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Abstract

Micron-sized compartments play significant roles in driving heterogeneous transformations within
atmospheric and biochemical systems as well as providing vehicles for drug delivery and novel
reaction environments for the synthesis of industrial chemicals. Many reports now indicate that
reaction kinetics are accelerated under micro-confinement; for example in sprays, thin films,
droplets, aerosols, and emulsions. These observations are dramatic, posing a challenge to our
understanding of chemical reaction mechanisms with potentially significant practical
consequences for predicting the complex chemistry in natural systems. Here we introduce the idea
of “kinetic confinement,” which is intended to provide a conceptual backdrop for understanding

when and why microdroplet reaction kinetics differ from their macroscale analogs.
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1. Introduction

Real world chemistry often occurs heterogeneously, where transformations happen in and
on small compartments, such as within atmospheric and combustion aerosol or in cells. Translating
the kinetic information obtained from homogeneously mixed laboratory scale reactors to those that
occur in small and heterogeneous environments remains a challenge. For multiphase atmospheric
chemistry, there are established methods (1-6) to connect rate coefficients measured in
homogeneous beaker-scale reactors to those in small droplets and aerosols where surfaces matter.
There are now many reports (7-12) that chemistry occurring in microdroplets is somehow
fundamentally altered under micro-confinement; raising important questions of how to properly

link chemical reactivity between the macro- and microscales.

From textbook chemical kinetics, rate laws for chemical reactions should only depend upon
intrinsic properties of the system such as temperature, pressure, ionic strength, reagent
concentrations and the rate coefficient. The size of the reaction vessel, an extrinsic property, should
not alter the kinetics of a reaction. It is well known, however, that this breaks down when the
reaction volumes approach molecular dimensions (i.e., nano-confinement (13)). Quantum dots
exhibit altered electronic properties relative to their macroscale analogs, while molecular transport
and reactivity within the small spaces of carbon nanotubes, (14) zeolites, nanovessels, (15) metal
organic frameworks, and cells lead to properties and behavior different their macroscopic analogs.
This is because confinement is on the order of molecular/atomic dimensions or solvent correlation
lengths, (16, 17) with systems often exhibiting altered electronic properties and/or stochastic

dynamics governed by fluctuations of small numbers of particles (18-22).

This contrasts with micro-confinement (i.e., in micron-sized droplets), where the

compartment dimensions encapsulate a relatively large number of solute molecules. These spaces
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are much too large to be influenced by nanoscopic confinement effects, so it is often not clear why
the micro-confinement would produce behavior substantially different from what is observed in a
beaker. Yet there have been many reports of greatly accelerated reactions in microdroplets, thin
films, and emulsions relative to the same reactions conducted in macroscopic containers (7, 12).
These observations are remarkable, with acceleration factors in excess of 10° (7). In some cases,
reactions that are both thermodynamically and kinetically unfavorable (23-26) in bulk aqueous
solutions appear (27, 28) to proceed with minimal reaction barriers in microdroplets. Despite many
publications and reviews, (7-12) there appears to be no consensus as to the nature of the
acceleration mechanism(s). Likely there are multiple possible mechanisms that depend upon the

details of the reaction.

The droplet interface is routinely invoked in mechanistic discussions, with partial
solvation, reagent orientation, extremes of surface acidity or basicity, and large electric fields
suggested as reasons for an intrinsic increase in the reaction rate constant within microdroplets (7).
In many experiments there are additional confounding factors that contribute to the acceleration
mechanism, such as the rapid evaporation of reagents and/or solvent, (28, 29) interfering gas phase
(27, 28, 30) and wall reactions, (28) which if not carefully controlled in a droplet experiment

naturally produce accelerated kinetics.

The goal of this review is to develop a conceptual, kinetics-based framework for evaluating
why and when reaction rates in microdroplets might differ from their macroscale analogs. This
review will not address the stochasticity of reaction rates that accompany nano-confinement (21,
22) or chemistry in subcellular biological structures (31, 32) where the average concentration
corresponds to less than 1 molecule/compartment (18). Instead, the focus is on micron-sized

compartments (i.e., droplets with radius, r) that contain many molecules; for instance, ~10* (» ~ 1
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pm, [solute] ~0.01 mM) and ~10' (# ~ 100 pm, [solute] ~ 1 M). This review will also not provide
an exhaustive account of the chemical reactions to date that have been accelerated in
microdroplets, the majority of which have been measured by electrospray ionization mass
spectrometry (ESI-MS), as reviewed in Refs. (7, 8, 11, 12). This review will also omit discussion
of photochemical or photocatalytic reactions that can be accelerated due to the unique ways that

light couples to microcavities (33-41).

This review is organized as follows. In Sect. 2, a simple kinetic framework of a droplet is
introduced, which is used to explain how characteristic lengths of a chemical reaction lead to the
concept of kinetic confinement as described in Sect. 3. In Sect. 4, two examples are used to
illustrate how macroscale kinetics are altered in a microdroplet. Sect. 5 concludes with an outlook

on future work needed to unravel acceleration mechanisms seen in microdroplet-based chemistry.
2. Kinetic Framework

General concepts, throughout this review, are illustrated using the simplified picture of a
microdroplet in Figure 1. This framework has been previously implemented in explicit reaction-
diffusion kinetic simulations (i.e., Kinetiscope (42)) to predict multiphase reaction rates in
droplets, (4, 43, 44) aerosols (45-48) and emulsions (49). This framework formed the basis of a
set of closed form equations that link reactions rates measured in beaker scale systems to

multiphase reaction kinetics in droplets (4).
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In a coarse grain way, a droplet can be described as two kinetically distinct regions or
compartments: one representing the interface and the other the droplet interior (i.e., bulk). The
thickness of the surface region is assumed to be 1 nm and is selected to be roughly consistent with
density and solvation energy profiles of aqueous systems observed in molecular dynamics

simulations (MD) (6, 50, 51). The finite thickness of the surface region allows surface-adsorbed

1-100 nm

r/3

Microcompartment I DILRos I I bulk
kp
Ab + Bb = Cb

Figure 1: Conceptual framework used to describe reaction kinetics in microdroplets. The droplet
is simplified into two kinetically active regions or compartments linked by diffusion. Surface
partitioning of reagents from the gas (g) and liquid side of the interface are described by a set of
adsorption (ads), desorption (des), solvation (solv) and desolvation (desolv) rate constants. A +B
— C reactions occur both at the surface (s) and bulk (b) regions of the droplet. The interface is
assumed to be 1 nm thick and the height of the rectangular prism is 1/3 to replicate the surface-to-
volume scaling of a sphere with radius, r. Additional details about this framework including how
it is implemented in explicit reaction-diffusion simulations, its limitations and assumptions can be
found in Willis and Wilson (43) and Wilson et al. (4).

species to be defined using volumetric concentrations. The rectangular prism geometry (47, 48)
with a height of /3 replicates the surface-to-bulk scaling of a sphere. Since compartment volume
and reactant concentrations are independent quantities, finite size effects are captured when this
framework is implemented in reaction-diffusion simulations (49). Molecules move between
compartments by Fickian diffusion and inside each compartment there are a set of elementary steps
that correspond to a reaction mechanism. At the interface, additional steps describe the partitioning

of reactants A and B between phases (i.e., gas, interface and bulk). These steps are formulated in

https://doi.org/10.26434/chemrxiv-2023-ff8dr ORCID: https://orcid.org/0000-0003-0264-0872 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2023-ff8dr
https://orcid.org/0000-0003-0264-0872
https://creativecommons.org/licenses/by-nc-nd/4.0/

a Langmuir framework (52) using a set of rate constants (ksoi, Kdesotv, kads, and kaes) shown in Figure
1. These rate constants also define characteristic lengths and timescales, which lead to the concept
of “kinetic confinement” as will be explained below. This framework is simple and does not
resolve chemical gradients in the interfacial or bulk volumes, but rather approximates [A], [B] and
[C] in both regions as average quantities. These approximations appear realistic enough to explain
(43) many of the kinetic changes that occur when chemistry is transferred from the macro- to

microscales.
3. Kinetic Confinement of Chemical Reactions at the Microscale.

Not surprisingly, chemistry in microdroplets is heavily influenced by the droplet interface.

This is elucidated by introducing the concept of “kinetic” confinement. Unlike nano-confinement,
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Figure 2: Characteristic lengths relative to droplet size (r = radius). Rate coefficients
correspond to the kinetic model shown in Figure 1. Cyis the bulk concentration of solute A.

|4_ Adsorption Length

where length scales approach molecular dimensions, “kinetic” confinement occurs when the size

of the compartment approaches a set of characteristic lengths associated with a chemical reaction.
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As shown in Figure 2, these are the reacto-diffusive (L.») and adsorption (Lads) lengths and the
critical radius (7). These characteristic lengths depend upon the familiar factors that govern
kinetics, such as concentration, rate and diffusion coefficients (c.f., Figure 1 and 2). The rate
constants that describe the partitioning of solutes to and from the interface (ksoiv and kdesorv) figure
prominently in these characteristic lengths (Figure 2). The size of the microdroplet relative to these
lengths control whether in-droplet chemistry will differ substantially from what is observed in a
macroscale reactor. A potentially important additional characteristic length scale in aqueous
droplets, not discussed here, is the width of the electric double layer relative to droplet size; a

discussion of which can be found in Refs. (53, 54).

3.1 Fraction of Surface to Bulk Molecules: Ny defines the number of molecules at the interface
vs. bulk interior for any given volume, with a comparison of micro- and macro-scales shown in
Figure 3. Neglecting partitioning to the gas phase, Ny is computed from the number of surface

(ns) and bulk (n,) molecules,

ns_g Vs

gt (1)

np a Ci)q Vp

Ns/b =

where Cs and Cj are the solute concentrations of A at the surface (s) and bulk (b) of the droplet. V}

is the volume of the droplet and V; is the interfacial volume. For a sphere,

VS=Vb—§n(r—6)3 and Vb=§nr3 (2)
such that,
Vs _1r3-(r=86)° 34
Vp r3 o (3)
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o is interface thickness and is assumed to be 1 nm. For a Langmuir isotherm, CZ is a function of

the bulk concentration,

_ Tooa)  KégCh

cA 4
S § 1+ K&4-cf )
A
A — Kdesow
Keqg = —5 ®)
ksolv

where T is the maximum surface concentration (molec./cm?). Ké‘}, (cm*/molec.) is the Langmuir

equilibrium constant and is expressed as the ratio of desolvation (kgesow, cm’/molec./s) and
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Figure 3: N,» vs. concentration of bulk sebacic acid (Cp) and droplet size
(Equation 1). Boxed shaded areas show the difference between microdroplets
and “beaker” scale reactors modeled using » =1 and 10 cm droplets.

solvation (ksov, 1/s) rate coefficients as shown in Figure 1. The following discussion is made more
concrete by using sebacic acid (C1oHisO4) as an example solute (i.e., A). kioson, (2 x 107°

cm’/molec./s), k2, (48 1/s) and I'» (1.5 x 10'*molec./cm?) were previously measured for sebacic
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acid solutions by Bleys and Joos (55). As shown in Figure 3, there is a significant difference in
Ny for microdroplets compared to beaker scale containers. On average only a small fraction (107
to 107) of the total number of solute molecules reside at the interface of a “beaker” scale solution,
which is modeled as large droplets with » =1 or 10 cm. This is not the case for microdroplets
where, depending on concentration and size, a substantial portion (0.1 to 10?) of the total molecules
in a droplet reside at the interface. This is simply a consequence of the small volume of
microdroplets, which require fewer numbers of solute molecules to achieve the same concentration

as in a macroscale beaker.

A larger Ny for microdroplets doesn’t necessarily mean that chemical reactions are
accelerated, since reaction rates depend on concentration and not number. However, when
microdroplets are viewed as a reactive “system” comprised of both surface and bulk environments,
reaction acceleration can occur if interfacial concentrations, reaction rates or equilibria are
substantially different than those in the droplet interior. In these cases, a larger Ny will mean that
a larger fraction of the total molecules in the droplet will cycle through the interface producing a
much greater sensitivity to the difference in the reactivity of the bulk and surface environments.
As will be shown below for chemical equilibria, Ny acts as an interface weighting factor, which
is small for macroscale compartments but becomes sizeable when droplets are small and reactants

are dilute.

Large values of Ny will also mean that the overall outcome of a chemical reaction in a
microdroplet will be much more sensitive to those non-reactive steps of solvation and desolvation
(ksorv and kaesory in Figure 1) that kinetically link the interface with the bulk. In other words, large
values of Ny produce strong coupling between the surface-partitioning equilibria of A and B and

the surface and bulk reaction steps (ks and ks, Figure 1) that form product C. While the coupling
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of these elementary steps and equilibria certainly occurs at the macroscale air-liquid interface, their
influence on the overall chemical evolution of the system is obscured by the small fraction of
interfacial molecules (Ny» ~107%). Only surface selective probing by techniques, such as sum
frequency and second harmonic generation, can isolate these interfacial dynamics from the large
background of molecules in the bulk liquid. This suggests that atomizing a bulk solution into many
small microdroplets is an effective way to isolate and observe the role of the interface using

detection techniques that are not inherently interface sensitive.

3.2 Adsorption length (Luas): Laas is @ common metric used in the surfactant literature (56) to
describe the distance over which an interface draws solute from the bulk solution to maintain its

equilibrium coverage,

cds K4
Logs = = =T, 1 (6)
A (A A ~A°
ct A 1y K&q Ch

From Equation (1), Laas can be written in terms of the surface fraction Ny,
Vp r
Laas = V. ' Ns/b 6= 3 Ns/ba (6a)

illustrating the direct relationship between Laas,  and surface fraction Ny». Equation (6a) implies
an adsorption length greater than the #/3 necessitates Ny» > 1. If the surface is saturated then Lags

is,

Lsat. — T'ooa) ) (6b)

ads A
Ch

In the low concentration limit of C/', L,4s approaches a maximum length,

X = co(4) KeAq (6C)

a
ads
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Figure 4: (A) Adsorption length (L.a) vs. bulk [sebacic acid] computed using Equation
6 (red line). Dotted line (Equation 6b) shows L3%:, while dashed line (Equation 6c)
indicates the maximum adsorption length. (B) L./ vs. bulk [sebacic acid]. Dashed line
indicates L./7 = 1. Boxed shaded areas show the difference between microdroplets and
“beaker” scale reactors modeled using » =1 and 10 cm droplets.

As shown in Figure 4A for an aqueous solution of sebacic acid, these adsorption lengths can be
microns (Laqs = 6.2 microns) at small concentrations (10”7 M), which decreases to many nanometers
for [sebacic acid] > 1 mM. The functional form of Lus vs. concentration merely reflects the

nonlinear relationship between Cs and Cp in the Langmuir equation (Equation 4). Figure 4B shows
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the ratio of adsorption length to radius vs. Cg; illustrating, once again, the substantial differences
(i.e., 10° — 10°) between microdroplets and macroscale containers. For macroscopic droplets (» =
1-10 cm) Laas/r < 107. In contrast, for droplet radii < 10 um and Cp < 102 M, Laas/r is > 1 (see
dashed line, Figure 4B) indicating that the adsorption length is on the order or larger than the
droplet dimensions. This means that there is not enough solute within the finite droplet volume to
sustain the same macroscale equilibrium between the surface and bulk solute concentrations. In
other words, for Laqs > 1 the microdroplet bulk and surface concentrations (57) are depleted relative
to those at the macroscale, which has clear consequences for altering reaction kinetics in both
locations. For the opposite case, Lags <T, the interface is a negligible perturbation and does not lead
to any substantial differences in solute partitioning between microdroplets and their macroscopic

analogs.

A dramatic manifestation of droplet size relative to Laas is observed by comparing the
surface tension of microdroplets to macroscopic flat surfaces as shown by Bzdek and coworkers

(58, 59). Shown in Figure 5A are static surface tension measurements for a 0.5 M aqueous sodium
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Figure 5: (A) Surface tension vs. bulk [Triton X-100]. Flat surface (o) and
microdroplet data (e) reported by Bzdek et al. (58). Lines show predictions for
the size dependent surface tension in droplets (see Equations 7 and 12). The
critical micelle concentration (CMC) is denoted with a dashed line. (B) Fractional
surface coverage (0) as a function of bulk [Triton X-100] for a flat surface
(Equations 7 and 8) and as a function of microdroplet radius (see Equations 7 and
12).

chloride solution as a function of the [surfactant] (i.e., Triton X-100). Bzdek et. al., (58) observed
a large difference in the scaling of surface tension with [Triton X-100] for a flat surface vs. r =7-

9 um droplets (as shown in Figure 4 of their publication and shown in Figure 5A). At [Triton X-
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100] = 0.2 mM the surface tension of the flat surface is at a minimum (30 mN m™') and near the
critical micelle concentration (CMC). Alternatively, the surface tension of » = 7-9 um droplets at
the same concentration is much larger and near that of pure water (~72 mN m™'). Below these
differences are explained quantitatively by accounting for the modified solute partitioning

behavior in microdroplets.

The flat surface tension data in Figure 5A is fit to the Szyszkowski equation of state (60)

to obtain the Langmuir equilibrium constant, K, é‘},,
V_Vwaterzrolg'R'T'ln(l_H)a (7)
where,

A
cd _  KégCh
Teo ™ 14 KA.cA”
s €q b

0 = (8)

0 is fractional surface coverage. y and ywater are the surface tensions of the solution and pure water,
respectively. R is the gas constant and T is temperature. A fit of Equation 7 to the flat surface data
yields KZ, = 1.1 x 10" cm*/molec. and I'», = 2 x 10'* molec./em?. These values correspond to Lads
=16.5 microns at [Triton X-100] = 0.2 mM (i.e., at the CMC), which is similar to the droplet size.
This means that the surface coverage of the surfactant in a microdroplet is no longer described
simply by Equation 8, since the bulk droplet concentration will be substantially perturbed by its
interface. Instead, C¢' is obtained using a set of equations and the rate coefficients for surfactant

desolvation and solvation. At equilibrium, the desolvation and solvation rates are equal,
A 1 — A
kdesolv : Cb ’ [Slte] - ksolv ’ CS > (9)

where concentration of empty surface sites is,
14
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[site] = =2 — ¢§., (10)

and the total surfactant concentration in the droplet is,
-5
Ciy = Cff + == C4. (11)

C 540 is the initial bulk concentration of surfactant prior to its repartitioning inside the droplet.

Equation 10 conserves the total site concentration, while Equation 11 conserves the total
concentration of surfactant molecules in the droplet. The concentration of adsorbed surfactant CZ
in Equation 11 is weighted by 36/r to account for the surface-to-volume ratio of the droplet.
Solving Equations 9-11 yields an expression for the equilibrated surfactant concentration at the

droplet interface, C¢',

68 =g (N =N = 4Ny ), (12)
where,
N; =3 kgesor - 67 (12a)
Ny = =3 kgesow " Too(a) " 6 — Kaesow * Cho "6 7 — Koy * 6 * (12b)
N3 = kgesor * Too(a) " Clo * T (12¢)

Equation 12 is similar to the one derived by Alvarez et al. (61). Equation 12 is plotted vs. [Triton
X-100] in Figure 5B and clearly shows that the surfactant concentration (i.e., surface coverage 0)
is a strong function of droplet size. Surface saturation for a » = 5 pm droplet occurs at 1 mM,
whereas a macroscale solution saturates at ~0.01 mM. This difference is a consequence of the

relatively small number of solute molecules in a droplet vs. a macroscale solution. It is only when
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the droplet is larger than L7 (Equation 6¢) does it have a required number of surfactant

molecules to achieve the same partitioning behavior of a macroscale system for all surfactant
max

concentrations. In other words, a droplet with radius r > L7 will always have Ny» < 1, and

hence, will display adsorption equilibrium behavior consistent with its macroscopic analog.

This then explains the large differences between the flat surface and droplet surface
tensions observed by Bzdek et al. (58) for droplet sizes far below L7%Z. The droplet surface
tension is computed by substituting the expression for C# (Equation 12) into Equation 7 to
compute surface tension vs. droplet size and C7' as shown in Figure 5A. The calculation does a
reasonable job replicating the functional form of the droplet measurements reported by Bzdek et

al. (58) and achieves near quantitative agreement within experimental error at » = 10 um, which is

slightly larger than the size range (r = 7-9 um) reported in the experiment.

This analysis shows that for the same solute concentration the surfaces of microdroplets
can be quite different from their macroscopic analogs (57). To achieve the same surface tension in
ar =5 um droplet as for a flat surface with uM Triton X-100 concentration requires ~1000x the
surfactant concentration It is also important to note that unlike the macroscale, both the surfactant
concentration and droplet size must be specified to compute surface tension. This is a compelling
example where extrinsic factors (container size) play a significant role in the observed properties

of microdroplets.

3.3 Reacto-Diffusive Length (L.xx): Another characteristic length, important for chemistry in

microdroplets, is the reacto-diffusive length (L),

D
Lyyn = ’m- (13)
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The reacto-diffusive length (L), similar to the Kuramoto Length, (62) Damkdhler number and
reaction diffusion index, (63) is the average distance a molecule travels prior to reaction. Ly

scales with the square root of the diffusion coefficient (D) and the chemical lifetime (Txn =

(Kyxn * C J_é,.“)_l). For a bimolecular reaction L., can be modulated via reactant concentration. When
reactions are slow relative to diffusion, L., > r, reagents can sample the surface region of the
microdroplet repeatedly prior to a reaction. For this situation, the observed microdroplet kinetics
will be governed both by its bulk and interfacial environments. For fast reaction rates and
correspondingly slower diffusion rates (i.e., L, < r), the surface will likely play a more modest
role as reagents, on average, will be consumed prior to encountering an interface. For multiphase
reactions where one reagent enters the droplet from the gas phase, L., plays a significant role in
both determining where the heterogeneous reaction occurs and for the formation of concentration
gradients for the case where L., < r. These questions are explored in depth by Limmer et al., (64)

in an article appearing in this issue.

3.4 Critical Radius for Mass Transport: A critical radius (7c:) is used to describe the mode of
mass transfer to a curved interface (i.e., bubble or droplet), (56) which can either be diffusively or
kinetically controlled. As derived by Klein and Born (65) and later by Mondal et al., (66) the
mean first passage time of a molecule uniformly distributed in a bulk droplet to reach the surface
is,

r2

<Tdiffusion> = 1sD (14)

Diffusion times in microdroplets are fast relative to beakers. For example, (Tg;ffysion) = 2 ms for

ar =2 pm droplet, using a liquid phase diffusion constant of D = 8.0 x 10" cm?/s.
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In the Langmuir framework, (61) the characteristic time for the kinetic transfer of a

molecule from the bulk to the surface is,

1

I" .
kdesolv'(%)"'ksolv

(15)

(Tep) =

Unlike Tgif fysion, Which is size dependent, the magnitude of 7y, depends only on how surface
active a solute might be. For sebacic acid, shown in Figs. 3 and 4, (t;,) = 3 us, which is orders of

magnitude faster than the diffusion time in a r =2 pm droplet.

rerie 1S the droplet size where the diffusional (Equation 14) and kinetic (Equation 15)

timescales are equal (i.e., {Tgiffusion) = (Tsp))

15-D
Terit = T . (16)
kdesotv’

(%)"‘ksolv

For the sebacic acid example, 7= 0.2 um. In this case, mass transfer of solute to the droplet
interface (r > r.ri;) will be limited by diffusion and for very fast surface reactions could limit the
overall rate. Alternatively, in nanosized droplets (» < r¢) the kinetics of solvation will play a
more prominent role in the reactive outcome. For multiphase reactions in droplets where one
reactant enters the droplet from the gas phase there is an additional critical radii that describes the
competition of diffusion with the kinetic steps of gas phase adsorption and desorption shown in

Figure 1 and further discussed in Wilson et al. (4).

The timescales for surface partitioning of solutes in droplets provides a useful constraint in
interpreting the kinetic viability of certain acceleration mechanisms proposed in the literature. For
example, if the droplet surface is invoked as part of the acceleration mechanism, then the timescale
for reagent partitioning to the interface is likely an important quantity. Some of the large

acceleration factors reported in ESI droplets have correspondingly short microsecond reaction
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times that are on the order or much faster than the characteristic timescales for mass transfer to the
aqueous interface (i.e., us to ms). Additionally, for polydisperse droplet distributions, like those
produced in many ESI experiments, it is likely that there is a large difference (e.g., 1000x) in the
partitioning timescales between the submicron and supermicron droplet populations. Finally, the
discussion above only applies to quiescent droplets of a fixed size, which does not strictly describe
ESI droplets that are rapidly evaporating and/or undergoing fission events. In this case, the droplet
interface is highly dynamic and receding at rates that could exceed diffusion, which requires a
more sophisticated analysis and modeling framework such as that described recently by Hardy et

al. (67).

3.5 Reaction Rates in Droplets: Cooks and coworkers, (68) observed that the ‘“reaction
molecularity” (i.e., number of reagent molecules involved in the reaction) has a strong influence

on which reactions are accelerated in microdroplets. Bimolecular condensation or addition

P transition state
¥ . . —
O ‘
\Q.Js#é.‘ -\Diﬂusiun of products > interfacial Vi T
6) w7 layer , g N
o < / AG] AGTS
> + L / St
@ \\Diﬁuswn of reactants 4 l
interior —— \
microdroplet interior D AGTenct e !
Si rd * A
S AGE N
e s \\ \
K surface 0~ + \
reactants — products Y\
N reactants \ AGPTO4
t \ si
LS \
. A
Vv \
V, products

Figure 6: Kinetic model (left) and energy diagram (right) developed by Ruiz-Lopez
et al. (69). Subscript i denotes the droplet interior (i.e., V;= Vs and k; = k). D is the
droplet diameter and 7 is interface thickness (i.e., t=4§) . Figure reproduced from Ref.
(69) with permission from the PCCP Owner Societies.

reactions exhibit large acceleration factors, whereas unimolecular decarboxylation and

dehydration reactions do not. By comparing canonical energy profiles for gas, interface, and bulk
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reactions they hypothesized that this effect could be explained by differential solvation of the
reactants and transition states at the gas-liquid interface of droplets (see Figure 2 and Figure S10
in Ref. (68)). Ruiz-Lopez et al. (69) presented a kinetic model of microdroplet chemistry that uses
Transition State Theory (TST) to explain possible differences in reaction rates occurring at the
microdroplet interface and in the bulk. A schematic of their model is shown in Figure 6, where
they adopt a similar coarse grain view of a microdroplet shown in Figure 1; a two-compartment
system with surface and bulk sub-volumes. Using the adsorption free energy of reactants, they link
TST with the thermodynamic partitioning of reactants to the interface. Their model explicitly
neglects kinetic and diffusive limitations for the transport of reactants between the bulk and droplet
interface. They also assume, for simplicity, that Lags <<r. The acceleration factor (AF) for reactions

in microdroplets vs. bulk reactors is, (68, 69)

Ko

AF — droplet , (17)
kp

where kfigplet is the effective rate constant for the microscale reaction and k; is the bulk

macroscale rate coefficient (denoted k; in Figure 6) for the corresponding reaction. For a

unimolecular reaction, A — C,

] Vs (gTS_
AF = Sronier _ ) (18)
Kpulk <1+1‘;_Z'(K5Ab_1)>
and for a bimolecular reaction A + B,
e ﬁ TS_
kpuik (1+E-(KA —1))-(1+ﬁ-(KB —1)) .
Vp sb Vp sb
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://—S is the ratio of surface to bulk (denoted V; in Figure 6) volumes in the droplet. K4, K, and K13
b

are the dimensionless surface-to-bulk partitioning coefficients for species A, B, and the Transition
State (TS), respectively. Partitioning coefficients depend upon the free energy (AGsv) change for

a molecule to adsorb to the surface,

Ky ===e¢e RrRT , (20)
K3 is related to the bulk (k) and surface (k) bimolecular reaction rate coefficients via,
ks
Ksy =3 Kb - Ksp. (21)

As discussed by Ruiz-Lopez ef al. (69) this model and accompanying equations (Equations 18-21)
predicts that for significant reaction acceleration to occur requires that either of the reactants and/or
the transition state be stabilized at the droplet interface. The model predicts, depending upon the
magnitude of both the partitioning constants and rate coefficients, reaction acceleration of both
bimolecular and unimolecular reactions in microdroplets. Although, the magnitude is much
smaller in the case of unimolecular reactions in general agreement with the arguments presented

by Cooks and coworkers (68).

Model predictions (i.e., Equation 19) as a function of » are shown in Figure 7. Bimolecular
acceleration factors are computed for two scenarios. The first, shown in Figure 7A, assumes that
AGg = -4.1 kcal/mol and is the same for reactants A and B. The resulting AF is plotted vs. r for
different ratios of surface-to-bulk rate coefficients. Even when kyk» < 1 the in-droplet reaction
exhibits ~10X acceleration for » ~ 1-10 microns. This is simply a consequence of the surface
enrichment of A and B and therefore the transition state species. As ky/ks increase, substantial AF

factors (10%) are predicted to occur in microdroplets.
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The second scenario is shown in Figure 7B, where AF’s are plotted vs. droplet size as a
function of AGy,. Here we assume ks = 10-k,. The AF increases with increasingly negative values
of AGgp; corresponding to greater enrichment of A and B at the interface. The peak in the AF shifts
to larger », which reflects the difference in scaling of the numerator and denominator of Equation

19 with droplet size. Again, microdroplets are predicted to have substantial AF’s (~10%) with only

5 5
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o
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Figure 7: Computed acceleration factor (AF, Equation 19) vs. droplet radius as a function (A) kv/ks
for AGsb = -4.1 kcal mol! and as a function of (B) AGsb for ks = 10-kp. Arrows show » = 10 cm
(A) and 1 mm (B).
a modest increase (i.e., 10x) in the rate coefficient for the interfacial reaction. This factor of 10 in
ks vs. ky could, for example, reflect changes in the solvation environment at the interface.

Substantially larger ratios (i.e., ks/k» > 1000) and AGg, (> -7 kcal/mol) are needed to replicate the

extremely large AF’s (10°-10°) observed to date as discussed by Ruiz-Lopez et al. (69).

One interesting prediction afforded by the kinetic model of Ruiz-Lopez ef al. (69) is that
AF’s > 1, in some cases, should be readily observable in rather large droplets or compartments.
From Figure 7A, for ks = 100-k,, AF’s between 4 and 300 should be observable in » ~ 10 cm and

1 mm droplets, respectively. These sizes are generally considered macroscale and thus should be
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relatively easy to measure using conventional instrumentation. Additionally, if the very large AF’s
reported previously are correct then significant reaction acceleration should be visible in these
larger sample containers. This may explain why AFs in larger Leidenfrost droplets are consistently
smaller than in droplets formed by electrospray (70). Extrapolations to large sizes shown in
Figures 7A and 7B are likely to be an over-estimate, since liquid phase diffusion (explicitly
neglected in Equation 19) likely limits the transport rate of reagents to and from interface in large

droplets (i.e., r > rerir) as described above.
4. Exemplars

Below the concepts of “kinetic confinement” are illustrated using two examples. Both
examples focus on experiments where the droplet size is carefully controlled and characterized,
which allows realistic kinetic models to be constructed to inform experimental observations.
Kinetic models of these experiments were formulated by our group (43, 49) using the framework
shown in Figure 1. The first example involves the multiphase reaction of O3 and aqueous nitrite
(NO») to produce nitrate (i.e., a simple A + B — C reaction). This example is also intended to
provide a connection between the emerging field of microdroplet accelerated chemistry and the
more mature work on multiphase atmospheric chemistry. The second example focuses on a
condensation reaction in monodisperse emulsions and is selected to illustrate more quantitatively

how chemical equilibria observed at the macroscale change in droplets.

4.1 Multiphase Reactions in Droplets: Hunt e al., (71) measured the reaction of O3 with nitrite
(NO?) in aqueous droplets (Figure 8). More generally, this example illustrates how rate constants
measured under dilute beaker scale conditions are used to predict the corresponding reactivity in
small droplets. The decay of nitrite when exposed to gas phase ozone is measured by Raman

spectroscopy in single optically levitated droplets (71). The size of the droplet is carefully
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monitored and remains nearly unchanged during the reaction. An example of the decay kinetics is
shown in Figure 8A for [NO>]=0.2 M inar=5.75 um aqueous droplet exposed to 12 ppm gas

phase ozone.

The first step to interpret the observed kinetics is to quantify the partitioning of reactants

KXNO? is obtained from a fit to the

(i.e., NO2 and O3) between the droplet surface and its interior.
adsorption isotherm measured using second harmonic generation (SHG) by Otten et al. (72). The
square root of the SHG signal vs. bulk [NO>7] is fit to the Langmuir (Equation 4) as shown in

Figure 8B. The SHG signal is scaled to achieve the interfacial concentration measured using

photoelectron spectroscopy by Brown et al. (73). From the fits to the data, K¥°?~ = 167 (AGg,= -

NOZ
3.0 kcal/mol) with a maximum interface concentration ( °‘(’S

) of 2.25 M (1.35 x 10! molec./cm?).

The ozone concentration in the droplet is computed from the difference in solvation energy
of an isolated molecule relative to its solvation at the interface and in the bulk liquid. Solvation
energies are obtained from the potential of mean force required to move O3 across the air-water
interface in MD simulations. An example, (51) is shown in Figure 8C. The experimental

difference in solvation free energies of O3 and Osp) is AGg, = +0.85 kcal/mol (74). This

corresponds to a dimensionless Henry’s law or gas-bulk partitioning constant, K;,f’, of 0.27. The

change in solvation free energy of O3 at the interface, varies slightly across simulations methods,
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(50, 51) but is generally around -1.1 kcal/mol (i.e., K;ﬁ = 8.9) as illustrated in Figure 8C. The

bulk to surface partitioning constant for ozone is K9> = 23 (AGg, = -1.85 keal/mol) (51).
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Figure 8: (A) Normalized decay of [NO>7] vs. reaction time. Experiments (o) are conducted
using [O3] ~ 12 ppm, a 5.75 um radius aqueous droplet with an initial [NO;] = 0.2 M as
reported by Hunt et al. (71). Lines are kinetic simulations from Willis and Wilson (43). (B)
Interfacial [NO;] vs. bulk nitrite concentration. The adsorption isotherm (©) is measured by
Otten et al. (72) and the interfacial concentration (@) at bulk concentration of 3 M is measured
by Brown et al. (73). The line is a fit of the Langmuir equation (Equation 4). (C) Solvation
energy profile for O3 in water reported by Vacha et al. (51). The bulk region of the simulation
is 0-6 A, whereas the interface resides between 7 and 15 A.
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From K2\°?~, Ny is calculated to be 2 x 107 using Equations 1-5 introduced above. The
adsorption length (Laas ~ 4 nm) is negligible compared to droplet size (Laas/s ~ 7 x 10™). From Ny
and L.ay/7 it 1s expected that the interfacial and bulk concentrations will closely resemble those of
a macroscale system. The critical radius (4, 43) is estimated to be ~250 nm such that » > re.
indicating that the nitrite reaction with solvated ozone in the bulk of the droplet will be limited by
the liquid phase diffusion rate of O3 (43). Using a rate coefficient of 5.6 x 107'® cm*/molec./s (75-
79) measured in macroscale dilute aqueous solutions and a diffusion coefficient for NO>™ (D =1.42
x 10 cm?/s), (80) yields Ly = ~160 nm, which is larger than the interfacial thickness but smaller
than the overall size of the droplet (L. /tr ~ 3 x 107%). This ratio implies that unlike macroscale
vessels it is likely that both surface and bulk reactions contribute to the observed heterogeneous
droplet kinetics in Figure 8A.

The kinetic framework shown in Figure 1 was implemented in explicit stochastic reaction-
diffusion simulations, (43) in order to predict the multiphase kinetics observed by Hunt ef al. (71).
As shown in Figure 8A, simulations that only include bulk phase reactions are too slow to replicate
the droplet kinetics. This is because the bulk phase reaction rate inside the droplet, as suggested
above, is limited by the liquid phase diffusion of O3 (i.e., > reir). However, when surface reactions
are included (43) the simulations replicate the experimental results. Agreement between
simulation and experiment is achieved when the surface and bulk rate coefficients for the NO> +
Os reaction are equal (i.e., ks = kp)

The results presented in Figure 8 illustrate the key elementary steps needed to accurately
transfer rate coefficients measured in beaker scale reactions to those same reactions occurring in
microdroplets. The reaction appears to be accelerated by ~5x if one assumes that the reaction only

occurs within the interior of the droplet, which is the most logical comparator to beaker scale
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measurements. Neglecting surface reactions predicts kinetics that are too slow. It is only when the
surface reactions are considered and accurate partitioning of both reagents (O3 and NO;") between
the surface and bulk regions of the droplets (c.f., Figures 8B and C) does the simulation accurately
replicate the experimental results.

Using the partitioning constants for Oz and NO>™ in Equation 19 predicts a microdroplet AF
of ~2.7 assuming k; = k. This is close to the factor of 5 difference between bulk and surface + bulk
simulations shown in Figure 8A. This difference in apparent AF (i.e., 2.7 vs. 5) is due to diffusion
limitations of O3, which play a role in the observed kinetics but are not explicitly considered in
Equation 19.

Partial solvation of reactants is often invoked in discussions of acceleration mechanisms
(68, 81). It is interesting to note that the gas phase rate coefficient (82) (9 x 10! cm?*/molec./s) for
the O3 + NO2™ reaction is 10° larger than in the aqueous phase (77) (5.6 x 107'® cm*/molec./s). If
the surface reaction proceeded at near the gas phase reaction rate, AF’s would be on the order of
10°, which is inconsistent with experimental observations and kinetic simulations. Thus, if there
is a surface population of partially solvated NO>™ near the air side of the interface reacting at or
near the gas phase reaction rate it is likely too small (i.e., Ny» << 1) to substantially influence the
overall kinetic behavior of the microdroplet. Nevertheless, this is an example of a modest rate
acceleration in droplets, which can only be fully understood and predicted after accurately
accounting for diffusion as well as the partitioning of reagents to the microdroplet interface.

4.2 Bimolecular Reactions in Emulsions: Fallah-Araghi ef al. (83) examined a condensation
reaction in monodisperse micron-sized emulsions. They measured the size-dependent in situ
formation kinetics of a fluorescent imine produced from the reaction of an amine with an aldehyde,

as shown in Figure 9A. In bulk aqueous solutions, the equilibrium strongly favors reactants since
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imine formation produces H>O. Yet, Fallah-Araghi et al. (83) observed that the imine formation
rate and position of the final equilibrium was size-dependent (see Figure 9B) and enhanced relative
to a macroscale solution. The equilibrium constant was observed to be 29-fold larger in » = 8.4
um droplets compared to the bulk solution. Both the equilibrium constant and the forward rate
constant (k) for imine synthesis increased linearly with 1/r; signaling the importance of the
interface. Fallah-Araghi et al. (83) developed a reaction-adsorption model to explain their results,
finding that it is the weak adsorption of reagents to the oil-water interface that shifts the equilibrium
and synthesis rate in small compartments.

The reacto-diffusive length for the forward synthesis rate of the imine (ky, Figure 9A) is
Ly ~ 3.6 cm whereas for the backward decomposition of the imine (&, in Figure 9A), Ly, ~ 580
um. These lengths are much larger than the emulsion size (Lx»/tr >>1), indicating that the interface
plays a significant role in the observed microdroplet equilibrium. L,gs for the amine and aldehyde
are 90 and 130 nm, respectively. These lengths are a fraction of the » = 8.4 um droplet (Laas/t ~ 107
2), which will only slightly alter the surface and bulk concentrations from those of a macroscale
system, as discussed in Ref. (49). rci:~ 200 microns, so the transport of reactants to the surface
will be kinetically rather than diffusionally limited (i.e., r < /). This kinetic limitation is nicely
observed in Figure 9B where the formation kinetics of the imine are sigmoidal, unlike in a
macroscale solution where the formation kinetics are exponential (49, 83). Sigmoidal kinetics

appear when the timescales for reagent desolvation to the interface are competitive with reaction

(49, 83).
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Figure 9. (A) Molecular structures and equilibrium for imine formation from the reaction of
an amine with an aldehyde. (B) Measured imine concentration as a function of reaction time
for r=8.4, 13.4, 21.2 and 33.7 pm emulsions, as reported by Fallah-Araghi et al. (83). (C)
Simulated imine concentration as a function of reaction time for » = 8.4, 13.4, 21.2 and 33.7

droplet
Keq

um emulsions, as reported by Wilson et al. (49). (D) vs. reagent concentration and

as a function of emulsion size. Data points are data from Fallah-Araghi et al. (83) for
[amine]=[aldehyde] = 15 mM. Lines are computed using Equation 22. Kfqeaker is denoted
with a dashed line.

Wilson et al., (49) formulated a detailed computational and theoretical model of the imine

formation data measured by Fallah-Araghi ef al., (83) using the kinetic framework shown in Figure
29
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1. Using a set of physically realistic rate coefficients for the partitioning and reaction of the amine
and aldehyde at the emulsion interface, they were able to replicate the size dependent formation
kinetics in stochastic reaction diffusion simulations as shown in Figure 9C. From the analysis of
the size dependent data and simulation results, a general expression was derived to predict how

the equilibrium constant at the macroscale, Ke”;aker, is modified in microcompartments

droplet
Keq ),

d let _ ;,Surface Ami Aldehyde r3
Keqrop et _ Keq . S/rl;une . Ns/b . (-[r3_ (r_5)3]) + Kqueaker . (22)

droplet
K p

Surface
eq Keq

depends upon droplet size (), interface thickness (0), and the fraction

of reactant molecules (i.e. N;}Z‘ine and Nslbdehy € at the droplet interface. N;}Z‘ine and Nslbdehy de

have more complex dependencies during a chemical reaction, so Equation 1 is not valid. Instead
an analytical solution for Ny for a bimolecular reaction occurring via the Langmuir-Hinshelwood
mechanism can be found in Ref. (49). Equation 22 has some similarities to Equation 19 developed
by Ruiz-Lopez et al. (69) as well as to the kinetic expression developed by Valsaraj and coworkers

(84) to explain accelerated gas-surface reaction rates in thin films.

Not surprisingly, KZf*e" for imine synthesis is larger in organic solvents since water is a
product of the reaction. Additionally, Meguellati et al., (85) observed that the reaction shown in

Figure 9A is enhanced inside micelles by about 60 times compared to an aqueous solution. In the
model, Kes(;"f %€ is selected to be consistent with what is observed for micelles suggesting that the
oil-water interface is a partially solvated hydrophobic environment that shifts this equilibrium

towards products.
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Shown in Figure 9D are predictions from Equation 22 for a range of microdroplets sizes

droplet
Keq

and reactant concentrations. The experimental values of measured by Fallah-Araghi et al.

(83) are displayed for comparison. For large droplet sizes and reagent concentrations, Kedqr oplet

Ké’;aker. This is because Ny is small and approaches that of macroscale containers at large

concentrations and sizes, as is illustrated in Figure 3. However, for small sizes and dilute
concentrations, this first term on the RHS of Equation 22 becomes sizable and dominates the

observed equilibrium constant, leading to large enhancement factors for small compartments under

droplet

dilute conditions. For example, —=—— ~3000 for [reactant] = 10> M and r = 8.4 um.
KD

Equation 22 connects equilibria at the macro- and microscales. First, for this reaction,

surface beaker
Keq > Keq

and reflects how the hydrophobic surface environment alters reaction
energetics. While this would be true at all scales, the influence of the surface is all but obscured
by the large background of bulk molecules in a beaker. The importance of this larger interfacial

equilibrium constant to the overall kinetic behavior of the microdroplet is weighted by

compartment size ( and Ny». Hence when droplets are small, and concentrations are

T3
[r3- (r-5)3])

surface.

dilute the influence of K, is clearly manifested in the overall kinetic behavior of the droplet.

eq
5. Outlook

The kinetic framework and the examples discussed above assume a kinetic continuity
between macroscale reactors and microdroplets. A key question going forward is whether
microdroplets are essentially “small beakers” that require additional steps to properly couple
surface and bulk kinetics, or alternatively, as some have suggested, that microdroplets are

somehow fundamentally different chemical entities than their larger scale analogs. For example,
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there are a number of studies that indicate that microdroplets exhibit unusual acid and base
catalysis and can sustain stable long range ion and pH gradients (35, 53, 54, 86-88) with superacid
and basic interfaces (89). In other studies, (90) droplets are observed to have a homogeneous pH
with evidence that pH is a function of droplet size and is either lower (91-93) or higher (87) than
the corresponding bulk solution. It has been proposed that electric fields (94) in droplets can
spontaneously produce exotic reactants or catalysts such as hydrated electrons, OH radicals, (95-
99) and H>O radical cations and anions (100-103). Although, we note the controversy about the

exact formation mechanism of OH (i.e., H>O») (104-107).

Another key question that is currently unresolved is whether the partially solvated
environment (7) of the droplet interface is sufficiently different over a large enough length scale
to substantially alter the average reaction kinetics from those occurring in a homogenous aqueous
solution (i.e., ks vs ky, Figure 1). Such a change combined with surface enrichment of reagents at
the interface can certainly accelerate reaction kinetics, but questions remain as to how large and
general these combined effects might be. For a substantial change in & to influence the overall
kinetics in a microdroplet requires not only that the reactants be present in significant
concentrations at the interface but also that the rate of the surface reaction must kinetically
dominate over the bulk. For the NO>™ + O3 example discussed above, ozone is present in all phases
(gas, interface and bulk) and kinetic analysis of the system indicates that the bulk reaction still
contributes to the observed kinetics by ~30%. The gas phase reaction rate is 10° faster than in
solution suggesting that there might be a very steep gradient in the reaction rate coefficients across
the interface. While this level of molecular detail (depth resolved rate coefficients) is not captured
in the kinetic model presented above, it was determined that the microdroplet kinetics can be

satisfactorily replicated by using an average rate coefficient at the interface that is equivalent to
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the bulk, (i.e., ks = k») This suggests that if there is indeed a contribution from the population of
fast reacting partially solvated molecules it is simply too small to exert any substantial influence
on overall kinetic behavior of the microdroplet. Further work is clearly needed to examine the
consequence of partial solvation in realistic atomistic (108, 109) and kinetic models to ascertain
the presence and importance of interfacial gradients in rate constants (110) and how these

heterogeneities might alter microdroplet reaction kinetics.

Finally, the vast majority of reports of accelerated microdroplet reactions come from ESI-
MS experiments. All three phases (gas, surface, and bulk) are kinetically active in these
experiments, since there is evaporation of neutrals (solvent and reagents) and ions during the transit
time of the droplets into the mass spectrometer. Since gas phase reactions, in certain cases, can be
orders of magnitude faster than in solution (with the interface being somewhere in between) it is
likely very difficult, as has been demonstrated in some cases, (27, 28, 30) for ESI based
experiments to distinguish where the reaction occurs. Evaporative concentration of reactants alone

has been shown to produce large acceleration factors, 10> -107 (28, 29).

Additionally, ESI-MS studies are very difficult to model given the complexity of the ESI
process itself, (28, 111) making it challenging to test the kinetic viability of some of the
acceleration mechanisms proposed in the literature. This suggests that new experiments are
needed. These should be ideally amenable to kinetic modeling for which the droplet size, charge
and lifetime are known quantities and chemical reactions are probed in-situ using spectroscopic
techniques (35, 112-115). Finally, theory and computational studies are now emerging (16, 66,
116-124) to provide deeper mechanistic insight, but significantly more work will be needed going
forward to ascertain how electric fields, pH gradients and partial solvation might accelerate

reaction kinetics in microdroplets.
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