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Monodisperse silica microcapsules are typically fabricated using hard templating methods. Though soft templating
methods are known, none yet provides a fast and easy method to produce monodisperse capsules. Herein, we describe
a mesofluidic strategy whereby monodisperse droplets of reactive silica precursors are formed using a snap-off
mechanism via a T junction. Both the mesofluidic system and the composition of the reactive silica formulation are
critical features. Using solid- and solution-state 29Si nuclear magnetic resonance, scanning electron microscopy, and
optical microscopy, we have developed models for why some formulations form exploding capsules, why some
capsules contain crystalline materials, and why some capsules have thin or thick walls.
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1. Introduction

Silica microcapsules, largely due to their physical properties
and ease of functionalization, are found in applications ranging
from industrial fillers to drug delivery agents [1–6]. These
materials are often produced using hard [7, 8] or soft templates
[9–11] in combination with acid, base, or acid/base catalyzed
sol–gel processes. Hard templating methods are the most com-
mon approach to synthesize monodisperse microcapsules, but
because the template is destructively removed, this approach is
excessively wasteful and time consuming. Soft templating, on
the other hand, uses emulsion droplets or bubbles as the tem-
plate. Previous soft templating approaches relied on mechanical
homogenization that produced polydisperse emulsion tem-
plates, thereby yielding microcapsule populations with high
coefficients of variation in particle diameter.
Recent innovations in device fabrication have brought the

field of micro/mesofluidics to the forefront of monodisperse
soft-template formation (via the formation of emulsions) [12,
13]. Due to the small dimensions involved, the fluid dynamics
in these small devices are predominantly characterized by lam-
inar flow, leading to unique fluid morphologies [14–16] and the
production of monodisperse emulsions and bubbles [17–19]. To
create microspheres or microcapsules, the emulsions are cap-
tured through polymerization or coacervation. We and others
have recognized that emulsions produced in micro- or meso-
fluidic devices are ideal environments to create inorganic or
inorganic–organic hybrid materials [20, 21].

The preparation of silica microcapsules using flow-produced
soft-template emulsions remains an unmet challenge despite
recent demonstrations of the synthesis of organosilicon micro-
capsules [21]. The major issue limiting the generation of mono-
disperse silica microcapsules in flow is one of reactivity.
Tetramethylorthosilicate (TMOS) and tetraethylorthosilicate
(TEOS), the typical silica precursors in sol–gel syntheses, react
too slowly (hours) on the flow chemistry time scale (minutes)
to yield monodisperse microcapsules practically, though solid
particles can be prepared if acid or base catalysis is used [22,

23]. An alternative silica-forming precursor is silicon tetrachlor-
ide (SiCl4) [24]. Compared to TMOS and TEOS, SiCl4 has
received very little exploration as a precursor to silica materials,
most likely because SiCl4 reacts rapidly and violently with
water. Herein, we demonstrate the rapid synthesis of monodis-
perse silica microcapsules using SiCl4 emulsions generated in a
simple T-junction microreactor. We demonstrate that capsules
produced using pure SiCl4 explode and develop a model to
explain this observation. From this model, we create a series
of SiCl4 formulations that enables the creation of stable micro-
capsules. Using nuclear magnetic resonance (NMR) (both sol-
ution and solid), optical microscopy, and scanning electron
microscopy, we characterize how each formulation changes
and results in a different composition of reactive species that
ultimately controls the properties of the microcapsules.

2. Results and Discussion

2.1. T Junction and Fluidic Considerations. Emulsion
droplets were prepared using a simple microfluidic device [25,
26] made from flexible polyvinyl chloride (PVC) tubing and
commercially-available syringes/needles. This device manipu-
lates two fluidic phases: a continuous phase consisting of 80 %
glycerol/water and a disperse phase consisting of reactive silicon
species and additives. Prior work in our group using reactive
silicon chlorides revealed that the continuous phase must have a
viscosity sufficient to enable droplet production and just enough
water to enable condensation. Too much water causes the con-
densation reaction to occur rapidly and directly at the disperse
phase/continuous phase junction, leading to clogging of the
device [27]. A continuous phase of 80 % glycerol/water provides
the high viscosity (η = 60 mPa s) [27] and at the same time
reduces the concentration of water. Though other continuous
phases may provide sufficient properties, the low cost of glycerol
makes this system attractive. As shown previously, droplet for-
mation depends on the balance between viscous shear forces from
the continuous phase and interface tension forces acting on the
droplet [28, 29]. The basic set-up that we use is illustrated in Fig. 1
where the disperse phase (see discussion below) is introduced
through a small-gauge needle (24-gauge) inserted orthogonal to
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the continuous phase flow, forming a T junction in the center of
the channel. Disposable syringes and syringe pumps supplied the
fluids, allowing independent control of each phase.

2.2. Neat Silicon Tetrachloride—Observation of Exploding
Capsules. Micro- and mesoreactors, as has been demonstrated
by many, are ideal vessels for handling and using hazardous
reagents such as SiCl4 [30]. Recognizing this fact, we sought to
examine the types of materials produced when droplets of SiCl4
were produced within an 80 % glycerol/water disperse phase.
To this end, we charged a syringe with neat SiCl4 and injected
this material at a flow rates ranging from 15 to 100 μL/min into
the glycerol-rich continuous phase (3–20 mL/min). To our
satisfaction, the formation of droplets and rapid reaction was
observed. Initially, we hypothesized that the outcome of this
experiment would be the synthesis of solid silica particles, but
we were surprised to find thin-shelled capsules (Fig. 2d). Even
more vexing was the observation that these capsules exploded
within the reactor and as the capsules emerged from the reactor
(Fig. 2a–c), yielding fragmented, thin capsules that were clear/
slightly opaque, leading us to predict that we formed silica.
A solid-phase 29Si NMR spectrum of the resulting material

reveals a single peak centered at −110 ppm that corresponds to
the Q4 resonance of fully condensed SiO2. No incorporation of
glycerol is evident, and no residual Si–Cl bonds are observed in
the spectrum (Fig. 3). The exploding capsules produce an
audible pop and bubbles of gas, presumably HCl (see Support-
ing Information for a video). Before the explosions, the collec-
tion bath exhibits neutral pH, and after explosions, the pH drops
to less than one, supporting the model that the gas driving the
explosion is HCl. To exclude the possibility of the pressure drop
causing destruction of the capsules, which occurs as the

Fig. 1. Schematic of the T-junction device illustrating the continuous
phase (a), the disperse phase (b), the T-junction (c), the collection bath
(d), and magnification of the T-junction showing snap-off of mono-
disperse droplets (e)

Fig. 2. Frame-by-frame progression (4.18 s to 4.84 s) of exploding capsules produced from a disperse phase of neat SiCl4 (a–c), and an optical
microscope image of thin-shelled microcapsules produced from a disperse phase of neat SiCl4 (d)

Fig. 3. 29Si solid-state NMR spectrum of microcapsules produced from a disperse phase of neat SiCl4
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capsules exit the tubing and enter the collection bath, the tubing
was elongated significantly to enhance the residence within the
system. We were able to observe that the capsules still burst
while in the tubing, further supporting the model of gas-driven
explosions.
We developed the model shown in Fig. 4 based on these

observations. We propose that the SiCl4 droplet immediately
forms a thin dense shell of SiO2 defining the volume of the
particle while at the same time sequestering HCl(g) within the
capsule. As the SiCl4 continues to react, the HCl(g) volume

increases until the pressure causes the capsule to explode.
The density of SiCl4 is significantly lower (1.483 g/mL or
molar density of 8.7 mmol/mL) than that of amorphous SiO2

(2.2 g/mL or molar density of 37 mmol/mL) [31] so that a
void should be produced within the interior as the shell forms.
Figure 4 demonstrates that the volume of HCl(g) formed from
SiCl4 reacting with water is three orders of magnitude larger
(based on calculations for an arbitrary droplet diameter of
185 μm) than the volume of the sphere, indicating that even a
small fraction of SiCl4 reacting will yield enough HCl(g) to
exceed the capsule volume.
Though these thin-shelled, ruptured materials are interest-

ing and might yet have applications, we desired to define

Fig. 4. Reaction of SiCl4 with water and illustration depicting the
diameter (d), volume of the initial drop (V(SiCl4)), and the large
volume of HCl gas produced (V(HCl)), which leads to the explosions

Fig. 5. Plot of the average number of intact microcapsules within a 20-min window versus the mole percent TEOS. Three samples of 75
microcapsules were taken from the collection bath for each data point

Fig. 6. SEM micrographs of silica capsules formed from a disperse phase of 0.5 mL SiCl4 + 0.93 mL (49 mol%) TEOS: (a) a SEM image of a sample
that has been washed with water followed by ethanol and air dried (without calcination), and (b) a magnified SEM image illustrating the vacant
interior and shell consisting of multiple layers

Fig. 7. Optical microscope image of microcapsules produced from (a)
freshly prepared disperse phase solution of 0.5 mL SiCl4 + 0.93 mL
(49 mol%) TEOS, and (b) a 15-day-old disperse-phase solution con-
taining 0.5 mL SiCl4 + 0.93 mL (49 mol%) TEOS. Each image was
taken directly after capsules were collected on a microscope slide
immediately upon exiting the tubing
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conditions that would enable the formation of stable, self-
supporting silicamicrocapsules. The observation that HCl(g)
pressure might be the origin of capsule rupture prompted us
to explore mixtures and additives that either scavenge the
HCl(g) or enable gas escape.

2.3. Silicon Tetrachloride/TEOS Mixtures—The Effect of
Aging. The formation of sol–gels, using precursors such as
TEOS, is accelerated by acid catalysts [32]. We hypothesized
that stable silica microcapsules could be produced by replacing
pure SiCl4 with SiCl4/TEOS mixtures. We reasoned that the
SiCl4 could rapidly react with water at the disperse phase/
continuous phase interface (Fig. 4) and that the HCl(g) produced
would then catalyze the TEOS hydrolysis steps, thereby leading

to porous sol–gel formation [32]. To assess the influence that
TEOS had on the formation of stable capsules, we measured
the percent of intact capsules initially present (three lots of 75
capsules were counted for each dilution) vs. mole fraction
TEOS (added to SiCl4). As shown in Fig. 5, the number of
intact capsules within 20 min of formation was strongly
impacted by the amount of TEOS added. Capsules stable
enough to be counted after 20 min required greater than
20 mol% TEOS. From 20 mol% to 49 mol% TEOS, we
observed a linear improvement in intact capsules. Above
49 %, we began to observe a significant decrease in stable
capsules. Apparently, when there is excess TEOS, the conden-
sation reactions are too slow to permit a strong capsule wall to

Fig. 8. Full 1H NMR spectrum of an aged disperse phase solution consisting of 0.5 mL SiCl4 + 0.93 mL (49 mol%) TEOS (a—top), an unaged
solution of the same composition (b—bottom), and magnified portions of the spectrum (inset)

Fig. 9. 29Si solution NMR spectra referenced to tetramethylsilane of (a) an aged disperse phase solution consisting of 0.5 mL SiCl4 + 113.41 mg
(4.8 mol%) TPM + 0.93 mL TEOS, and (b) an unaged solution of the same composition
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form before the droplets emerge from the device (the residence
time of the device was about 2–5 s depending on the flow rate
of the continuous phase). Possibly, stable materials could be
formed from high-percentage TEOS droplets if the residence
times were increased. Regardless of the number of intact cap-
sules at 20 min, we were disappointed to observe that the
percentage of capsules remaining after 24 h was essentially zero
even for the best SiCl4/TEOS ratio, indicating that HCl(g) build-
up still occurred and that the shells were not sufficiently porous
to enable gas release (Fig. 6).
During these experiments, we noticed that a stock solution of

the 49 mol% TEOS precursor solution produced capsules with
varying properties over the period of a few weeks, suggesting
that the solution changed over time. A solution aged 15 days
produced capsules with thicker walls compared to freshly pre-
pared solutions (Fig. 7).
The long-term stability of the capsules was still low, but the

thicker walls produced with the aged disperse phase prompted

us to determine the origin of the change. 1H and 29Si solution
phase NMR revealed that the fresh and aged solutions have
markedly different NMR spectra. Figures 8 and 9 provide
stack plots where fresh SiCl4/TEOS and aged SiCl4/TEOS
spectra are compared. The fresh SiCl4/TEOS solution shows
only the presence of starting materials. The aged mixture has
none of the starting materials, and both proton and silicon
NMR reveal new species. These new species can be readily
identified by comparison to known values in the literature
and are identified as trichloro(ethoxy)silane, dichlorodie-
thoxylsilane, and chlorotriethoxysilane (x, y, and z, respec-
tively, in the insets of Fig. 8). These species are the result of
exchange between SiCl4 and TEOS, and this type of
exchange was originally characterized by Friedel and Crafts
[33]. Based on these observations, we proposed that addi-
tives that both accelerate the exchange between SiCl4/TEOS
and scavenge HCl would ultimately produce more stable
microcapsules.

Fig. 10. Full 1H NMR spectrum of an aged disperse phase solution consisting of 0.5 mL SiCl4 + 113.41 mg (4.8 mol%) TPM + 0.93 mL TEOS
showing the formation of three exchange products (x, y, z) (a), an unaged solution of the same composition (b), and the magnified portions of the
spectrum (insets)

Scheme 1. Proposed catalytic cycle for the SiCl4/TEOS exchange process
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2.4. Silicon Tetrachloride/TEOS/Triphenymethanol—
Catalyzing the Exchange. We predicted that the addition of
hydrogen bond donors such as triphenylmethanol (TPM) would
catalyze the exchange process (refer to the NMR data) and
scavenge HCl via an SN1 process. Scheme 1 depicts a catalytic
cycle consistent with the current observations whereby TPM
catalyzes the exchange of chloride anion and ethoxide via
nucleophilic catalysis. Here, we predict that TPM and SiCl4
react to form intermediate 1 that then reacts with ethanol to
produce an equivalent of SiCl3OEt and HCl. TPM could also
catalyze the exchange of ethoxide for chloride, except in this
case, the catalysis is through hydrogen bonding via intermediate
2. We stipulate that this model, though consistent with the
literature and our observations, would be more firmly supported
with a rate law—a data set outside the scope of the current
study.
Figures 10 and 11 show stack plots of 1H and 29Si spectra

measured for the TEOS/SiCl4/Ph3COH mixture initially and
after 15 days. From these data, we conclude that the TEOS
and SiCl4 are consumed entirely, revealing the same three
exchange products as the aged samples mentioned previously.
An interesting feature is that the relative proportion of the three
products in the TEOS/SiCl4/Ph3COH sample is different com-
pared to that in the TEOS/SiCl4 one, suggesting that the
exchange process is still incomplete for the TEOS/SiCl4 aged

sample. The fact that the same three products are formed in each
case indicates that each system is tending toward an equilibrium
population and that the Ph3COH is acting as a catalyst.

Mixtures containing TEOS/SiCl4/Ph3COH exhibit different
microcapsule properties as function of aging. Figure 12 shows
silica microcapsules formed from unaged mixtures. Here, the
shells are thin and crystals are readily observed within the
interior of many capsules. By crushing the capsules, we
obtained X-ray quality crystals from the interior, and single-
crystal X-ray analysis along with the NMR characterization
reveals that the material is Ph3CCl. We propose that the trapped
TPM reacts with the formed HCl to produce triphenylmethyl-
chloride (via a carbocation intermediate) that then crystallizes
within the microcapsules.
Microcapsules produced from aged (15 days) solutions of

TEOS/SiCl4/Ph3COH have significantly thicker shell walls
than those produced from the non-aged sample. Figure 13 pro-
vides optical micrographs as well as scanning electron micro-
scope (SEM) images of these thicker shelled materials. We
propose based on literature precedent that the mixed ethoxide/
chloride silane species that are formed upon aging exhibit very
different hydrolysis/condensation rates compared to SiCl4 or
TEOS alone. These mixed species are known to hydrolyze
faster than TEOS but much slower than SiCl4 [34]. We propose
that slower shell formation enables exchange of HCl(g) and

Fig. 11. 29Si solution NMR spectrum of (a) an aged disperse phase solution consisting of 0.5 mL SiCl4 + 113.41 mg (4.8 mol%) TPM + 0.93 mL
TEOS, and (b) an unaged solution of the same composition

Fig. 12. Optical microscope images of capsules with Ph3CCl crystals forming on the interior. (a) Microcapsules produced by solution containing
0.5 mL SiCl4 + 0.93 mL TEOS + 113 mg Ph3COH in a vial with silicone septa and covered with parafilm. (b,c) Particles produced by solution
containing 0.5 mL SiCl4 + 0.93 mL TEOS + 113 mg TPM in a vial with silicone septa
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Fig. 13. Optical microscope images of microcapsules produced from a solution consisting of 0.5 mL SiCl4 + 113.33 mg TPM + 0.93 mL TEOS that
has been aged for 15 days (a, b), and after stirring in an ethanol collection bath for 24 h (c, d). SEM images of capsules produced from a disperse phase
comprised of 0.5 mL SiCl4 + 113.77 mg TPM + 0.93 mL TEOS that was allowed to mature for 16 days (e, f, and g). The capsules were filtered and
washed with several aliquots of deionized water followed by ethanol and air dried before performing SEM experiments

Fig. 14. SEM images of microcapsules produced from an optimized disperse phase of 0.5 mL SiCl4 + 0.1 mL t-butanol (12.8 mol%) + 0.93 mL
TEOS (a–c)

Fig. 15. Microcapsules produced from an unaged disperse phase of (a) 0.5 mL SiCl4 + 0.08 mL t-butanol (8.9 mol%) + 0.93 mL TEOS, (b) 6-day
aged SiCl4 + 0.08 mL t-butanol + 0.93 mLTEOS that have been mechanically crushed, and (c) capsules produced from the same solution after a 12-day
aging period

Scheme 2. Reaction scheme illustrating the reaction between silicon tetrachloride and t-butanol without the presence of NH3 as proposed by
Bradley et al.
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water between the inside and outside of the forming capsules.
The exchange of water enables the shells to grow similarly to
the aged SiCl4/TEOS samples. In addition, once the capsules
become impervious to water diffusion, we predict that Ph3COH
reacts with interior HCl producing Ph3CCl and water, ultimately
yielding thick walls. These capsules were too unstable to be
useful, as after drying they are fragile and rupture on stand-
ing (Fig. 13e–g). We propose that the Ph3CCl formed produces
defects in the capsule wall resulting in significantly weaker shells.
Figure 13a shows darker materials within the interior of the
capsules that we propose is precipitated Ph3CCl; Fig. 13e, f, and
g show outgrowths on the surface of these capsules that are not
present in any of the other materials. We suggest that these defects
are Ph3CCl precipitated on the interior and surface and that these
defects weaken the capsules.
2.5. Silicon Tetrachloride/TEOS/t-Butanol Mixtures—

Balanced Reactivity. The Ph3COH additive clearly had a
strong impact on capsule formation by both catalyzing the
exchange and scavenging HCl. We sought to disconnect the
exchange process from the HCl scavenging feature and selected
t-butanol as an alternative scavenger. We predicted that t-butanol
would catalyze the exchange process but would scavenge HCl
much more slowly than Ph3COH because t-butanol has a sim-
ilarly hindered alcohol as Ph3COH, but the t-butyl carbocation is
much less stable and will not scavenge HCl as fast as Ph3COH.
We produced SiCl4/TEOS/t-BuOH mixtures and produced
capsules immediately after solution preparation and after aging
the solution for 15 days. We found that capsules produced from
unaged and aged solutions yielded similar capsules and both
solutions produced materials that remained intact after robust
washing with water and ethanol followed by air drying—a
feature not observed for particles produced using aged SiCl4/
TEOS or aged SiCl4/TEOS/TPM.

We hypothesize that SiCl4/TEOS/t-BuOH mixtures rapidly
exchange SiCl4 and TEOS, yielding mixed orthosilicates that
enable thicker shells to form as we observed for the SiCl4/TEOS/
Ph3COH mixtures. Figure 14 displays SEM images of these cap-
sules, which have noticeably different morphologies than those
produced using the Ph3COH additive. The absence of Ph3CCl
provides a smoother surface and uninterrupted SiO2 matrix lead-
ing to more stable capsules. Figure 15 displays the change in shell
thickness that results from the addition of 8.9 mol% of t-butanol
(compare these to capsule-produced additive-free SiO2/TEOS
mixtures—Fig. 2d). We intentionally crushed some of the cap-
sules shown in Fig. 15 to observe the capsule shell thickness.
The reaction of SiCl4 with t-BuOH has been previously

studied by Bradley et al. [34]. They showed that, due to steric
effects, the complete exchange of chlorine with t-BuOH pro-
ceeds very slowly and requires addition of ammonia or other
additives. Without additives, the reaction produces the mono-t-
BuOH species shown in Scheme 2.
Based on the microcapsule stability enhancement we

observed with the SiCl4/TEOS/Ph3COH mixtures (both aged
and unaged), we propose that the exchange process is catalyzed
more rapidly by t-BuOH compared to Ph3COH and that this
feature leads to a more stable microcapsule. Figure 16 displays
1H NMR data obtained over various times comparing mixtures
containing the same equivalents of Ph3COH and t-BuOH
(4.8 mol%), and our optimized case with 12.8 mol% t-BuOH.
The Ph3COH mixture shows incomplete exchange at 4.5 h
(Fig. 16a) whereas both of the t-BuOH mixtures provide com-
plete exchange after <1 h (Fig. 16b and c). The case with
12.8 mol% t-BuOH is so fast that exchange is nearly complete
before the mixed sample can be placed in the spectrometer.
We also followed the long term changes that take place when

the SiCl4/TEOS/t-BuOH mixture is allowed to age for 15 days
using 1H and 29Si NMR spectroscopy. The data shown in

Fig. 16. 1H NMR spectra taken over time which show the consumption
of starting material, specifically the –CH2 of the ethoxy groups on TEOS,
and production of exchange species for solutions containing 0.5 mL
SiCl4 + 0.93mLTEOS+ theTPMadditive (4.8mol%) (a), 0.5mLSiCl4 +
0.93 mL TEOS + the t-butanol additive (4.8 mol%) (b), 0.5 mL SiCl4 +
0.93 mLTEOS + the optimized t-butanol additive (12.8 mol%) (c), and a
stack of spectra containing the data for all three solutions after 1 h (d)
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Figs. 17 and 18 show the same major species as observed for
the Ph3COH mixture. The major difference is that the propor-
tion of species is different as can be seen clearly in the 29Si
NMR data. For the Ph3COH mixture, the chlorotriethoxysilane
is the major material, but for the t-BuOH mixture, the dominant
product is the dichlorodiethoxysilane. In addition, the t-BuOH
data indicate that other Si containing species are present, includ-
ing the t-butyltrichlorosilane, as is evident by the singlets in the
1H NMR data. We assert that these species do not have a major
impact on the shell thickness as both aged mixtures (with either
t-BuOH or Ph3COH as additives) exhibit thicker shells.

As a demonstration that stable microcapsules are easily pro-
duced and that simple changes to flow rate control the micro-
capsule diameter (measured using ImageJ software), we prepared
two populations of capsules. The smaller capsules were pro-
duced using a continuous phase flow rate of 15 mL/min with a
disperse flow rate of 25 μL/min and are shown in Fig. 19a. The
larger materials shown in a close-packed array (Fig. 19b) were
produced at a continuous-phase flow rate of 5.00 mL/min and a
disperse-phase flow rate of 25 μL/min. The coefficient of varia-
tion was found to be 4.42 % and 1.82 %, respectively, for the
capsules represented in Fig. 19a and b. These microcapsules

Fig. 17. Full 1H NMR spectrum of an aged disperse phase solution consisting of 0.5 mL SiCl4 + 0.042 mL (4.8 mol%) t-butanol + 0.93 mLTEOS (a),
an unaged solution of the same composition (b), and magnified portions of the spectrum (inset)

Fig. 18. 29Si solution NMR spectra of (a) an aged disperse phase solution consisting of 0.5 mL SiCl4 + 0.042 mL (4.8 mol%) t-butanol + 0.93 mL
TEOS, and (b) an unaged solution of the same composition
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were assembled by confinement in well-plates and use of ethanol
to balance the cohesion between capsules and chamber walls
(Fig. 19b) [35]. Close-packed arrays of microcapsules could have
broad applications in areas such as advanced optics, photonics,
scaffolds for tissue growth, and microelectronic engineering [33].

3. Conclusions

Simple mesofluidic systems provide materials chemists
with a readily available and versatile system capable of produc-
ing materials from precursors that are less attractive to use in
batch reactions because of undesired reactivity. Herein, we have
shown that by using a combination of tubes, needles, adapters,
and T junctions, reactive emulsions with low dispersity can be
produced in minutes. The use of neat SiCl4 resulted in the rapid
formation of thin-shelled, explosive microcapsules. By using
reactive mixtures of SiCl4 + TEOS + tertiary alcohol additives,
thicker-walled microcapsules were obtained. Additives that cat-
alyzed the exchange and scavenged HCl rapidly resulted in
thick-walled microcapsules that were mechanically delicate.
Using additives such as t-butanol that catalyzed exchange and
only slowly reacted with HCl resulted in robust microcapsules.
This strategy represents an excellent method for producing low
dispersity microcapsules using an emulsion as a soft-template.
We are now in the process of producing mixed organic–inorganic
capsules as well as studying the capsules for their capacity to
bind and release drug-like molecules.

4. Experimental

All chemicals were and used as received without further
purification: SiCl4 (99 %), TEOS (GC, ≥99.0 %), glycerol
(ACS reagent, ≥99.5 %), TPM (97 %), and t-butanol (ACS
reagent, ≥99.0 %). t-Butanol was dried using activated 4-Å
molecular sieves before use.
4.1. Fabrication and Use of the Simple Microfluidic Device.

The simple T-junction microfluidic device was constructed from
PVC laboratory tubing (inside diameter = 1/16 in, 1.59 mm).
A 20-in section of the tubing was fitted on one end with a
1/16-in Luer barbed female adapter so that a syringe containing
the continuous phase could be attached. A plastic cylindrical
jig (T-junction aligner) was mounted over this tubing and then
positioned a distance from the collection bath optimally deter-
mined to be 10 in. Another section of tubing approximately
2 in long was fitted with male and female Luer barbed adapt-
ers, and a precision flat-tipped 24-gauge needle (Integrated
Dispensing Solutions) to provide an inlet for the disperse phase
orthogonal to the direction of the continuous phase flow. The
tip of the needle was precisely positioned into the center of
the tubing to ensure snap-off/shearing of monodisperse drop-
lets. The monodisperse droplets were formed by adjusting the
flow rates of each phase separately (the most common flow

rates were 5.00 mL/min and 25 μL/min for the continuous
and disperse phases, respectively) until droplets were observed
in the tubing. The capsules were then collected in a 1000-mL
beaker filled with 800 mL of 100 % ethanol stirred at 200 rpm.
4.2. Continuous Phase Preparation. The continuous phase

solution was prepared by combining glycerol with deionized
water in a 80:20 glycerol:water ratio. The mixture was stirred
until homogenous (1 h).
4.3. Disperse Phase Solution Preparations
4.3.1. Neat SiCl4. SiCl4 was loaded directly from the septa-

capped container into a plastic syringe and used as the disperse
phase in the T-junction experiment.
4.3.2. SiCl4 + TEOS. Exactly 0.5 mL SiCl4 (4.36 mmol) was

dispensed into a 7-mL glass vial (capped-PTFE/silicone septa).
To this vial, TEOS (0.93 mL, 4.16 mmol) was added via a plastic
syringe. The vial was agitated for ~5 min before loading ~0.5 mL
of this solution into a plastic syringe and used as the disperse
phase in the T-junction experiment.
4.3.3. SiCl4 + TEOS + TPM. SiCl4 (0.5 mL, 4.36 mmol) was

dispensed into a 7-mL glass vial (capped-polytetrafluoroethylene
[PTFE]/silicone septa), and 4.8 mol% (113.41 mg, 0.44 mmol)
of TPM was added to the vial containing the SiCl4 (powder turns
from white to yellow in the vial). TEOS (0.93 mL, 4.16 mmol)
was then dispensed into the vial. The vial was then sonicated
for 15 min to dissolve the solid yielding a slightly cloudy faint
yellow solution.
4.3.4. SiCl4 + TEOS + t-butanol. SiCl4 (0.5 mL, 4.36 mmol)

was dispensed into a 7-mL glass vial (capped-PTFE/silicone
septa) without concerns about the presence of air. Exactly
0.93 mL TEOS (4.16 mmol) was then added to the vial using
a 1-mL plastic syringe. t-Butanol was added in either 4.8 mol%
(0.042 mL, 0.44 mmol) or 12.8 mol% (0.12 mL, 1.25 mmol). In
each case, the vial was agitated for approximately 5 min before
use of the solution for capsule production in the simple micro-
fluidic device.
4.3.5. Aging of Solutions. Each solution above was “aged” by

allowing the contents of the sealed vials to react slowly over
15 days at room temperature.
4.4. NMR Sample Preparation. All solution-state 1H and

29Si NMR spectra were obtained on a Bruker AVANCE III 600
spectrometer operating at frequencies of 600.13 MHz for 1H
and 119.22 MHz for 29Si with a 5-mm probe. The chemical shift
values were referenced to tetramethylsilane (TMS) at 0 ppm.
29Si solid-state magic-angle spinning (MAS) NMR spectra were
obtained on a Varian INOVA 500 WB spectrometer at the reso-
nance frequency of 99.39 MHz (magnetic field 11.74 T). Each
sample was prepared by vacuum filtering the microcapsules and
washing with several aliquots of deionized water and ethanol.
The sample was then allowed to air dry and placed in a desicca-
tor for 24 h before it was loaded into a 4-mm 3-channel HXY
(H = proton, X = silicon [high frequency], and Y = not used [low
frequency]) Cross-Polarization/MAS probe for the analysis. A
recycle delay of 60 s was used, and samples were spun at 10 kHz.
The chemical shift values were referenced to TMS at 0 ppm.
4.5. 1H NMR Kinetic Studies
4.5.1. Unoptimized Solution with t-butanol. Two stock solu-

tions were prepared. Stock solution (A) contained SiCl4
(250 μL, 2.18 mmol), TEOS (465 μL, 2.08 mmol) and 5 μL
of internal standard (mesitylene) in 1 mL CDCl3. Solution (B)
contained t-BuOH (21 μL, 0.22 mmol) in 1 mL of CDCl3. The
two stock solutions were mixed immediately before placing a
0.5-mL sample into the borosilicate NMR tube.
4.5.2. Optimized Solution with t-butanol. Stock solution (A)

was prepared as previously stated. Stock solution (B) contained
t-BuOH (60 μL, 0.63 mmol) in 1 mL of CDCl3. The two stock
solutions were mixed immediately before a 0.5-mL sample was
placed into the borosilicate NMR tube.

Fig. 19. Optical microscope images of microcapsules produced from
a disperse phase of 0.5 mL SiCl4 + 0.12 mL t-BuOH + 0.93 mL TEOS
(average diameter = 205 μm) (a), and larger capsules (average diameter =
370 μm) produced from the same disperse phase solution (b)
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4.5.3. Solution with TPM. Stock solution (A) was prepared as
previously stated. Stock solution (B) contained TPM (56.5 mg,
0.22 mmol) in 1 mL of CDCl3. The two stock solutions were
mixed immediately before placing a 0.5-mL sample into the
borosilicate NMR tube.
Upon overlaying the data, all internal standard peaks were

calibrated to the same chemical shift.
4.6. Optical Microscope Imaging. Capsules were pipetted

directly from the collection bath onto a clean glass microscope
slide. They were then placed onto the Leica DM IL microscope
platform to obtain images using the 10×, 40×, and 63× objec-
tives. These images were used to calculate the capsule diameter
and coefficient of variation from measurements obtained with
ImageJ software.
4.7. SEM Imaging. The samples were first poured onto a

small piece of weigh paper. The sample was then gently poured
onto a 10-mm aluminum SEM stub with two sided carbon
tape on the surface. The stub was then gently shaken over the
weigh paper to get rid of any excess material. The sample and
stud were sprayed with nitrogen for extra precautions. A JEOL
LV-5610 variable vacuum SEM was used for all samples. High
vacuum was used for images that showed little charging on the
surface, while low vacuum images for those samples exhibited
some charging.
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