
Chemical
Science

EDGE ARTICLE

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

2 
M

ay
 2

02
3.

 D
ow

nl
oa

de
d 

on
 5

/1
7/

20
25

 3
:0

3:
39

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
pH jump kinetics
aChemical Sciences Division, Lawrence Ber

94720, USA. E-mail: krwilson@lbl.gov; Tel:
bDepartment of Chemistry, University of Cal

† Electronic supplementary informa
https://doi.org/10.1039/d3sc01576a

Cite this: Chem. Sci., 2023, 14, 6430

All publication charges for this article
have been paid for by the Royal Society
of Chemistry

Received 24th March 2023
Accepted 21st May 2023

DOI: 10.1039/d3sc01576a

rsc.li/chemical-science

6430 | Chem. Sci., 2023, 14, 6430–6
in colliding microdroplets:
accelerated synthesis of azamonardine from
dopamine and resorcinol†

Emily K. Brown, ab Grazia Rovellia and Kevin R. Wilson *a

Recent studies report the dramatic acceleration of chemical reactions in micron-sized compartments. In

the majority of these studies the exact acceleration mechanism is unknown but the droplet interface is

thought to play a significant role. Dopamine reacts with resorcinol to form a fluorescent product

azamonardine and is used as a model system to examine how droplet interfaces accelerate reaction

kinetics. The reaction is initiated by colliding two droplets levitated in a branched quadrupole trap, which

allows the reaction to be observed in individual droplets where the size, concentration, and charge are

carefully controlled. The collision of two droplets produces a pH jump and the reaction kinetics are

quantified optically and in situ by measuring the formation of azamonardine. The reaction was observed

to occur 1.5 to 7.4 times faster in 9–35 micron droplets compared to the same reaction conducted in

a macroscale container. A kinetic model of the experimental results suggests that the acceleration

mechanism arises from both the more rapid diffusion of oxygen into the droplet, as well as increased

reagent concentrations at the air–water interface.
1. Introduction

Recent reports have provided evidence that chemical reactions
occurring inside micron-sized containers (i.e., droplets) are
accelerated by factors as large as 106 relative to the same reac-
tion conducted at the macroscale.1 However, in many cases, the
mechanism(s) for microdroplet accelerated chemistry remains
uncertain. Electrospray ionization (ESI) mass spectrometry (MS)
is a common method used to observe accelerated reactions in
droplets.1–4 In these experiments variable droplet size and
charge, evaporation, and gas phase reactions among other
factors are difficult to control and likely contribute in some way
to the acceleration mechanism.5–9 Here a branched quadrupole
trap (BQT) is used to isolate the chemistry occurring in single
droplets. The reaction kinetics are measured optically in indi-
vidual droplets, which removes much of the mechanistic
uncertainty of using ESI-MS to study reaction acceleration in
microdroplets.

The reaction of dopamine with resorcinol to form the uo-
rescent product azamonardine is selected as a model system to
study reaction acceleration in micron-sized droplets. Catechols,
resorcinol, and hydroquinones are common organic pollutants
emitted from biomass burning and are detected in high
keley National Laboratory, Berkeley, CA,
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tion (ESI) available. See DOI:

442
concentrations in the atmosphere.10 Thus these molecules are
frequently used as model compounds to study the oxidation of
organic species in the atmosphere and the associated pathways
for secondary organic aerosol (SOA) formation.11,12 The oxida-
tion of these species in atmospheric compartments such as
cloud, fog, and aerosol is still under investigation and may help
answer questions about the mass of SOA in the atmosphere.13

The proposed mechanism for the dopamine–resorcinol
reaction is shown in Fig. 1.14,15 The reaction is pH dependent
since the oxidation of dopamine (step [1], Fig. 1) to form dop-
aminequinone (DQ) does not proceed appreciably in acidic
solution. Thus this reaction can test recent suggestions that
reaction acceleration could arise from steep radial proton
gradients in microdroplets.16–19 Additionally, dissolved oxygen
plays an important role in the overall mechanism through the
oxidation of dopamine and intermediate 1 (step [1] and step [3],
Fig. 1). This O2 dependence enables us to examine more closely
the role of the dissolved gas phase species in accelerating in-
droplet chemistry.

As shown previously, the BQT enables the study of single
droplets in an environment where droplet size, solvent evapo-
ration, and droplet charge are nely controlled.20–22 For
example, solvent evaporation, which naturally accelerates
reaction kinetics by increasing reagent concentration, can be
eliminated. In order to maintain a constant droplet size and
eliminate evaporation these experiments are performed at high
(4.6 M) sodium chloride concentrations. The strong uores-
cence of azamonardine with a quantum yield of 0.47 in alkaline
solution provides a non-destructive way of probing in-droplet
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Mechanism for the formation of azamonardine from the reaction of dopamine and resorcinol.
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reaction kinetics.14 This eliminates the ambiguity of monitoring
kinetics using ESI-MS, which requires vaporizing the droplet
and transferring its constituents to the gas phase for detection.

As will be shown below, the in-droplet synthesis of azamo-
nardine is accelerated by 1.5–7.4 times relative to the same
reaction conducted in a macroscopic container (i.e., a cuvette).
The magnitude of the reaction acceleration is investigated over
a range of droplet charges, sizes, and reagent concentrations. A
kinetic model of the experimental results using the mechanism
shown in Fig. 1 is implemented in a previously published
kinetic framework,23–25 and suggests that the in-droplet accel-
erated synthesis of azamonardine arises from rapid oxygen
diffusion and partitioning of reagents between the surface and
the bulk region of the droplets.
2. Experimental
2.1 Materials

All solutions are prepared using HPLC water (Sigma-Aldrich Lot
SHBM5487). For bulk and droplet experiments, dopamine
hydrochloride (Sigma-Aldrich Lot BCCF4279), resorcinol (Arcos
Lot A0415245), and NaCl (Sigma-Aldrich Lot SLBN3273V, 4.6 M)
are combined in a volumetric ask at the desired concentra-
tions. Solutions are conrmed to have a pH less than 5 using
a pH meter (Fisher Scientic Accumet AE150). A carbonate-
bicarbonate buffer is prepared from sodium carbonate
(Sigma-Aldrich Lot 059K0012V) and sodium bicarbonate
(Sigma-Aldrich Lot SLCG3876) with a pH of 8.9 ± 0.1.
© 2023 The Author(s). Published by the Royal Society of Chemistry
2.2 Methods

Droplet measurements are performed in a BQT as previously
described and shown in Fig. 2.20,21 An acidic droplet containing
dopamine and resorcinol is coalesced with a basic buffer
droplet, which produces a pH jump to start the reaction. Solu-
tions of dopamine, resorcinol, and NaCl (4.6 M) (pH <5) are
prepared at the desired concentrations and dispensed into the
trap through the main branch using a piezoelectric dispenser
(MicroFab). NaCl is added to the droplet to control water activity
and therefore droplet size during the experiment. A stable
droplet size is achieved using NaCl to keep the water activity in
the droplets at a constant value of 0.8; this corresponds to
a NaCl concentration of 4.6 M.26,27 With this NaCl concentra-
tion, at a relative humidity of 80% (at which the BQT is main-
tained), the droplet will not evaporate and can be maintained at
a stable size for days at a time. The charge on the droplets is
controlled by the voltage applied to the induction electrode and
ranges from 10−14 to 10−13 C.28 A second droplet containing the
carbonate-bicarbonate buffer (0.33 M) and NaCl (2.4 M) is
dispensed into the trap through the branch and suspended by
the top balancing electrode. By applying a smaller and opposite
polarity voltage to the induction electrode, the buffer droplets
are dispensed with an opposite and smaller charge than the rst
droplet containing dopamine and resorcinol. Once dispensed
both droplets are suspended and allowed to equilibrate to the
trap environment as shown in inset 1 of Fig. 2. Aer equili-
bration the buffer droplet is released and allowed to collide with
the dopamine/resorcinol droplet as illustrated in inset 2 of
Chem. Sci., 2023, 14, 6430–6442 | 6431
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Fig. 2 Schematic of the branched quadrupole trap (BQT). (1) Two droplets are allowed to equilibrate in the trap, each suspended by a separate
balancing electrode. One droplet contains the reactants dopamine and resorcinol while another contains the carbonate-bicarbonate buffer. All
droplets have 4.6 M NaCl (2) after setting the voltage on the top balancing electrode to 0 the droplets collide and initiate the reaction.
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Fig. 2. The droplet is released by setting the balancing voltage to
0 for between 5 and 100 ms. Within∼30 seconds of the collision
the merged droplet is illuminated with a 355 nm laser (Power-
Chip Nanolaser, ∼20 mW) and the resulting uorescence is
recorded by a photomultiplier tube. Azamonardine has a uo-
rescence emission peak at 475 nm when excited at 355 nm with
a maximum in uorescence signal at pH 9 when it is in its
anionic form.14,29 Filters are used to isolate the uorescent
signal between 400 and 500 nm. In Fig. S1,† we show that aza-
monardine is the only species contributing to the uorescence
signal. A shutter (ThorLabs KSC101) is used to turn the laser on
and off over the course of the reaction in order to limit
bleaching.

The relative humidity (RH) in the BQT is maintained during
the experiment at 80 ± 3.5% by passing air at a ow rate of 0.3
SLM through a bubbler into the BQT. In the absence of oxygen
this reaction does not proceed appreciably over the course of an
6432 | Chem. Sci., 2023, 14, 6430–6442
hour.29,30 With only nitrogen gas owing through the BQT the
reaction was not completed even aer more than two days as
shown in Fig. S2.†

The droplet sizes before and aer collision are obtained
using Mie scattering. Accurately measuring the droplet size is
essential for determining reagent concentrations and for per-
forming companion bulk measurements in a cuvette at
comparable concentrations. The droplets are illuminated with
a 532 nm laser (Opto Engine, 532 nm) and the Mie scattering is
monitored using a line camera at 90° (ThorLabs LC100). As
previously described, droplet sizes are obtained within an
uncertainty of ∼0.5 mm.22 The dopamine and resorcinol
concentrations in the initial droplet are known because the
water content in the droplet is controlled by [NaCl] = 4.6 M and
the trap RH of 80%. For example, if the dispensed solution is
1 M in dopamine and 2.3 M in sodium chloride, then aer
equilibration at a trap RH of 80%, the nal sodium chloride
© 2023 The Author(s). Published by the Royal Society of Chemistry
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concentration will be 4.6 M and the nal dopamine concen-
tration is 2 M. From the initial concentration and volume of the
rst droplet, it is then possible to determine the nal concen-
tration aer collision using the measured nal droplet size. The
buffer concentration is proportional to sodium chloride
concentration and its concentration in the nal droplet can be
similarly calculated.

For bulk measurements, dopamine, resorcinol, and NaCl
(4.6 M) solutions are prepared at concentrations comparable to
the droplet experiments and then pipetted into a cuvette. The
carbonate-bicarbonate buffer and NaCl (4.6 M) is then rapidly
mixed to initiate the reaction at the same concentration as in
the droplet experiments. Fluorescence of the product azamo-
nardine is excited using a 355 nm laser and monitored with
a camera (ThorLabs DCC1645C). Air is continuously bubbled
through the solution during the reaction at a ow rate of 0.3
SCCM using a mass ow controller (MKS 647C).

The reaction below pH 5 is slow and does not proceed
appreciably over the time scales considered here. This is
because the oxidation of dopamine to dopaminequinone (DQ),
the rst step of the reaction, is strongly pH dependent and does
not occur at pH 5 without the presence of specic enzymes or
catalysts.31,32 Thus, dopamine and resorcinol can be stored
together in solution at low pH without reacting. The pH of
microdroplets is a matter of some debate with some evidence
that droplets may exhibit dramatic pH gradients and that the
pH of microcompartments and the air water interface may be
substantially different from that of similar bulk solutions.17–19,33

The uorescence of a droplet containing dopamine and resor-
cinol (dispensed from a pH <5 solution) was monitored in order
to determine if the reaction would proceed spontaneously in
acidic droplets without the need for a pH jump to basic
conditions. The uorescence signal did not change over the
course of 20 minutes (Fig. S3†) indicating that the pH of the
droplet is not substantially different from the solution from
which it was made. While the pH of microdroplets is still an
Fig. 3 Fluorescence intensity vs. time for the droplet (blue) and the bu
intervals and averaged over all available datasets. The droplet model
experimental data. The maximum fluorescence signal observed in each
ation) uncertainty.

© 2023 The Author(s). Published by the Royal Society of Chemistry
active area of investigation, this result does agree with research
that indicates microdroplet pH does not deviate from that of the
corresponding bulk solution under certain conditions.34,35
3. Experimental results

Fig. 3 shows representative kinetics for this reaction conducted
in a cuvette and in a droplet. Kinetics at other reagent
concentrations are shown in Fig. S4 in the ESI.† The formation
of the product azamonardine vs. time, monitored by its uo-
rescence, shows distinctly sigmoidal kinetics as seen in Fig. 3.
To compare the droplet and bulk kinetics, product half-life (s1/2)
is used, which is the amount of time required for the azamo-
nardine uorescence to reach half of its nal value. Half-life is
used in the place of a rate constant since the kinetics are non-
exponential. In Fig. 3, the droplet s1/2 = 10 ± 1.2 min
compared with a bulk s1/2 = 25 ± 4.8 min. This corresponds to
an acceleration factor of 2.5, which is dened simply as the ratio
bulk to droplet s1/2.

s1/2 was measured for a range of dopamine and resorcinol
concentrations the results of which are shown in Fig. 4. The
concentration ratio of dopamine to resorcinol is held constant
throughout these series of measurements. Acceleration is
observed for all concentrations with the droplet s1/2 consistently
smaller than the s1/2 measured in the cuvette. As has been
previously reported for this reaction, s1/2 in the cuvette increases
(i.e. reaction slows down) at higher reagent concentrations,
which is attributed to the depletion of dissolved oxygen.14 In
contrast, the droplet s1/2 remains nearly invariant with
increasing reagent concentration.

Reaction acceleration in droplets is oen attributed to
a variety of surface processes. These processes include partial
solvation of reactants at the interface, increased concentration at
the surface especially in the case of gas phase reactants, pH
gradients, and charge effects.5,36 Surface effects have been shown
to lead, in some cases, to an inverse dependence of the
lk solutions (black). Data from all trials were binned into one minute
(blue dash) and bulk model (black solid line) are overlayed with the
experiment is normalized to 1. Error bars represent 1s (standard devi-

Chem. Sci., 2023, 14, 6430–6442 | 6433
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Fig. 4 Concentration dependence of s1/2 in the droplet (red) and in bulk solution (blue). Model results for the bulk (blue dash) and the droplet (red
solid line) are shown. Error bars represent 1s uncertainty.

Chemical Science Edge Article

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

2 
M

ay
 2

02
3.

 D
ow

nl
oa

de
d 

on
 5

/1
7/

20
25

 3
:0

3:
39

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
acceleration factor on droplet radius; as the surface to volume
ratio increases with decreasing droplet size.25,37 The size depen-
dence of this reaction is shown in Fig. 5 for droplet radii between
9 mm and 36 mm. While acceleration is seen for all droplet sizes,
there is no statistically signicant trend with droplet size.
Dopamine and resorcinol concentrations are not strictly identical
across all droplet sizes investigated, so the average concentra-
tions for each droplet size investigated were used in the bulk
measurements to calculate the acceleration factors in Fig. 5. The
magnitude of the droplet charge is found to have no signicant
effect on the acceleration factor as shown in Fig. S5.†

4. Kinetic modeling

To examine the acceleration mechanism, two kinetic models
are developed to explain the differences between droplet and
Fig. 5 Acceleration factor for three different droplet sizes (9, 24, and 36
shown. The acceleration factor is the ratio of the bulk to the droplet s1/2 fo
chloride. Error bars represent propagation of error from 95% confidence

6434 | Chem. Sci., 2023, 14, 6430–6442
cuvette reaction kinetics. Both models use the mechanism
shown in Fig. 1.14,38 To simulate the kinetics in the cuvette a set
of differential equations is solved in Mathematica (Fig. S6†).39

We assume that the solution in the cuvette is well-mixed and
that the reaction occurs entirely within the bulk liquid. This is
a reasonable assumption since the contribution from the air/
water interface in a macroscopic container is negligible when
compared to a microdroplet.25 For simplicity, we also neglect
the air/water interface formed during bubbling of air through
the solutions. Aer constraining the mechanism and rate
constants used in the kinetic model to the cuvette measure-
ments, the same reaction scheme using an identical set of rate
constants is implemented in a kinetic model of a droplet, which
includes contributions from the interface. Droplet kinetics are
simulated in Kinetiscope,40 which uses a stochastic algorithm to
propagate a chemical reaction. Kinetiscope has been used to
mm radius) is reported. Experimental (black) and model (red) results are
r the same concentrations of dopamine, resorcinol, buffer, and sodium
interval.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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accurately describe a wide range of chemical reactions in
droplets, aerosols and emulsions with equivalent accuracy to
solving systems of differential equations.25,41–44

Rate constants for this reaction are constrained where
possible using prior literature. Table S1† shows the rate
constants for the ve reaction steps in Fig. 1. The rate constant
for the oxidation of dopamine (step [1], Fig. 1) is an adjustable
parameter since the values reported in the literature, which
range from 1.54 × 10−23 to 4.98 × 10−23 cm3 per molecule per s,
are all too small to account for the experimentally observed
kinetics in the cuvette.32,45 The rate constant used in the model
is 1.94 × 10−20 cm3 per molecule per s. It is likely that the high
ionic strength of our solutions could account for some of this
deviation, as well as the presence of resorcinol, since phenols
are known to increase the dopamine oxidation rate.46,47 The
presence of trace amounts of iron and copper are also known to
accelerate this step.45,48,49

As discussed above, dissolved O2 is critical for the reaction to
proceed and thus air is continuously bubbled through the
cuvette solution. To describe this in the bulk cuvette model, the
rate of oxygen introduction into solution is,

d½O2�
dt

¼ KL � A� �½O2�e � ½O2�
�

(1)

where [O2]e is the equilibrium oxygen concentration taken from
the literature for a 4.6 M NaCl solution (4.02 × 1016 molecules
per cm3).50 KL is the mass transfer coefficient, and A is the ratio
of interfacial surface area to total volume of solution.50 The
value of KLA is sensitive to salt concentration, bubble size, and
the amount of mechanical agitation.51,52 An appropriate value
for the KLA could not be located in the literature to match the
conditions of our experimental setup. However, the value of KLA
is the sole parameter that controls the upward slope of s1/2 with
increasing dopamine/resorcinol concentration observed in
Fig. 4, which is further illustrated in Fig. S7.† Values of KLA and
the rate constant for the oxidation of dopamine are constrained
by minimizing the mean square error between the experimen-
tally observed and modeled bulk s1/2.
4.1 Bulk model results

The shape of the bulk kinetics can be satisfactorily replicated by
the model as shown in Fig. 3. The simulation results are also
plotted in Fig. S4† for other dopamine and resorcinol concen-
trations. Additionally, as shown in Fig. 4, the model can quan-
titatively account for the broad trends in s1/2 as a function of
reactant concentration. The model replicates the decrease in
cuvette s1/2 at low concentrations followed by the linear increase
for dopamine and resorcinol concentrations above 12 mM and
4 mM, respectively. The model clearly shows that the amount of
dissolved oxygen is a strong contributor to the observed
kinetics. Oxygen depletion increases with increasing dopamine
concentration as can be seen in Fig. S7† and is responsible for
the linear increase (i.e. slowing of the reaction) in s1/2 at high
concentrations. At high dopamine and resorcinol concentra-
tions the reaction is limited only by the rate at which oxygen
enters the solution; in the absence of oxygen depletion the s1/2
© 2023 The Author(s). Published by the Royal Society of Chemistry
would continue to decrease monotonically. At lower dopamine
(<12 mM) and resorcinol (<4 mM) concentrations dissolved
oxygen is not limiting so the reaction proceeds more rapidly as
dopamine/resorcinol concentrations increase.
4.2 Droplet model

As discussed previously, kinetic modeling of reactions in
microcompartments requires explicit consideration of the
surface since at millimolar concentrations a substantial frac-
tion of molecules within a microdroplet, relative to a macro-
scopic container, reside at the interface.25 The droplet is
simulated in Kinetiscope using rectangular prism with two
spatially distinct, well-mixed compartments.40 One compart-
ment represents the surface, which is assumed to have a thick-
ness (d) of 1 nm. Below the surface compartment is a second
larger volume that represents the bulk of the droplet. Following
Houle et al., the height of the bulk compartment is selected to
be r/3 (r is the droplet radius) to preserve the correct scaling of
surface and bulk processes in a sphere.44,53 A general scheme for
the model is shown in Fig. 6 and is based on work by Willis and
Wilson with additional examples in Wilson et al.23,24 Molecules
move between the surface and bulk compartments via Fickian
diffusion, with diffusion constants constrained by the literature
and shown in Table S1.† As shown in Fig. 6, species at the
surface can react or solvate into the droplet bulk; species in the
bulk can similarly react or desolvate back to the surface. The
rate constants and mechanism constrained by the bulk cuvette
model are used in the droplet model without modication in
both the surface and bulk compartments.

As shown in Fig. 1, oxygen plays a key role in the reaction
mechanism. Thus [O2] at the surface and in the bulk of the
droplet is needed. The overall dimensionless Henry's law coef-
cient (H gb

cc ) can be expressed as the product of the gas-to-
surface (H gs

cc) and the surface-to-bulk (H sb
cc) Henry's law coeffi-

cients.23,24,54,55 The Henry's law coefficient for solvation of gas
phase O2 at the air–water interface (H gs

cc) is related to the
difference in solvation free energy (DGgs) of a O2 molecule in the
gas phase (g) and at the surface (s),

Hgs
cc = e−DGgs/RT (2)

In a similar way, DGsb is the change in solvation free energy
of moving O2 from the surface into the bulk,

Hsb
cc = e−DGsb/RT (3)

where R is the universal gas constant, and T is the temperature.
These Henry's Law constants are computed using the O2

solvation free energies obtained from potential of mean force
calculations in molecular dynamics (MD) simulations.56 From
eqn (2) and (3), Hgs

cc and Hsb
cc are calculated to be 2.35 and 0.014,

respectively; yielding an overall Hgb
cc of 0.033, which is in

agreement with literature values.57 At atmospheric [O2] (i.e., 4.94
× 1018 molecules per cm3) this corresponds to oxygen concen-
trations of 1.17× 1019 molecules per cm3 at the surface and 1.63
× 1017 molecules per cm3 in the bulk liquid. To account for the
4.6 M NaCl, the bulk oxygen concentration is reduced to 4.02 ×
Chem. Sci., 2023, 14, 6430–6442 | 6435
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Fig. 6 Schematic of the droplet model built in Kinetiscope. Themodel consists of both a bulk and surface compartment whichmaintain the bulk
to surface ratio of the droplet. Kdesolv is the rate of desolvation from the bulk compartment to the surface. Ksolv is the rate of solvation from the
surface to the bulk compartment. Oxygen is maintained at its steady state concentration. d is the thickness of the surface compartment (1 nm),
and r is the radius of the droplet. The method for calculating bulk ([O2]b) and surface ([O2]s) oxygen concentrations using Henry's law values is
illustrated.
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1016 molecules per cm3 (Hsb
cc = 0.0035) to be consistent with the

bulk solubility of oxygen in 4.6 M NaCl solutions.50 The surface
oxygen concentration is not changed since NaCl is not expected
to have a strong impact on the free energy of solvation of oxygen
at the interface.58

During the reaction, the oxygen concentration in the surface
and bulk compartments of the droplet are not depleted relative
to their Henry's law value as shown in Fig. S8.† This is because
the equilibration timescales for oxygen at the surface and in the
bulk of the droplet are much faster than the rate at which O2 is
consumed by the reaction. For example, O2 at the surface rea-
ches its equilibriumHenry's Law value within 100 nanoseconds,
whereas the reaction occurs on timescales of minutes. The
characteristic timescale for liquid phase diffusion of oxygen
into the bulk droplet is 36 ms for a r = 36 mm droplet computed
using the Einstein–Smoluchowski equation.24 This corresponds
to a liquid phase diffusion rate constant of 28 s−1, which is ∼70
times faster than dopamine oxidation rate (i.e., 0.39 s−1 at
[Dopamine] = 33 mM). Thus, in the simulation we assume that
the bulk and surface oxygen concentrations remain at their
Henry's Law values over the course of the reaction.

In addition to oxygen, the concentrations of the dopamine,
resorcinol, intermediates 1–3 and azamonardine in the surface
compartment are needed (Fig. 1). The interfacial concentrations
for these species (represented generically as Y) are computed
using a modied Langmuir framework as described in ref.
23–25 and shown in eqn (4),

�
YðsÞ

� ¼ GNðY Þ
d

� Keq
Y � �

YðbÞ
�

1þ Keq
Y � �

YðbÞ
� (4)

where,

Keq
Y ¼ kdesolvðYÞ

ksolvðYÞ
(5)

d is the interfacial thickness (1 nm) and GN is the maximum
surface concentration in units of molecules per cm2. Parti-
tioning of Y to the interface is controlled by its bulk (b)
concentration and by a Langmuir equilibrium constant Keq,
6436 | Chem. Sci., 2023, 14, 6430–6442
where Keq = kdesolv/ksolv (see Fig. 6). GN is constrained to be 3 ×

1014 molecules per cm2 by prior vibrational sum frequency
generation (VSFG) measurements of 0.5 M dopamine at the air–
water interface.59 This value is in close agreement with GN (3.3
× 1014 molecules per cm2) for 4-hydroxyacetophenone (4-HA),
which is a molecule similar to dopamine and resorcinol in
terms of both size and functional groups. As shown in Fig. 6,
ksolv and kdesolv are the rate coefficients that describe solvation
from the interface to the bulk and de-solvation from the bulk
liquid to the interface, respectively. Values of ksolv, observed
previously for a range of diols, alcohols, and acids, are roughly
independent of molecular structure.60 Thus a value of ksolv= 100
s−1 is used for all organic species in our simulation in accor-
dance with these prior literature results.60 kdesolv is then
computed from ksolv and Keq (i.e., kdesolv = Keq × ksolv).

Keq is obtained by tting prior surface tension measure-
ments of aqueous solutions of dopamine and resorcinol to the
Szyszkowski–Langmuir equation (see ESI† for calcula-
tions).59,61,62 These ts yield Keq = 4.21 × 10−21 cm3 per mole-
cules for dopamine and Keq = 1.89 × 10−21 cm3 per molecules
for resorcinol at zero ionic strength. Unfortunately, these values
fail to account for the experimentally observed droplet kinetics.
This is likely due to the high ionic strength in the droplet and
the well-known salting-out effects that increase an organic
molecule's affinity for the air–water interface.58,63 For example,
Keq for 4-hydroxyacetophenone is observed to increase∼7 times
in a 4.5 M NaCl solution (Keq = 1.389 × 10−19 cm3 per mole-
cules) relative to pure water (Keq = 2.17 × 10−20 cm3 per mole-
cules).58 To account for salting out, Keq for dopamine and
resorcinol are both increased by approximately an order of
magnitude to a nal model value of 3×10−20 cm3 per molecules.
Even at this increased surface activity only approximately half of
the available surface sites are occupied at the highest dopamine
and resorcinol concentrations. To our knowledge, Keq for the
intermediates and azamonardine have not been measured and
are le as adjustable parameters. We nd that the model results
are insensitive to the surface partitioning of all intermediates
for Keq between 0 and 3 × 10−20 cm3 per molecules with the
© 2023 The Author(s). Published by the Royal Society of Chemistry
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exception of intermediate 1, which can have a maximum value
for Keq of ∼1 × 10−20 cm3 per molecules
4.3 Droplet model results

Fig. 4 compares the simulated droplet s1/2 with experimental
results. The droplet model captures both the magnitude of s1/2
and its trend with reactant concentration. The droplet simula-
tions also do a fair job of replicating the shape of the individual
kinetic traces as seen in Fig. 3 and S11.† Importantly, the kinetic
models, described above, quantitatively account for the
observed differences in the droplet and bulk cuvette s1/2 using
the same reaction scheme (Fig. 1) and set of rate coefficients
(Table S1†). This gives us some condence that the kinetic
model can yield some deeper insights into the mechanism for
the in-droplet acceleration of this reaction.

From the kinetic simulations, reaction acceleration can be
attributed to two primary mechanisms, which in turn depend
on reagent concentrations. First, as discussed above, dissolved
O2 is a key reagent in this reaction and controls much of the
kinetic behavior observed in the cuvette by becoming a limiting
reagent at high dopamine/resorcinol concentrations. This is not
the case for droplets, where because of their small size, the
diffusion rate of O2 is much faster than in a macroscale system
and dissolved oxygen never limits the reaction. This accounts
for the nearly invariant droplet s1/2 vs. concentration observed
in Fig. 4, whereas in the cuvette, s1/2 increases linearly (reaction
slows down) at high concentrations, where O2 is consumed
faster than it can be resupplied by bubbling air into the cuvette
(as illustrated in Fig. S7†). As will be discussed below, the faster
diffusion of O2 into droplets appears to be the dominant
acceleration mechanism at high concentrations (i.e., [dopa-
mine] >∼20 mM and [resorcinol] >∼4 mM).
Fig. 7 (A) Experimental droplet (r = 23 mm) data (0.2 mM dopamine, 0
reaction) and without (only bulk reaction) surface activity for all organic
20 mM resorcinol) plotted against a droplet model with (surface and bulk
species. The maximum fluorescence signal observed in each experimen

© 2023 The Author(s). Published by the Royal Society of Chemistry
The second acceleration mechanism appears at lower
dopamine and resorcinol concentrations. This is the concen-
tration range ([dopamine] <10 mM and [resorcinol] <3 mM,
Fig. 4) where the bulk reaction in the cuvette is not limited by
dissolved O2. Thus, if O2 diffusion in droplets was the only
source of reaction acceleration, one would expect that the
droplet and cuvette reaction kinetics would be identical over
this concentration range (i.e., both not limited by [O2]).
However, as can be seen in Fig. 4 there remains a large differ-
ence between cuvette and droplet s1/2 suggesting an additional
acceleration mechanism.

Two different simulations are used to assess the importance
of the interface at low (i.e., [dopamine] <10 mM, [resorcinol]
<3 mM, Fig. 4), and high reagent concentrations (i.e., [dopa-
mine] >20 mM, [resorcinol] >6 mM). Shown in Fig. 7 are droplet
simulations compared with experiments at two different
dopamine/resorcinol concentrations. The rst simulation (solid
blue line, Fig. 7) is the base model described above (Table S1†),
which includes surface-bulk partitioning and reaction of all
species. For comparison (red dashed line, Fig. 7) a simulation is
conducted where the partitioning of reagents to the surface is
turned off, effectively limiting the ve reaction steps (Fig. 1) to
occur only in bulk region of the droplet. At high dopamine (83
mM) and resorcinol (20 mM) concentrations, the two simula-
tions with and without surface reactions (Fig. 7B) produce very
similar results and are both within the experimental uncer-
tainty. This suggests that surface reactions play a modest role in
the observed kinetics in this concentration regime. As discussed
above, at these higher dopamine/resorcinol concentrations the
droplet kinetics are accelerated because dissolved O2 never
becomes a limiting reagent as it does in the macroscale cuvette
measurements. Characteristic times for liquid phase diffusion
.05 mM resorcinol) compared to simulations: with (surface and bulk
species. (B) Experimental droplet (r = 23 mm) data (83 mM dopamine,
reaction) and without (only bulk reaction) surface activity for all organic
t is normalized to 1. Error bars represent 1s uncertainty.

Chem. Sci., 2023, 14, 6430–6442 | 6437
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scale as reciprocal distance squared, so O2 is delivered into the
droplet at a rate that is much faster than it can be consumed by
the reaction.

However, as shown in Fig. 7A, when dopamine and resor-
cinol concentrations are decreased by ∼400× the difference
between the two simulations becomes dramatic, clearly indi-
cating that the interface plays a much more prominent role in
the observed kinetics. The reason for this is illustrated by esti-
mating the fraction of molecules at the droplet interface as
a function of concentration,

#Surface Molec:

#Bulk Molec:
¼ Cs � 3� d

Cb � r
(6)

where Cb is the bulk concentration, Cs is surface concentration
computed using the modied Langmuir isotherm shown in eqn
(4). Despite the large difference in the absolute number of
molecules, the fraction of total dopamine molecules in a r = 23
mm droplet that are at the interface is 2.5 times larger in the
lower concentration droplet (Fig. 7A) compared with the higher
concentration data set (Fig. 7B). This difference means that at
low concentrations a larger fraction of the total number of
molecules in the droplet will on average participate in surface
reactions, which in turn controls where key reactive steps in the
mechanism occur (surface vs. bulk) and at what rate.

For example, at both low and high reactant concentration
the oxidation of dopamine to DQ (Step [1], Fig. 1) occurs mainly
at the interface. This can be quantied using the selection
frequency of each reaction step in the simulations (see Table
S4†). At high concentration (83 mM dopamine, 20 mM resor-
cinol, Fig. 7B) 63% of dopamine oxidation reactions occur at the
interface, which increases to 86% when the concentration is
lowered. This is not unexpected since [O2] at the interface is
∼300× larger than in the bulk. This enhanced concentration of
O2 naturally accelerates the dopamine oxidation rate and is
simply a consequence of the substantial difference between the
interfacial and bulk solvation free energy of O2.

The reaction of DQ with resorcinol (Step [2], Fig. 1) occurs
mainly inside the interior of the droplet at high reactant
concentrations (80% are bulk reactions, Table S4†), but shis to
the interface at 0.2 mM dopamine/0.05 mM resorcinol, where
75% of the reactions that produce intermediate 1 occur at the
surface. Intermediate 1 is oxidized in step [3], which occurs with
equal probability in the bulk and at the surface under low
dopamine/resorcinol conditions, unlike at high dopamine/
resorcinol concentrations where the surface oxidation
accounts for only 25% of the oxidation of intermediate 1. The
simulations predict that steps [4] and [5] occur mainly in the
bulk region of the droplet at all dopamine/resorcinol concen-
trations (Table S3†).

The lack of size dependence can be understood in light of the
acceleration mechanisms discussed above. The size depen-
dence shown in Fig. 5 is measured at high dopamine/resorcinol
concentrations, where the acceleration mechanism is domi-
nated by liquid phase O2 diffusion rates rather than by surface
reactions. Therefore, the size dependence of the reaction over
the droplet sizes investigated is predicted to be minimal
(Fig. S11†). While the bulk model consistently underestimates
6438 | Chem. Sci., 2023, 14, 6430–6442
the s1/2 resulting in a higher than predicted acceleration factor
for the data in Fig. 5, it nevertheless correctly predicts the linear
trend in the data. The acceleration factor is expected to show
a much stronger size dependence at lower dopamine and
resorcinol concentrations (Fig. S10†) where the surface is ex-
pected to participate more directly in the reaction. Unfortu-
nately, size-dependent measurements at these lower
concentrations are quite challenging.
5. Conclusions

The synthesis of azamonardine from the reaction of dopamine
and resorcinol is measured in a macroscopic sample and in
single droplets. The reaction, which is initiated by a pH jump, is
found to be accelerated in microdroplets compared to the bulk
solutions for all concentrations and droplet sizes by up to
∼7.4× depending on droplet size and concentration. Using
a kinetic model constrained to our experimental data, we
identify two specic mechanisms to explain why azamonardine
formation is accelerated in microdroplets. We would note that
there are many other acceleration mechanisms reported in the
literature that involve pH gradients,19 electric elds,16,19,64,65

hydroxyl radicals,66,67 H2O radical cations and anions,68,69 evap-
oration,5,8 and gas phase reactions.5,9 Thus, the acceleration
mechanisms reported here are likely specic to our reaction and
experimental conditions (e.g., ionic strength).

At high dopamine and resorcinol concentrations the faster
diffusion rate of oxygen into the droplet volume never limits the
reaction rate, unlike the reaction in a cuvette where O2 is
severely depleted. At low dopamine/resorcinol concentrations
acceleration is attributed to dopamine and resorcinol parti-
tioning to the air–water surface where the oxygen concentra-
tions are enhanced relative to the bulk solution. The
enhancement of reactant concentrations accelerates the oxida-
tion rate at the air–water interface, which naturally leads to the
observed accelerated reaction kinetics.

Although the magnitude of reaction acceleration in this
system is quite modest compared to previous literature
reports,1,70 we would note that a key difference in these experi-
ments from those utilizing ESI-MS is the high ionic strength.
The acceleration mechanisms identied here are suggestive of
a few specic processes that might explain the differences in
chemical transformations conducted in microdroplets vs.
macroscale reactors. First, droplet size enhances those reac-
tions that may be limited by diffusion, which is particularly
important for those microdroplet reactions that require dis-
solved gases (i.e., CO2,71–74 O2 (ref. 36) or O3 (ref. 23, 75 and 76))
for example to produce key reaction intermediates. Second, as
pointed out previously, reactions in micron-sized compart-
ments provide a way to enhance the importance of surface
reactions that would otherwise be obscured in macroscopic
samples.25 As shown by Wilson et al., chemical reactions con-
ducted under dilute conditions in microscale compartments
naturally enhance the role that surface reactions play in the
overall chemical evolution of the system (i.e., droplet or emul-
sion).25 This effect is clearly illustrated in Fig. 7, where surface
© 2023 The Author(s). Published by the Royal Society of Chemistry
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chemistry becomes more dominant in the synthesis of azamo-
nardine only under very dilute reaction conditions.

These results illustrate the complexity in understanding
accelerated chemistry in microcompartments and the potential
that multiple mechanisms may be contributing to the observed
in-droplet reaction kinetics. This work also illustrates the
importance of conducting well-controlled experiments where
droplet size and concentration are precisely known, and where
droplet kinetics are monitored in situ and are paired with
companion macroscale measurements under identical reaction
conditions.
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