser-
vation of an isobaric ion in similar—not identical—
experiments.

To the general question of whether there is a water-derived
species responsible for the unusual reactivity of water-
containing microdroplets, the answer is unquestionably yes. If
the examples of oxidation above are insufficient, then consider
the striking reactivity with N,. Song and Zare reported ammonia
synthesis from N, and water,'*® which was extended in catalyst-
free experiments by the group of Huanwen Chen,* and then
Fan et al.*** Both Chen and Fan report hydrolysis processes with

Chem. Sci., 2025, 16, 17020-17033 | 17023
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intermediate N-hydroxide ions. Similarly, reactions implicating
H,0" and H,O " have been proposed for nitrogen oxidation (to
N,O) by Francisco and colleagues.'**

Microdroplet reaction scope: features of the initial reactants
that allow diverse reactions

The range of microdroplet reactions is extraordinary.'®

Consider the synthesis of benzimidazoles from o-phenyl-
enediamine and substituted carboxylic acids without a metal
catalyst, strong base, or high temperature.'® The observation of
protonated carboxylic acids in their mass spectra suggest
intrinsic droplet superacidity (i.e., interfacial hydronium is
a stronger acid than hydronium in bulk)."* Superacidity of the
solvent primes the carboxylic acid electrophile for nucleophilic
attack by the diamine, regardless of the lack of an extrinsic
catalyst. Analogous reactivity is observed in negatively charged
droplets, implying a complementary superbasic surface. These
and other examples'®™* point to the superacid/superbase
properties of microdroplets.

This presents a conundrum. How is it possible for one
‘reagent’ to be both a strong acid and a strong base, an oxidizing
reagent and a reducing agent? How can such a reagent be an
excellent condensation reagent (linking amino acids to form
peptides,'®*** sugars to form oligosaccharides,* etc.) but also
a powerful hydrolysis reagent (hydrolyzing microparticles of
quartz to make nanoparticles,'? for example)? The answer, in
part, is simply that reactivity depends on the choice of the other
reagent(s). There is a second factor, however, the fact that large
numbers of microdroplets are used in a given experiment and
they need not have the same charge state (consider that when
no potential is applied, reactions proceed in spontaneously
charged microdroplets). A third factor is the polarity selected for
reaction which controls the initial droplet charge. A positive
potential is usually chosen to observe acid-catalyzed reactions
and this applied potential likely determines the polarity of the
very strong electric field (10° V em ™) at the droplet interface
that produces reactive species.

The competition between condensation (one of the most
common of all microdroplet reactions) and hydrolysis is
particularly interesting. Condensation reactions do not readily
occur in bulk water under equilibrium conditions, suggesting
that the microdroplet surface must be effectively dry.'%"%*
This raises interesting speculations regarding the fine structure
of a droplet surface in which water is present but not available,
for chemical or topological reasons.“****3*# At the molecular
level, partial solvation has a strong effect on reducing the acti-
vation energy required for bimolecular vs. unimolecular reac-
tions, in principle, it therefore favors condensation over
hydrolysis (entropic considerations go in the opposite direc-
tion). Here, there is also the effect of seeing what one is looking
for—in examining organic polymers or minerals,"** condensa-
tion lies outside the detector capability, and one expects and
can observe hydrolysis.

In summary, the FI event gives two primary species, H,O"
and e (aq.), which are responsible for oxidation and reduction,
as well as acid- or base-catalyzed reactions of great variety.

17024 | Chem. Sci, 2025, 16, 77020-17033
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Equilibria

When microdroplets are created using an applied potential
(often with pneumatic assistance)'>''® the polarity of the
applied voltage will control the direction of the electric field at
the surface of the microdroplets. An excess of positive charge
will favor hydronium ions at the interface with hydroxide
immediately below. Therefore, it is expected that a relatively
small initial excess of positive ions may control the large
interfacial charge population, much of which is supplied by
autoionization as a fundamental property of aqueous droplet
interfaces.»*”** This argument is supported by the fact that
droplets generated without purposely introducing charge
nevertheless behave identically in type, if not in the extent of
reaction, to droplets generated with charge."*

This control of field direction answers the question posed
above of how droplets can be both acidic and basic. On the
other hand, the magnitude of the field will depend on the
charges and the distance between them, as well as the radius of
the droplet. Thus, field orientation is set by the initial small
excess charge, but field strength depends on microdroplet size,
and a population of droplets can include individual droplets of
either net polarity (and hence interfacial field orientation). A
referee has asked how fields strong enough for FI can be
generated when the excess charge in the droplet is minimal. The
answer is that the excess charge of the microdroplet determines
the direction of the interfacial field, but it does not account for
its existence, which is intrinsic to the air/water interface.

The qualitative description of the microdroplet surface as
‘superacidic’ (the outer layer is hydronium) is simply a reference
to a chemical property of the droplet."” The partial solvation of
hydronium ions provides their uniquely high protonating
power. Beyond the Brensted equilibrium, Ben-Amotz® has
suggested a parallel equilibrium involving interfacial redox, i.e.,
involving electrons, not protons (eqn (4)). This description® is
intriguing but unsubstantiated.

Hzo + Hzo i H20+. + Hzoi. (4)

Extensions and applications
Scaled-up microdroplet reactions

Much research naturally focuses on the speed of reaction and
the fact that small quantities of reagent can convert quickly into
products. Yet it is often necessary to generate larger amounts of
material than the nano- to microgram amounts accessed using
MS spray ionization sources. Incorporating multiplexing and
recycling into the standard droplet regimen facilitates this.
Using multiple sprayers to process and reprocess larger quan-
tities of reaction solution repeatedly through the microdroplet
phase increases yields. These methods are described in the
literature,'®3*31118

Interfaces other than aqueous/air microdroplets

Aqueous solution/oil interfaces are common in microfluidics
and it was in multi-phase systems that the first on-water

© 2025 The Author(s). Published by the Royal Society of Chemistry
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accelerated reactions were encountered.>'® There are few
reports of large acceleration factors at the aqueous/oil inter-
faces, but droplets generated from emulsions have shown
significant acceleration.”® Planar surfaces have also been used
in the study of reactivity of thin films,"** and in a few cases, the
same solutions studied in sprayed microdroplet form have been
allowed to react after deposition on a surface. Reactions are
accelerated in these films, although much less so than in the
droplet medium." It is not clear if this difference is an electric
field or a morphological effect. Even when organic solvents are
used, traces of water are essential for reaction acceleration as
shown in several studies.">**"”

Implications for origin of life chemistry

Microdroplet chemistry in environmental/atmospheric science
has been considered elsewhere,****'>* yet progress has inten-
sified in the consideration of accelerated reactions in the area of
origin of life research. Microdroplet processes may have played
a central role in overcoming the challenges in the production of
the first biomolecules.

The dilution constraint of prebiotic Earth's vast oceans,
where low concentration reduces the probability of productive
chemical interactions, is alleviated in microdroplets. As di-
scussed in Tuck and Vaida's seminal work,"*'** interfaces
increase the local concentration of otherwise dilute organic
molecules by surface access mechanisms,”® in combination
with the later discovery that they drive otherwise unfavorable
reactions, these aerosols offer a solution to challenges in this
area.'” Abiotic microdroplets could concentrate organic mole-
cules at the dry air/water interface, where condensation reac-
tions yield biomolecules like peptides, nucleotides, and
oligosaccharides, overcoming the water paradox.*****”**® Curi-
ously, microdroplets may have additional, not yet fully under-
stood properties that make them a significant feature in origins
of life chemistry: for example, in microdroplet dipeptide
formation, a unique peptide isomer with interesting chiral
properties is formed.'**'*®

Adding to the interest of this medium for origin of life
chemistry, microdroplets can promote condensation reactions
that constitute a kinetic trap, addressing the susceptibility of
molecules like ribose to hydrolysis. Disaccharide products
spontaneously formed in microdroplets are orders of magni-
tude more stable and so persist in water-containing envi-
ronments, resolving a problem which had been previously held
to thwart RNA-based abiogenesis theories.™*°

Condensation is critical for biological oligomer and
biopolymer formation, as well as being a favored reaction in
aqueous microdroplets. This was shown in 2017 by Zare and
colleagues, who published a study in which sugar phosphates
and uridine ribonucleoside are formed in water droplets.*** The
enthalpically forbidden bulk solution reaction (AG =
+5.4 kcal mol™!) of formation of p-ribose-1-phosphate in
microdroplets returned a AG of —1.1 kcal mol ' at room
temperature.'*>**>'3* Later studies on peptide formation with
loss of water also impinged on the energetic unfavourability of
water loss in water. This led to the suggestion that the dry

© 2025 The Author(s). Published by the Royal Society of Chemistry
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surfaces of microdroplets have bare hydronium ions,'* which
readily accept the eliminated water.*****

The simple monomeric chemical precursors to larger bio-
logical molecules might also have been generated by reactions
between vapor-phase species in air, as the Miller-Urey experi-
ments posited.”®® The use of discharges in these enormously
influential experiments achieved the purpose of making the
compounds studied (dinitrogen, oxygen, methane, and
ammonia) highly reactive. However, the microdroplet environ-
ment is an alternative that also achieves this purpose. So, it is
reasonable to search for putative prebiotic reactions leading to
the key units (amino acids, monosaccharides®® and nucleic acid
bases) in water microdroplets.

High-throughput experiments, chemical space exploration
and drug discovery

Desorption electrospray ionization (DESI) is an MS ionization
technique.”” Like select other methods, notably MALD], it is
capable of operation in a high-throughput array-based format
and provides high-quality MS analytical data.'”® However,
unlike other MS methods, it also allows chemical synthesis in
solution™® and, in turn, allows collection of the synthetic
product(s). Moreover, as an imaging method, it can be used to
examine arrays of collected products.™*

Microdroplet reaction acceleration allows DESI to be used
to (i) optimize conditions for generating particular
compounds by droplet reactions, (ii) perform those reactions
with online MS analysis (iii) deposit the product-containing
droplets on a suitable surface as arrays (up to 6144 samples)
with correlation to the source array and (iv) confirm the
product assignment in the product array. Arrays of reaction
mixtures have been converted at rates of 1 reaction/second
into arrays of products, which can then be subjected to (v)
further chemical (e.g., NMR) or bioactivity characterization in
the context of drug discovery.™**** The automated integration
of these synthetic and analytical capabilities represents
a unique alternative for rapid, large-scale drug candidate
generation and testing, consolidating the early drug discovery
pipeline in a single-platform workflow of unprecedented
speed (Fig. 2)."*>

With this technology, robotically prepared reaction mixture
arrays can be rapidly screened without incubation for synthetic
route optimization towards selected drug candidates,**
combinatorial synthesis of large compound libraries for
testing,***'** or chemical space exploration to provide analogs of
already complex bioactive molecules via late-stage functionali-
zation for lead optimization.*®'¢ Importantly, online structural
confirmation of microdroplet products generated on the fly is
readily available via tandem MS."*%'4>1¢ After screening, drug
candidates can be synthesized at tens of nanograms per minute
by simply collecting the secondary DESI droplets instead of
sampling them for MS analysis.

This collection process has been extended to provide an
array-to-array format in a configuration analogous to a type-
writer: DESI microdroplets type arrays of new products from
arrays of deposited reaction mixtures."® The newly synthesized
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Fig.2 Closed-loop drug discovery workflow enabled by DESI-MS and
associated accelerated reactions in microdroplets.

products are collected and are sufficient for testing their activ-
ities against a biological target (e.g., enzymes, receptors) using
the same instrumentation and with the same throughput (>1
Hz).1101461477149 These high-throughput DESI-MS bioassays are
carried out in a workup and label-free fashion, exploiting the
unique capabilities of DESI for direct analysis of complex
samples,”” including those not available in solution (e.g.
bacteria, tissue)****** or those rich in non-volatile matrices (such
as typical biological buffers),"*'** as well as the inherent
features of MS, including high chemical specificity and broad
molecular coverage. Iteration on these, together with machine
learning (ML) algorithms trained by vast amounts of single-
platform high-quality data, could efficiently yield lead drug
candidates, with a demonstrated current technological capacity
of approximately 100+ compounds synthesized and tested per
hour—while consuming <1 mL of solvent.
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A recent illustration of these capabilities is the character-
ization of the so-called ‘Novichok’ chemical warfare agents and
the discovery of countermeasures.” In this case, microdroplet
reactions enable an ultrafast workflow for response to emerging
threats. Numerous derivatives of promising oxime scaffolds
(e.g., bispyridinium) have been generated and assayed with
label-free efficacy monitoring using a ML-controlled single-
platform optimization loop aimed towards the discovery of
new antidotes.

Systematic organic synthesis: scope, yield, mechanism and
green chemistry

Applications of accelerated reactions in organic synthesis are
facilitated by the high speed of reactions and the fact that one
reaction channel is often dominant. This allows, for example,
green chemical synthesis** (mild conditions, no metal catalysts,
water as solvent) of many classes of heterocyclic compounds, e.g.,
imidazoles,'** pyrazoles,** and borazines.™ Nitrogen heterocy-
cles have been of particular interest given their potential
importance in the discovery of new small molecule drugs.***
Given that one can generate reaction products very quickly on
a small scale but still obtain information on yield and purity,
a number of groups, including that of Heyong Cheng, have
applied accelerated reactions to systematically synthesize large
numbers of members of particular compound classes.®3*'?*

In these experiments, online MS can provide information on
the nature of the reaction products and some idea of purity and
yield. Automatically acquired data can be used to determine
when tandem mass spectrometry should be implemented to
confirm product identities. Scaled-up experiments allow NMR
data to be obtained. Systematic synthesis of some 10 ring
systems (Table 1) shows all the above features. They also show
that yields are good to excellent, even in the shortest time scale
experiments.

Note that the fact that water is essential for reaction accel-
eration means that water’®*'®” or an aqueous mixture with

Table 1 Heterocyclic synthesis using accelerated reactions in microdroplets & thin films®

Heterocycle Reaction Solvent? Ionization
Dihydropyridine®® Hantzsch (enamine + ester) Ethanol ESSI; thin film
Quinoline*®! Friedlander (2-aminoarylaldehaldhyde + Methanol ESSI

ketone)
Fischer indole synthesis'® Phenylhydrazine + acetone Methanol nESI
Pyrazole'® Phenylhydrazine + ethyl acetoacetate Methanol nESI
Diazine'** Phenylhydrazine + phthalic acid Dimethylformamide, acetonitrile ~ ESSI
Benzimidazole'* Phenyldiamine + formic acid Methanol nESI
Polynitro compound'®® Amine + glyoxal Acetonitrile nESI; ESSI; PSI
Spiro-pyrrolidine*®® Multi-component synthesis Ethanol SSI + thin film
Zymonic acid''*1¢7168 Condensation of pyruvic acid Water Aerosol
Thioisoindolinone and y-Lactam'®® 2-Acylbenzaldehyde + amine or thiol Ethyl acetate SSI + thin film
Tricyclic quinolone'”° Phenylacetylene + indoline Methanol Sub-AP-ESI
Borazole'® Amine + boronic acids Acetonitrile nESI
Pyrrole'® Amine + acetonylacetone Isopropanol SSI + thin film
Pyrazole'** Hydrazine + 1,3-diketone Water nESI

“ ESSI electrosonic spray, a variant on ESI; SSI sonic spray; PSI paper spray ionization. ” Solvents are not rigorously dried and kept dry.
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a solvent like acetonitrile can be used. Acceleration also means
that harsh conditions are typically not used: most reactions are
performed under ambient conditions with no heating. Many
reactions can proceed uninhibited in droplets without supple-
mental reagents or catalysts.'****® Given the gentle nature of the
reaction conditions, products are often pure as seen by NMR
spectra recorded on the crude material."******>> Given these
considerations, microdroplet reactions may find substantial
utility as a sustainable means for accelerated environmental
pollutant degradation (e.g., drugs,'® PFAS,' etc.), as well as
a strategy to reduce the laboratory environmental footprint.

Conclusions

Two principal matters have been considered: (i) the mechanism
of acceleration to which we contribute a simple insight
regarding FI as a route to highly reactive intermediates that, we
suggest, drive the rich chemistry of microdroplets. (ii) The
application of reaction acceleration in origin of life chemistry
and synthesis, both for scale-up (g h™) and in conjunction with
small-scale high-throughput reactions (1 Hz). This drug
discovery platform is capable of rapid screening, collection, and
bioactivity testing of nanogram amounts of drug analogs based
on reactions occurring during flight of secondary DESI droplets
from the primary array of reaction mixtures to a secondary
product collection array.

We draw attention to some limitations in our understanding
of accelerated reaction mechanisms. First, interfacial
phenomena are difficult to characterize comprehensively, so
quantitative information on reaction rates remains limited.
Second, questions remain as to why some reactions are accel-
erated more than others. The use of NMR and other alternatives
to MS for product analysis will likely help avoid an over-
emphasis on acceleration mechanisms that involve ionic
intermediates. Third, there is little detail available from exper-
iment on the nature of the interfacial electric field.

Two topics not detailed here, but of growing significance, are
the role of microdroplets in enzymatic reactions (such as
protein hydrolysis'”**”*) and their emerging role in materials
degradation, as evidenced by the silica micro- to nanoparticle
breakdown.™? Also noteworthy is the build-up of nanoparticles
by droplet deposition,”* " including one instance where
nanoparticles are implicated in nitrogen fixation."””

Because of their small scale, convenience of implementa-
tion, low sample consumption, and high duty cycle, the
fundamental insights provided by microdroplet acceleration are
already being harnessed: we have discussed how new capabil-
ities facilitate faster and more robust chemical analysis and
chemical synthesis.
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