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ABSTRACT: Recent studies suggest that reactions in aqueous microcompartments
can occur at significantly different rates than those in the bulk. Most studies have
used electrospray to generate a polydisperse source of highly charged microdroplets,
leading to multiple confounding factors potentially influencing reaction rates (e.g.,
evaporation, charge, and size). Thus, the underlying mechanism for the observed
enhancement remains unclear. We present a new type of electrodynamic balance
the branched quadrupole trap (BQT)which can be used to study reactions in
microdroplets in a controlled environment. The BQT allows for condensed phase
chemical reactions to be initiated by colliding droplets with different reactants and
levitating the merged droplet indefinitely. The performance of the BQT is
characterized in several ways. Sub-millisecond mixing times as fast as ∼400 μs are
measured for low velocity (∼0.1 m/s) collisions of droplets with <40 μm diameters.
The reaction of o-phthalaldehyde (OPA) with alanine in the presence of
dithiolthreitol is measured using both fluorescence spectroscopy and single droplet paper spray mass spectrometry. The
bimolecular rate constant for reaction of alanine with OPA is found to be 84 ± 10 and 67 ± 6 M−1 s−1 in a 30 μm radius droplet
and bulk solution, respectively, which demonstrates that bimolecular reaction rate coefficients can be quantified using merged
microdroplets and that merged droplets can be used to study rate enhancements due to compartmentalization. Products of the
reaction of OPA with alanine are detected in single droplets using paper spray mass spectrometry. We demonstrate that single
droplets with <100 pg of analyte can easily be studied using single droplet mass spectrometry.

Chemical reactions in micrometer-sized compartments are
ubiquitous in nature, occurring in cells, mineral pores, and

atmospheric aerosols. Several recent studies suggest that
reactions in confined spaces occur at enhanced rates that can
be several orders of magnitude faster than those in the bulk.1−7

Although the underlying mechanism remains unclear, three
main factors are thought to contributeincreased concen-
trations due to solvent evaporation, surface acidity (i.e., charge),
and interfacial adsorption.8 Many studies reporting enhanced
rates of reaction have used an electrospray source to generate
an aerosol plume.1−5 Electrospray sources produce highly
charged and rapidly evaporating droplets, which could lead to
increasing reactant concentrations, significant pH variability
compared to the bulk (due to solvent oxidation by the charges
in the droplets), and complex ion−ion and ion−solvent
interactions. Further, the droplet plume exhibits a high surface
area relative to the bulk volume, thus enhancing the role of
interfacial adsorption in perturbing chemical kinetics.8 An
increase in the surface to volume ratio of the droplets has been
found to increase the reaction rate, suggesting the droplet
surface could play a major role in the observed rate
acceleration.7 Most measurements studying rate enhancements

in microdroplets use a polydisperse droplet source, which limits
the control of both size distribution and time evolution of the
reactant concentration.1−6 Microfluidic devices capable of
generating a monodisperse droplet distribution have also
been used to study rate enhancements in microdroplet
emulsions.7 However, it remains unclear if the rate enhancing
properties attributed to the oil−water interface of microfluidic
devices are general to the air−water interface.
Another means of ensuring a monodisperse size is by limiting

a study to a single droplet. The contactless confinement of
single, micrometer-sized droplets has been established as a
powerful method for probing the physical and chemical
properties of liquids and heterogeneous interfaces.9 For
example, aerosol optical tweezers (AOTs) have been used to
measure the surface tension, viscosity, and hygroscopicity of a
wide variety of aqueous samples, while electrodynamic balance
(EDB) methods have allowed rapid mass transport and
transformation processes to be interrogated.9 AOTs provide
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powerful, real-time characterization of droplets via the
morphology dependent resonances that appear in the Raman
spectrum of the droplet induced by the trapping laser. Also, a
holographic optical trap (HOT) can manipulate arrays of
droplets and bring selected droplets into contact when desired.
All droplets confined in a HOT can be fully characterized using
cavity enhanced Raman spectroscopy to determine their size to
nanometer accuracy before they are mixed together.10 EDBs are
extremely versatile techniques and offer advantages over AOT
methods due to the facile introduction of single droplets into
the confinement region and the ability to trap particles that
strongly absorb laser light. EDBs can trap a larger range of
droplet sizes than AOTs (from 100s nm11 to 100 μm diameter
for EDBs9 compared with <10 μm for AOTs10). A wide range
of electrode configurations have been developed (e.g., double
ring, cylindrical, and quadrupole) to facilitate a broad range of
measurements, including the study of Mie scattering,12

hygroscopicity and phase transitions,13,14 heterogeneous
chemistry,15,16 ice nucleation,17−19 and mass transport from
droplets.20,21 In these measurements, compositional changes in
confined particles are typically the result of interfacial processes,
such as mass transport (evaporation and/or condensation of
semivolatile and volatile material) or chemical changes due to
reactive gas uptake. This makes bulk initiated chemistry difficult
to study in conventional EDB configurations because it is hard
to initiate a reaction cleanly at a well-defined time in a single
droplet with no external reactant source.
Optical probes, such as Raman spectroscopy, typically used

to characterize droplets in an EDB or AOT are limited to
functional group information and cannot provide information
about the exact chemical composition of the droplet as it
undergoes reactive transformations.9 As evident from previous
rate enhancement measurements,1−6 mass spectrometry of
droplets can provide quantitative chemical information, but
studies characterizing single droplets with mass spectrometry
are limited. Previously, free-falling droplets have been ionized
directly by impaction on a highly charged needle, forming a
spray that is directed toward a mass spectrometer.22 Several
studies have performed mass spectrometry on single, levitated
droplets in an acoustic trap (which uses ultrasonic waves to
confine particles) coupled to a laser desorption23,24 or a direct
analysis in real time (DART) ionization source.25 However,
because of the strong electric fields in EDBs and the small size
of the trapped droplet, nondestructive mass spectrometry is
difficult (i.e., particles need to be removed from the trap and
ionized completely). Previous work has shown droplets can be
ejected from a double ring electrode, deposited onto a matrix
and ionized using matrix assisted laser desorption ionization.26

However, the delay between deposition and detection is not
ideal for real-time reaction monitoring, and direct ionization of
droplets as they exit the EDB is preferred. Very recently, work
has quantified evaporation from microdroplets by ejecting
single droplets from a double ring electrode, vaporizing them
on a heated platform, and ionizing the components using a
corona discharge.27

In order to further explore chemical transformations in
micrometer-sized compartments, we present here a new EDB
electrode arrangementthe branched quadrupole trap
(BQT)that is capable of merging confined droplets. Merged
droplets have previously been trapped using a tandem
electrodynamic trap and observed spectroscopically.28 The
BQT allows for rapid changes in composition via droplet
coalescence (enabling the study of bulk initiated processes) and

allows for the ejection of single droplets into an ionization
source for mass spectral analysis (enabling chemical character-
ization of droplets). By coupling droplet confinement
techniques with high resolution mass spectrometry, it is
possible to measure condensed phase chemical kinetics in
microcompartments under well-defined conditions. Due to the
droplet size range over which EDB methods operate (1−10s
μm) and their ability to control droplet composition by
changing environmental conditions, they represent a unique
way to study chemical reactions in a potentially interesting
droplet size regime. In this work, we characterize the mixing
times of merged droplets and demonstrate the application of
the technique to probing chemical processes in droplets using
both fluorescence spectroscopy and single droplet paper spray
(PS) mass spectrometry.

■ EXPERIMENTAL SECTION
Branched Quadrupole Trap Design. A linear quadrupole

EDB allows arrays of droplets to be confined along the axis of
four rods, as has been discussed previously.11,29 In order to
facilitate merging of different droplet populations, the BQT
design has been developed (shown in Figure 1). Aqueous

droplets are generated using a piezoelectric dispenser with a 50
μm orifice (Microfab, Inc.) and are introduced into the top of
the BQT along the linear axis. During actuation of the
dispenser, a high voltage (typically <1 kV) is applied to an
induction electrode to induce a net charge on the droplet,
allowing it to become confined within the electric field of the
BQT. Droplets generally have a net charge on the order of

Figure 1. Schematic of the BQT. Different solutions necessary for a
chemical reaction are dispensed from the two droplet dispensers.
Thus, when the droplets from each of the dispensers coalesce, a
chemical reaction in the merged, trapped droplet can be initiated. The
chamber that houses the BQT setup and the optics used to collect and
collimate the light for the camera and PMT are not shown. An
example of the far field image of elastically scattered light used to
determine the size of the trapped droplet is shown.
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10−13 C (∼106 elementary charges),30 which leads to surface
charge densities that are ∼100 times smaller than those found
in electrospray droplets.31 The BQT consists of four stainless
steel trapping electrodes arranged in a quadrupole config-
uration. An alternating voltage (Vac) with an amplitude of 300−
500 V and frequency of 200−400 Hz is applied to the trapping
electrodes to confine the charged droplets axially along the
rods.
A set of branching electrodes that extend off the linear trap at

a 60° angle allow two separate droplet dispensers to be used
concurrently or simultaneously. By using two different solutions
in each of the dispensers, chemistry can be initiated when
droplets from each of the dispensers collide. Droplets dispensed
from both the vertical dispenser and branch dispenser travel
∼12 cm before they enter the common, lower portion of the
trap. Droplets are held in the lower trap using a set of balancing
electrodes that consist of stainless steel blades extending
symmetrically between the rods toward the center of the
quadrupole trap. By applying a static voltage (up to ±500 V) to
these electrodes, the gravitational force acting on the droplet
can be overcome, leading to contactless levitation of the
droplet.
Once confined within the trap, droplets are illuminated with

a 532 nm laser (Changchun New Industries Optoelectronic
Tech.) introduced axially. Scattered light from the laser is
collected (using an optical scheme that has been previously
reported)32 and imaged in the far field with a CMOS camera
(Thorlabs, Inc.) using a 532 nm line pass filter. The far field
image serves two purposes: droplet positioning and sizing. A
feedback loop controlling the voltage applied to the balancing
electrodes is used to keep the droplet centered in the far field
image and stationary in the trap. For example, as a droplet
evaporates and loses mass, the magnitude of the voltage applied
to hold the droplet decreases to keep the droplet fixed in space.
Additionally, the far field image contains interference fringes
from Mie scattering with distinct maxima and minima. The
angular spacing of these fringes, the wavelength of scattered
light (532 nm), and the refractive index of the droplet (1.36 for
the ∼3 M LiCl droplets)33 are used with the geometrical optics
approximation to determine the radius of the droplet.34 An
additional 355 nm laser (JDS Uniphase) is introduced coaxially
with the 532 nm laser and is used to excite fluorescence in the
confined droplet.
The BQT is housed within an environmentally controlled

chamber, and most experiments were performed in a high
relative humidity (RH ∼ 90%) atmosphere generated by
passing 200−500 cm3(STP) min−1 of nitrogen gas through a
water bubbler. The RH of the gas is measured with two
separate RH sensors (Honeywell International, Inc.) located at
the inlet and outlet of the chamber. The nitrogen flow exerts a
downward force on the trapped droplets and facilitates droplet
ejection into the mass spectrometer when the DC trapping
voltage is removed.
Merging Droplets in the BQT. In a typical merging

experiment, a single droplet is dispensed from the side arm
dispenser and held in the lower trap. A second droplet from the
vertical dispenser is generated and merges with the confined
droplet. The voltages applied to the induction electrodes are set
to produce droplets of opposite polarity (droplets with the
same charge polarity will not merge). The initial droplet (from
the side arm dispenser) has a larger net charge than that from
the vertical dispenser. When droplets merge, there is a decrease
in the overall charge and an increase in the mass of the droplet,

which both cause the merged droplet to fall lower in the trap.
The initial position of the droplet is restored by increasing the
voltage applied to the balancing electrodes using the voltage
feedback loop. Droplet size is determined from the fringe
separation from Mie scattering in the far field image both
before and after merging the event. The change in radius with
the merging event is used to infer the size of the merged
droplet. As shown in Figure 2, the radii of the triggered and

merged droplets are very repeatable (±200 nm, 0.7% relative
standard deviation). The size of the held droplet is controlled
by changing the water activity of the initial solution with a
soluble salt (∼0.4−6 M LiCl) and allowing the droplet to
equilibrate with the trap conditions. The size of the merging
droplet is controlled by changing the shape (i.e., magnitude and
duration) of the square wave electrical pulse used to generate
the droplet with the piezoelectric microdispenser.35 As the
merging droplet diameter increases, its terminal velocity
changes from 0.07 to 0.15 m/s for 39 and 55 μm diameter
droplets, respectively. Compared to previously reported droplet
merging approaches in an EDB,28 the BQT approach does not
separate droplet coalescence from spectroscopic study. Thus,
fast reactions (such as mixing dynamics in droplets) can easily
be studied using the BQT.
We have applied two different methods to study the merging

process and the evolving chemical composition of droplets.
Fluorescence emitted by the droplet is collected and focused
onto a photomultiplier tube (PMT, Hamamatsu Photonics)
using a plano-convex lens (f/30 mm). The fluorescence emitted
by the droplet is used to quantify mixing times and reaction
kinetics. A PS ionization source is used for single droplet mass
spectrometry measurements to detect the products of a
reaction.

Mixing Times from Droplet Fluorescence. The mixing
time in a merged droplet is measured to determine the fastest
reactions that can be studied using the BQT. This time is
measured by quantifying the acid-induced quenching of
rhodamine B (RhB), a fluorescent dye. Fluorescence from a
droplet containing 500 μM RhB and LiCl is excited using the
532 nm laser and detected with the PMT using a 550 nm long
pass filter to remove any elastically scattered light. Fluorescence
from the RhB droplet is quenched by merging it with a sulfuric
acid droplet (2−20% (v/v)). The decay of fluorescence

Figure 2. Measured droplet radius before and after merging for 45
separate coalescence events (∼2 h of operation). Droplets contained
∼3 M LiCl. The dashed lines show the average droplet radius.
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intensity upon droplet coalescence is measured with the PMT
(data acquisition rate = 500 kHz). Mixing is studied by (1)
changing the size of the trapped droplet and keeping the size of
the merging droplet constant; (2) keeping the size of the
trapped droplet constant and changing the size of the merging
droplet; and (3) changing the concentration of sulfuric acid in
the merging droplet.
Reaction Kinetics from Droplet Fluorescence. Fluo-

rescence is used to measure chemical kinetics in a single droplet
which can be directly compared to those in the bulk solution.
The chemical reaction between o-phthalaldehyde (OPA) and
alanine in the presence of dithiolthreitol (DTT) yields an
isoindole product that fluoresces at ∼400−500 nm (Scheme
1).36,37 Solutions of OPA and alanine are prepared in a 3 M

LiCl solution that is buffered with a 50 mM borate buffer (pH =
9). Alanine solutions have concentrations of 5.3, 10.3, 15.3,
20.8, and 33.3 mM. OPA and DTT are mixed together (to form
a stable adduct)37 and have concentrations of 5.3 mM and 7.8
mM, respectively. Fluorescence from merged alanine and OPA
droplets is excited by the 355 nm laser and measured with the
PMT using a 450 ± 20 nm bandpass filter to remove elastically
scattered laser light. At least 10 trials are used for each reaction
condition in the droplets. Reaction kinetics measured in
droplets are compared to those measured in the bulk as
described in the Supporting Information.
Single Droplet Paper Spray Mass Spectrometry. By

coupling a PS ionization source to the exit of the BQT, we have
developed a new approach to determine how the chemical
composition of a single droplet changes over the course of a
reaction. A schematic of the experimental setup is shown in
Figure 3a. The details of PS mass spectrometry and its
applications have been previously described.38,39 Here, a PS
ionization source is generated by cutting a small triangle (∼6
mm base, ∼10 mm height) from chromatography paper
(Whatman 3MM), passing a solvent through it, and applying
a 4−5 kV potential. The tip of the PS is placed ∼2.5 cm from
the inlet of the mass spectrometer (Q-Exactive Orbitrap,
Thermo Fisher Scientific, Inc.). The large electric field at the tip
of the paper causes a spray to form that is directed toward the
mass spectrometer. A 0.8−1.0 mL/h flow of 1% formic acid
solution in methanol through the filter paper maintains
continuous operation of the PS source. The mass spectrometer
is operated with a resolution of 17,500 and a maximum ion
injection time of 50 ms.
A 2 cm long piece of 1/4 in. stainless steel tubing is affixed to

the exit of the BQT coaxial with the trap. The BQT is
positioned such that the exit of this tubing is ∼1 cm above the
tip of the PS source. After merging, droplets are held in the trap
for a fixed period of time. Following a delay, the voltage applied
to the balancing electrodes is removed and the droplet falls
from the trap (typically aided by the flow of humidified

Scheme 1. Reaction of o-Phthalaldehyde (OPA) with a
Primary Amine (Alanine) in the Presence of a Thiol Group
(Dithiolthreitol, DTT) Yielding a Fluorescent Isoindole
Compound

Figure 3. (a) Schematic of the BQT/PS mass spectrometry interface.
(b) Mass spectrum from a single 50 μm diameter, 0.2% (w/v) citric
acid droplet. (c) Selected ion chromatogram of citric acid droplets.
Each spike in the chromatogram represents one 50 μm, 0.2% citric
acid droplet impacting the PS source.
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nitrogen), impinging on the tip of the PS source. The flow of
solvent dilutes the droplets and pushes the components in the
droplet toward the tip of the filter paper where they are ionized
and sprayed into the mass spectrometer. Compared to
electrospray techniques with droplets,40 the PS source slows
down the ionization event and ensures the entire droplet is
sampled. Figure 3b shows a mass spectrum that is collected
from a single, 50 μm diameter droplet of 0.2% citric acid (∼0.6
ng of citric acid total). Due to its low vapor pressure and
previous use in our laboratory,41 citric acid is used to
benchmark the sensitivity and reproducibility of the single
droplet PS mass spectrometry technique. The mass spectrom-
eter is operated in negative mode, and the only peak observed
is from deprotonated citric acid ([M − H]−) at m/z 191. Figure
3c shows the time profile of the peak at m/z 191. Each
individual spike arises from the impact of one droplet on the PS
source. The average peak area of these droplets has a relative
standard deviation of ∼15% (likely due to variation in where
the droplet impacts the PS source). The precision of this
method could be improved with the use of an internal standard
in the droplet.
The products of the reaction between OPA and alanine in

the absence of LiCl are studied using single droplet PS mass
spectrometry. Because the large amount of LiCl that is used in
the fluorescence experiments significantly diminishes the
ionization efficiency of the organic species by the PS source,

LiCl is not added for the single droplet mass spectrometry
experiments. Solutions of 10.7 mM OPA with 21.4 mM DTT
and 30.0 mM alanine are prepared in a 50 mM borate buffer
(pH ∼ 9). The mass spectrometer is operated in positive ion
mode to study both the components of pure, unreacted OPA
and alanine droplets as well as merged, reacted droplets.

■ RESULTS AND DISCUSSION

In order to facilitate an understanding of the observed reaction
kinetics, we first describe the mixing times that are observed in
merged droplets and the experimental parameters that control
them. Then, both kinetic and product analyses of the reaction
between OPA and alanine in droplets are presented. Reaction
kinetics measured with fluorescence imaging are reported in
Chemical Reactions in Merged Droplets. The OPA/alanine
reaction products that were observed with single droplet PS
mass spectrometry are presented in Single Droplet Mass
Spectrometry.

Mixing Times in Merged Droplets. The fastest reaction
kinetics that can be measured in a well-mixed droplet following
coalescence is dependent on the time scale for mixing in the
merged droplets. Here, the time it takes for a merged droplet to
mix completely is measured by quantifying the quenching rate
of a fluorescent dye. RhB fluorescence is quenched by a change
in pH of solution; at low pH fluorescence is quenched almost
entirely (Figure S-1, Supporting Information). Figure 4a shows

Figure 4. (a) Fluorescent quenching of differently sized RhB droplets with the coalescence of a 38 ± 3 μm, 20% (v/v) sulfuric acid droplet. The
fluorescence intensity measured with the PMT (black line) is fit to eq 1 to extract a mixing time. The fit to the data is shown by the red line. The
data shown have mixing times of 0.191 ± 0.006, 1.82 ± 0.03, and 4.93 ± 0.06 ms for the 20, 48, and 65 μm RhB droplets, respectively. (b) Mixing
times for experiments where the merging droplet diameter (sulfuric acid) is kept constant (38 ± 3 μm) and the held droplet diameter (RhB) is
varied. The viscous diffusion and bulk convection times are shown in red and blue, respectively. The molecular diffusion times are too long to show
on this scale. The experimental mixing times scale with the volume of the held droplet. (c) Mixing times for experiments where the merging droplet
diameter (sulfuric acid) is increased and the held droplet diameter (RhB) is kept constant (56 ± 2 μm). As the diameter of the merging droplet
increases, the mixing time decreases.
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examples of how the fluorescence from differently sized RhB
droplets (500 μM) is quenched when they merge with 20% (v/
v) sulfuric acid droplets of a constant diameter (38 ± 3 μm).
The initial rise in fluorescence intensity is due to the increase in
the cross-sectional area of the droplet illuminated by the laser.
As the coalesced droplet relaxes from initially dumbbell-shaped
to spherical, its cross-sectional area changes, causing the
observed fluorescence intensity to oscillate. A similar effect is
observed (and has been reported previously42) in elastically
scattered light (Figure S-2, Supporting Information). The
angular frequency and damping of this oscillation is related to
the surface tension and viscosity of the merged droplet,
respectively.42 Droplets typically relax to a spherical shape after
∼200 μs. The fluorescence transients are fit to the following
piecewise exponential decay function to extract mixing times:

=
+ <

+ ≥− −⎪

⎪⎧⎨
⎩

I
a b t c

a b t c

,

e ,t c d( )/
(1)

where a is the quenched fluorescence intensity, b is the
fluorescence intensity postquenching, c is the time delay
between data collection and droplet merging, and d is the
mixing time. The red lines shown in Figure 4a are the fits of eq
1 to the fluorescence transients. Because the lifetimes of surface
oscillations are typically shorter than the observed mixing times
and their magnitude is less than the change due to quenching,
surface oscillations are not explicitly considered in eq 1.
To better understand the observed mixing times, they are

compared to the time scales for molecular diffusion, viscous
diffusion, and bulk convection. The characteristic time for
molecular diffusion (τdiff) is

τ ∼
L

Ddiff
ch

2

(2)

This is the time needed for a molecule to diffuse one
characteristic length (Lch) in a fluid with mass diffusivity D. For
RhB in water, D is 4.2 ± 0.3 × 10−10 m2 s−1.43 Lch for the
merged droplet is calculated from the held (Dheld) and merging
(Dmerge) droplet diameters as follows:44

=
+

L
D D

D D

2
ch

held merge

held merge (3)

For the droplet conditions here, molecular diffusion time is
typically ∼1−10 s.
The viscous diffusion time scale (τvisc)which represents the

time required for momentum to diffuse one characteristic
length scale in a fluid with kinematic viscosity νis

τ
ν

∼
L

visc
ch

2

(4)

For an ∼3 M LiCl solution, ν is 1.4 × 10−6 m2 s−1.45 For the
droplet conditions here, viscous diffusion is typically 1−10 ms.
Finally, the bulk convection time scale (τconv) is the time

required for material to traverse one characteristic length at a
rate equal to the relative droplet velocity (Urel):

τ ∼
L
Uconv

ch

rel (5)

The relative velocity of the collision is calculated from the
terminal velocity of the merging droplet (0.07−0.15 m/s). As
the merging droplet approaches the balancing electrode, its

velocity increases slightly due to Coulombic attraction.
However, based on the voltage applied to the balancing
electrode, this acceleration is measured to be small (Supporting
Information, Figure S-3). For droplets here, the bulk
convection time is typically ∼200−600 μs. Carroll and Hidrovo
previously demonstrated that as the inertia of the collision
event increases, the observed mixing times are shortened
toward the bulk convection time scale.44

Figure 4b shows the measured mixing times when the size of
the held droplet is changed and the diameter of the merging
droplet is held constant (Dmerge = 38 ± 3 μm). As the size of
the held droplet decreases, the observed mixing time decreases
toward the convection mixing time. A log−log plot of initial
droplet diameter vs mixing time has a slope of 3.2 ± 0.2 (Figure
S-4, Supporting Information), implying that the mixing rate in
this experiment scales with the volume of the held droplet.
Figure 4c shows the mixing times when the size of the held

droplet is constant (Dheld = 56 ± 2 μm), and the diameter of
the merging droplet is changed. As the diameter of the merging
droplet increases, the diameter of the merged droplet increases
(which causes the viscous diffusion time to increase) and the
terminal velocity of the merging droplet increases (which
causes the bulk convection time to decrease). The experimental
data show that mixing times decrease with increasing merging
diameter. This is likely due to the increasing energy and inertia
of the collision.44 If the inertia of the collision were to continue
to increase, the mixing time is predicted to follow the bulk
convection time.44 Finally, when the concentration of sulfuric
acid is changed (and the held/merging droplet diameters are
kept constant), the mixing times do not change (Figure S-5,
Supporting Information). This suggests that the observed
mixing times are controlled by the size of droplets and velocity
of collisions and are not due to the concentration of reagents in
the droplets.
The observed mixing times reported here (reliably down to

∼400 μs) are very similar to those reported in free-droplet
collision experiments (i.e., colliding droplets not confined
within an electrodynamic balance).46 They are also similar to
those observed in conventional stopped flow kinetics measure-
ments (∼2 ms),47 but slower than those achieved in
miniaturized continuous flow methods such as theta capillary
electrospray (mixing time ∼ 1 μs)48 and microfluidic channels
(mixing time ∼ 15 μs).47 Work by Lee et al. colliding a plume
of high speed (80 m/s) 13 μm droplets reports mixing times of
a couple of microseconds.6 The mixing times in the BQT allow
for the study of reactions with a bimolecular rate constant of up
to ∼104−105 M−1 s−1. As shown, faster mixing times could be
achieved by either using smaller droplets or increasing the
velocity of the collision. The latter could be accomplished
either electrostatically (e.g., apply a higher potential to the
balancing electrodes, Figure S-3) or with a faster flow of gas
through the trap.

Chemical Reactions in Merged Droplets. The reaction
between OPA and alanine in the presence of DTT (Scheme 1)
is studied in droplets with the BQT and bulk solution using
fluorescence spectroscopy. LiCl is added to the solutions to
decrease the water activity such that evaporation from the
droplet is minimized and the conditions in the droplet can be
reproduced in the bulk. Because the water activity of a 3.0 M
LiCl solution is 0.87,49 experiments are performed with a RH
close to 87%, and the size of the droplet does not change
considerably over the time of the experiment (Figure S-6,
Supporting Information). In bulk measurements, the volumes
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of the reactant solutions are mixed in a 1:1 ratio, and the initial
reactant concentrations are half the value of the prepared
solutions. In droplets, the initial reactant concentrations are
determined using the size of the merging droplets (24.3 ± 0.2
μm and 23.0 ± 0.6 μm radii for alanine and OPA, respectively).
The merged droplet has a radius of 29.9 ± 0.4 μm. While
keeping the initial OPA concentration constant (∼2.6 mM),
the rate of fluorescence appearance is measured at various
alanine concentrations (∼2.6, 5.2, 7.7, 10.4, and 16.7 mM).
Figure 5 shows an example of the bulk and droplet fluorescence

data that are collected with ∼2.6 and ∼7.7 mM initial OPA and
alanine concentrations, respectively. Fluorescent intensity in the
droplet appears at a slightly faster rate than in the bulk solution.
To quantify the reaction rate constants in the merged droplet
and bulk, the OPA and alanine reaction is simulated and fit to
experimental data.
When the alanine concentration exceeds the OPA concen-

tration, the final fluorescence intensity does not change with
increasing amounts of alanine. At these conditions, it is
assumed that the final concentration of the fluorescent product
is equal to that of the initial OPA concentration. Using this
scaling, the measured fluorescence intensity is converted to the
concentration of fluorescent product. The reaction between
OPA and alanine has previously been shown to follow
bimolecular kinetics.36 Thus, to quantify the rate of reaction
in bulk and droplets, an ordinary differential equations solver is
used to simulate a bimolecular reaction with the initial reactant
concentrations set to experimental values. The bimolecular rate
constant in the simulation is varied to best match the simulated
and experimental product concentrations. The same kinetic
analysis is used for both bulk and droplet experiments. The
solid lines in Figure 5 represent the simulated product
concentrations with the optimized rate constant. The average
bimolecular reaction rate constants in the bulk and droplet are
67 ± 6 and 84 ± 10 M−1 s−1, respectively. Uncertainty

corresponds to the standard deviation of the rate constants
extracted at each reaction condition. The simulated fits and
individual rate constants extracted at each reactant condition
are tabulated in the Supporting Information (Figure S-7 and
Table S-1). The bimolecular rate constant for the reaction of
alanine with OPA in the presence of DTT has previously been
measured to be 60 ± 4 M−1 s−1,36 which is in good agreement
with the bulk rate constant reported here.
The average rate constant in the 30 μm radius droplet is

roughly 25% larger than the rate constant in the bulk. When the
polarity of the charge on the droplet is reversed (i.e., the
merged droplet has a net positive charge instead of net negative
charge), the kinetics of the reaction are unchanged (Figure S-8
in the Supporting Information). This suggests that the small
amount of charge on the droplet surface does not affect the
overall rate of reaction. Because evaporation from the particle is
minimized with the addition of LiCl, the small observed rate
enhancement could originate from enhanced surface to volume
ratio in the droplet compared to the bulk. Fallah-Araghi et al.
previously measured the kinetics of a bimolecular reaction in
aqueous droplets in an oil−water emulsion. They observed a
maximum rate enhancement by a factor of ∼40 that decreased
with increasing droplet radius. The observed enhancement was
attributed to the increasing surface to volume ratio at smaller
droplet sizes. A weak adsorption of molecular species to the
oil−water interface was predicted to change the energetics of
the reaction to favor product formation. However, a rate
enhancement was only observed in emulsions that had a radius
smaller than ∼20 μm.7 The merged droplets in this study have
a radius of 29.4 ± 0.4 μm, which could indicate that the
droplets used here are still too large to observe a significant rate
enhancement from interfacial effects.

Single Droplet Mass Spectrometry. The products of the
reaction between OPA and alanine are studied using the PS
ionization source. Figure 6a shows mass spectra from a single
alanine droplet (black line) and OPA solution droplet (red
line). Compared to the concurrently developed single droplet
mass spectrometry method (which uses a corona discharge to
ionize the vaporized droplet components),27 the use of the PS
ionization source leads to less fragmentation and easier
identification of reaction products. The alanine spectrum has
only one peak at m/z 90, which represents the protonated
molecular ion. The OPA spectrum has peaks at m/z 135 and
157, which are from the protonated OPA molecule and the
OPA/Na+ complex, respectively. The peak at m/z 311
corresponds to the OPA and DTT adduct complexed with a
Na+ ion. OPA reacts with thiol-containing compounds to create
a stable 1,3-dihydroisobenzofuran compound that has been
previously observed.37 Because DTT has two reactive thiol
groups, a single DTT molecule can react with two OPA
molecules. The peak at m/z 445 corresponds to this reaction
product complexed with a Na+ ion. Figure 6a also shows the
mass spectrum of a single merged droplet after it has reacted for
6 s (blue line). Because alanine is in excess in the merged
droplet, only the intensities of the peaks from OPA-containing
species have decreased significantly (the alanine peak remains a
dominant peak). The peaks present at m/z 342 and 476
correspond to the protonated isoindole reaction products.36,37

The chemical structures for each of the ions are shown in the
Supporting Information (Table S-2).
Figure 6b shows a selected ion chromatogram from the

ejected merged droplets for each of the peaks of interest in the
experiment (m/z 90, 311, 342, 445, and 476). All of the ions

Figure 5. Fluorescence (450 ± 20 nm) generated from the reaction of
OPA with alanine in a droplet with a radius of 29.9 ± 0.4 μm (gray
line) and in bulk solution (red squares). In the droplet, the initial OPA
concentration is 2.4 ± 0.1 mM and the initial alanine concentration is
8.1 ± 0.4 mM. In bulk solution, the initial concentration of OPA is 2.6
mM and the initial concentration of alanine is 7.7 mM. The solid black
and red lines are the best-fit product concentrations from the
bimolecular reaction simulation. The average bimolecular rate constant
for the reaction of alanine with OPA is found to be 84 ± 10 and 67 ±
6 M−1 s−1 in the droplet and bulk, respectively. The individual rate
constants for the different reaction conditions are tabulated in Table S-
1.
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show a similar time response and are only present when a
droplet is ejected onto the PS source. A ∼5 mM aqueous
droplet with a radius of 30 μm (similar to the OPA conditions
in this experiment) has ∼0.5 pmol of material (<1 ng). As
shown in Figure 6b, this results in single droplet pulses with a
signal-to-noise (S/N) ratio > 100. Assuming a S/N ratio of ∼10
is necessary to quantify peak intensities, a single, ∼5 mM
droplet with a radius of ∼15 μm could easily be detected in the
current configuration.

■ CONCLUSION
A branched quadrupole trap has been designed and constructed
to merge confined droplets. This trap allows for new
measurements of homogeneous chemical reactions in droplets.
Through the quenching of fluorescence of RhB droplets by
sulfuric acid droplets, consistent mixing times as short as ∼400
μs are obtainable using droplets moving at relative velocities of
∼0.1 m/s. As predicted by Carroll and Hidrovo,44 mixing
experiments in the BQT show that faster mixing times are
achievable by either decreasing the size of the merging droplets
or increasing the speed of the collision. With these mixing
times, chemical reactions with a bimolecular rate constant up to

∼104−105 M−1 s−1 can be studied in the BQT in its current
form.
The ability to measure homogeneous chemical reactions in

the BQT has been demonstrated using both fluorescence
spectroscopy and single droplet PS mass spectrometry. The
reaction of OPA with alanine (in the presence of DTT) is
found to occur slightly faster (∼25%) in a droplet with a radius
of ∼30 μm than in bulk solution. Charge on the droplet and
changes in the concentration of reactants due to evaporation do
not play a significant role in any potential rate enhancement in
the fluorescence experiments reported here. Thus, the small
rate enhancement is attributed to the larger surface to volume
ratio of the droplet compared to the bulk. Single droplet PS
mass spectra of reacted droplets following merging show the
expected reaction products. Based on the observed signal levels,
it is estimated that single droplets with a radius of ∼15 μm with
<100 pg of analyte could be easily detected using PS mass
spectrometry.
We have developed a new technique for the contactless

manipulation and merging of micrometer-sized droplets to
initiate chemistry. We demonstrate the applicability of
fluorescence imaging for measuring reaction kinetics and
demonstrate the use of mass spectrometry coupled with a
single particle trap. Going forward, these developments will
allow for rigorous probing of reaction kinetics in a variety of
samples spanning a wide range of sizes and concentrations.
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