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ABSTRACT: Chemical reactions can be greatly accelerated in microdroplets, but the
factors that lead to acceleration are still being elucidated. Using rhodamine 6G (R6G) as a
model compound, we studied the density distribution and fluorescence polarization
anisotropy of this dye in water-in-oil microdroplets. We found the density of R6G is higher
on the surface of the microdroplets, and the ratio of the surface density to that of the center
grows with increasing microdroplet radius or with decreasing R6G concentration. The
measured fluorescence polarization anisotropy at the surface is almost the same for droplets
of different sizes but becomes larger when the concentration is lowered. We also performed
three-dimensional simulations by treating R6G+ and its associated anion as a dipole of fixed
length and magnitude. The simulation results match quite well the experimental measure-
ments, showing that the density distribution and fluorescence polarization anisotropy can
be largely explained by a simple electrostatic model.

Chemical reactions happening within microdroplets have
received much attention in recent years. Researchers from

various groups have shown that numerous reactions can be
accelerated inmicrodroplets compared with their counterparts in
the bulk phase, including protein unfolding,1 helix formation,2

synthesis of sugar phosphates and ribonucleosides,3,4 addition−
condensation reactions,5−9 C−C and C−N bond formation
reactions,8,10,11 radical reactions,12,13 and nanostructure forma-
tions.14 However, the causes of reaction acceleration in micro-
droplets remain to be fully elucidated. There have been multiple
hypotheses concerning the factors that contribute to reaction
acceleration, including solvent evaporation and in situ acidity
or basicity.15−18 In addition, researchers have done simulations in
a much smaller nanometer scale for reactions happening in
water confined by mineral surfaces.19 In extension of those
efforts, we measured the physical properties, i.e., the density
distribution and the polarization anisotropy of rhodamine 6G
(R6G) fluorescence in water-in-oil microdroplets to facilitate an
understanding of microdroplet chemistry in a more quantitative
way.
What makes microdroplets different from the bulk solution is

mainly the large surface area and a confined space. The properties
of molecules on the surface have been studied for the oil/
water,20−22 air/water,23−27 and silica/water28,29 interfaces. Most
of this work has been done for an interface that constitutes an
open surface, which is bounded by one or more edges. Here we
studied the density distribution and fluorescence polarization
anisotropy of R6G at the oil−water interface that constitutes a
closed surface, which is compact and without boundary. With the
assumption that the angle between the adsorption dipole and
emission dipole is close to zero,30 the fluorescence polarization
anisotropy is defined in eq 1, where I∥ denotes the fluorescence
intensity when the emission polarizing filter is oriented in the
same direction as the excitation filter, while I⊥ denotes the fluo-
rescence intensity when they are perpendicular.
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In our experimental setup, a focused flow droplet generator
was used to generate water-in-oil microdroplets. As a model
system, a R6G−water solution was used as the water phase and
Fluorinert FC-40 was used as the oil phase. A modified epi-
fluorescence microscope setup was used to measure the
polarization anisotropy in microdroplets. (Scheme 1) The

excitation laser was passed through a half-wave plate to shift
the direction of linearly polarized light, then through a polarizing
filter, and then focused by an objective lens. The fluorescence of
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Scheme 1. Schematic View of the Experimental Setup
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R6G went through an emission filter and a polarizing filter,
followed by detection with a CCD sensor. The fluorescence
measurement was done after the system reached an equilibrium
(Figure S1).
Figure 1 presents images of the fluorescence from a

microdroplet. The dye molecules of R6G concentrate more at

and near the surface than in the center of the microdroplet. The
excitation polarizing filter was fixed horizontally at 0°, while
the emission polarizing filter was set at 0°, 45°, 90°, or 135°. The
images show the intensity change of different parts of the micro-
droplet for different orientations of the emission filter polarizer.
Specifically, when the emission polarizer was placed at 90°, the
top, bottom, left, and right parts of the microdroplet are darker
than the other parts. The top and bottom parts are dark because
the excitation filter was placed horizontally, and the top and
bottom parts are not excited, while the darkness of the left and

right parts comes from the fact that the emission polarizer was
placed vertically at 90°, and the fluorescence is blocked by this
filter. These images indicate that the emission dipoles of the
molecules at the surface of the microdroplet are perpendicular to
the surface.
Figure 2A shows that the fluorescence polarization anisotropy

(eq 1) increases as the fractional distance of molecules to the
center increases.We conclude from this behavior thatmolecules at
the surface are more aligned. The fluorescence anisotropy of dif-
ferent sized microdroplets shows similar trends. Figure 2B shows
that the fluorescence polarization anisotropy at the surface of
different sizedmicrodroplets with the same R6G concentration is
similar and that microdroplets with lower concentrations have
higher values of the fluorescence polarization anisotropy at the
surface. As control experiments, the fluorescence polarization
anisotropy of 1 μM R6G was measured to be 0.014 in bulk
solution and 0.043 at a flat open water−oil interface. The latter
experiment shows that the hydrophobic−hydrophilic interaction
is not the main cause for the anisotropy at the microdroplet
surface. We reason that if the hydrophobic−hydrophilic inter-
action were the main cause for anisotropy, the anisotropy at the
microdroplet surface and an open surface would be similar, as
they both have oil−water interfaces. We propose that the aniso-
tropy of R6G is caused by electrostatic interactions in a space
confined by a closed surface.
A confocal microscope without polarizing filter was used to

take an image at the largest cross section (great circle) of different
sized microdroplets with R6G at concentrations of 1, 10, and
1000 μM. Figure 3A shows the normalized fluorescence intensity
as a function of the fractional distance from the center. The
fluorescence intensity shows a strong variation from the center to
the surface of the microdroplets. For microdroplets with different
sizes (6−28 μm), the surface density of R6G is higher than that in
the center. However, the surface-to-center density ratio decreases
with higher concentrations of R6G or with smaller microdroplet
sizes (Figure 3B). To explain the above observations, we hypoth-
esized that the higher concentration of R6G molecules on the
surface than at the center of the microdroplets comes from the
electrostatic repulsion of the dipoles. There is a maximum
capacity of the microdroplet surface, because all molecules take a
specific volume. Thus, for smaller microdroplets or those with
higher concentrations, the surface is largely occupied, and excess

Figure 1. Fluorescence intensity of a microdroplet for different excitation−
detection conditions. The linear polarization of the excitation filter was fixed
horizontally at 0°, while the linear polarization of the emission filter was
set at 0°, 45°, 90°, or 135°.

Figure 2. (A) Fluorescence polarization anisotropy (eq 1) as a function of fractional distance from the center of microdroplets, where d is the distance
from the center and R is the radius of the droplet. The concentration of R6G is 10 μM. (B) The fluorescence polarization anisotropy at the surface for
different sized droplets with various concentrations of R6G. The thickness of the surface used in the analysis is 2 μm. The error bars represent one
standard deviation.
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molecules can only stay closer to the center. Therefore, the ratio
of the surface density to that of the center was lower for smaller
microdroplets or higher concentrations of R6G.
To investigate the cause of anisotropy at the surface, a three-

dimensional simulation was implemented by considering the
positively charged R6G and its negatively charged counterion as a
dipole of fixed length and magnitude. The translational and
rotational motion of the dipole at each time step was calculated
by solving the ordinary differential equation described by eq 2:
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where x is the positional vector of the dipole, v the linear velocity,
q the quaternion representing the dipole rotation, ω the angular
velocity, Fi the electric force, rij the distance from the ith and jth
particles, and N the total number of particles; rij denotes scalar
distance between the ith and jth particles; p is the linear momen-
tum, L the angular momentum, I the inertia tensor, and M the
torque. The location of the dipoles is restricted to lie within the
water droplet sphere. The whole procedure was repeated until
the total energy converged. Figure 4A shows a sample simulation
result. The dipoles located at the outmost boundary of the sphere
are perpendicular to the surface, which confirms our findings in
Figure 1. One hundred simulations with different initial dipole
positions were made separately. Figure 4C compares the average
density distribution in 100 simulations and that in experiments,
indicating that the uneven distribution of molecules in the

microdroplets is mainly from electrostatic repulsion. We propose
the variance of dipole angles is a measurement for the random-
ness of orientation of molecules, while the fluorescence polari-
zation anisotropy is higher where the randomness of molecules is
lower. Thus, we calculated the variance of the dipole orientations
and plotted the reciprocal of variance from simulation and the
fluorescence anisotropy from experiment in Figure 4D. They
agree closely. The orientation of dipoles in the second outmost
layer is more random than that in the outmost layer. Because of
the diffraction limit, the measurement we made about the surface
is affected by several layers of molecules inside, and we should
expect less influence from inner layers at lower concentrations.
This explains the experimental results that microdroplets with
lower concentrations will have higher observed anisotropy, as
shown in Figure 2.
We believe our investigation of the density distribution and

fluorescence anisotropy of microdroplets sheds light on
answering the question of why reactions in microdroplets differ
from reactions in the bulk phase.31 First, from the concentration
prospective, greater density leads to greater reaction rate. For
smaller microdroplets, the ratio of the surface density to that of
the center is lower, which is caused by the fact that the center
density of smaller microdroplets is greater, while the surface
densities are similar for different sized droplets. Therefore, from
the concentration perspective, we expect larger reaction rate
acceleration in smaller microdroplets. In addition, in smaller
droplets, diffusion allows more mixing of molecules located on
the inside and the periphery of the droplet, which leads to an
increased rate of reaction for the whole droplet. Second, from the
polarization anisotropy perspective, as molecules are aligned
(ordered), their entropies are reduced, which can affect the free-
energy change for the reaction.

■ EXPERIMENTAL SECTION

All chemicals were purchased as MS grade from Sigma-Aldrich
(St. Louis, MO). The focus-flow droplet generator chip was
purchased from Micronit Microfluidics (Netherlands). The
fluorescence anisotropy was measured with a Nikon TE-2000
inverted fluorescence microscope. The fluorescence intensity of
cross sections of microdroplets was measured with a Leica TCS
SP2 confocal microscope.
In the concentration distribution and fluorescence anisotropy

measurement, an image was taken at the largest cross section of a

Figure 3. (A) Relative fluorescence intensity versus the fractional distance from the center, where d is the distance from the center and R is the radius of
the droplet. The concentration of R6G is 1 μM. (B) The surface-to-center density ratios for different droplet sizes and different concentrations. The
thickness of the surface used in the analysis is 2 μm. The error bars represent one standard deviation.
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microdroplet after 10 min of stabilization. The fluorescence mea-
surement was done after the system reached an equilibrium
(Figure S1). In the density distribution measurement, the optical
resolution was reported to be 500 nm, while in the anisotropy
study, the resolution was reported to be 1200 nm.
The intensity information at each point was extracted as a

vector of (d, θ, I), where (d, θ) is the polar coordinate for the
point and I is the intensity. Furthermore, the intensity was
averaged across θ for each d, resulting in a relationship between
I and d.
The simulation was done by a hand-written code using the

framework of mxnet.32 The time step Δt was set to be 1 × 10−7,
and the total number of steps is 1× 107. The length of the dipoles
was set to be 0.001. Those values are relative ones without units
with respect to the Coulomb constant ke = 1 and the radius of a
microdroplet R = 1.
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