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Chemical reactions in micrometer-sized droplets can be accelerated by up to six orders of magnitude.
However, this acceleration factor (ratio of rate constants relative to bulk) drops to less than 10 for
millimeter-sized droplets due to the reduction in surface/volume ratio. To enhance the acceleration in
millimeter-sized droplets, we use a new synthesis platform that directly doses reagent vapor onto the
reaction droplet surface from a second levitated droplet. Using Katritzky transamination as a model
reaction, we made quantitative measurements on size-controlled vapor-dosed droplets, revealing a 31-
fold increase in reaction rate constants when examining the entire droplet contents. This enhancement
is attributed to a greater reaction rate constant in the droplet surface region (estimated as 10° times
greater than that for the bulk). The capability for substantial reaction acceleration in large droplets

highlights the potential for rapid synthesis of important chemicals at useful scales. For example, we
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Accepted 30th June 2024 successfully prepare pyridinium salts within minutes. is efficiency positions droplets as an
exceptional platform for rapid, in situ catalyst synthesis. This is illustrated by the preparation of

DOI: 10.1039/d4sc03528¢ pyridinium salts as photocatalysts and their subsequent use in mediation of amine oxidation both within
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Introduction

Microdroplets under ambient conditions constitute a versatile
and robust platform for accelerating chemical reactions,* with
applications in the rapid synthesis of small molecules,***
nanoparticles,'' as well as in protein degradation® and enzy-
matic reactions.'® Despite achieving up to a 10°fold accelera-
tion in reaction rates,"” there is ongoing debate about the degree
to which this acceleration results from droplet shrinking, which
increases concentration and enhances the reaction rate,'®'® or
from the unique air/liquid interfacial properties of micro-
droplets, which modify the rate constants and thus accelerate
reactions.>**>* Efforts to quantitatively describe microdroplet
reactions have been made to support the latter hypothesis,*>°
but few studies have successfully addressed the challenges
associated with controlling droplet size.”>** These challenges
include (i) polydispersed microdroplets generated from nozzles
through spray have a wide size distribution, and (ii) droplet
sizes change when suspended in air due to solvent evaporation
and/or droplet fission. Generating monodispersed droplets
using microfluidic systems® or directly measuring each drop-
let's size and related chemistry*®> are possible solutions.
However, the reported studies of this type were performed in oil;
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the differences between oil/water (liquid/liquid interface) and
the air/liquid interface discussed here, cannot be neglected.

An alternative way to address this problem is to study size-
controlled single droplets.*® Individual microdroplets can be
trapped easily using electric fields;**** however, controlling
solvent evaporation is crucial. This necessitates the use of water
or other non-volatile solvents, like glycols,* and even high
concentrations of salts,®® to minimize evaporation. Unfortu-
nately, these conditions are not applicable to many reported
accelerated chemical reactions in microdroplets, where
common organic solvents such as methanol, ethanol and
acetonitrile are used. Additionally, trapping droplets in electric
fields requires a net charge, which can complicate the mecha-
nism due to possible field effects.*

Larger droplets (millimeter-scale) can be levitated using
acoustic fields*”*® or by the Leidenfrost effect,***® and it is easier
to control droplet size. However, they typically exhibit much
lower acceleration factors (less than one order of magnitude). In
addition to having an intrinsically smaller surface-to-volume
ratio, diffusion limits reaction acceleration in large droplets.
According to Fick's second law of diffusion, a reagent needs just
0.3 ms to reach the surface in a 1 pm-radius droplet, but 5
minutes in a 1 mm-radius droplet. This problem can be miti-
gated by directly dosing the reagents onto the droplet surface
(Fig. 1).%”

In this study, we developed a new method for accelerating
reactions within a size-controlled millimeter-scale droplet that
is acoustically levitated and captures vaporized reagents on its
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Fig.1 Schematic diagram of vapor-dosed droplet in acoustic levitator
showing the reacting droplet (gold) and the reagent reservoir droplet
(blue; in this case, pure amine liquid). The distance between the two
droplets is roughly 4 mm.

surface from a contactless partner droplet (serving as vapor
reservoir). In contrast to the behavior of homogeneous droplets
containing both reagents, this vapor-dosed droplet exhibited
significantly higher reaction rates in the Katritzky trans-
amination, with a 31-fold increase in overall reaction rate
constant compared to the conventional bulk reaction. Through
quantitative kinetics analysis and surface sampling studies, we
determined that the rate constant at or near the surface layer
was amplified by more than five orders of magnitude, demon-
strating the role of the interfacial effect in accelerating reac-
tions. The water adsorbed by the droplet from the air affected
the kinetics, too, being responsible for at maximum an 8-fold
enhancement. Using this acceleration system, 23 distinct pyr-
idinium salts were successfully prepared within just two
minutes each. Furthermore, a proof-of-concept experiment was
conducted in this droplet system, showcasing a streamlined
process involving accelerated in situ catalyst preparation and
subsequent one-droplet photocatalyzed amine oxidation.

Results and discussion
Apparatus and performance of the vapor-dosed droplet

A single-axis acoustic levitator*' was used to trap two millimeter-
sized droplets (3 pL each, approximately 1.8 mm in diameter) at
different positions. To control droplet size and simplify the
system, several measures were implemented. First, the Katritzky
transamination of 2,4,6-triphenylpyrylium (TPP, 1) and tert-
octylamine (3) was chosen as a model reaction (Fig. 2a). The pre-
charged moiety makes 1 (m/z 309) surface-active and easily
quantified using mass spectrometry, with a pre-charged non-
reactive internal standard (1-methyl-2,4,6-triphenylpyridinium,
m/z 322). Second, the steric hindrance of the a-methyl groups
on amine 3 halted the reaction at the addition stage, simplifying
the kinetics to cover a single step by preventing further dehy-
dration to the final pyridinium product. Note that the amine
used in the two-droplet system must be volatile to provide
amine vapor. Third, acetonitrile was selected as the solvent,
with the entire reaction time being limited to 30 seconds
(including five seconds for reagent dosing) to avoid significant
droplet size changes. Lastly, the reaction and detection
processes were strictly separated, ensuring that comparisons
among different acceleration systems used identical analytical
procedures.
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To examine the performance of the vapor-dosed droplet, the
same reactions were carried out in bulk and in an individual
homogeneous droplet (containing both the amine and TPP) for
30 seconds. Note that the amount of captured amine in the
reacting droplet (top droplet, with initial concentration of 10
uM of TPP) in the five-second dosing experiment was measured
to be 5 mM (see experimental details in Section 2.3.2 of ESI{). As
shown in Fig. 2b, the TPP signal at m/z 309 was significantly
reduced in the amine-dosed droplet, with a 57-fold decrease in
the ratio of TPP to the internal standard (I300/I3,,) compared to
the corresponding bulk reaction, with initial concentrations of
10 uM of TPP and 5 mM of amine 3. In contrast, the corre-
sponding individual homogeneous droplet only showed a two-
fold change. This outcome demonstrates a clear increase in
reaction extent when the amine is dosed onto the droplet
surface. The detailed kinetics of the reaction in the amine-
dosed droplet are illustrated in Fig. 2c. The pseudo-first-order
kinetic model for the linear regression is justified by use of
excess amine (5 mM) compared to TPP. The rate constants for
the vapor-dosed droplet and the bulk reaction were determined
to be 18 M' s and 0.58 M~" s, respectively, resulting in
a rate acceleration factor (RAF) of 31.

Mechanistic investigation of reaction acceleration in the
vapor-dosed droplet

The core-shell model, which posits that surface (shell) reactions
occur faster than core-region reactions (which are equal in rate
to bulk reactions), is thought to govern chemical reactions in
droplets (Fig. 3d).>*® At lower reagent concentrations, greater
acceleration is achieved because a higher fraction of reagents
can be located at the surface with its limited capacity, viz. the
surface is saturated. This effect was more pronounced when
[TPP] was less than 5 uM in the amine-dosed droplet (Fig. 3a).
Notably, the TPP consumption rates at 1, 2, and 5 pM were
identical, suggesting surface-dominated reactions when reac-
tants are concentrated at the surface, making core-region
conversion negligible. This hypothesis was further supported
by the pseudo-zero-order kinetics observed with 5 uM of TPP in
both the amine-dosed and homogeneous droplets (Fig. 3b and
¢, left panel). Furthermore, reducing the dosing time from 5
seconds to 3 seconds, which altered the dosed amine amount
(total amine concentration was 2 mM; see Table S1 in ESIT),
resulted in similar reaction rates in the amine-dosed droplet
(Fig. 3b). By contrast, homogeneous droplets with varying
amine concentrations showed distinct rates (Fig. 3c). This
differing behavior in these two systems can be explained by
different models of amine distribution.

A core-shell-surface model** was developed to describe the
reaction scenario in the vapor-dosed droplet (Fig. 3d). In this
model, a reagent (A; amine in this case) is dosed onto the
surface of a homogeneous solution of another reagent (R; TPP
in this case) at time zero, ideally as an infinitely narrow pulse,
though in practice the dosing time spans several seconds. The
droplet is divided into three regions: (i) the surface, considered
the primary reaction site where reaction occurs fastest, (ii)
a “shell” region, with significant concentrations of the dosed

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Reaction acceleration in vapor-dosed droplet. (a) Model reaction. (b) Comparison of vapor-dosed droplet (top panel), individual
homogeneous droplet (middle panel), and bulk (bottom panel). The reaction time was 30 s. (c) Kinetics plots for vapor-dosed droplet and bulk at

room temperature (note dramatically different time scales).

reagent due to diffusion during the experiment, and (iii) the
core (bulk) region, into which the dosed reagent A has not
diffused significantly. Three key processes are recognized: (i)
radial diffusion of A from the interface, treated as linear diffu-
sion, (ii) reaction of A and R in the surface region to form the
product, and (iii) diffusion of the product into the core region.
The reaction is considered irreversible. The distribution of
amine is therefore the primary difference between the vapor-
dosed droplet and homogeneous droplet (Fig. 3e), for which
a classic core-shell model was applied. The former system
exhibits an amine gradient across the droplet, whereas the latter
case assumes uniform amine dispersion. Note that although
rapid global mixing in acoustically levitated droplets has been
reported, usually triggered by extrinsic events,*” it is not
a concern in our system. Moreover, internal vortex flow is
generated in each layer (Reynolds number estimated as 117,
indicating laminar flow),** which does not disturb the radial
distribution.
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Given that surface reaction dominates droplet reactions at 5
uM of TPP, the actual surface reaction rate constant can be
determined once the surface concentrations of TPP and amine
are known. It is crucial to understand that the reaction rates
shown in Fig. 3b and c¢ do not reflect the true surface rates, as
the analysis encompasses the entire droplet, thereby diluting
the surface rate with the large volumes of the core (and shell)
regions. The surface layer has an estimated volume of 10> uL,
assuming a monolayer of molecules resides at the surface (the
TPP diameter* and air-water interface thickness*® are both
estimated as 10 A), compared to the droplet's total volume of 3
pL. Consequently, the actual surface reaction rates are signifi-
cantly higher than the measured values.

The saturated amine concentration, [amine]; in the vapor-
dosed droplet can be derived by multiplying the rate ratio
between the two droplet systems by the amine concentration in
the corresponding individual droplet, [amine]. In the 3 second
and 5 second dosing experiments, the calculated [amine]g
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Fig. 3 Kinetics of accelerated Katritzky transamination in amine-dosed droplet. (a) Effect of initial TPP concentration (1 through 20 uM) on the
reaction conversion (left ordinate) and decreased TPP concentration (right ordinate) in the amine-dosed droplet after 5 s dosing. Comparison of
(b) amine-dosed droplet and (c) homogeneous droplet when surface reactions are the major contributors to conversion. (d) Three-layer model
that depicts the chemistry in an amine-dosed droplet, with a radial amine concentration gradient. Both amine and TPP concentrations remain
constant when the surface is amine-saturated and TPP-saturated, and the surface reaction then follows pseudo zero-order kinetics. (e) Classic
core—shell model for the homogeneous droplet, with evenly distributed amine throughout the droplet. The much greater concentration of
amine than TPP causes the surface reaction also to exhibit pseudo zero-order kinetics.
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values were 9 mM and 11 mM, respectively (see Section 2.3.3 in
ESIT for the calculation). These consistent results further vali-
date application of the core-shell-surface model. To measure
the saturated concentration of TPP at the droplet surface,
a near-surface sampling method was developed using a glass tip
with short taper to touch a levitated TPP droplet, yielding a near-
surface concentration measurement of TPP below 38 uM (see
Section 2.4 in ESIT). Therefore, in the surface region (10> uL),
the rate constant of the vapor-dosed droplet is calculated to be
greater than 1.4 x 10° M~ " s™" (see Section 2.5 in ESI{ for the
calculation), with the RAF surpassing 2.4 x 10°. This outcome is
comparable to the reported acceleration factor in sprayed
microdroplets, where diffusion is efficient enough to provide
great acceleration even when the entire droplets are analyzed
(see Section 2.6 in ESIT for more discussion).

Water adsorption is an inevitable process when experiments
are conducted under ambient conditions, and water has been
found to accelerate bulk reactions through “on-water” catal-
ysis.*”*® Additionally, water-driven microdroplet reactions have
been reported, via generation of reactive species (e.g. superacid/
superbase,*™* redox species®™®), even when using organic
solvents.*”*® Interestingly, we discovered that water can signif-
icantly accelerate the studied reaction even in bulk (Fig. S9 in
ESIT). Thus, to assess the adsorbed water's impact in our
system, we employed a recently established method using a pre-
charged molecular probe (4-formyl-1-methylpyridinium)® to
react with and quantify water adsorption within the 30 seconds
of reaction time. An increase of 2% in water uptake was
observed at a relative humidity of about 45% (Table S57). The
corresponding bulk reaction with this additional 2% water
exhibited a rate constant of 4.8 M~ " s~ (Fig. $101), representing
an 8-fold increase in reaction rate constant. Considering that
water adsorption is an cumulative process, its effect on accel-
eration in vapor-dosed droplets should be less than 8-fold. (A
summary of all measured rate constants is provided in Table 1.)
Hence, the higher rate constants in vapor-dosed droplets are
attributed to the amplified interfacial rate constant and to
a small effect of water absorbed from ambient air.

Rapid synthesis of pyridinium salts using vapor-dosed
droplets

To investigate the efficacy of vapor-dosed droplets in rapidly
synthesizing pyridinium salts, we evaluated 25 versatile primary
amines (no conversion of TPP was observed in the cases of
secondary amines and aniline; 6% conversion when reacting

Table 1 Summary of measured rate constants and RAFs in different
scenarios”

Rate constant

Reaction system M ts™ RAF
Bulk 0.58 1

Bulk with additional 2% water 4.8 8
Vapor-dosed droplet (entire) 18 31
Vapor-dosed droplet (surface) 1.4 x 10° 2.4 x 10°

“ RAFs were calculated as the ratio of droplet rate constant vs. that in
bulk.
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with phenyl hydrazine; see Fig. S117), as depicted in Scheme 1.
The studied process involves two steps: the addition-induced
dearomatization of TPP to form the intermediate 6, followed
by its dehydration to generate pyridinium 2. Initially, a one-
minute reaction was conducted in vapor-dosed droplets with
continuous amine dosing (condition a). Monoamines exhibited
good conversion for both steps, ranging from 40% to 95% (5a to
5t), while some diamines gave lower yields, possibly due to the
relatively high basicity of the additional tertiary amino group (5v
to 5y). By contrast, 70% overall conversion is observed in 5u
which contains two primary amino groups. Interestingly, the
addition step was minimally affected by steric hindrance,
whereas the elimination step was significantly affected. Linear
fatty amines (5a to 5e) or a less bulky branched amine (5f) still
yielded the product 2, albeit with a low ratio for compounds 6
and 2 (less than 11:89, seen in agemine 5d). Bulky amines
barely produced any pyridinium (5h to 50). By contrast,
diamines showed obviously higher ratios for 2 to 6, but the
overall conversion was unsatisfactory, as noted earlier. To
enhance synthetic efficiency, an additional 1 minute droplet
reaction time was introduced to facilitate the conversion from 6
to 2, with the assistance of acid.®® Under this condition,
significantly higher overall conversion was achieved, ranging
from 49% to 100%, with up to 100 : 0 ratio of 2 : 6. The exception
is for very bulky amines, like 5j and 5k, where decomposition
was observed, and no further product was generated. Overall, 23
distinct pyridinium salts could be easily prepared within 2
minutes each using the droplet system on a microgram scale, an
advantageous quantity for early phase drug discovery.*"*>

Photocatalytic amine oxidation mediated by in situ generated
pyridinium

Pyridinium salts act as versatile scaffolds in organic synthesis,
functioning as substrate, reagent, catalyst and even as reaction
medium (e.g. ionic liquid).*® Specifically, pyridinium salts have
been reported to work as photocatalysts, promoting alcohol
oxidation in the presence of air by converting molecular oxygen
into singlet oxygen and superoxide.® Since singlet oxygen is also
capable of oxidizing amines,* there is potential for conducting
amine oxidation in vapor-dosed droplets under ambient
conditions, benefiting from the rapid, in situ synthesis of the
photocatalyst, pyridinium, as illustrated in Fig. 4a.

A proof-of-concept experiment was carried out using n-
octylamine (5e) as starting material. The initial step involved
vapor-dosing of amine to transaminate pyrylium 1 and form
pyridinium 2e. Optical monitoring of this process clearly
demonstrated the synthesis of 2e under UV lamp illumination
(Fig. 4b). As the reaction progressed, a blue emission was
observed and intensified over time, consistent with the reported
emission spectrum of similar pyridinium structures.®® Inter-
estingly, intermittently a green light was observed, for example,
at ¢t = 55 s. This red-shifted emission might be attributed to
water adsorption altering the solvent environment,* but more
probably it is due to aggregation-induced enhanced emission
(AIEE) resulting from the rotor structure of 2e, which features
three phenyl rings.®® The formation of the pyridinium

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Condition a: 1 min vapor-dosed droplet
Condition b: 1 min vapor-dosed droplet + 3% CH3;COOH (homogeneous) 1 min
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Scheme1l Substrate scope of Katritzky reactions in vapor-dosed droplets. The overall yield of intermediate 6 and final product 2 was obtained by
performing the reactions under conditions a or b. The ratio between product 6 and 2 is shown in brackets, annotated in blue. A three-microliter (3
pl) droplet was used in each case, yielding the product on a microgram scale.

photocatalyst was further confirmed by mass spectrometry,
revealing a peak at m/z 420 (Fig. 4c). Meanwhile, signal corre-
sponding to excess amine was observed at m/z 130, this
compound serving as the substrate of the subsequent photo-
catalyzed reaction. This reaction was easily initiated by

removing the bottom amine droplet and exposing the top
droplet to 365 nm UV light for 1 min. The resulting oxidation
product, imine 9, was confirmed by tandem mass spectrometry,
when compared to the standard reference (Fig. S361). By
contrast, no product was detected when the UV lamp was turned
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Fig. 4 Photocatalyzed amine oxidation mediated by rapid, in situ synthesis of pyridinium photocatalyst in vapor-dosed droplet. (a) Schematic
illustration showing transformation of octylamine to resulting oxidation product 9. Pyridinium salt 2e was generated in a vapor-dosed droplet,
and then it served as photocatalyst to oxidize the excess amine in the same droplet. (b) Microphotograph of pyridinium synthesis under UV
illumination. (c) Mass spectrum of collected droplet containing excess amine 5e and pyridinium salt 2e. (d) Detection of photocatalyzed amine
oxidation in droplet, with and without exposure to 365 nm UV. To avoid hydrolysis of generated imine 9, no acid was added.
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off (Fig. 4d). It is noteworthy that although the direct oxidation
product 7 was observed in the UV-on droplet, this signal was
weak (Fig. S371), likely because of its rapid hydrolysis to octanal
(8), which would further react with excess octylamine in the
same droplet to form product 9.

Conclusions

We have developed a novel reaction acceleration system
utilizing a size-controlled, vapor-dosed droplet pair that is
acoustically levitated. The millimeter-sized reacting droplet
exhibits a significant increase in reaction acceleration,
unprecedented at this scale. Quantitative analysis of reaction
kinetics and surface sampling experiments reveal five orders of
magnitude increase in the reaction rate constant at the surface,
comparable to the acceleration observed in micron-sized
droplets. This result, along with the lower overall acceleration
in large (millimeter-scale) droplets compared to small
(micrometer-scale) droplets, highlights the influence of reagent
diffusion, which significantly impacts the distribution of
reagents at or near the droplet surface. It also raises a question
as to the relative importance of the electric field vs. partial
solvation in reaction acceleration. In the mm sized droplets
studied here, the field effect should be much smaller than in the
previously much-studied sprayed microdroplets. Additionally,
water adsorption by droplets from the air plays a role; intro-
ducing an additional 2% water in the bulk solution results in an
eight-fold increase in rate constants. While the water effect on
droplet acceleration has been noted in previous studies, it
requires further attention, particularly in the quantification of
organic microdroplets.

This study demonstrates that millimeter-sized droplets can
achieve significant reaction acceleration, facilitating the rapid
synthesis of chemically important compounds on a significant
scale. As an example, we synthesized 23 different pyridinium
salts each within two minutes each using vapor-dosed droplets.
This high efficiency allows for a streamlined process, utilizing
the in situ synthesized pyridinium salts as photocatalysts to
mediate subsequent one-droplet (analogous to one-pot in
conventional synthetic chemistry) photocatalyzed reactions. A
proof-of-concept experiment was successfully conducted in
a photocatalyzed amine oxidation. Therefore, this system (in
elaborated form) has the potential to be used in a high-
throughput manner for rapid screening of catalyst synthesis
and for use in concurrent catalytic reactions.
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