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ABSTRACT 

 

 
Controlling particularly reactive substances to achieve desired outcomes is a constant 

challenge in materials chemistry. Reactants and products consisting of main group and transition 

metal elements often exhibit extreme sensitivity to their environments. Therefore, it is desirable 

to develop new methods of synthesis and handling of the starting materials and resulting 

products in order to extend the chemical space available within this domain of science. 

Reactivity must be defined within the context of this dissertation. Herein, ‘reactive’ is 

exceptional sensitivity to air and moisture leading to degredation of reactants or desired products. 

Reactivity may also correspond to the explosive or pyrophoric nature of reactants and products 

inevitably preventing their isolation and handling under ambient conditions. 

Several observations which are pertinent to the fundamental understanding of the 

reactivity of various metalorganic, orgnaometallic, and main group complexes are chronicled 

within this dissertation. A comparison is provided for two methods (batch and flow) that are 

typically used to perform and control reactions. Due to the prevalence of flow chemistry within 

my work, emphasis will be placed upon flow-based methods. In chapter 1, a short primer on 

fluid dynamics relevant to materials chemistry will be provided to compare and contrast batch 

versus flow chemistry. Examples of flow chemistry applied to organic reactions are given, 

followed by examples of inorganic chemistry in flow which is much less developed. Finally, the 

overarching goals of this work are as follows: 1) Present the basics of fluid dynamics to provide 

a basis for the flow chemical approaches within this work. 2) Provide a discussion of current 

flow-based methods applied to organic and inorganic synthesis. 3) To detail and study the 

application of flow chemistry techniques to the synthesis of new and existing metal organic, 

organometallic, and main group compounds and materials.  

In chapter 2, a simplified droplet generator is introduced and utilized to yield hollow 

silica capsules from a liquid–liquid interfacial polymerization reaction. Further use of this simple 

droplet generator is examined for preparation of SiO2-TiO2 hybrid capsules along with a 

cartridge-based method to modify the capsule surface with additional TiO2.  

In chapter 3, our growing interest in reactive materals led to the discovery that alkali 

metal oxides can be trapped and crystallized using diethlyzinc. From this observation, a family of 

complexes were isolated and characterized. Chapter 3 will also incoporate flow-based synthesis 
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of organozinc complexes. First, the continuous preparation of organozinc halides is established 

and then coupled directly to Negishi reactions for the production of desirable building blocks for 

active pharmaceutical ingredients. Second, a catridge-based method for the utilzation of 

pyrophoric solid reagent Na2(HZnEt2)2 is presented leading to a series of novel organozincates. 

In chapter 4, the traditional methods used to synthesize alkali metal polyphosphides are 

discussed. Our discovery of solution-phase methods which allow facile access to homoatomic 

polyanions of phosphorus which do not involve harsh reducing alkali metals or the white 

allotrope of the element is detailed. We then demonstrate a high-throughput continuous-flow 

approach for rapid generation of gram quantities of these soluble polyphosphide anions. 



CHAPTER 1 

 

INTRODUCTION 

 

 
1.1 Principles of Flow Chemistry-Batch vs. Flow 

 

Fluid mechanics has roots extending as far back as ancient Mesopotamia, Egypt, and 

Greece.1 By the end of the 19th century, knowledge of fluid mechanics had progressed 

significantly through contributions of mathematics and fluid flow descriptors (e.g. Navier-Stokes 

and Euler equations, Reynolds number, etc.) with significant importance in science and 

engineering.1-3 It was not until the middle of the 20th century that continuous materials synthesis 

began in the fiber industry. Despite this early start, the excellent control over mass transfer, heat 

transfer, and fluid alignment observed in flow has only recently begun to impact material 

synthesis broadly. The use of flow methods by academic chemists and materials scientists has 

emerged from efforts within the laboratories of Whitesides and Weitz with their use of 

poly(dimethylsiloxane) (PDMS) for device fabrication and the microreactor community led by 

IMM in Germany and Yoshida in Japan. In the following sections, fluidic properties and benefits 

of flow reactors in comparison to batch reactors will be briefly highlighted and discussed. 

 

1.1.1 Mixing 

 

Rapid mixing can often have a very positive impact on reaction rate and yield.4 Mixing in 

batch reactors is slow relative to microreactors (i.e. round bottom flasks and larger batch 

reactors) due to inhomogeneities in the flow fields resulting from stirring (active mixing). As 

fluid approaches the stirrer, convection is induced, yielding turbulence and chaotic mixing. The 

forces generating convection are lessened with increasing distance from the stirrer. As a result, 

the majority of a batch reactor remains poorly mixed leading to idle zones. These areas of poor 

mixing can be sites of side reactions or unproductive chemistry. 

Flow reactors achieve mixing via multiple strategies and enable mixing to occur on time 

scales ranging from seconds to microseconds.5 The most common and simplest mixing apparatus 

is a T-mixer (Figure 1) where two fluid streams are forced through a single channel. The rate of 

mixing in a T-mixer is controlled by flow rate. At slow flow rates, where interfacial tension and 
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viscosity control fluid behavior, mixing is controlled solely by diffusion. As flow rate increases, 

convection becomes possible, and at high flow velocities, mixing is proportional to flow rate. 

While T-mixers are most common, many other strategies exist and are generally divided into 

devices that induce turbulence through inclusion of complex paths or those that increase 

diffusional mixing by maximizing surface area between co-flowing fluids. Complex paths are 

achieved by impinging flows or by flowing fluids through spiraled, coiled, or wound tubing.6,7 

Increased surface area is achieved in multilamellar devices where different fluids are separated 

into thin layers enabling rapid diffusional mixing. The speed of mixing is directly related to the 

surface-to-volume ratios of these devices which is typically much larger (10,000-30,000 m2 m-3) 

than that found in conventional batch reactors (100 m2 m-3). In these high surface-to-volume 

devices with short diffusion path lengths, mixing can occur in microseconds. These surface-to-

volume ratios also have an effect on thermal transport, which is discussed below.

 
 

 

Figure 1. Two liquids (A and B) colliding and mixing in a T-junction. Kindly provided by De 
Gruyter: Miller, L. Z.; Steinbacher, J. L.; McQuade, D. T. in Chapter 5 of Flow Chemistry: 
Volume 2 Applications. (Eds. Darvas, F.; Hessel, V.; Dorman, G.) Berlin, Boston: De Gruyter, 
2014. 
 
 
1.1.2 Thermal and Pressure Control 

 

Flow reactors provide enhanced control over reaction temperature and pressure relative to 

batch reactors. Heat transfer is faster and more uniform due to the smaller dimensions. Also, a 

much wider range of pressures can be achieved through use of flow-based back pressure 

regulators. These two features enable reactions to be run at either constant temperature or at 

temperatures above the boiling point of the solvent used to perform the reaction. Precise control 
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over temperature allows optimization of reactions that have multiple pathways (i.e., kinetic or 

thermodynamic), a feature that is significant for example in polymerization reactions where rates 

of propagation are similar to rates of termination. Rapid temperature changes8 and heat exchange 

coefficients up to 25 kW m-2 K-1 are possible depending on the materials and heat exchanger 

used.5,9,10 Capacity to run reactions at high pressures in microreactors provides the opportunity to 

perform reactions that would otherwise be unsafe in batch.11 For example, past explosions 

occurring in polyethylene research might have been avoided if performed under continuous 

conditions.12 While mixing, heat transfer, and pressure attributes are significant advantages of 

using continuous reactors, the truly revolutionary advantage that micro- and mesoreactor systems 

offer materials chemists is the control over fluid behavior and structure. 

 

1.1.3 Fluid Behavior-Unitless Descriptors of Fluid Flow 

 

Synthetic chemists often consider only solvent polarity and solubility issues when 

choosing solvents. On the other hand, fluid mechanics are well examined in undergraduate 

engineering curriculum. Because this wide knowledge gap exists between engineers and 

chemists, the following sections try to summarize basic fluid dynamics in language that is 

approachable to chemists. 

The unique properties of solvents in small dimensions was elegantly demonstrated by 

Whitesides in 1999 where seven dyed solutions were co-flowed parallel to each other in a PDMS 

microreactor (Figure 2). In this case, convective mixing of the solutions was avoided because the 

 
 

 

Figure 2. Seven fluids coflowing within a microfluidic channel illustrating low Reynolds 
number conditions or laminar flow. Kindly provided by De Gruyter: Miller, L. Z.; Steinbacher, J. 
L.; McQuade, D. T. in Chapter 5 of Flow Chemistry: Volume 2 Applications. (Eds. Darvas, F.; 
Hessel, V.; Dorman, G.) Berlin, Boston: De Gruyter, 2014. 
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solutions were in a low Reynolds number regime. The only mixing that could occur under these 

carefully selected conditions was diffusive mixing. While many dimensionless parameters are 

known, Reynolds, Capillary, and Weber numbers are three of the most important when 

performing materials synthesis in flow. The following sections will provide a primer of fluid 

behavior, and then progress into various synthetic applications. 

Turbulent and chaotic mixing dominates in the round-bottom flask; however, moving to 

channels with length scales on the order of nm to mm can negate the turbulent and chaotic 

mixing completely. The transition from turbulent to smooth flow takes place when viscous 

effects begin to dominate over inertial effects in the fluid. Representing this ratio of inertial to 

viscous forces, the Reynolds number13 is defined as: 

 
 �� =  ����                  (Eq. 1) 

 
 

where � is density, � is mean velocity, l is a characteristic length scale (the diameter of a tube, 

for example), and � is dynamic viscosity. Fluids with Re below ~2000 exhibit a laminar flow 

(without turbulence) profile. The exact point of the transition from turbulent to laminar flow 

depends strongly on the channel geometry. By thinking of fluid as a series of arrows moving in a 

channel, one can obtain a feel for fluid movement on different length scales (we assume that the 

fluid and its velocity are held constant). Figure 3 shows arrows moving in a large channel where, 

though still inevitably constrained by the channel walls, there is enough free space to travel in 

any direction. Constricting the channel causes the arrows to align in the same direction, but the 

channel is still sufficiently large enough to enable turbulent mixing. Shrinking the channel 

further, the arrows now co-flow in one direction without signs of turbulence. The arrows 

represent the smallest turbulent motions available to the fluid based on the values of the variables 

in the Reynolds number equation (Eq. 1). When the channel dimensions become sufficiently 

small, the turbulence is completely quelled and the fluid vectors move in parallel streamlines. 
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Figure 3.  An illustration of the effects of channel diameter on fluid flow. (A) With a large 
channel, the arrows, representing fluid streamlines, can move in any direction without feeling the 
constraint of the walls. (B) Shrinking the channel causes the arrows to move mostly in the same 
direction, but the channel is still large enough to turbulently mix. (C) Condensing the channel 
down further, the arrows are now forced to move in one direction without deviating (laminar 
flow). Kindly provided by De Gruyter: Miller, L. Z.; Steinbacher, J. L.; McQuade, D. T. in 
Chapter 5 of Flow Chemistry: Volume 2 Applications. (Eds. Darvas, F.; Hessel, V.; Dorman, G.) 
Berlin, Boston: De Gruyter, 2014. 
 
 

An interface between two fluids, created in the laminar flow profile, offers the 

opportunity to perform polymerization reactions at the interface where the two fluids come 

together. Figure 4 displays a general example similar to an early report by Whitesides and 

coworkers where a polymer membrane was generated by combining oppositely charged 

polyelectrolytes.14 Several strategies exist, ranging from those in which the polymerization 

occurs with the polymer stuck to the floor and ceiling of the channel to axisymmetric or coaxial 

systems that prevent one phase from touching the walls of the device so the polymer may be 

removed later. An extensional flow field capable of aligning large molecules can be created 

using a fluid jet (Figure 5). While use of elongated polymers in flow has yet to see wide use in 

materials synthesis, Maeda has shown that elongated DNA can impact primer hybridization 

which suggests that elongation can affect or influence intermolecular interactions.15 
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Figure 4.  An illustration of using the interface between two laminarly flowing liquids to 
template polymeric materials. Here, oppositely-charged polyelectrolytes precipitate at the 
interface producing membranes and fibers. Kindly provided by De Gruyter: Miller, L. Z.; 
Steinbacher, J. L.; McQuade, D. T. in Chapter 5 of Flow Chemistry: Volume 2 Applications. 
(Eds. Darvas, F.; Hessel, V.; Dorman, G.) Berlin, Boston: De Gruyter, 2014. 
 
 

 

Figure 5.  An illustration of the flow fields created as two fluids are forced through a mixer (note 
the jet at the center of the large channel). Kindly provided by De Gruyter: Miller, L. Z.; 
Steinbacher, J. L.; McQuade, D. T. in Chapter 5 of Flow Chemistry: Volume 2 Applications. 
(Eds. Darvas, F.; Hessel, V.; Dorman, G.) Berlin, Boston: De Gruyter, 2014. 
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The consequences of fluids at low Reynolds number are significant from a materials 

synthesis perspective. For example, a liquid jet can be transformed from a thin finger of fluid to 

discrete droplets depending on the parameters of the system (Figure 6). The process responsible 

for breaking the fluid stream into droplets is called a Rayleigh-Plateau instability (when a jet 

thins, interfacial forces start to dominate).16,17 These flow-generated emulsions are typically 

monodisperse (i.e. their size is consistent from droplet to droplet).18 Downstream from where the 

droplets are produced, the emulsions can be organized into various structures. 

 
 

 

Figure 6.  An illustration of droplets forming during break up of a fluid jet caused by Rayleigh-
Plateau instability. Perturbations in the jet become larger than the circumference of the fluid jet 
leading to droplet formation as the surface area is minimized. Kindly provided by De Gruyter: 
Miller, L. Z.; Steinbacher, J. L.; McQuade, D. T. in Chapter 5 of Flow Chemistry: Volume 2 

Applications. (Eds. Darvas, F.; Hessel, V.; Dorman, G.) Berlin, Boston: De Gruyter, 2014. 
 

 
Materials synthesis in flow often involves the combination of two solutions to form 

droplets or to perform reactions at the interface. When two fluids combine, the major 

considerations are the surface tension between the two fluids and the viscosity of the two fluids. 

The ratio of viscous forces to surface tension is represented as the capillary number: 

 
 �� = ���                  (Eq. 2) 
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where � is mean velocity, � is dynamic viscosity, and � is the interfacial surface tension. 

Changing the capillary number can have predictable impact on the types of droplets that form 

within a microfluidic device.19 Figure 7 illustrates how changing capillary number can alter how 

two fluid streams interact. In this case, two channels containing dyed water enter a third channel 

containing an immiscible solvent carrier phase. 

 
 

 

Figure 7.  Illustration of the effect of capillary number on the observed flow regime (Adapted 
from reference 19). (a.) At low flow rates, surface tension dominates over viscous forces and a 
single plug is formed from the combination of both water phases (red phase + blue phase yields 
the purple plug). (b.) Increasing the flow rate relative to (a.) leads to an increase in the �� term of 
the capillary number, the water streams take turns producing plugs. (c.,d.) Further increases in 
flow rate of the carrier solution result in elongation of the aqueous flows along the walls of the 
channel resulting in smaller droplets snapping off the termini of the aqueous flows. Kindly 
provided by De Gruyter: Miller, L. Z.; Steinbacher, J. L.; McQuade, D. T. in Chapter 5 of Flow 

Chemistry: Volume 2 Applications. (Eds. Darvas, F.; Hessel, V.; Dorman, G.) Berlin, Boston: De 
Gruyter, 2014. 
 
 

In Figure 7a the capillary number is low – surface tension dominates the behavior. Here 

the aqueous phases entering the channel from top and bottom are stiff and do not bend under 

pressure from the orthogonally flowing carrier fluid. As a result, the aqueous solutions collide, 

mix, and snap off as a single plug that undergoes convective mixing as the plug moves along the 

channel. In Figure 7b, the flow rate has been increased relative to Figure 7a resulting in an 
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increase in the �� term of the capillary number equation. The result is that the carrier fluid can 

now bend the aqueous phases such that alternating plugs of each aqueous phase forms. Further 

increases in flow rate of the carrier solution result in elongation of the aqueous flows along the 

walls of the channel resulting in smaller droplets snapping off at the termini of the aqueous 

flows. This example shows that with small variations in fluid properties and flow rates one can 

create a range of monodisperse emulsions with different sizes. These emulsions provide an 

opportunity to create monodisperse beads or capsules more easily than trying to optimize a batch 

emulsion-templated polymerization reaction to yield monodisperse materials. 

Changing capillary number not only enables droplet size and mixing variations, but also 

allows for droplets to be organized into a wide range of geometries. An excellent example of this 

organization was demonstrated when water and oil collide using a simple T-junction (Figure 8).20 

By varying the ratio of water to oil pressure and total pressure, droplets could be formed and then 

assembled into a wide array of structures. These structures range from single monodisperse 

droplets to beautiful patterns of connected droplet strings. This is a treasure trove for any 

materials chemist trying to create new fibers, beads, capsules, or particles of novel shape. As 

described below and recently reviewed, outstanding new materials are now being realized.21,22 

 
 

 

Figure 8.  Illustration of the formation of double emulsions (droplets within droplets) from a 
microfluidic T-junction device. Kindly provided by De Gruyter: Miller, L. Z.; Steinbacher, J. L.; 
McQuade, D. T. in Chapter 5 of Flow Chemistry: Volume 2 Applications. (Eds. Darvas, F.; 
Hessel, V.; Dorman, G.) Berlin, Boston: De Gruyter, 2014. 
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Other unitless descriptors of fluid flows such as the Weber number are commonly used to 

describe the formation of bubbles and droplets. Though Ca is the most important dimensionless 

descriptor of droplet formation, We is also valuable for predicting droplet formation and 

designing experiments which deal with dripping and jetting regimes of fluids.23,24 The Weber 

number represents the ratio of inertial forces to surface tension forces: 

 �� =  ��2��                     (Eq. 3) 

 
 
where � is the density, � is the mean velocity, l is the characteristic length of the droplet, and � is 

the interfacial surface tension. The Capillary number of the outer fluid and Weber number of the 

inner fluid can not only be used to predict the flow regime within the multiphase system (i.e. 

jetting, widened jetting, and droplet formation) but also the droplet diameter and production 

rates.23 

 

1.2 Organic Chemistry in Flow 

 

 

Organic chemistry has been driven forward by the design and application of efficient 

synthetic methods. Traditional batch-wise techniques have been responsible for much of the 

progress, however, interest in the continuous flow production of chemicals has prompted a re-

evaluation of the way reactions are performed at every level (from laboratory to industrial 

scale).24-26 Along with the advantages in mixing and transfer of heat discussed above, 

economical benefits in the form of safety, time, and space required for large scale production 

have motivated the investigation of chemical production in flow. It is no surprise that the 

development and application of flow-based technology and methods has been most realized 

within the realms of polymer (mentioned in previous sections) and organic synthesis.27-29  Here, 

the level of control provided by the small dimensions of most flow reactors has been well-

received by synthetic organic chemists. Flow methods should not be considered as the solution to 

every problem encountered in synthesis, but they have been found to complement batch 

techniques effectively. A discussion of flow chemistry applied to organic synthesis is provided to 

demonstrate the more advanced development as compared to the flow methods applicable to 
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synthetic inorganic and materials synthesis. This discussion is only meant to provide examples of 

well-developed flow processes in the context of organic chemistry, not to serve as a detailed 

review which can be found elsewhere.27-29  

Single-step reactions, though well-established in batch, have been reexamined in flow. 

For example, acylations, alkylations, cycloadditions, olefiniations, Henry reactions, aldol 

reactions, and Heck reactions were all carefully studied in a stainless-steel flow reactor (Figure 

9).30 Reaction procedures were transferred directly from batch to the flow setup where 

comparable or greater yields were realized in comparison to their batch counterparts. The

 
 

 

Figure 9.  Early single-stage reactions performed in flow: (a) demonstration that a wide range of 
reactions could be run in flow; (b) safe amide formation using trimethylaluminum; (c) safe, 
continuous use of DAST; (d) reductions and hydrosilylations using tris(trimethylsilyl)silane. 
Adapted with permission from McQuade, D. T.; Seeberger, P. H. J. Org. Chem. 2013, 78, 
6384−638λ. Copyright 2013 American Chemical Society. 
 
 
modular nature of the reactor allowed rapid reconfiguration depending on the reaction being 

performed. This success prompted investigation of reactions that typically present challenges 
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when performed in batch reactors. Trimethylaluminum-mediated amide bond formation31 and 

fluorinations32,33 using diethylaminosulphur trifluoride (DAST) served as pertinent examples of 

the ability of flow reactors to safely and efficiently achieve dangerous experiments. It was also 

demonstrated that the control and selectivity of radical-based dehalogenations, deoxygenations, 

and hydrosilylations were often improved when performed in a flow reactor. 

Multistage reactions have also been successfully performed using flow reactors (Figure 

10).34,35 A three-stage synthesis of Ibuprofen was accomplished via flow reaction of 

commercially available starting materials.36 The active pharmaceutical ingredient (API) 

artemisinin, which is an important antimalarial compound, was synthesized in only two steps 

using a continuous-flow photochemical process.37 The starting material was dihydroartemisinic 

acid (DHAA). This material being available on a large scale via fermentation increased the 

efficiency of the reaction and lowered associated production costs. 

 
 

 

Figure 10.  Multistep continuous syntheses without intermediate purification: (a) three-stage 
synthesis of ibuprofen; (b) two-stage synthesis of artemisinin. Adapted with permission from 
McQuade, D. T.; Seeberger, P. H. J. Org. Chem. 2013, 78, 6384−638λ. Copyright 2013 
American Chemical Society. 
 
 

Additional syntheses of natural products and APIs have recently been demonstrated using 

flow-based approaches. The preparation of 2-chloro-3-amino-4-picoline (CAPIC), which is a 
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strategic building block for the preparation of nevirapine (a widely-prescribed nonnucleosidic 

reverse transcriptase inhibitor for the treatment of HIV-infected patients), was reported.38 A 

continuous synthesis to the bromo derivative of a CAPIC intermediate, 2-bromo-4-

methylnicotinonitrile, was accomplished in good yield (Figure 11). This route utilized 

inexpensive, acyclic commodity-based raw materials which have the potential to enable lower 

cost production of nevirapine as well as other complex pyridine containing structures. 

Additionally, the outlet of the reactor terminated into a large round-bottom flask where a simple 

batch crystallization led to high purity CAPIC. 

 

 

 

Figure 11. The continuous synthesis of 2-bromo-4-methylnicotinonitrile with an average of 69% 
yield. The reaction concentration within the columns was 0.50 M, while the reaction 
concentration in the coil was 0.40 M. The residence time in the Al2O3 column was 0.90 min, in 
the 3 Å MS column 0.85 min, in the coil 4 min, and the reaction time for the cyclization to occur 
to produce the final product was 45 min. Adapted with permission from Longstreet, A. R.; 
Opalka, S. M.; Campbell, B. S.; Gupton, B. F.; McQuade, D. T.  Beilstein J. Org. Chem. 2013, 9, 
2570–2578 under terms of the Creative Commons Attribution License. Copyright 2013 
Longstreet, et al. 
 
 

1.3 Inorganic Chemistry in Flow 

 

 

Perhaps the most remarkable progress made in synthetic inorganic flow chemistry 

surrounds the synthesis of nanometer-sized materials.39 Nanoscale materials have potential for 

use in many applications ranging from solar energy conversion and LED technology to 

therapeutics, imaging, and drug delivery due to their size related photophysical properties. All of 
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these applications require precise control over the size of particles. Widespread use of such 

particles in these innovative applications can only be realized if they can be produced by 

inexpensive, environmentally benign, rapid, and reproducible methods. Semiconductor 

nanoparticles, such as well-studied CdSe, are synthesized in batch using known 

hydrothermal/pyrolytic techniques.40 Batch synthetic methods often suffer from poor control and 

reproducibility, for reasons that have been outlined in the previous sections. Recently, attention 

has been devoted to microreactor synthesis of nanocrystals and nanoparticles due to the benefits 

associated with flow chemistry and moving to reactors with smaller dimensions (enhanced 

control due to excellent heat and mass transfer, and rapid mixing allowing safe and continuous 

production). Early works successfully demonstrated the feasibility of producing CdS and CdSe 

nanocrystals via a continuous flow approach.41,42 More recent reports detail controlled synthesis 

of high quality materials from droplet and segmented flow microfluidics that were comparable to 

their batch counterparts.43,44 As an excellent example, PbS colloidal quantum dots (CQD) of 

photovoltaic quality were recently prepared by Pan et. al. using an automated dual stage 

segmented flow reactor.45Segmenting the flow of the reacting phase (Figure 12a) with an 

immiscible inert liquid or gas (Figure 12b), the reagent becomes confined to the volume of the 

isolated droplets rather than dispersing along the entire length of the channel (axial dispersion) 

which would lead to concentration gradients. Prior to this work, the best performing 

photovoltaics relied on manual batch synthesis of the colloidal component. The reactor allowed  

 

 

Figure 12.  An illustration of a channel geometry used for segmenting fluid flow. Fluid A is 
introduced in the first inlet followed by introduction of fluid B. Here, the two liquids are 
observed to rapidly mix. In the last inlet, fluid C (immiscible with A and B) is used to generate 
plugs. Within the plug composed of fluids A and B (a.) internal circulation can be observed to 
increase the mixing and mass transfer. The plug composed of fluid C (b.) limits the dispersion 
along the length of the channel. Kindly provided by De Gruyter: Miller, L. Z.; Steinbacher, J. L.; 
McQuade, D. T. in Chapter 5 of Flow Chemistry: Volume 2 Applications. (Eds. Darvas, F.; 
Hessel, V.; Dorman, G.) Berlin, Boston: De Gruyter, 2014. 
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for separation of nucleation and growth stages of the particles within the device (dual stage). 

This enabled growth to take place at a lower temperature than nucleation, ultimately leading to 

narrow size distributions and high photoluminescence quantum yield and fluorescence full-width 

half max values. 

Jensen and coworkers have prepared gold nanoparticles using a segmented-flow device.46 

Flow segmentation, or use of slugs, was predicted to produce nanoparticles with low size 

dispersity because of the rapid mixing and efficient mass transfer by internal circulation. The 

rapid reduction of HAuCl4 with NaBH4 in the device affords gold nuclei that subsequently grow 

into nanoparticles. The extent of particle growth within the device was determined by the 

physical properties of the continuous and disperse phases and their flow rates. Longer residence 

times in the device led to particles with larger size distributions. 

Gold nanorods (GNRs) were prepared using a coaxial flow device coupled to a coiled 

aging reactor.47 The inner phase consisted of the gold source (HAuCl4) and lysine (used instead 

of a surfactant as a colloidal stabilizer) was introduced to an outer phase of the reductant 

tetramethylammonium hydroxide (TMAOH). The reaction mixture was directly injected into an 

aging loop, where the gold nuclei were grown into GNRs. The small volumes of the microreactor 

allowed for fast screening of reactants and further optimization, leading to high-quality materials 

in a shorter amount of time, as demonstrated by the short residence time in the aging portion of 

the reactor (only 16 s). 

Others have discovered the utility of flow reactors for synthesizing magnetic cobalt 

ferrite nanoparticles, a material used in magnetic imaging. The composite particles were 

prepared via multistep synthesis in a continuous-flow device.48 The microreactor was composed 

of a coaxial flow device molded into PDMS that was coupled to an aging loop made from PTFE 

laboratory tubing. The first step consisted of room temperature precipitation of the hydroxides. 

FeCl3 and CoCl2 were dissolved in water (2 equiv. Fe 3+ : 1 equiv. Co2+) and then injected at a 

certain flow rate, Qin, into the device as the innermost fluid. An outer fluid of 

tetramethylammonium hydroxide (TMAOH) was then injected at a certain flow rate, Qout, 

causing Fe3+ and Co2+ hydroxides to precipitate out. The best mixing was achieved with a 

Qout/Qin ratio of 400 (this allowed for 80 ms mixing in their device) which is crucial to obtain the 

coprecipitated cations. This solution was then directly injected into the aging coil, which was 

raised to λ8 ̊C using a heating bath, for particle growth. Crystalline CoFe2O4 was obtained with 
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16 min residence time. The materials produced in flow were similar in size and magnetic 

properties to their batch counterparts, but were produced much more efficiently (in less time 

using less energy; 2 h for batch vs. 16 min. for flow). The key innovation is the ability of the 

microreactor technology to separate the formation of the hydroxides from the subsequent growth 

step leading to enhanced control and efficiency in comparison to the batch preparation. 

 

1.4 Overarching Goals 

 

 

Though nanomaterial synthesis has capitalized on the benefits provided by flow systems, 

investigation of other inorganic synthetic approaches within flow reactors has received little 

attention. The main goals of this dissertation are: 1) Present the basics of fluid dynamics to 

provide a basis for the flow chemical approaches within this work. 2) Provide a discussion of 

current flow-based methods applied to organic and inorganic synthesis. 3) To detail and study 

the application of flow chemistry techniques to the synthesis of new and existing metal organic, 

organometallic, and main group compounds. 

As mentioned above, flow-based methods have not been widely used to prepare inorganic 

small molecules/complexes nor inorganic materials. Some progress has been realized, but a great 

deal of potential remains for further development of more efficient reaction pathways for 

inorganic transformations within the confines of micro- and mini- reactors. 
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CHAPTER 2 

 

SIMPLIFIED DROPLET GENERATION FOR THE PREPARATION OF 

INORGANIC OXIDE MICROCAPSULES 
 

 

2.1 Controlled Synthesis of Silica Capsules: Taming the Reactivity of SiCl4 Using Flow and 

Chemistry
† 

 
 

With a basic understanding of fluid dynamics of micro- and mesoreactors, our interest 

was directed towards the preparation of various materials using fluid flows to gain further control 

over reaction outcomes and final material structure. Due to their presence in a variety of 

applications and products, spherical particles and capsules were selected as an outlet for our 

interest. We realized that simple T-junctions could create droplets with low dispersity, so to that 

effect we began investigating the preparation of inorganic oxide microcapsules using droplets as 

the templates for the final hard materials. 

 

2.1.1 Background 
 
Silica microcapsules, largely due to their physical properties and ease of 

functionalization, are found in applications ranging from industrial fillers to drug delivery 

agents.49-54 These materials are often produced using hard55,56 or soft templates57–59 in 

combination with acid, base, or acid/base catalyzed sol–gel processes. Hard templating methods 

are the most common approach to synthesize monodisperse microcapsules, but because the 

template is destructively removed, this approach is wasteful and time consuming. Soft 

templating, on the other hand, uses emulsion droplets or bubbles as the template. Previous soft 

templating approaches relied on mechanical homogenization that produced polydisperse 

emulsion templates, 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).60,61 Due to the small dimensions involved, the fluid dynamics in these small 

                                                 
† Adapted with permission from: Miller, L. Z.; Steinbacher, J. L.; Houjeiry, T. I.; Longstreet, A. 
R.; Woodberry, K. L.; Gupton, B. F.; Chen, B.; Clark, R.; McQuade, D. T. J. Flow Chem. 2012, 
2, 92-102. Copyright 2012 Akadémiai Kiadó Zrt. 
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devices are predominantly characterized by laminar flow, leading to unique fluid morphologies62-

64 and the production of monodisperse emulsions and bubbles.65-67 To create microspheres or 

microcapsules, the emulsions are captured through polymerization or coacervation. We and 

others have recognized that emulsions produced in micro- or mesofluidic devices are ideal 

environments to create inorganic or inorganic–organic hybrid materials.68,69 The preparation of 

silica microcapsules using flow-produced soft-template emulsions remains an unmet challenge 

despite recent demonstrations of the synthesis of organosilicon microcapsules.69 The major issue 

limiting the generation of monodisperse 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.70,71 An alternative silica-forming precursor is silicon 

tetrachloride (SiCl4).
72 Compared to TMOS and TEOS, SiCl4 has received 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 monodisperse 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 microcapsules. 

Using nuclear magnetic resonance (NMR) (both solution and solid-state), 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. 

 

2.1.2 Results and Discussion 

 

T Junction and Fluidic Considerations: Emulsion droplets were prepared using a simple 

mesofluidic device73,74 made from flexible polyvinyl chloride (PVC) tubing and commercially-

available syringes/needles. This device manipulates 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 condensation reaction to occur rapidly and 
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directly at the disperse phase/continuous phase junction, leading to clogging of the device.75 A 

continuous phase of 80 % glycerol/water provides the high viscosity (η = 60 mPa∙s) and at the 

same time reduces the concentration of water.75 Though other continuous phases may provide 

sufficient properties, the low cost of glycerol makes this system attractive. As shown previously, 

droplet formation depends on the balance between viscous shear forces from the continuous 

phase and interface tension forces acting on the droplet.76,77 The basic set-up that we use within 

this study is illustrated in figure 13 where the disperse phase (see discussion below) is introduced 

through a small-gauge needle (24-gauge) inserted orthogonal to 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. 

  
 

 

Figure 13. 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 monodisperse droplets (e). 
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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.
78 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 δ/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 (Figure 14d). Even more 

vexing was the observation that these capsules exploded as the capsules emerged from the 

reactor (Figure 14a–c), yielding fragmented, thin-shelled capsules that were clear/slightly 

opaque, leading us to predict that we had formed silica.

 
 

 

Figure 14. 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). 
 

 

A solid-state 29Si NMR spectrum of the resulting material revealed a single peak centered at 

−110 ppm that corresponds to the Q4 resonance of fully condensed SiO2. No incorporation of 

glycerol into the capsule shells is evident, and no residual Si–Cl bonds are observed in the 

spectrum (Figure 15). The exploding capsules produce an audible pop and bubbles of gas, 

presumably HCl. Before the explosions, the collection bath exhibits neutral pH, and after 

explosions, the pH drops to less than one, supporting the model that the gas driving the explosion 



21 
 

 

Figure 15. 29Si solid-state NMR spectrum of microcapsules produced from a disperse phase of 
neat SiCl4. 
 
 
is HCl. To exclude the possibility of the pressure drop causing destruction of the capsules, which 

occurs as the 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 make the observation 

that the capsules still burst while in the tubing, further supporting the model of gas-driven 

explosions. We developed the model shown in figure 16 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 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)79 so that a void should be 

produced within the interior as the shell forms. Figure 16 demonstrates that the volume of HCl(g) 
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formed from SiCl4 reacting with water is three orders of magnitude larger (based on calculations 

for an arbitrary droplet diameter of 185 m) than the volume of the sphere, indicating that even a 

 

 

 

Figure 16. 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. 
 

 

small fraction of SiCl4 reacting will yield enough HCl(g) to exceed the capsule volume. Though 

these thin-shelled, ruptured materials are interesting and might yet have applications, we desired 

to define conditions that would enable the formation of stable, self-supporting silica 

microcapsules. 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.  

Silicon Tetrachloride/TEOS Mixtures—The Effect of Aging: The formation of sol–gels, 

using precursors such as TEOS, is accelerated by acid catalysts.80 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 (Figure 16) and that the HCl(g) produced would then catalyze the TEOS hydrolysis 
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steps, thereby leading to porous sol–gel formation.80 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 figure 17, the number of intact capsules 

  

 

 

Figure 17. A 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.  
  
 
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 to 49 

mol % TEOS, we observed a linear improvement in intact capsules. Above 49 mol %, we began 

to observe a significant decrease in stable capsules. Apparently, when there is excess TEOS, the 

condensation reactions are too slow to permit a strong capsule wall to 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 capsules 

at 20 min, we were disappointed to observe that the percentage of capsules remaining after 24 h 

0

10

20

30

40

50

60

70

0 10 20 30 40 50 60 70 80 90 100

A
v

er
a

g
e 

N
u

m
b

er
 o

f 
In

ta
ct

 

M
ic

ro
ca

p
su

le
s 

Mole % TEOS 



24 
 

was essentially zero even for the best SiCl4/TEOS ratio, indicating that HCl(g) buildup still 

occurred and that the shells were not sufficiently porous to enable gas release (Figure 18). 

 
 

 

Figure 18. SEM micrographs of silica capsules formed from a disperse phase of 0.5 mL SiCl4 + 
0.93 mL (49 mol %) TEOS: (a) SEM image of a sample that has been washed with water 
followed by ethanol and air dried (without calcination) and (b) magnified SEM image illustrating 
the vacant interior and shell consisting of multiple layers. 
 
 
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 prepared solutions (Figure 19). 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 20 and 21 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, dichlorodiethoxylsilane, and chlorotriethoxysilane (x, y, and z, 

respectively, in the insets of figure 20). These species are the result of exchange between SiCl4 

and TEOS, and this type of exchange was originally characterized by Friedel and Crafts.81 Based 
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on these observations, we proposed that additives that both accelerate the exchange between 

SiCl4/TEOS and scavenge HCl would ultimately produce more stable microcapsules. 

 
 

 

Figure 19. 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 containing 0.5 mL SiCl4 + 0.93 mL (49 mol %) TEOS. Each image was 
taken directly after collecting capsules on a microscope slide immediately upon exiting the 
tubing. 
 
 

 

Figure 20. 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 un-aged solution of the same composition (a-bottom), 
and magnified portions of the spectrum (inset). 
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Figure 21. A 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. 
 
 

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.
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Scheme 1. Proposed catalytic cycle for the SiCl4/TEOS exchange process. 

 
 

Figures 22 and 23 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 compared 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.
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Figure 22. Full 1H NMR spectrum of an aged disperse phase solution consisting of 0.5 mL SiCl4 
+ 113.41 mg (4.8 mol %) triphenylmethanol + 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). 
 
 

 

Figure 23. 
29Si solution NMR spectrum of (a) an aged disperse phase solution consisting of 0.5 

mL SiCl4 + 113.41 mg (4.8 mol %) triphenylmethanol + 0.93 mL TEOS, and (b) an unaged 
solution of the same composition. 
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Mixtures containing TEOS/SiCl4/Ph3COH exhibit different microcapsule properties as function 

of aging. Figure 24 shows optical microscope images of the 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 revealed that the material 

is Ph3CCl. We propose that the trapped triphenylmethanol quickly reacts with the formed HCl to 

produce triphenylmethylchloride (via a carbocation intermediate) that then crystallizes within the 

microcapsules. Examination of microcapsules produced from the aged (15 days) solutions of 

TEOS/SiCl4/Ph3COH via optical microscopy display significantly thicker shell walls than those 

produced from the non-aged sample.  

 
 

 

Figure 24. Optical microscope images of capsules with Ph3CCl crystals forming on the interior. 
(a) Microcapsules produced by solution containing 0.5mL SiCl4 + 0.93mL TEOS + 113 mg 
Ph3COH in a vial with silicone septa and covered with parafilm. (b), (c) Particles produced by 
solution containing 0.5mL SiCl4 + 0.93mL TEOS + 113 mg triphenylmethanol in a vial with 
silicone septa. 

 

 
Figure 25 provides optical micrographs as well as scanning electron microscope (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.
82 We hypothesize that slower shell 

formation enables exchange of HCl(g) and 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 
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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 shells or 

capsule walls. These capsules were too unstable to be useful, as after drying they are fragile and 

rupture on standing (Figure 25e–g).  

 
 

 

Figure 25. Optical microscope images of microcapsules produced from a solution consisting of 
0.5 mL SiCl4  + 113.33 mg triphenylmethanol + 0.93 mL TEOS that has been aged for 15 days 
(a, b), and after stirring in an ethanol collection bath for 24 hours (c, d). SEM images of capsules 
produced from a disperse phase comprised of 0.5 mL SiCl4 + 113.77 mg triphenylmethanol + 
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. 
 
 

We propose that the Ph3CCl formed produces defects in the capsule wall or interrupts the 

shell formation resulting in significantly weaker shells. Figure 25a shows darker materials within 

the interior of the capsules that we conclude is precipitated Ph3CCl; figure 25e, f, and g show 

outgrowths on the surface of these capsules that are not present in any of the other materials we 

have examined. We suggest that these defects are Ph3CCl precipitated on the interior of the 

capsules walls and on the exterior surface and that these defects weaken the material.

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 
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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 similarly 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 capsules 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 26 displays SEM images of

 
 

 

Figure 26. SEM images of microcapsules produced from an optimized disperse phase of 0.5 mL 
SiCl4 + 0.12 mL t-butanol (12.8 mol %) + 0.93 mL TEOS (a-c). 
 
 
these capsules, which have noticeably different morphologies than those produced using the 

Ph3COH additive. The absence of Ph3CCl provides a smoother surface and uninterrupted SiO2 

matrix leading to more stable capsules. 

Figure 27 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—Figure 

14d). We intentionally crushed some of the capsules shown in figure 27 to observe the capsule

 shell thickness. The reaction of SiCl4 with t-BuOH has been previously studied by Bradley et 

al.82 They showed that, due to steric effects, the complete exchange of chlorine with t-BuOH 

proceeds very slowly and requires addition of ammonia or other additives. Without additives, the 
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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 suggest 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 27. Microcapsules produced from an un-aged 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 mL 
TEOS 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. 
 
 

Figure 28 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 (Figure 28a) 

whereas both of the t-BuOH mixtures provide complete exchange after <1 h (Figure 28b 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 for analysis. We also followed the long term changes 

that take place when the SiCl4/TEOS/t-BuOH mixture is allowed to age at room temperature for 

15 days using 1H and 29Si NMR spectroscopy. The data shown in figures 29 and 30 correspond
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Figure 28. 
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 + 0.93 mL TEOS + the TPM additive (4.8 mol %) (a), 0.5 mL 
SiCl4 + 0.93 mL TEOS + the t-butanol additive (4.8 mol %) (b), 0.5 mL SiCl4 + 0.93 mL TEOS 
+ the optimized t-butanol additive (12.8 mol %) (c), and a stack of spectra containing the data for 
all three solutions after one hour (d). 
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Figure 28 Continued.  
 
 
to the same major species as observed for the Ph3COH mixture.

The major difference is that the proportion of species has changed, 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 
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data indicate that other Si containing species are present, including the t-butoxytrichlorosilane, 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 produced and that simple changes 

to flow rate control the microcapsule diameter (measured using ImageJ software), we prepared 

two populations of capsules. The smaller capsules were produced using a

 
 

 

Figure 29. 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 mL TEOS (a), an unaged solution of the same 
composition (a), and magnified portions of the spectrum (inset).  
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Figure 30. 
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. 
 
 
continuous phase flow rate of 15 mδ/min with a disperse flow rate of 25 δ/min and are shown 

in figure 31a. The larger materials shown in a close-packed array (Figure 31b) were produced at 

a continuous-phase flow rate of 5.00 mL/min and a disperse-phase flow rate of 25 δ/min. The 

coefficient of variation was found to be 4.42 % and 1.82 %, respectively, for the capsules 

represented in figure 31a and b. These microcapsules were assembled by confinement in well-

plates and use of ethanol to balance the cohesion between capsules and chamber walls (Figure 

31b).83 Close-packed arrays of microcapsules could have broad applications in areas such as 

advanced optics, photonics, scaffolds for tissue growth, and microelectronic engineering.81 
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Figure 31. Optical microscope images of microcapsules produced from a disperse phase of 0.5 
mL SiCl4 + 0.12 mL t-BuOH + 0.93 mL TEOS (d = 185 µm) (a), and larger capsules (d = 375 
µm) produced from the same disperse phase solution (b). 
 
 
2.1.3 Conclusions 

 

Simple mesofluidic systems provide materials chemists with a readily available and 

versatile system capable of producing 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 catalyzed 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. 
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2.1.4 Experimental 

 

Materials: All chemicals were and used as received without further purification: SiCl4 (99 %), 

TEOS (GC, ≥λλ.0 %), glycerol (ACS reagent, ≥λλ.5 %), TPε (λ7 %), and t-butanol (ACS 

reagent, ≥λλ.0 %). t-Butanol was dried using activated 4-Å molecular sieves before use. 

 

Fabrication and Use of the Simple Mesofluidic Device: The simple T-junction mesofluidic 

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 determined to be 10 in. Another section of tubing approximately 2 in long was fitted 

with male and female Luer barbed adapters, 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 droplets. The monodisperse 

droplets were formed by adjusting the flow rates of each phase separately (the most common 

flow rates were 5.00 mδ/min and 25 δ/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. 

 

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). 

 

Disperse Phase Solution Preparation-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. 

 

SiCl4 + TEOS: Exactly 0.5 mL SiCl4 (4.36 mmol) was dispensed into a 7-mL glass vial (capped-

PTFE/silicone septa). TEOS (0.93 mL, 4.16 mmol) was added via a plastic syringe. The vial was 
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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. 

 

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. 

 

SiCl4 + TEOS + t-butanol: SiCl4 (0.5 mL, 4.36 mmol) was dispensed into a 7-mL glass vial 

(capped-PTFE/silicone septa). 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 microfluidic device. 

 

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. 

 

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 resonance 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 desiccator 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. 
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1
H NMR Kinetic Studies-Unoptimized Solution with t-butanol: Two stock solutions were 

prepared. Stock solution (A) contained SiCl4 (250 δ, 2.18 mmol), TEOS (465 δ, 2.08 mmol) 

and 5 δ of internal standard (mesitylene) in 1 mδ CDCl3. Solution (B) contained t-BuOH (21 

δ, 0.22 mmol) in 1 mδ of CDCl3. The two stock solutions were mixed immediately before 

placing a 0.5-mL sample into the borosilicate NMR tube. 

 

Optimized Solution with t-butanol. Stock solution (A) was prepared as previously stated. Stock 

solution (B) contained t-BuOH (60 δ, 0.63 mmol) in 1 mδ of CDCl3. The two stock solutions 

were mixed immediately before a 0.5-mL sample was placed into the borosilicate NMR tube.  

 

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. 

 

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× objectives. These images were used to calculate the 

capsule diameter and coefficient of variation from measurements obtained with ImageJ software. 

 

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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2.2 Rapid Synthesis of Hierarchical TiO2-doped Silica Microcapsules and Subsequent Flow-

Based Surface Decoration
† 

 

 

2.1.1 Background 

 

Pure silica and titania capsules have been well-studied and applied, but less is known 

about the preparation and application of composite SiO2/TiO2 capsules.84-89Although these 

composite capsules are less known, a number of reports suggest that these mixed oxide materials 

have broad use in areas ranging from waste water remediation to dye sensitized solar cells.90-92 

The most conventional synthetic methods to generate hollow silica/titania composite materials 

also use either hard or soft templates (similar to templating previously described for neat SiO2 

materials). Hard templating86,87,93-95 is achieved by assembling layers of material onto a solid 

template where the solid is removed using heat or solvents once the assembly is complete. The 

hard templating approach is often used to prepare monodisperse capsules. Soft templating69,96-99 

on the other hand uses a droplet as a template and tends to enable more rapid and scalable 

synthesis of particles. While batch methods are cost effective and fast compared to hard-

templating, the approach often yields a broad distribution in capsule size.  

Continuous formation of droplets using flow-based techniques is now widely used to 

generate monodisperse micron-sized droplets enabling monodisperse capsule/particle formation 

via a soft-templating approach.26,68 We and others have demonstrated the utility of simple 

devices for the formation of droplets and microcapsules from reactive precursors.75,100,101 While 

using tubing and T-junctions provides an uncomplicated and cost effective alternative to chip-

based devices, the approach also enables rapid device reconfiguration that can offer new 

capabilities. 

The goal of this work is to demonstrate that SiO2/TiO2 composite materials can be 

created in flow and post-synthetically decorated with TiO2 using a second flow system. As 

described below, these simplified systems enabled the rapid formation of SiO2/TiO2 

microcapsules (seconds) and subsequent surface decoration of the formed capsules using both 

small scale continuous-flow and semi-continuous evaporative approaches (Figure 32). Annealing 

                                                 
† Adapted with permission from: Miller, L. Z.; Rutowski, J. J.; Binns, J. A.; Steinbacher, J. L.; 
Guillermo Orts-Gil, G.; D. Tyler McQuade, D. T. 2015, unpublished. 
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the composite capsules provided anatase crystallites on the outer surface of the silica shells that 

were effective catalysts for the photodegradation of an organic dye. 

 
 

 

Figure 32. Illustration of the flow-evaporation method of decorating the microcapsules with 
titania particles. The hollow shells are loaded into the cartridge, solutions of titanium alkoxides 
in ethanol are injected into the cartridge, and air flow is used to evaporate the solvent, dispersing 
TiO2 onto the surface. The continuous-flow process follows a similar approach, but heat is 
applied to the cartridge to form TiO2 coatings (no air flow used) over a period of 4-5 h. 
 
 
2.2.2 Results and Discussion 

 

A wide range of monodisperse, particulate metal and non-metal oxides have been 

prepared using a variety of approaches. For example, we have demonstrated that monodisperse 

SiO2 capsules were readily formed using a flow-based droplet system via tuned interfacial 

condensation. The key in our prior system was that we used alcohol additives to tune the 

interfacial hydrolysis and condensation rates. We hypothesized that we might be able to use a 

similar approach to produce composite SiO2/TiO2 capsules. As we describe in more detail below, 

we succeeded, but were unable to identify a set of conditions that enabled direct formation of 

composite capsules from precursor solutions containing TBOT concentrations above 2 mol %.  

We then hypothesized that capsules containing higher loadings of TiO2 could be achieved 

by post-synthetic functionalization. In particular we proposed that pure SiO2 or 2 mol % 

SiO2/TiO2 capsules packed into a column could be decorated with TiO2 by flowing precursor 

solutions around the capsules without destroying the integrity of the shells (whereas use of a 

magnetic stir bar destroys the shells). We were particularly interested to assess the inter-column 
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homogeneity of capsules decorated using this approach, i.e., similarity of capsules at the top of 

the column versus those at the bottom. We speculated that the process might be (a) solution-

limiting, yielding a consistent overcoat from top to bottom of the column, or (b) reaction-rate-

limiting whereby capsules at the top would possess higher TiO2 content compared to the capsules 

at the bottom. Furthermore, we predicted that capsules could be decorated using two related 

approaches: (1) flowing reactive solutions of titania through the capsule packed-bed or (2) 

evaporating reactive species onto the capsules. As described in the results section below, the 

processes provide consistent decoration with titania from top to bottom regardless of the 

approach and retains free-flowing capsules. 

We have demonstrated in the previous section that fast reacting precursors such as SiCl4 

could be used to create microcapsules by tuning the hydrolysis and condensation rates using 

alcohol additives. Formation of HCl gas upon fast hydrolysis of the Si-Cl bonds serves to create 

the void around which the interfacial polymerization proceeds leaving behind the inorganic shell. 

Water remains in contact with the interface, initiating further hydrolysis and subsequent 

condensation leading to thicker shells as the capsules approach and exit the tubing. We sought to 

apply this approach to prepare silica/titania composite materials. Using our previously described 

simple droplet maker (Figure 13) we began to study the condensation of mixed silica and titania 

precursors. 

Gratifyingly, mixtures of TEOS, SiCl4, and titanium alkoxides yielded well-formed 

capsules when the concentration of titanium precursors was kept below 2 mol % (Figure 33). 

Above this concentration, self-supporting capsules did not form; instead unstructured precipitates 

formed. Visual inspection of the system indicated that at higher concentrations of titania 

precursor, the rate of the hydrolysis and condensation reactions was much faster than the droplet 

formation step. This is perhaps unsurprising, because the rate of hydrolysis for Ti alkoxides is 

more than five orders of magnitude faster than for Si alkoxides.102 Indeed, solution-phase 29Si 

NMR spectroscopy confirmed that rapid exchange of chloride and ethoxy groups occurred 

between TEOS and SiCl4 within minutes after the preparation of the disperse phase solution. 

This is even faster than in our previous report of purely silica microparticles that did not use 

titanium alkoxides. 

Attempts to slow down the rapid condensation reaction through changes to the 

continuous phase (viscosity, water content, etc.) or dilution of the disperse phase with ethanol, n-
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butanol, or n-hexanol did not lead to the same rapid capsule formation as in our previous study. 

When the disperse phase was diluted with these alcohols, droplet formation became achievable, 

yet rapid formation of solid shells did not occur. The droplets reached the collection bath and 

readily burst without leading to self-supporting capsules. 

 
 

 

Figure 33. Optical microscope images (10x (a), and 40x (b)) of capsules produced from droplets 
of 70 δ TBOT + 0.5 mδ SiCl4 + 0.93 mL TEOS + 0.12 mL t-butanol (disperse phase; rate = 35 

δ/min) formed in a mixture of 80% glycerol + 20% deionized water (continuous phase; rate = 
2.00 mL/min). The capsules were collected directly onto a clean microscope slide and imaged. 

 
 
Optical microscopy was used for initial inspection of the transparent shells formed from 

up to 2 mol % Ti alkoxide solutions after aging 10 minutes in collection bath (Figure 33). 

Differences in shell morphology were apparent compared to microcapsules made without Ti 

precursors. The shells of the capsules appeared to have an additional thin layer of material. We 

speculated based upon these initial observations that TiO2 could be present as a single thin layer. 

The variation in size was determined for samples of capsules immediately after exiting the 

tubing. The coefficient of variation (ImageJ software) was found to be 3.8 % for the capsules 

dispalyed in figure 33, which is consistent with the results in our previous work using simple 

tubing-based devices. 

Scanning electron microscopy (SEM) revealed the morphology of the shells in greater 

detail (Figure 34). The outermost portion of the shells of the capsules appeared to be composed
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Figure 34. Scanning electron microscope images of a halved capsule (a; scale bar = 20 m), and 
the outer surface of the capsule which is covered with aggregated small particles (b; scale bar = 
10 m). 
 
 

 

Figure 35. SEM-EDX elemental mappings of capsules produced from disperse phase droplets of 
62 δ titanium tetrabutoxide + 0.5 mδ SiCl4 + 0.93 mL TEOS + 0.12 mL t-butanol, prior to 
performing decoration procedures. 
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of aggregated particles (100 nm - 1 m in size). We speculate that these particles formed as 

nanodroplets of the precursor were forced through small pores in the shell where they reacted 

with continuous phase, producing a hierarchical architecture. A capsule which had split in half 

displayed the dense inner shell covered with small particles on the surface (Figure 34a-b). SEM-

EDX elemental mapping (Figure 35) confirmed the presence of titanium, silicon, and oxygen on 

the surface of the shells before subsequent TiO2 decoration steps. Also, EDX point mapping of 

the undecorated capsules was used to demonstrate that the concentration of Ti was low (~1 atom. 

% by EDX) prior to the decoration process, consistent with the low mole percent of titanium 

alkoxide in the disperse phase. 

FT-IR spectroscopy experiments  revealed vibrations associated with -OH, H2O, and Si-

O bonding. The broad peak centered around 3450 cm-1 could be attributed to -OH bonding, while 

the peak at 1650 cm-1 stemmed from adsorbed water. We assign the peaks at 1080 cm-1 and 1200 

cm-1 (shoulder) to Si-O-Si asymmetric stretching vibrations. The peaks at 796 and 457 cm-1 are 

assigned to the symmetric stretching and deformation modes of Si-O-Si, respectively. The peak 

at 965 cm-1 could not be assigned to Si-O-Ti bonding, as it is also present in the neat silica 

capsules (slightly shifted to 955 cm-1).104,105 This peak also shifted (to 970 cm-1) or becomes a 

shoulder feature of the neighboring peak at 1110 cm-1 after annealing. The peak at 580 cm-1 also 

disappeared upon annealing. Ti-O features are not easily observed in this system due to their 

lower concentration, and are hidden among Si-O vibrational features. Powder X-ray diffraction 

studies of the capsules with titania incorporated only via interfacial reaction indicated only 

amorphous material, even upon annealing at 900 °C for 5 h. 

While the interfacial approach yielding hierarchically structured composite capsules with 

below 2 mol % TBOT is interesting, a procedure enabling the incorporation of higher 

percentages of titania would increase the potential applications of these materials. With this goal 

in mind, we began to seek an engineering-based solution to the problem. Aware of spray-coating 

and evaporative approaches for formation of multi-layered and decorated particles or 

substrates,106-108 we sought a small-scale, flow-based approach to achieve the same result. 

SiO2/TiO2 capsules prepared from 2 mol % TBOT precursor solutions were loaded into 

cartridges for overcoating experiments (Figure 32). In the first method, the cartridge of capsules 

was first rinsed with ethanol that had been made slightly basic (pH~8-9). This treatment served 

to activate the surface for subsequent loading of TiO2 by hydrolyzing some of the surficial silica, 
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increasing the density of reactive silanols. A solution of 0.15 M TBOT in ethanol was then 

flowed through the packed-bed of capsules at flow rates of up to 0.200 mL/min using a syringe 

pump. For comparison, a second procedure was performed without first activating with basic 

ethanol prior to introduction of the Ti precursor solution. Optical microscopy of the continuously 

decorated particles showed an obvious densification of the capsule shells compared to the 

original, non-decorated particles (Figure 36, b versus a). 

FT-IR analysis of the continuous-flow decorated capsules from both methods, prior to 

annealing, revealed similar peaks to the unmodified capsules. After annealing, peaks 

corresponding to -OH and H2O vibrations decreased in intensity and the peaks at 580 and 965 

 
 

 

Figure 36. Optical microscope images (40x) of unmodified (a) and 0.15 M TBOT 5 hr. 
continuous-flow decorated capsules (b) after being annealed at 600 °C for 5 h. Compared to the 
unmodified microcapsules, the shells of continuously-decorated and annealed samples lost 
optical transparency. 
 
 
cm-1 disappeared, becoming broad shoulders of neighboring signals. After annealing at 600 °C 

for 5 h the capsules were also analyzed by powder x-ray diffraction. Only small features were 

observed in the patterns corresponding to the 101 and 200 facets of anatase TiO2 (Figure 37a). 

Interestingly, the capsules decorated without the basic ethanol prewash displayed the most 

intense peaks in the PXRD experiments of continuous-flow decorated capsules. Reannealing at 

800 °C for 5 h led to formation of crystalline SiO2 and mixed rutile and anatase phases for the 
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microcapsules prewashed with basic ethanol, but the continuous-flow method without the basic 

ethanol pre-wash yielded only anatase TiO2 even after annealing at 800 °C. While these methods 

enabled low TiO2 loadings (0.25-0.5 wt. %) without destroying the integrity of the shells, the 

time necessary to complete the process was still on the order of most batch processes (2-5 h). We 

sought a method that would enable a higher titania loading while also requiring less time.  

We speculated that evaporation of titania precursor solutions directly onto capsules 

within a packed bed might yield higher loadings of titania particles in comparison to the 

continuous flow process. To test this hypothesis, we wet the packed-bed with TBOT in ethanol 

followed by evaporation of the solutions using air-flow (~2 psi). We rationalized that this 

method would require less materials (solvent and Ti-precursor) and time while achieving higher 

loadings of TiO2. Indeed, when the concentration of TBOT and number of coating steps were 

increased they became less transparent until very little/no light could be observed to pass through 

the shells (Figure 37). The shells remained relatively smooth, but became rough along the edges 

as the concentration of Ti precursor was increased. Gratifyingly, EDX point mapping showed a 

9-fold increase in Ti content (10 atom. %) compared to undecorated samples after a 0.5 M TBOT 

x6 flow evap. process. 

 
 

 

Figure 37. Optical microscope images (10x (a), and 40x (b)) of 0.5 M TBOT x6 flow-evap. 
decorated capsules after annealing at 600 °C for 5 h. Compare to the uncoated SiO2/TiO2 
particles in figure 36 (a). 
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FT-IR analysis of these capsules prior to annealing revealed only -OH, H2O, and Si-O 

vibrational features. Peaks are observed at 1110 and 1200 cm-1 (shoulder) assigned to Si-O-Si 

asymmetric stretching vibrations. The peaks at 800 and 473 cm-1 were again assigned to the 

symmetric and deformation modes of Si-O-Si, respectively. After annealing, peaks 

corresponding to -OH and H2O vibrations decreased in intensity and the peaks at 580 and 965 

cm-1 disappeared, again, becoming broad shoulder features. Ti-O bonding features were likely 

hidden among the large Si-O vibrations due to low concentrations of TiO2. 

PXRD studies after decorating the materials using the rapid flow-evaporation method and 

annealing at 600 °C for 5 h revealed features corresponding to anatase TiO2. Additionally, the 

amount of TiO2 loaded onto the microcapsules using the flow-evaporation method was observed 

to be influenced by both the concentration of precursor and number of steps in the decoration 

process. As the concentration of TBOT was increased from 0.075 to 0.5 M with the number of 

coating steps held constant, peaks corresponding to anatase TiO2 became significantly more 

intense after annealing (Figure 38). The intensity and number of peaks corresponding to anatase 

TiO2 was also improved as the number of coating steps was increased from 3 to 12 (Figure 39). 

Therefore, this method provided control of TiO2 loadings (from ~0.2 to 3.5 wt. %) by 

modulating the concentration of Ti precursor or the number of decoration steps. It is also 

important to note that the degree of modification appeared to be consistent from top to bottom of 

the cartridge, as demonstrated by absence of change in the presence and intensity in PXRD peaks 

obtained from material recovered from either the upper or lower half of a cartridge. We 

calculated the average size of the TiO2 crystallites by applying the Scherrer equation to the 

PXRD data. The 0.15 M x12 and 0.5 M x6 TBOT decorated capsules displayed average 

crystallite sizes of 28 and 25 nm, respectively. 

To demonstrate that our decoration method efficiently yields surface accessible TiO2 and 

that these materials are suitable for photocatalytic applications, we used them as a catalyst for the 

photodegradation of MO, a dye commonly used in such studies.109 Importantly for 

photocatalysis, the TiO2 on these particles is predominantly anatase (see above), which performs 

better as a photocatalyst compared to other phases due to slower charge recombination and 

greater electron mobility.109-111 To showcase the dimensions of the particles – relatively large 

compared to the TiO2 nanocrystals themselves – we ran these experiments in a miniature packed
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Figure 38. PXRD patterns (background subtracted) of 0.15 M TBOT 5 h continuous-flow 
decorated (a), 0.100 M TBOT x6 flow-evap. decorated (b), 0.15 M TBOT x6 flow-evap. 
decorated (c), and 0.5 M TBOT x6 flow-evap. decorated (d) after annealing the sets of capsules 
at 600 °C for 5 h. 
 
 

 

Figure 39. PXRD patterns of 0.15 M TBOT flow-evap. x12, x9, x3 decorated microcapsules 
(top to bottom, respectively) after annealing the sets of capsules at 600 °C for 5 h. Additionally, 
a pattern for unmodified microcapsules annealed at 900 °C for 5 h is included (bottom pattern). 



51 
 

bed reactor. The particles were immobilized in a quartz flow cell (0.50 mm beam length) in a 

photochemical reactor and solutions of MO were flowed over them using a peristaltic pump. For 

these studies, we selected the 0.5 M TBOT x6 decorated capsules (3.5 wt. % TiO2), and the 8.5 

mg of immobilized microparticles equated to 300 g of TiO2 in the cell. The concentration of 

MO dye was monitored by UV-Vis spectroscopy as the flowing solution was exposed to UV 

light. We assumed the conditions were pseudo-first-order in [MO], and a plot of 

ln([MO]t/[MO]o) vs. time yielded an apparent rate constant, k, of 7.6 ± 0.3 x 10-5 s-1 (Figure 40, 

black line). 

 

Figure 40. Photodegradation of MO using 0.5 M TBOT flow-evap. x6 decorated capsules 
annealed at 600 °C for 5 h (circles, black) and Degussa P25 nanoparticle (squares, grey) as 
photocatalysts. We plotted ln ([MO]t/[MO]o) vs. time to extract the apparent rate constants, k. 
Error bars represent the standard deviation of 2-3 data points at a given time, and the dashed 
lines represent the 95% confidence interval in the linear regression analyses of each set of data. 
 
 
We used commercially-available P25 TiO2 nanoparticles (Degussa, ~21 nm in diameter), a 

reference material that is commonly employed in photocatalytic studies, for comparison with our 

material.111,112 Here, we used the same flow cell setup, but the P25 nanoparticles were instead 

homogenously dispersed in the MO solution. The mass of P25 TiO2, 300 g, was the same as 

with the decorated capsules, and the apparent rate constant under these conditions was found to 

be 5.4 ± 0.6 x 10-5 s-1 (Figure 40, gray line). Thus, the capsule-supported TiO2 appears to be 
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more efficient at the photodegradation of MO than the commercial P25 by a factor of 1.4-fold on 

an equivalent mass basis. Furthermore, we explored the reusability of the immobilized capsules 

by using a single sample in seven consecutive runs spanning 7+ hours of photodegradation 

(Figure 41). The photocatalytic efficiency was apparently not diminished over this time span, 

allowing for continuous flow operation in a variety of future applications. In contrast, the 

nanoparticulate P25, lacking a solid support, remained inseparable from the degraded MO 

solution, drastically hampering reusability unless the entire solution were subjected to 

centrifugation. 

 

Figure 41. Kinetic data showing the reuse of one 8.5 mg sample of 0.5 M TBOT x6 decorated 
capsules (3.5 wt. %, 300 µg TiO2) in seven consecutive photodegradation experiments, Runs 1-7. 
The particles were immobilized to the flow cell with double-sided sticky tape and were left in the 
flow cell at the end of each run. At the end of a run, the UV beam was blocked, a fresh 10.0 mL 
solution of methyl orange (MO) was swapped in for the partially-degraded solution, flow was 
restarted, and the UV beam was unblocked at time = 0 when the fresh solution had just returned 
to the reservoir. 
 
 

 

 



53 
 

2.2.3 Conclusions 

 

We have further demonstrated the utility of the simple mesofluidic T-junction device for 

forming the monodisperse microdroplets that are paramount to the subsequent formation of 

particles and capsules with narrow size dispersity. We have also presented a method for rapidly 

generating hierarchical TiO2-doped SiO2 microcapsules with low concentrations of TiO2 

nanoparticles distributed throughout the shells. The hierarchical architecture was achieved 

without the use of additives such as inorganic salts.113 Additionally, we provide gentle, cost 

effective, flow-based methods for further surface decoration or functionalization with TiO2 

nanocrystallites (~0.2 to 3.5 wt. %). We envision that these microcapsules have potential in 

various applications, from pigments and fillers to adsorption and photocatalysis, which we have 

already demonstrated. Further efforts are underway to investigate the formation of other 

composite, inorganic microcapsules using this simple device and to utilize the aforementioned 

coating methods to obtain hollow shells with tunable chemical and physical properties. 

 

2.2.4 Experimental 

 

Materials: Silicon tetrachloride (SiCl4), tetraethyl orthosilicate (TEOS), titanium (IV) n-butoxide 

or tetrabutyl orthotitanate (TBOT), absolute ethanol, isopropanol, t-butanol and glycerol were 

used as purchased without further purification. Commercially available laboratory tubing (PVC 

1/16” or 1/32” i.d. and PFA 1/4” i.d), mini-columns, and blunt-tipped needles were used as 

purchased. 

 

Device Fabrication: The capsule forming device was constructed from PVC laboratory tubing 

(1/32” i.d.). The main channel was intersected with a 22 gauge flat-tipped needle. This needle 

was positioned such that the outlet (the tip) was directly in the center of the tubing creating a 

modified T-junction which we found to be critical to the droplet formation as the disperse phase 

rapidly polymerizes upon contact with the tubing walls leading to clogging of the device. Droplet 

formation was observed with the naked eye, and the interfacial reaction solidified the capsules 

within the 45 cm long section of tubing following the T-junction (device was used at room 

temperature). 

 



54 
 

Preparation of Continuous Phase Solutions: The 80/20 glycerol/H2O continuous phase was 

prepared by adding 40 mL of deionized water to 160 mL of glycerol and stirring until 

homogeneous (~1 h). 

 

Preparation of Disperse Phase Solutions: Precursor solutions were prepared by adding the liquid 

components successively to a dry glass vial under a nitrogen atmosphere. The order of addition 

was performed as follows: SiCl4, tetraethylorthosilicate (TEOS), t-butanol, and titanium (IV) n-

butoxide. For example, a formulation containing 1.8-2 mol % titanium (IV) n-butoxide was 

prepared by adding SiCl4 (0.5 mL,), TEOS (0.93 mL), t-butanol (0.12 mL), and Ti (IV) n-

butoxide (TBOT; 62-70 δ) to a dry glass 7 mδ vial under inert atmosphere. The solutions were 

stirred until homogeneous before use. 

 

Synthesis of TiO2-doped, SiO2 Microcapsules: Continuous and disperse phase solutions were 

loaded into plastic syringes and both materials were pumped into the reaction by action of a 

syringe pump. The disperse phase (10-75 δ/min) was introduced perpendicularly to the 

continuous phase (0.3-3 mL/min), leading to the formation of monodisperse droplets. The size of 

the droplets could be controlled by altering the relative flow rates of the two phases. The 

microcapsules were collected in a large beaker containing continuous phase solution. The 

microcapsules were isolated and washed with several aliquots of ethanol followed by deionized 

water and then isopropanol. 

 

Surface Decoration of TiO2-doped-SiO2 Microcapsules: Washed capsules were loaded into a 

small cartridge constructed from a segment of PFA tubing (Figure 32) capped with Wizard® 

mini-column filters (Promega Corp.). Capsule decoration was achieved by first activating surface 

hydroxyl groups by passing ethanol, made basic by addition of 1 M NaOH, through the packed 

bed (pH~8-9; 1 mL/min; total volume ~10 mL). The capsules were then washed with fresh 

ethanol. Decoration with additional TiO2 was achieved by passing a 0.15 M solution of TBOT in 

ethanol through the cartridge at 75 °C (0.200 mL/min; 4 h). Next, the capsules rinsed with 20:1 

ethanol:deionized water before being washed with isopropanol, collected, and dried at 120 °C. 

An alternative continuous flow procedure was performed without pretreating the capsules with 

basic ethanol. Here, the flow rate of the 0.15 M TBOT solution was lowered to 0.100 mL/min 
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(total reaction time of 5 h). Additionally, the capsules were annealed at temperatures up to 900 

°C for 5 h to generate crystalline phases desirable for various applications. For injection-

evaporation surface coating, the cartridge of capsules was subjected to rinsing with 2 mL of 

0.075-0.5 M TBOT in ethanol (repeated rinse, flowing the opposite direction of first rinse) 

followed by evaporation of solvent using air flow (~5 min; 2.5 min in each direction). This 

process was repeated 3-12x before rinsing with deionized water (5 mL), isopropanol (5 mL), and 

then drying using air flow (~2 psi). 

 

Characterization: The morphology of the microcapsules was examined by optical and scanning 

electron microscopy (SEM) using a Leica DL IM and LEO/ZEISS microscope model GEMINI 

1530VP (30kV) equipped with a low vacuum VPSE detector, respectively. Elemental analysis 

was performed using the EDX detector from Bruker with Software pack Esprit 1.9.4. Room 

temperature powder X-ray diffraction (PXRD) was carried out on a PANalytical X’Pert Pro 

diffractometer with an X’Celerator detector using Cu Kα radiation (  = 1.54187 Å). Infrared 

spectroscopy of the microcapsules was performed using a Nicolet 380 FT-IR spectrometer and 

KBr pellets (30 mg per pellet; 2 wt. % sample). NMR spectroscopy was performed on an Agilent 

Technologies 400-MR DD2 400 MHz spectrometer using a 5 mm OneNMR probe. 

 

Photochemical Degradation of Methyl Orange (MO): Reactions were run in a quartz, 

demountable flow cell (Starna Cells, Inc, 8 x 38 mm, 0.50 mm path length). Flow was achieved 

using a peristaltic pump attached to the cell with PVC laboratory tubing (1/8” i.d., λ0 cm total). 

UV radiation was supplied by a 1 kW Xe lamp (Oriel Labs) focused into the flow cell by a 

dichroic mirror and lens assembly (Oriel Labs) with a total beam length of 45.7 cm. For all 

experiments, the initial concentration of MO was 2.75 x 10-4 M (10.0 mL). Titania-overcoated 

microcapsules (8.5 mg total, 300 g TiO2) were immobilized to the flow cell via sticky tape or 

commercial TiO2 (300 g, Degussa P-25, ~85% anatase, 15% rutile) was suspended in the 

aqueous solution. The concentration of MO was measured versus time of irradiation via UV/Vis 

spectroscopy ( 480 = 22,177 M-1 cm-1). 
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CHAPTER 3 

 

PREPARATION OF ORGANOZINC COMPOUNDS USING BATCH AND 

FLOW-BASED METHODS 

 

3.1 Continuous Flow Synthesis of Organozinc Halides Coupled to Negishi Reactions
† 

 

As discussed in previous sections, narrowing the dimensions of chemical reactors (e.g. 

moving from large round-bottom flasks to narrow tubular reactors) leads to enhancements in 

mixing, mass transport, and heat transfer which are desirable for controlling reactions. This 

chapter begins with a continuous flow packed-bed approach for rapidly forming and utilizing 

air/moisture sensitive organozinc halides which are ubiquitous reagents in cross-coupling 

reactions. Here, the packed-bed provides greater intimate contact (increased mass transport, etc. 

compared to the batch reaction) between solid zinc and liquid organohalide leading to 

improvements in the rate of the oxidative addition of zinc into the C-X (X = halide) bond. The 

product was then directly utilized in a downstream reaction avoiding the need to store the 

sensitive organozinc halide product. 

 
 
3.1.1 Background 

 

Transition metal-based cross-coupling reactions are powerful synthetic tools for forming 

C-C bonds.114 While organoboranes (Suzuki) are often the first choice in cross-coupling partner, 

organozincs (Negishi) often show superior reaction rates and are used when organoboranes are 

too unreactive. Moreover, the Negishi reaction facilitates the coupling of sp3 carbons, increasing 

their prevalence in drug discovery compounds and thus allowing medicinal chemists to access 

new chemical space.115 Despite outstanding innovations with regard to organozinc synthesis, the 

paucity of commercially available organozinc species compared to the abundance of 

organoboranes limits use of the Negishi reaction.116 In our experience, the stability of organozinc 

species even compared to organolithium and organomagnesium species is low and that solutions 

of organozinc species decompose rapidly. This feature contributes to the lack of commercially 

available organozinc species and may also contribute to less wide-spread use of the Negishi 
                                                 
† Adapted with permission from: Alonso, N.; L. Z. Miller, L. Z. J. de Mata Muñoz, J. Alcázar, D. 
T. McQuade, Adv. Syn. Cat. 2014, 18, 3737-3741. Copyright 2014 John Wiley & Sons. 
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reaction. We hypothesized that an ideal situation would be to avoid handling organozinc reagents 

altogether and instead create a continuous system whereby an organozinc reagent is prepared 

from a shelf-stable organohalide and immediately used in a subsequent reaction.28a,117 

Continuous flow is an ideal tool for handling unstable and highly reactive intermediates, 

integrating several steps into one single streamlined process.24,27a,27j,28d,78,118 The key challenge is 

to define zinc metal activation conditions that would enable an organozinc halide to be produced 

within a column of zinc metal (Figure 42) and then to pass the organozinc halide directly into a

 
 

 

 

Figure 42. Experimental set-up of the flow system (tR = residence time). 
 
 
column of supported transition metal catalyst to facilitate a Negishi reaction.  Recently, we have 

demonstrated that NHC-copper(I) transition metal complexes could be readily formed by passing 

a solution of imidazolium chloride through a packed-bed of copper(I) oxide.38 The desired 

complexes were formed in high yield and could then be coupled to downstream catalytic 

reactions. We speculated that this concept could be applied to the formation of a wide range of 

organometallic species such as the formation of organozinc halides. Herein, we demonstrate that 

organozinc halides can be formed with reproducible titers by passing organohalides through a 

column of active zinc metal. The organozinc halides can then be used in downstream Negishi 

coupling reactions. Not only is this two-step process rapid and high yielding, the method also 

enabled a wide range of Negishi couplings without the need to handle the sensitive organozinc 

reagents.  
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3.1.2 Packed-Bed Considerations 

 

When creating a reactive packed-bed for use in a continuous reaction the following 

factors must be considered. Particle size of the packed-bed material: in general we have found 

that solids with mesh sizes similar to silica gel form beds that enable reasonable flow rates 

without high back pressures. For this reaction, we found that zinc dust works poorly while zinc 

particles or powder with a size of ~30 mesh works well. Metal activation is another crucial 

consideration: commercial zinc granules often arrive with a passivating layer that must be 

removed from the surface. We found that common activation strategies work well; however, 

activation with TMSCl (2 M, 10 mL), 1,2-dibromoethane (1 M, 10 mL) followed by washing 

with THF (20 mL) provided the most active column. Column packing is best achieved by using a 

column with removable ends similar to an HPLC column (we prefer Omni-fit columns). We 

place an inert material such as silica gel or cotton at the end of the column to prevent zinc fines 

from exiting the column and fouling the downstream reaction. Column heating must be 

considered: we have used HPLC column heaters, nichrome heating tape and commercial heaters 

associated with flow chemistry systems. The ideal heater will uniformly heat the column without 

forming hot spots. Integrating these considerations, we filled a 10 mm internal diameter Omni-fit 

column with 12 g of zinc and placed it in a Vapourtec R2+R4 system.119 

 

3.1.3 Results and Discussion 

 

The performance of the column was assessed by pumping 0.63 M benzyl bromide (1a) in 

THF through the zinc and measuring the consumption via GC. Figure 43 illustrates that the 

column has an induction period where total consumption of 1a is not complete until ~3 min into 

the run. In this case, the column was activated using dilute HCl followed by washing with dry 

THF. The induction period can be eliminated by switching the column activation wash from 

dilute HCl, black diamonds, to TMSCl/dibromoethane, grey squares. Selected data points were 

titrated using the Knochel method.120 The titrations indicated a 1:1 correlation between 

consumption of 1a and organozinc halide (2a) formation. We have determined that a zinc 

column, activated as described above, yields quantitative formation of organozinc halides at 

room temperature when benzyl and allylic halides are used and between 30–60 °C when alkyl
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Figure 43. Activation of Zinc column: HCl wash (black diamonds) and TMSCl/dibromoethane 
wash (grey squares). 
 

 

iodides are used. Aryl halides under the conditions we examined do not yield organozinc halides 

even above 110 °C. We are now examining alternative conditions that might enable formation of 

arylzinc halides.  

While organozinc halides are suitable nucleophiles for use in a wide range of reactions, 

we concentrated our efforts towards coupling the formation of organozinc halides. In particular, 

a Negishi reaction that allowed introduction of functional alkyl groups for easy access to more 

complex compounds. With this in mind, we examined the formation of organozinc halides using 

THF as the solvent as this will support both the zinc reagent formation and the subsequent 

Negishi reaction.  
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Our collaborator, Dr. Jesus Alcázar, published a series of manuscripts describing efficient 

and rapid continuous cross-coupling reactions using supported palladium complexes.121 SiliaCat 

DPP-Pd122 was found to support a wide range of Negishi reactions.121b We proceeded to leverage 

this knowledge by creating a two column reactor system whereby the packed-bed of zinc metal 

was placed upstream of a 6.6 mm internal diameter Omni-fit column containing 1.0 g of SiliaCat 

DPP-Pd (Table 1). The performance of this two column system was examined by surveying the 

range of coupling partners that could undergo successful cross-coupling. As shown in Table 1, 

Negishi cross-couplings between aryl halides and organozinc halides formed from alkyl (1b–1d) 

and benzylic halides (1a, 1e–1i) proceeded in good to high yields. It is worth highlighting that 

many functionalized alkyl and benzyl species performed well, such as Boc-protected azetidine 

(entry 4), as well as secondary benzyl halides (entry 8). We have only identified that nitro groups 

are incompatible with the organozinc halide forming step which is consistent with previously 

described organozinc chemistry.116  

Table 1 demonstrates that our hypothesis, organozinc halides can be prepared 

continuously and immediately used downstream, is valid. A range of aryl halide-based coupling 

reactions were performed next in order to evaluate the functional group tolerance of the system 

(Scheme 3). In this way, electron-rich and electron-poor aryl substrates react in good to excellent 

yields. In addition, the process is tolerant of five- and six-membered ring heterocyclic coupling 

partners under mild reaction conditions. In contrast to the zinc insertion step, nitro groups are 

well tolerated as coupling partners (4q). In the case of bromo-iodo derivatives, coupling 

proceeded selectively at the iodine atom (4m). The data presented thus far indicate that a two 

column system whereby a shelf-stable organohalide is passed through a suitably activated zinc 

column can be used to perform Negishi couplings. What has yet to be demonstrated is that the 

system can be used to form meaningful volumes of material.  

To address the issue of scale, we have examined two aspects of this system. The first 

aspect of scale we examined was organozinc halide production. Using the Omnifit column filled 

with 12 g of zinc, 150 mL of a 0.5 M solution of benzylzinc bromide 2a in THF was prepared. 

During this procedure about 5 g of zinc was consumed. This volume is very practical on the 

laboratory scale as most organometallic reagents are sold in 100 mL volumes. These data suggest 

that use of the zinc column to produce organozinc halides will be broadly applicable to reactions 

beyond the Negishi reaction.  
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Table 1. Initial survey of coupling partners supported by a two column system. [a] Zn column, 
r.t.; Silicat DPP-Pd column 60 °C. [b] Zn column, 60 °C; Silicat DPP-Pd 60 °C. [c] Zn column, 60 
°C and LiCl (1 equiv.) as additive; Siliacat DPP-Pd column, 80 °C. [d] Zn column, 110 °C and 
LiCl (1 equiv.) as additive; Siliacat DPP-Pd column, 60 °C [e] Zn column, r.t.; Siliacat DPP-Pd 
column, 80 °C. 

 

Entry     R-X Aryl-X Product Y (%) 

 

1
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Scheme 3. Survey of functional group tolerance: scale 0.8 mmol. a Zn column r.t.; Siliacat DPP-
Pd column 60ºC. b Zn column r.t.; Siliacat DPP-Pd column 80ºC. 
 
 

The second aspect of scale examined was overall protocol stability with respect to the 

two column system. In this case, the formation of Negishi product was monitored as a function 

of time (Figure 44). The reaction was performed such that 3.3 mmol h-1 was achieved. The 

calculated turnover number of the catalyst for the overall process was 175. The isolated yield of 

the reaction was 94% and the reaction was stable over the 13 h that it was monitored. This data 

demonstrates that this approach is valid on development scales. We perceive that scaling out 

(larger zinc and catalyst columns) or numbering up (multiple reactors in parallel) could allow the 

reaction be performed at manufacturing volumes.  
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Figure 44. Long-term stability assessment. 

 

3.1.4 Conclusions 

 

We have demonstrated that organozinc halides can be produced from shelf-stable halides 

and used in situ in a continuous flow packed-bed approach. The data shown in figure 43 

demonstrates that high and reproducible titers can be realized when the zinc is appropriately 

activated. The scope data indicates that a variety of substrate types are readily converted into 

organozinc halides and that coupling the formation of the zinc species with a Negishi reaction is 

a productive approach. The two column system is tolerant of many functional groups including 

those of interest from a medicinal chemistry perspective (heterocycles such as azetidine 1d). The 

formation of organozinc halides is broadly useful as the approach can support the formation of 

150 mL of 0.5 M reagent. Finally, the two stage zinc insertion/Negishi reaction functions at the 

high end of laboratory scale with ease suggesting that the approach is stable and robust enough to 

support much larger scale chemistry. Further expansion of both zinc insertion and coupling steps 

will be the topic of future endeavors. 
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3.1.5 Experimental 

 

General flow procedure for zinc insertion and Negishi cross-coupling: A solution of alkyl halide 

0.3 M in dry THF (when required 1 eq of LiCl was added as additive) was passed through a 10 

mm internal diameter Omni-fit column containing Zn (12 g) using the R2+R4 system119 at the 

desired temperature and a flow rate of 0.2 mL/min (tR= 10 min). The outlet solution was mixed 

in a T-piece with a solution of haloarene 0.2 M in dry THF at 0.2 mL/min and passed through a 

6.6 mm internal diameter Omni-fit column containing Siliacat DPP-Pd (1 g) at the required 

temperature (tR= 2.5 min). The crude of the reaction was quenched with a saturated solution of 

ammonium chloride and extracted with AcOEt. The organic layer was separated, dried (Na2SO4), 

filtered and the solvents evaporated in vacuo. The crude products were purified by column 

chromatography using silica to yield the desired products. 

 
 

3.2 Alkali Metal Oxides Trapped by Diethylzinc
† 

 

 

Experience controlling reactive materials allowed for extension of our efforts towards the 

synthesis of other sensitive organozinc compounds. We realized that these materials could 

possess chemical reactivity that could be harnessed to yield new products and reactions. In this 

section, the reactivity of diethylzinc is extended to the formation of a novel family of pyrophoric 

zincates from the simple reaction with alkali metal hydroxides.  

 

3.2.1 Background 

 

The chemistry of diethylzinc, arguably one of the oldest organometallic compounds,123 is 

rich and complex.124 For example, reactions between diethylzinc and alkali metals have been 

studied since the key discoveries of Frankland and Wanklyn,125 but the products of such 

reactions are difficult to characterize and use due to air and moisture sensitivity.126 Diethylzinc 

itself is a volatile pyrophoric liquid that thwarted its crystal structure determination until 

recently.127 

                                                 
† Adapted with permission from the Royal Society of Chemistry and: Miller, L. Z.; Shatruk, M.; 
McQuade, D. T. Chem. Comm. 2014, 50, 8937-8940. Copyright 2014 Royal Society of 
Chemistry. 
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These challenges, however, have not impeded the use of dialkylzinc hydride “ate” 

complexes in organic synthesis because they often exhibit enhanced chemoselective, 

diastereoselective, and catalytic reductions.128 Recently, Lennartson et al. reported the first 

crystal structure of alkali metal diethylzinc hydride (1) formed by reacting sodium metal with 

neat diethylzinc (Scheme 4).129 The structure of this sodium “zincate” contains two intact ZnEt2 

molecules bridged by two hydrides with two sodium counter ions. We speculated that the 

Lennartson zincate might be prepared by refluxing NaH in neat diethylzinc. The outcome of this 

simple experiment was not as anticipated and opens another chapter in the chemistry of 

diethylzinc. 

 
 

 

Scheme 4. Reaction of sodium metal with excess ZnEt2 to produce 1. 
 
 
3.2.2 Results and Discussion 

 

Refluxing NaH with neat ZnEt2 resulted in dissolution of the hydride followed by 

crystallization of a product on cooling the solution. Initially, we speculated that the resulting 

product was the desired Lennartson zincate, but crystallographic analysis revealed a new 

Na2(ZnEt2)3(µ5-O) (2) species. As shown in figure 45, the compound is comprised of three ZnEt2 

units coordinated to a linear sodium oxide fragment, Na2O. 

The presence of the central oxygen atom was surprising, and we originally speculated 

that molecular oxygen was the source. The reactions of ZnEt2 with water and molecular oxygen 

are well-known.130,131 Importantly, we note that the reactions of O2 with ZnEt2 inevitably result 

in insertion of oxygen (or peroxide) into the Zn-C bond.130b,130c In striking contrast, the
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2 

Figure 45. Molecular structure of Na2(ZnEt2)3(µ5-O) (2). Selected bond lengths (Å) and angles 
(˚)μ Zn1-O1: 2.001(3), Zn2-O1: 1.983(1), Zn1-C1: 2.004(4), Zn2-C3: 2.009(3), Zn2-C5: 
2.018(3), Na1-O1: 2.278(1), C1-Zn1-C1′μ 137.0(2), C3-Zn2-C5: 135.8(1), Zn1-O1-Zn2: 
121.05(6), Zn2-O1-Zn2': 117.9(1),  Zn1-O1-Na1: 88.41(7), Zn2-O1-Na1μ λ0.26(4), Zn2′-O1-
Na1: 91.38(4), Na1-O1-Na1′μ 176.8(1). . 1H NMR (600 MHz, THF-d8)μ  = 1.12 (t, CH3), -0.247 
(q, CH2).

13C NMR (151 MHz, THF-d8)μ  = λ.64 (CH3), 0.00 (CH2). 
 
 
oxo-centered species shown in figure 45 does not contain any Zn-O-C bonds. Conversely, water 

reacts with ZnEt2 to yield HOZnEt that decomposes rapidly at room temperature to zinc oxide 

and ethane.130g Other reactions involving ZnEt2 and trace water have given rise to products with 

multiple bound oxygen atoms and cleavage of one of the Zn-Et bonds.130h Based on these 

considerations, the lack of Zn-O-C bonded fragments in product 2 would represent quite an 

unusual scenario if the O atom came from O2 or H2O. Therefore, we speculated that the O atom 

in cluster 2 resulted from the contamination of NaH with sodium hydroxide. Herein, we 

demonstrate that NaOH, KOH, and RbOH, when reacted with ZnEt2, produce linear M-O-M 

fragments surrounded by three or four ZnEt2 molecules, depending on the radius of the alkali 

metal ion. In the solid state, these oxo-centered clusters organize via weak M-H bonds to form 

symmetric and extended structures. 
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We tested our hypothesis that the oxygen in 2 resulted from NaOH by comparing 

reactions of ZnEt2 with pure NaH and Na2CO3. When dry NaH or Na2CO3 was refluxed with 

ZnEt2, product 2 was not observed. The use of NaOH, on the other hand, provided 2 in 22.5% 

yield after 2 hours of refluxing in neat ZnEt2. Interestingly, the use of more meticulously dried 

NaOH produced the same product and byproducts but at a slower rate. Based on these 

observations and intermediates observed by others,130g we propose the mechanism shown in 

Scheme 5. Initially, NaOH reacts with ZnEt2 to form intermediate 3, which is similar to an 

intermediate proposed in the hydrolysis of ZnEt2.
130g,i The condensation of 3 into oxo-bridged 

species 4 is followed by addition of two more ZnEt2 units to form 2. This mechanism, however, 

does not explain the observed reaction rate difference when wet and dry NaOH are used. 

Unfortunately, the wet NaOH reaction is both violent and undergoes multiple phase changes 

making rate studies difficult. 

 
 

 

Scheme 5. Proposed mechanism for the formation of product 2. 
 
 

The structure determination by single-crystal X-ray diffraction revealed that the molecule 

of 2 contains a nearly linear Na2O fragment surrounded by three ZnEt2 units (Figure 45). The 

two Na+ and three Zn2+ ions thus form a trigonal-bipyramidal (TBP) oxo-centered cluster. The 

environment of each Zn2+ ion is completed by two ethyl ligands to give a triangular coordination 

geometry. There are two crystallographically unique Zn centers, with similar Zn-O and Zn-C 

bond lengths and C-Zn-C angles (Figure 45, caption). The coordination of Na+ ions, however, 

cannot be satisfied by the conventional ligands present in this structure, i.e. the ethyl C atoms 
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and the 5-O atom. As a result, the cluster is stabilized by the weak Na-H bonds to the α-

hydrogens of ZnEt2 units. Each Na+ ion forms six intramolecular interactions, with five Na-H 

distances ranging from 2.502 to 2.552 Å and one longer Na-H separation of 2.715 Å. 

Nevertheless, even the intramolecular coordination to the α-H atoms does not fulfill the needs of 

the Na+ ion, whose unusual coordination environment is completed via additional intermolecular 

contacts (at 2.407-2.611 Å) to α- and β-H atoms of an ethyl group belonging to the neighboring 

molecule (Figure 46a) for the total coordination number of ten (one O + nine H atoms). 

The bonds between the TBP clusters result in the formation of extended Na-H-bonded 

columns that pack into a highly symmetric hexagonal structure in a chiral space group P6522 (the 

crystal examined was racemically twinned). Each subsequent TBP is offset from the previous 

one in order to optimize the Na-H agostic interactions. Due to this offset, each column of TBP 

clusters propagates in the form of a helix down the c axis (Figure 46b), with a repeat unit equal 

to six clusters. Such structural arrangement results in a very long period of the unit cell along the 

c axis, 43.327(2) Å, while a = b = 8.7801(5) Å. The seemingly efficient packing of helices in the 

crystal structure shown in figure 46c does not involve any significant column-to-column 

interactions except for van-der-Waals contacts between the peripheral H atoms. Nevertheless, the 

clusters are packed quite tightly, and the structure does not contain any interstitial solvent 

molecules (Figure 46). The analysis of crystal packing did not reveal any solvent-accessible 

voids.  

Agostic interactions are common in organometallic complexes,132 but agostic interactions 

that dominate and guide crystal packing are less prevalent. We ascribe the formation of the 

agostically linked framework 2 to the reaction conditions that severely limit the possible 

coordination modes for the alkali-metal ion. Consequently, the Na-H interactions, while weak, 

“glue” the clusters together due to the structural necessity. A similar approach was used by 

Girolami’s group to prepare a molecular complex with one of the highest coordination numbers 

known for rare-earth metal ions by limiting the metal’s ligation sphere to include only H atoms 

of aminoboranes.133  
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Figure 46. Crystal packing of 2: (a) intermolecular interactions between TBP clusters 
Na2(ZnEt2)3(µ5-O) that are highlighted with scarlet-red; (b) a helix of Na-H-bonded TBP clusters 
viewed slightly off the c axis; the top and bottom clusters form one repeat unit of the helix; (c) 
packing of helices viewed perpendicular to the c axis. Color scheme: Na = orange, Zn = green, O 
= red, C = black, H = off-white. 
 
 

The TBP coordination around oxygen is rare in organozinc complexes, with only three 

examples reported to date.134 The Zn-O bond distances of 1.983(1) and 2.002(2) Å observed in 

Na2(ZnEt2)3(µ5-O) are similar to those reported by Cole et al. for the M5O core in [(µ5-

O)Li2Zn3{(p-tolyl)NC(H)N(O)(p-tolyl)}6] (1.950-1.990 Å),134a while the Na-O distance of 

2.2785(9) Å is naturally longer than the Li-O bonds (1.991 and 1.926 Å) found in the Li2Zn3(µ5-

O) cluster. 
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The unique crystallographic features of 2 prompted us to explore the possibility of 

reactions between ZnEt2 and other alkali hydroxides. Hedström et al. reported that combination 

of metallic potassium and ZnEt2 resulted in a low-yield byproduct, -K2(ZnEt2)4(µ6-O).135 They 

speculated that oxygen in the final product originated from adventitious water. Our earlier 

discussion, however, suggests that the partial hydrolysis of ZnEt2 cannot lead to such clusters. 

Therefore, we reacted KOH with neat ZnEt2, in analogy to the synthesis of 2. Once the reaction 

reached completion, the solid precipitate was filtered off, and the clear colorless solution 

obtained was layered with dry hexanes. Large colorless crystals were obtained after 24 hours. A 

single-crystal X-ray diffraction analysis revealed we indeed obtained the desired product, β-

K2(ZnEt2)4(µ6-O) (5), which crystallized as a different, more symmetric polymorph in 

comparison to the one reported by Hedström et al. The structure of 5 is similar to that of 2, but 

the central K2O fragment is surrounded by four ZnEt2 units, thus forming an O-centered

 
 

 

5 

Figure 47. Molecular structure of K2(ZnEt2)4(µ6-O) (5). Selected bond lengths (Å) and angles 
(˚)μ Zn1-O1: 2.0919(5), Zn1-C1: 2.008(2), K1-O1: 2.817(1), C1-Zn1-C1′μ 143.8(1), Zn1-C1-C2: 
118.2(2), Zn1-O1-Zn1′μ λ0.0, Zn1-O1-K1: 90.0, K1-O1-K1': 180.0. 1H NMR (600 MHz, THF-
d8)μ  = 1.18 (t, CH3), -0.21 (q, CH2).

13C NMR (151 MHz, THF-d8)μ  = 11.λ7 (CH3), 3.16 
(CH2). 
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octahedral cluster of metal ions (Figure 47). The Zn2+ ion preserves the triangular coordination 

environment, but the plane that contains the C–Zn–C bond angle is inclined by 27.1° with 

respect to the K-O-K axis. A similar distortion is observed in the structure of -K2(ZnEt2)4(µ6-

O).135 The Zn-O and Zn-C bond lengths in 5 are similar to those observed in structure 2. The K-

O bond in 5 (2.816(1) Å) is naturally longer than the Na-O bond in 2 (2.278(1) Å). The larger K+ 

ion also requires a larger number of K-H interactions to complete the coordination environment, 

which explains the presence of four ZnEt2 units in cluster 5 as compared to three such units in 2. 

There are eight intramolecular K-H contacts per K+ ion that vary from 2.679(1) to 2.779(1) Å. 

Similar to the structure of 2, the coordination of the K+ ion in 5 is completed by four additional 

intermolecular K-H interactions, resulting in the total coordination number of 13 (one O + twelve 

H atoms). Noteworthy, however, the intermolecular K-H contacts are significantly longer (3.107 

Å) than the intramolecular ones. Nevertheless this structure also does not contain any interstitial 

solvent molecules or solvent-accessible voids. 

In contrast to -K2(ZnEt2)4(µ6-O), which crystallizes in the monoclinic space group C2/c, 

the β-K2(ZnEt2)4(µ6-O) polymorph crystallizes in a highly symmetric tetragonal space group 

P4/nnc. The difference stems from the more regular packing of the octahedral K2(ZnEt2)4(µ6-O) 

clusters in 5. In -K2(ZnEt2)4(µ6-O), the clusters form K-H bonded layers with the K-O-K axis  

of the octahedron being parallel to the layer. Consequently, interactions between the layers are 

restricted to van der Waals contacts between the H atoms of ethyl groups. In β-K2(ZnEt2)4(µ6-O), 

the octahedral clusters are also packed into layers (Figure 48a), but the K-O-K axis is 

perpendicular to the layers. As a result, the intermolecular K-H interactions serve to provide 

interlayer bonding (Figure 48b), while the intermolecular contacts within the layer are due to van 

der Waals H-H interactions. To optimize the interlayer K-H bonding, the neighbouring layers are 

shifted with respect to each other, leading to the ABAB… stacking sequence along the c axis 

(Figure 48b). We believe that the reason for the formation of the more symmetric β-polymorph is 

the slower controlled crystallization achieved in the present work by the diffusion of hexanes 

into the ZnEt2 solution of 5. 

Note that in each cluster 5 all C-Zn-C fragments are tilted in the same direction with 

respect to the K-O-K axis, thus leading to the D4 molecular symmetry. One layer 
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Figure 48. Crystal packing of 5: (a) the idealized layer of octahedral clusters K2(ZnEt2)4(µ6-O) 
viewed down the c axis; the impossibly short H-H contacts seen in the packing cause the disorder 
of Et groups – in the real structure, the place of each overlap is occupied by only one of the 
groups; (b) the ABAB… stacking of layers along the c axis, with the intermolecular K-H 
contacts indicated with dashed lines. Color scheme: K = purple, Zn = green, O = red, C = black, 
H = off-white. 
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contains clusters of the same chirality, but the next layer contains clusters of the opposite 

chirality, thus creating the overall centrosymmetric structure. 

Obviously, the size of the alkali-metal ion modifies the coordination requirements and 

causes the evolution from the TBP cluster 2 to the octahedral cluster 5. Therefore, one might 

expect the further increase in the number of the ZnEt2 units coordinated around the central M2O 

fragment if larger alkali-metal ions are used. The reaction between RbOH and ZnEt2 led to 

crystallization of Rb2(ZnEt2)4(µ6-O) (6) that turned out to be isostructural to 5 but showed 

significantly higher reactivity. The crystals of both 2 and 5 were extremely air- and moisture-

sensitive and had to be mounted in an inert-atmosphere dry box. Nevertheless, they could be 

quickly transferred to the X-ray diffractometer cryostage to collect the diffraction datasets. In 

contrast, the crystals of 6 were virtually intolerable to any exposure to air and had to be mounted 

within a sealed capillary to allow the X-ray data collection. Our attempts to crystallize a similar 

structure from the reaction of LiOH or CsOH and ZnEt2 have been unsuccessful thus far, but we 

are continuing efforts in this direction. 

 

3.2.3 Conclusions 

 

We have demonstrated a simple synthetic route to oxo-centered clusters Na2(ZnEt2)3(µ5-

O) (2), K2(ZnEt2)4(µ6-O) (5), and Rb2(ZnEt2)4(µ6-O) (6), which exhibit unprecedented and 

highly symmetric crystal-packing motifs supported by intercluster interactions between the 

alkali-metal ions and H atoms of the ethyl groups. These results introduce another aspect of 

diethylzinc chemistry and an exciting new look at Na2O which is not typically linear. The 

reactivity of these species is not understood yet – the compounds definitely react with air and 

water. How the nucleophilicity of the ethyl ligands or the oxygen atom have changed relative to 

the non-complexed species is unknown. These data provide general evidence of the aggregation 

states available to diethylzinc under anhydrous conditions. The observations are similar to 

complex coordination structures formed by alkyl lithium species.136 The highly symmetric 

crystal structures of 2, 5, and 6 offer an interesting principle of 3-D structural organization via 

weak agostic M-H interactions. The effective packing of clusters results in the prolonged 

stability of these structures in air-free environment, and thus these complexes might serve as 

solid-state sources of diethylzinc that could show different reactivity patterns as compared to the 

neat liquid ZnEt2. 



74 
 

3.3 Rapid-Flow Synthesis of Zn-Qn Complexes: Teaching Old Ligands New Tricks with 

Reactive Na2(HZnEt2)2
† 

 

 

In the previous section, we demonstrated that air/moisture sensitive species can be 

prepared in batch reactions. However, these species cannot be readily utilized outside of the 

confines of an inert atmosphere. This restricts the use of these species and perhaps limits the 

potential for their use as synthetic reagents in further reactions. In this section, I present a novel 

cartridge-based flow approach for performing rapid reactions with pyrophoric solids outside of 

the glovebox. The flow method enabled rapid and intimate contact between ligand solutions and 

the solid reagent leading to smooth reaction and formation of novel products in seconds. 

 

3.3.1 Background 

 

Disodium bis(hydridodiethylzincate), Na2(HZnEt2)2 (1), was synthesized by Lennartson and 

coworkers by a reaction between sodium and diethylzinc.129 The 3-hydride in the final product 

is derived from the -elimination that results in the partial decomposition of ZnEt2. While 1 

reacts violently with water and air, little else is known about its reactivity. The structure of this 

compound suggests its potential use as a source of zinc and/or as a base (Figure 49). Lennartson 

et al. proposed that 1 could be used as a precursor to novel zinc complexes, but to our knowledge 

such reactions have not been demonstrated thus far. 

 

 

 

 

Figure 49. Molecular structure of 1, highlighting potential reactive sites. 

                                                 
† Adapted with permission from: Miller, L. Z., Hrudka, J. J.; Naro, Y. R; Haaf, M.; Shatruk, M.; 
McQuade, D. T. J. Flow Chem. 2015, 5, 139-141. Copyright 2014 Akadémiai Kiadó Zrt. 

 
 

 

 

Zinc atom donor ? 

Sodium atom donor ? 

Base ? Ethyl group donor ? 
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Complexes of Zn2+ ion with chelating ligands derived from 8-hydroxyquinoline are used 

as fluorophores for electroluminescent (EL) devices and as catalysts for ring-opening 

polymerizations (ROPs).137 The synthesis of these materials is often accomplished using 

common zinc salts such as Zn(OAc)2, but reactions that start with Zn(t-Bu)2 and ZnEt2 are also 

known.138,139,140 Tuning the properties of fluorophore or catalyst is accomplished via ligand 

modification.139,141 Although current synthetic methods are simple and straightforward, new 

synthetic approaches that offer faster reactivity, as well as potential access to new complexes, 

could advance and accelerate the discovery of more efficient fluorophores and catalysts.  

 

3.3.2 Results and Discussion 

 

Our group has recently demonstrated the effectiveness of flow-chemistry approaches to 

inorganic reactions.38,142 Nevertheless, the application of flow-chemistry techniques to the 

synthesis of transition metal complexes remains rather limited. Taking into account the high 

reactivity of 1, we hypothesized that the reaction of ligand solutions with this precursor could 

quickly produce the desired zinc hydroxyquinolinates. Moreover, such synthesis could be 

performed outside of a glovebox by using our flow chemistry approach. To test this hypothesis, 

we carried out in-flow reactions between 1 and 8-hydroxyquinoline, 2-methyl-8-

hydroxyquinoline, and 2,7-dimethyl-8-hydroxyquinoline, which led to new zinc complexes 2, 3, 

and 4, respectively (Scheme 6).  

Flowing precursor solutions through packed-beds of solid reactants provides rapid mixing 

and enhanced surface contact, which can accelerate the reaction. Others have utilized flow-based 

 
 

 

Scheme 6. General scheme for the reaction of 1 with 8-hydroxyquinolines to produce 2-4. 
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Figure 50. Crystalline compound 1 prior to loading into the cartridge (a), a loaded and sealed 
cartridge (b), and the scheme of the flow reactor (c). 
 
 
systems in order to gain access to species that cannot be made in flasks due to their high 

reactivity or short lifetimes.143,144  

We envisioned that the reactivity of 1 may be more easily controlled in a cartridge or 

packed-bed, where the ligand solution can be quickly mixed with the zinc source, filtered, and 

flowed into collection vials while any gas produced from the reaction can be vented through a 

needle. Drawing from our experience with flow chemistry and packed-bed reactors,38,142 we have 

conceived a new way to utilize the solid air/moisture-sensitive zinc source outside of the 

 

a) 

b) 

c) 
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glovebox (Figure 50). To this effect, we constructed a cartridge from two Luer adaptable three-

way stopcocks (Aldrich), two Wizard® mini columns (Promega Corp.) to filter and keep the 

solids within the cartridge during synthesis, and a 2 cm section of perfluoroalkoxy (PFA) tubing 

(dimensions can be altered if a scale-up is needed). The cartridges were loaded with the 

pyrophoric starting material within a glovebox, sealed, and removed to perform the reactions. 

Solutions of the ligands in THF were passed through the cartridge from the top down. The solid 

zinc source was readily consumed yielding bright yellow to orange solutions at the outlet. 

Isolation of the product under inert conditions was achieved by connecting the outlet of the 

cartridge to 7 mL glass vials with silicone septa using a short piece of PFA tubing and a needle. 

A nitrogen gas line was connected to the collection vial along with a small needle to relieve any 

pressure within the system. The product solutions, diluted to various concentrations, were used to 

grow single crystals by slow evaporation or by diffusion of a precipitating solvent.  

The crystal structures of complexes 2-4 were determined by single-crystal X-ray 

diffraction. The crystal structure analysis confirmed the formation of zinc 8-hydroxyquinolinates. 

Interestingly, reactions with different ligands resulted in structurally different zinc complexes. 

Complex 2 with non-methylated 8-hydroxyquinolinate contains octahedrally coordinated 

Zn2+ ion, while complexes 3 and 4 with mono- and bis-methylated 8-hydroxyquinoinates, 

respectively, contain Zn2+ ions in tetrahedral coordination. Moreover, one of the ethyl ligands of 

precursor 1 is preserved in the structure of product 3, thus suggesting that the rate of the 

precursor’s reactivity differs depending on the ligand used in the flow reactor. 

The reaction between 1 and 8-hydroxyquinoline results in the deprotonation of the ligand 

and the formation of complex 2 (Figure 51). The structure of this complex includes two Zn2+ 

ions, each chelated by three 8-hydroxyquinolinate ligands, which provide the octahedral 

coordination environment. The two tris-chelated Zn units are bridged into a tetranuclear complex 

by two THF-coordinated Na+ ions. Besides being coordinated by a THF molecule, each Na+ ion 

also binds to four O atoms of the 8-hydroxyquinolinate ligands, two from each Zn2+ ion which 

results in a square-pyramidal coordination around each Na+ ion, with the O atom of THF residing 

in the equatorial plane. The core of the cluster can be viewed as two ZnNa2O4 defective-cubane 

units that share the Na2O2 face. The two halves of the complex are related by an inversion 

operation that appears in the center of the Na2O2 face. It appears that the bridging of two tris-
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Figure 51. Crystal structure of 2 (50% probability ellipsoids, hydrogen atoms and interstitial 
THF molecules omitted for clarity). Selected bond lengths (Å) and angles (°): Na1-O1: 2.278(3), 
Na1-O2: 2.298(3), Na1-O3: 2.414(3), Na1-O4: 2.349(3), Zn1-O1: 2.063(3), Zn1-O2: 2.104(2), 
Zn1-O3: 2.058(2), Zn1-N1: 2.190(3), Zn1-N2: 2.168(3), Zn1-N3: 2.242(3); O3-Zn1-O1: 97.2(1), 
O3-Zn1-O2: 87.19(9), O3-Zn1-N2: 158.6(1), O2-Zn1-N2: 78.1(1), O1-Na1-O2: 113.6(1), O1-
Na1-O4: 96.0(1), O2-Na1-O4: 92.6(1). 
 
 
chelated Zn2+ ions by Na+ ions provides electroneutrality, which might facilitate the 

crystallization of 2 from the THF solution. We note that other heterobimetallics containing alkali 

metal ions have been previously reported, showing great potential as catalysts.145 Examination of 

the photophysical properties revealed a max of 523 nm and a fluorescence quantum yield of 

5.2% in the solid state suggesting potential for application in new EL devices or materials. 

The flow reaction of 2-methyl-8-hydroxyquinoline with 1 also leads to a tetranuclear 

complex with two Zn2+ and two Na+ ions. In contrast to 2, however, each Zn2+ and Na+ ion is 

chelated by one 2-methyl-8-hydroxyquinolinate ligand (Figure 52). Each O atom of the ligand 

coordinated to a Na+ ion acts as a bridge toward one of the Zn2+ ion, while the O atom of the 

ligand coordinated to a Zn2+ ion acts as a bridge toward both Na+ ions. The tetrahedral 

coordination environment of the Zn2+ ion is completed by one ethyl group, while coordination of 

a THF molecule results in each Na+ ion being five-coordinate. Calculation of the Addison 

parameter146 () resulted in a value of 0.24, indicating square-pyramidal coordination around 
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each Na+ ion. Others have synthesized zinc complexes with a coordinated ethyl group in order to 

elucidate catalysis for ROPs of lactides.147,148 This ethyl group in our complex is highly reactive 

and may also be useful for post-synthetic modification, allowing for the addition of other 

functional moieties in the structure.   

The change from the octahedral coordination of the Zn2+ ion in 2 to the tetrahedral 

coordination in 3 might be partially attributed to the steric effect of the methyl substituent on the 

2-methyl-8-hydroxyquinolinate ligand in complex 3. To probe the steric effects further, we

  
 

 

Figure 52. Crystal structure of 3 (50% probability ellipsoids, hydrogen atoms omitted for 
clarity). Selected bond lengths (Å) and angles (°): Zn1-O2: 1.982(1), Zn1-C1: 1.984(2), Zn1-O1: 
2.043(1), Zn1-N1: 2.098(1); C1-Zn1-N1: 126.39(6), O2-Zn1-N1: 102.05(5), O2-Zn1-O1: 
90.03(5), O2-Zn1-C1: 118.92(6), C1-Zn1-N1: 127.41(6), O1-Zn1-N1: 81.63(5), O2-Na1-O3: 
117.90(5), O2-Na1-N2: 69.16(5), O3-Na1-N2: 96.86(5), O2-Na1-O1: 71.58(4), O2-Na1-O1: 
71.58(4), O3-Na1-O1: 110.81(5), N2-Na1-O1: 139.27(5). 
 
 
performed a flow reaction between 2,7-dimethyl-8-hydroxyquinoline and 1. This reaction 

resulted in simple mononuclear complex 4, in which the Zn2+ ions is tetrahedrally coordinated by 

two chelating 2,7-dimethyl-8-hydroxyquinolinates (Figure 53). Thus, the steric effects are indeed 

important in dictating the resulting structures of Zn complexes with ligands derived from 8-

hydroxyquinoline. The bulkier ligand in 4 also prevented additional coordination of Na+ ion(s). 
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The tetrahedral structure of 4 is highly distorted, with a large deviation of the bond angles at the 

Zn2+ center from the ideal tetrahedral values. 

 

 

 

Figure 53. Crystal structure of 4 (50% probability ellipsoids). Selected bond lengths (Å) and 
angles (°): Zn1-O1: 1.922(2), Zn1-O2: 1.940(2), Zn1-N2: 2.013(2), Zn1-N1: 2.048(2). O1-Zn1-
O2: 133.88(7), O1-Zn1-N2: 124.89(6), O2-Zn1-N2: 85.91(6), O1-Zn1-N1: 85.35(6), O2-Zn1-
N1: 111.07(6), N2-Zn1-N1: 118.39(6). 
 
 

3.3.3 Conclusions 

 

A new rapid-flow method for reacting air-sensitive solid zinc sources with ligand 

solutions has been presented. Complex formation and collection is achieved in seconds. Two 

new NaZnQn complexes and one ZnQn complex have been identified which may be useful 

supramolecular building blocks or starting materials, catalysts of ring-opening polymerization of 

lactide, and components of EL devices. Further efforts are underway to fully characterize and 

elucidate the photophysical and catalytic properties of these new complexes. 
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CHAPTER 4 

 

ACTIVATION OF RED PHOSPHORUS FOR PREPARATION OF ALKALI 

METAL POLYPHOSPHIDES 

 

4.1 Facile Conversion of Red Phosphorus to Soluble Polyphosphide Anions by Reaction with 

Potassium Ethoxide
†
 

 

Up to this point, we have demonstrated that control of fluid dynamics is greater in 

reactors with smaller dimensions compared to traditional batch flasks. We have also shown that 

interfacial area and contact as well as mass transfer are significantly enhanced in packed-beds of 

solids where liquid reagents can be continuously converted to products. In this chapter, our 

interest has shifted from control of reactive metal-organic or organometallic species to main 

group compounds of phosphorus. Though these species have been reported in the literature, their 

preparation is limited to reactive Pwhite or strong reducing conditions. We desired to investigate 

the solution-phase activation of the more stable red allotrope of phosphorus towards access to P-

rich polyphosphides in order to investigate their utility in various applications. 

 

4.1.1 Background 

 

Polyphosphides are negatively charged clusters of phosphorus atoms that exhibit diverse 

structural motifs. These “chasm bridging” species were summarized by von Schnering and 

Hönle149 in the 1988 seminal review, which also highlighted that the majority of polyphosphides 

had been obtained by solid-state reactions between metals and Pred or by iodine-assisted chemical 

vapor transport. The situation has not changed much since then. Only a handful of uncoordinated 

polyphosphide anions have been obtained by solution routes,150-153 which can be explained by the 

difficulty to isolate these reactive species. Therefore, the isolation from solution is generally 

associated with the need to capture these polyphosphide fragments with organic or 

organometallic species. 

The long history of polyphosphides notwithstanding, there is a growing interest in their 

further investigation. Research efforts in polyphosphide chemistry have been fueled by 

                                                 
† Adapted with permission from: #Andrasi-Dragulescu, A.; #Miller, L. Z.; McQuade, D. T.; 
Shatruk, M. 2015, unpublished.  
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aspirations to control the activation of P4 molecule,154 known as the white allotrope of the 

element, and by the recent discovery of phosphorene as a promising graphene analogue with a 

finite direct band gap.155 

Most polyphosphides prepared by solid-state methods are insoluble in common organic 

solvents and exhibit very high chemical stability. In contrast, the solution methods furnish 

soluble and reactive polyphosphide fragments, many of which were not observed in the solid-

state reactions. Therefore, the need for broader exploration of solution routes cannot be 

overstated, as these synthetic methods provide access to an entirely different thermodynamic and 

compositional landscape in the chemistry of polyphosphides. Not only do these species exhibit 

fascinating reactivity,156 but they also might serve as precursors for high-performance materials, 

including 2D semiconductors155 and lithium-ion battery anodes.157 

 
 

 

Scheme 7. Solution-based activation pathways for Pred. 

 
 

The majority of solution methods for producing polyphosphides employ toxic and 

flammable white phosphorus (Pwhite), harsh reducing conditions, or cryogenic solvents. Such 

methods, therefore, are difficult to scale up, which limits the potential uses of polyphosphides 

and hinders further studies on their reactivity. There have been a few reports whereby red 

phosphorus (Pred) was used to prepare such species as K3P7, but the solvents were limited to 

liquid ammonia or ethylenediamine in combination with strong reducing conditions (Na or Na-K 

alloy).153,158 

Herein we report a facile solution-based method for activating red phosphorus with 

nucleophilic reagents and converting it to soluble polyphosphides under mild refluxing 
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conditions (Scheme 7). Moreover, by employing solution-phase reagents, we have been able to 

adapt this reactivity to an unprecedented flow-chemistry process to afford fast continuous 

production of soluble polyphosphides. 

 

4.1.2 Results and Discussion 

 

We began our investigation of Pred activation by surveying approaches described for the 

activation of Pwhite to polyphosphides, namely, reactions with powerful reducing agents including 

alkali metals,159 LiPH2,
160-163 or sodium naphthalenide.164 By reacting Pred with potassium metal 

in refluxing THF/DME (1:1 v/v), we were able to obtain orange-red solutions that contained a 

mixture of soluble polyphosphides anions, P5
–, P16

2–, and P21
3–, according to the 31P NMR spectra 

(Figure 54a). The positions of the corresponding resonances coincide well with literature values. 

 
 

 

Figure 54. 31P NMR spectra of reaction mixtures obtained from the activation of Pred with K (a) 
and KOEt (b). Labels indicate P5

– ( ), P21
3– ( ), P16

2– ( ), P(OEt)3 ( ), and the external shift 
reference (*). 
 
 

Literature reports also describe the activation of Pwhite by various nucleophilic 

reagents.165-167 We set out to apply a similar approach to activate Pred, which is commonly 

thought of as a more inert phosphorus source. We used solutions of alkali metal alkoxides as 

nucleophiles which led to a remarkable activation of Pred in less than 2 h in the case of organic 

solvents with potassium ethoxide (KOEt), to yield the same mixture of soluble polyphosphides 



84 
 

as observed in the aforementioned activation by strongly reducing K metal (Figure 54b). The 

activation by KOEt proceeds rapidly in the majority of organic solvents, with the exception of 

low-boiling hydrocarbons. The resonances observed in the 31P NMR spectrum were assigned to 

P5
–, P16

2–, and P21
3–. 

The activation of Pred with redox-inactive KOEt in THF/DME is drastically different 

from common approaches used for the synthesis of polyphosphides. We note, however, that the 

nucleophilic attack that initiates a cascade of disproportionation reactions and rearrangements 

was proposed as the mechanism for the conversion of Pwhite to organophosphorus compounds by 

p-block nucleophiles.167 Indeed, in our case, the 31P NMR spectrum of the crude mixture 

obtained from the activation of Pred with KOEt contains an intense signal at 138 ppm (Figure 

54b), which corresponds to P(OEt)3, the main byproduct of the disproportionation reaction 

(Scheme 8). 

 
 

 
 
 

Scheme 8. Formation and disproportionation of polyphosphide anions from Pred. 
 
 

The observation of the P(OEt)3 byproduct, which was not observed in the activation of 

Pred with K metal (Figure 54a), corroborates the proposed nucleophilic initiation of the 

transformation described by the equation above. 

To further probe the activation mechanism, we investigated the effects of the nucleophile 

strength, KOR, by varying the length and bulk of the alkyl substituent. As the alkyl group was 

changed from ethyl to n-hexyl, the reaction rate decreased substantially; the full conversion of 

Pred was achieved in 12-24 h for R = n-hexyl vs. <2 h for R = ethyl. The full conversion was 

never reached for R = t-butyl. These results also provide strong support for the nucleophilic 

activation of Pred. 

The crude mixture of polyphosphides obtained by a reaction of Pred with KOEt in 

THF/DME was evaporated to dryness. The residue was then redissolved in EtOH, and the 

mixture was filtered to afford a dark-red solution, which contained exclusively K2P16 as 

confirmed by the 2-D 31P NMR spectroscopy (Figure 55). The P16
2‒ polyphosphide anion was 
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successfully crystallized by cation exchange with (Bu4N)Cl in EtOH. The X-ray crystal structure 

determination confirmed the formation of (Bu4N)2P16. 

 
 

 

Figure 55. COSY 31P NMR spectrum of K2P16 in EtOH. 

 
 

The crystal structure of (Bu4N)2P16 contains the polycyclic hexadecaphosphide dianion, 

P16
2‒, whose structure was also reported earlier as the (Ph4P)2P16 salt.152 The P16

2‒ dianion can be 

viewed as two nortricyclene P7 cages connected by a P2 dumbbell (Figure 56). Each P atom 

forms three bonds to its P neighbors, except for the two 2-bonded atoms located at opposite ends 

of the P16 skeleton. According to the octet rule, each of the 2-bonded atoms contributes one 

negative charge to the P16
2– cluster. The P–P distances vary from 2.144(1) to 2.236(1) Å, with the 

exception of the 2.304(1) Å separation in the central dumbbell, which is significantly longer than 

a typical P–P single bond of 2.20 Å.149The shortest P–P distances are observed for the two-

bonded P atoms, suggesting that the extra electron density on these atoms strengthens the P–P 

bonding. It is important to note that, in contrast to the previous synthesis of (Ph4P)2P16 from the 

sparingly soluble solid-state precursor K3P7, we obtained the highly soluble P16
2– anion directly 

from Pred, thus circumventing the need for the intermediate step. 
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Figure 56. The crystal structure of (Bu4N)2P16. Thermal ellipsoids are shown at 50% probability 
level. 
 
 

The new reaction we have developed allows for more facile access to these species in 

comparison to previously demonstrated methods, but the sensitivity of the products still poses a 

problem for isolation and utilization in additional post-synthetic transformations. Also, as the 

reaction is scaled up in batch reactors, the contact between KOEt and Pred becomes less intimate, 

leading to more sluggish reaction progress.  

As further development of this work, we realized that the use of shelf-stable Pred instead 

of highly reactive Pwhite should allow scale-up of this new reaction through flow-chemistry 

approaches which can allow for a wider range of process parameters (e.g. heating of solvents 

well above their boiling points, telescoping of reactions, and intimate contact between reagents). 

From our experience with solid reagents in flow,38,142,168 we anticipated that rapid conversion of 

Pred to soluble polyphosphides could be achieved using a packed-bed method.38,142,168 We have 

had success synthesizing copper N-heterocyclic complexes and organozinc halides recently using 

packed-beds of CuO and Zn metal, respectively.142,168b We have emphasized that the packing and 

preparation of the bed of particles is crucial to the progress and outcome of the reaction. In 

particular, the particle size and the way the particles are packed into the column have significant 

influence over the flow profile and conversion of solid reagent to desired products and may vary 

from system to system. There have been no previous reports of pure main group elements being 
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utilized in packed-beds at laboratory scale to our knowledge. Realizing the potential of this new 

method, we were determined to establish this form of packed-bed chemistry which may have 

significant impact on future investigations and processes involving main group, in particular, 

phosphorus-based materials synthesis.  

Lumps of pure Pred were lightly crushed with a mortar and pestle to yield fairly uniform 

smaller particles. Extreme caution was taken to avoid ignition while grinding the lumps. Particles 

of ~18‒25 mesh were found to work well for this particular system whereas smaller particles 

(fine powder or dust) led channeling of reagent solution around the packed-bed or clogging. A 

Phoenix flow reactor with an automated back-pressure regulation unit

 
 

 

Figure 57. An image of the commercially available Phoenix flow reactor (Thalesnano). The 
packed-bed is placed within the aluminum blocks of the interior of the reactor. The hatch is then 
closed, fully jacketing the packed-bed to provide uniform heat. 
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Figure 58. Image of the automated back-pressure regulation unit and dark-red product solution 
within the tubing approaching the outlet of the reactor. 
 
 
(Figures 57 and 58, respectively) served to provide uniform heat and 

back-pressure to the column. Figure 59 illustrates the flow process and conditions, starting from 

a homogeneous KOEt solution and progressing to dark-red product solution upon the exit from 

the packed-bed. We obtained 150 mL of polyphosphide mixture of ~0.03 M concentration 

calculated per P atom after 5 h of continuous operation. Though the product formation is not 

easily monitored, aliquots of the reaction mixture were collected sequentially throughout the run 

and concentrated to dryness yielding similar masses of solids which suggests that the process is 

stable for the duration of the experiment. The solution was collected under inert atmosphere and 

sampled directly for characterization by 31P NMR, which confirmed the presence of the same 

mixture of polyphosphides as observed in figure 54. The solvent was removed under vacuum to 

yield solid products (5.016 g; 118% yield), which could be washed with diethyl ether to remove 

leftover P(OEt)3, which led to a calculated yield greater than 100 %, and redissolved in EtOH to 

yield a pure solution of K2P16. This volume of material is practical on the laboratory scale and 
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suggests with numbering-up or scaling-out of this system that much larger volumes could be 

generated. 

 
 

 

Figure 59. Flow reactor diagram displaying the homogeneous solution of KOEt in THF/DME 
(a) flowing into the reactor and bright red solution of polyphosphides within the tubing leaving 
the column followed by collection within a round-bottom flask (b).  
 
 

4.1.3 Conclusions 

 

We have demonstrated a new top-down approach for the activation of Pred to synthesize a 

variety of soluble polyphosphides using shelf-stable reagents and common organic solvents. 

Additionally, the procedure was adapted to a flow-chemistry reactor to afford a convenient scale-

up for generating gram quantities of polyphosphides, thus bypassing the need for using glovebox 

or Schlenk techniques to accomplish this challenging, extremely air-sensitive chemistry. Our 

method has the potential to enable widespread access to these topologically interesting species, 

which could lead to rapid elucidation of reactivity and applications.  

 

4.1.4 Experimental  

 

All manipulations of the air- and moisture-sensitive compounds were performed under 

inert-gas atmosphere by using standard Schlenk techniques or an Ar-filled glovebox. Red 
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phosphorus (Alfa Aesar) and all anhydrous solvents (Sigma-Aldrich) were used as received 

unless specified otherwise. Potassium ethoxide was freshly prepared from ethanol and K metal 

(Sigma-Aldrich) and dried under high vacuum overnight. Crude reaction mixtures were sampled 

for analysis by 31P NMR in air-free NMR tubes containing a sealed coaxial insert with 85% 

H3PO4 in D2O that was included for locking and referencing purposes. Conversions were 

determined indirectly by isolation and weighing of unreacted Pred starting material. For X-ray 

diffraction analysis, air- and moisture-sensitive crystals were removed from solution, covered in 

Paratone oil, and mounted inside the glovebox. After mounting, the crystals were removed from 

the glovebox, kept over dry ice, and then quickly positioned under a N2 stream onto the 

goniometer head of the X-ray instrument.  

 

Activation of Pred with K metal: Small pieces of K (30 mg; 0.8 mmol) and Pred (50 mg; 1.6 mmol) 

were suspended and refluxed in 3 mL of a DME/THF (1:1 v:v) for 3 h. The resulting crude 

bright–orange solution was allowed to cool to rt, sampled for 31P NMR, and then subjected to 

vacuum to remove solvents and any volatile products. The dark-red residue was dissolved in 

anhydrous ethanol to form a dark-red solution, which contained exclusively K2P16 (by 31P NMR).  

 

Activation of Pred with KOEt: Solid KOEt (136 mg; 1.6 mmol) was dissolved in 3 mL of a 

DME/THF (1:1 v:v) and then Pred (50 mg; 1.6 mmol) was added. The suspension was refluxed 

for for 2 h. The resulting crude bright–orange solution was allowed to cool to rt, sampled for 31P 

NMR, and then subjected to vacuum to remove solvents and any volatile products. The dark-red 

residue was dissolved in anhydrous ethanol to form a dark-red solution, which contained 

exclusively K2P16 (by 31P NMR). Aliquots of ~0.5 mL of the dark-red solution of K2P16 in 

ethanol were transferred to glass tubes and carefully layered with ethanolic solutions of either (n-

Bu)4NCl or (Ph)4PCl for crystallization. The tubes were left undisturbed and X-ray quality, dark-

red crystals formed after several days.  

 

Continuous-flow activation of Pred (general procedure): Pred (5.7 g; 2.25 mole) was loaded as a 

packed-bed in a stainless steel column (9 mm i.d.). Neat solvent was flowed through at 1.00 mL 

min-1 for 30 minutes to further pack the particles within the column. A Phoenix Flow Reactor 

(Thalesnano) was then used to apply heat (80 °C) and pressure (8 bar). A solution of KOEt (0.38 
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M) in THF/DME (1:1 v:v) was driven through the packed-bed with micro HPLC pumps 

(Thalesnano) at a rate of 0.5 mL min‒1.  
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APPENDIX A  

 

COPYRIGHT PERMISSION LETTERS 

 

 

 



93 
 

 
 

 



94 
 

REFERENCES 

 

 
1. Tokaty, G. A. A History and Philosophy of Fluid Mechanics, Dover Publications, Inc., NY, 

1994. 
 
2. Eckert, M. The Dawn of Fluid Dynamics, Wiley-VCH: Weinheim, 2006. 
  
3. Jackson, D.; Launder, B. Annu. Rev. Fluid Mech. 2007, 39, 19–35. 
 
4. Marre, S.; Jensen, K. F.  Chem. Soc. Rev. 2010, 39, 1183–1202. 
 
5. Jähnisch, K.; Hessel, V.; Lowe, H.; Baerns, M. Angew. Chem. Int. Ed. 2004, 43, 406. 
 
6. Bayer, T.; Himmler, K. Chem. Eng. Technol. 2005, 28, 285. 
 
7. Hessel, V.; Lowe, H.; Stange, T. Lab Chip 2002, 2, 14N. 
 
8. Sue, K.; Murata, K.; Kimura, K.; Arai, K. Green. Chem. 2003, 5, 659. 
 
9. Schwalbe, T.; Autze, V.; Hohmann, M.; Stirner, W. Org. Process. Res. Dev. 2004, 8, 440. 

 
10. Wegner, J.; Ceylan, S.; Kirchning, A. Adv. Syn. Cat. 2012, 354, 17-57. 
 
11. Cortese, B.; de Croon, M.; Hessel, V. Ind. Eng. Chem. Res. 2012, 51, 1680-1689. 
 
12. Kendall, D. P.  J. Press. Vessel. Technol-Trans. ASME 2000, 122, 229. 
 
13. Reynolds, O. Philos. T. R. Soc. A. 1883, 174, 985. 
 
14. Kenis, P. J. A.; Ismagilov, R. F.; Whitesides, G. M. Science 1999, 285, 83. 
 
15. Yamashita, K.; Yamaguchi, Y.; Miyazaki, M.; Nakamura, H.; Shimizu, H.; Maeda, H.  Anal. 

Biochem. 2004, 332, 274. 
 
16. Rayleigh, L. Proc. R. Soc. London. 1879, 29, 71. 
 
17. Plateau, J. Acad. Sci. Bruxelles. Mem. 1849, 23, 5. 
 
18. Jillavenkatesa, A.; Dapkunas, S. J.; Lum, L. H. In National Institute of Standards and 

Technology Special Publication 960-1; U.S. Government Printing Office: Washington, 2001, 
p 149. 

 
19. Zheng, B.; Tice, J. D.; Ismagilov, R. F. Anal. Chem. 2004, 76, 4977. 
 
20. Thorsen, T.; Roberts, R. W.; Arnold, F. H.; Quake, S. R.  Phys. Rev. Lett. 2001, 86, 4163. 



95 
 

 
21. Wang, J.-T.; Wang, J.; Han, J.-J. Small 2011, 7, 1728-1754. 
 
22. Nisisako, T.; Torii, T.; Takahashi, T.; Takizawa, Y. Adv. Mater. 2006, 18, 1152-1156. 
 
23. Chen, Y.; et al., Phys. Rev. E 2013, 013002. 24. Hartman, R. L.; McMullen, J. P.; Jensen, K. 

F. Angew. Chem. Int. Ed. 2011, 50, 7502–7519.  
 
24. Hartman, R. L.; McMullen, J. P.; Jensen, K. F. Angew. Chem. Int. Ed. 2011, 50, 7502–7519.  
 
25. Geyer, K.; Gustafsson, T.; Seeberger, P. H. Synlett 2009, 15, 2382−23λ1. 
 
26. McQuade, D. T.; Seeberger, P. H. J. Org. Chem. 2013, 78, 6384−638λ. 
 
27. (a) Ehrfeld, W.; Hessel, V.; Löwe, H. Microreactors: New Technology for Modern 

Chemistry; Wiley-VCH: Weinheim, 2000. (b) Hessel, V.; Hardt, S.; Löwe, H. Chemical 
Micro Process Engineering; Wiley-VCH: Weinheim, 2004. (c) Watts P.; Haswell, S. J. Chem. 

Soc. Rev. 2005, 34, 235. (d) Thayer, A. M. Chem. Eng. News 2005, 83(22), 43. (e) Geyer, K.; 
Codée, J. D. C.; Seeberger, P. H. Chem. Eur. J. 2006, 12, 8434. (f) Brivio, M.; Verboom, W.; 
Reinhoudt, D. N. Lab Chip 2006, 6, 329. (g) Ahmed-Omer, B.; Brandt, J. C.; Wirth, T. Org. 

Biomol. Chem. 2007, 5, 733. (h) Kang, L.; Chung, B. G.; Langer, R.; Khademhosseini, A. 
Drug Discovery Today 2008, 13, 1. (i) Fukuyama, T.; Rahman, T.; Sato, M.; Ryu, I. Synlett 
2008, 2, 151. (j) Wiles, C.; Watts, P. Eur. J. Org. Chem. 2008, 10, 1655. 

 
28. (a) Usutani, H.; Tomida, Y.; Nagaki, A.; Okamoto, H.; Nokami, Y.; Yoshida, J. J. Am. 

Chem. Soc. 2007, 129, 3046. (b) Hartung, A.; Keane, M. A.; Kraft, A. J. Org. Chem. 2007, 
72, 10235. (c) Bula, W. P.; Verboom, W.; Reinhoudt, D. N.; Gardeniers, H. J. Lab Chip 

2007, 7, 1717. (d) Sahoo, H. R.; Kralj, J. G.; Jensen, K. F. Angew. Chem. Int. Ed. 2007, 46, 
5704. (e) Tanaka, K.; Motomatsu, S.; Koyama, K.; Tanaka, S. I.; Fukase, K. Org. Lett. 2007, 
9, 299. (f) Trapp, O.; Weber, S. K.; Bauch, S.; Hofstadt, W. Angew. Chem. Int. Ed. 2007, 46, 
7307. (g) Fukuyama, T.; Kobayashi, M.; Rahman, T.; Kamata, N.; Ryu, I. Org. Lett. 2008, 
10, 433. (h) Baumann, M.; Baxendale, I. R.; Ley, S. V.; Nikbin, N.; Smith, C. D.; Tierney, J. 
P. Org. Biomol. Chem. 2008, 6, 1577. (i) Csajági, C.; Borcsek, B.; Niesz, K.; Kovács, I.; 
Székelyhidi, Z.; Bajkó, Z.; Ürge, L.; Darvas, F. Org. Lett. 2008, 10, 1589. 

 
29. (a) Taghavi-Moghadam, S.; Kleemann, A.; Golbig, K. G. Org. Process Res. Dev. 2001, 5, 

652. (b) Liu, S.; Fukuyama, T.; Sato, M.; Ryu, I. Org. Process Res. Dev. 2004, 8, 477. (c) 
Zhang, X.; Stefanick, S.; Villani, F. J. Org. Process Res. Dev. 2004, 8, 455. (d) Acke, D. R. 
J.; Stevens, C. V. Org. Process Res. Dev. 2006, 10, 417. 

 
30. Snyder, D. A.; Noti, C.; Seeberger, P. H.; Schael, F.; Bieber, T.; Rimmel, G.; Ehrfeld, W. 

Helv. Chim. Acta 2005, 88, 1. 
 
31. Gustafsson, T.; Pontén, F.; Seeberger, P. H. Chem. Commun. 2008, 1100. 
 
32. Gustafsson, T.; Gilmour, R.; Seeberger P. H. Chem. Commun. 2008, 3022. 



96 
 

 
33. (a) Jähnisch, K. J.; Baerns, M.; Hessel, V.; Ehrfeld, W.; Haverkamp, V.; Loewe, H.; Wille, 

C.; Guber, A. J. Fluorine Chem. 2000, 105, 117. (b) Chambers, R. D.; Holling, D.; Spink, R. 
C. H.; Sandford, G. Lab Chip 2001, 1, 132. (c) de Mas, N.; Günther, A.; Schmidt, M. A.; 
Jensen, K. F. Ind. Eng. Chem. Res. 2003, 42, 698. (d) Chambers, R. D.; Fox, M. A.; 
Sandford, G. Lab Chip 2005, 5, 1132. (e) Chambers, R. D.; Sandford, G.; Trmcic, J.; Okazoe, 
T. Org. Process Res. Dev. 2008, 12, 339. (f) Negi, D. S.; Köppling, L.; Lovis, K.; Abdallah, 
R.; Budde, U. Org. Process Res. Dev. 2008, 12, 345. 

 
34. Baxendale, I. R.; Deeley, J.; Griffiths-Jones, C. M.; Ley, S. V.; Saaby, S.; Tranmer, G. K. 

Chem. Commun. 2006, 24, 2566−2568. 
 
35. Baxendale, I. R.; Griffiths-Jones, C. M.; Ley, S. V.; Tranmer, G. K. Synlett 2006, 3, 

427−430. 
 
36. Bogdan, A. R.; Poe, S. L.; Kubis, D. C.; Broadwater, S. J.; McQuade, D. T. Angew. Chem. 

Int. Ed. 2009, 48 (45), 8547−8550. 
 
37. Kopetzki, D.; Levesque, F.; Seeberger, P. H. Chem. Eur. J. 2013, 1λ, 5450−5456. 
 
38. Longstreet, A. R.; Opalka, S. M.; Campbell, B. S.; Gupton, B. F.; McQuade, D. T. Beilstein 

J. Org. Chem. 2013, 9, 2570–2578. 
 
39. Abou-Hassan, A.; Sandre, O.; Cabuil, V. Angew. Chem. Int. Ed. 2010, 49, 6268-6286. 
 
40. (a) Murray, C. B.; Norris, D. J.; Bawendi, M. G.   J. Am. Chem. Soc. 1993, 115, 8706. (b) 

Peng, Z. A.; Peng, X.  J. Am. Chem. Soc. 2001, 123, 183. (c) Qu, L.; Peng, Z. A.; Peng, X.  
Nano Lett. 2001, 1, 333. (d) Yang, Y. A.; Wu, H.; Williams, K. R.; Cao, Y. C.  Angew. 

Chem. 2005, 117, 6870. (e) Chen, O.; Chen, X.; Yang, Y. A.; Lynch, J.; Wu, H. M.; Zhuang, 
J.; Cao, Y. C.  Angew. Chem. 2008, 120, 8766; Angew. Chem. Int. Ed. 2008, 47, 8638. (f) 
Dethlefsen, J. R.; Døssing, A.  Nano Lett. 2011, 11, 1964. (g) Kalita, M.; Cingarapu, S.; Roy, 
S.; Park, S. C.; Higgins, D.; Jankowiak, R.; Chikan, V.; Klabunde, K. J.; Bossmann, S. H.  
Inorg. Chem. 2012, 51, 4521. (h) Zhang, W.; Jin, C.; Yang, Y.; Zhong, X.  Inorg. Chem. 
2012, 51, 531. (i) Aguilera-Sigalat, J.; Rocton, S.; Sanchez- Royo, J. F.; Galian, R. E.; Perez-
Prieto, J.  RSC Adv. 2012, 2, 1632. 

 
41. Edel, J. B.; Fortt, R.; deMello J. C.; deMello, A. J. Chem. Commun. 2002, 10, 1136–1137. 
 
42. Nakamura, H.; Yamaguchi, Y.; Miyazaki, M.; Maeda, H.; Uehara, M.; Mulvaney, P.  Chem. 

Commun. 2002, 23, 2844–2845; Nakamura, H.; Yamaguchi, Y.; Miyazaki, M.; Uehara, M.; 
Maeda, H.; Mulvaney, P.  Chem. Lett. 2002, 31, 1072–1073. 

 
43. Shestopalov, I.; Tice, J. D.; Ismagilov, R. F. Lab Chip 2004, 4, 316. 
 
44. Chan, E. M.; Alivisatos, A. P.; Mathies, R. A.  J. Am. Chem. Soc. 2005, 127, 13854. 
 



97 
 

45. Pan, J.; El-Ballouli, A. O.; Rollny, L.; Voznny, O.; Burlakov, V. M.; Goriely, A.; Sargent, E. 
H.; Bakr, O. M.  ACS Nano, 2013, 7, 10158-10166. 

 
46. Cabeza, V. S.; Kuhn, S.; Kulkami, A. A.; Jensen K. F.  Langmuir 2012, 28, 7007-7013. 
 
47. Sebastián, V.; Lee, S.-K.; Zhou, C.; Kraus, M. F.; Fujimoto, J. G.; Jensen, K. F. Chem. 

Commun. 2012, 48, 6654-6656. 
 
48. Abou-Hassan, A.; Neveu, S.; Dupuis, V.; Cabuil, V.  RSC Adv. 2012, 2, 11263-11266. 

 
49. Han, L.; Terasaki, O.; Che, S. J. Mater. Chem. 2011, 21, 11033–11039. 
 
50. Szegedi, A.; Popova, M.; Goshev, I.; Mihály, J. J. Solid State Chem. 2011, 184, 1201–1207. 
 
51. Wagner, E.; Brunner, H. Angew. Chem. 1960, 72, 744. 
 
52. Wong, Y. J.; Zhu, L.; Teo, W. S.; Tan, Y. W.; Yang, Y.; Wang, C.; Chen, H. J. Am. Chem. 

Soc. 2011, 133, 11422–11425. 
 
53. Verraedt, E.; Van den Mooter, G.; Martens, J. A. J. Pharm. Sci. 2011, 100, 4295–4301. 
 
54. Hu, J.; Fang, X.; Wu, L. Chem. Soc. Rev. 2011, 40, 5472–5491. 
 
55. Ding, X.; Yu, K.; Jiang, Y.; Hari-Bala; Zhang, H.; Wang, Z. Mater. Lett. 2004, 58, 3618-

3621. 
 
56. Chen, M.; Wu, L.; Zhou, S.; You, B. Adv. Mater. 2006, 18, 801–806. 
 
57. Zoldesi, C. I.; Imhof, A. Adv. Mater. 2005, 17, 924. 
 
58. Wang, J. G.; Li, F.; Zhou, H. J.; Sun, P. C.; Ding, D. T.; Chen, T. H. Chem. Mater. 2009, 21, 

612–620. 
 
59. Du, B.; Cao, Z.; Li, Z.; Mei, A.; Zhang, X.; Nie, J.; Xu, J.; Fan, Z. Langmuir 2009, 25, 

12367–12373. 
 
60. Anna, S. L.; Bontoux, N.; Stone, H. A. Appl. Phys. Lett. 2003, 82, 364. 
 
61. Lewis, P. C.; Graham, R. R.; Nie, Z. H.; Xu, S. Q.; Seo, M.; Kumacheva, E. Macromolecules 

2005, 38, 4536. 
 
62. Xu, Q. Y.; Nakajima, M. Appl. Phys. Lett. 2004, 85, 3726. 
 
63. Nie, Z. H.; Xu, S. Q.; Seo, M.; Lewis, P. C.; Kumacheva, E. J. Am. Chem. Soc. 2005, 127, 

8058. 
 



98 
 

64. Xu, S. Q.; Nie, Z. H.; Seo, M.; Lewis, P.; Kumacheva, E.; Stone, H. A.; Garstecki, P.; 
Weibel, D. B.; Gitlin, I.; Whitesides, G. M. Angew. Chem. Int. Ed. 2005, 44, 724. 

 
65. Quevedo, E.; Steinbacher, J.; McQuade, D. T. J. Am. Chem. Soc. 2005, 127, 10498–10499. 
 
66. Seo, M.; Nie, Z. H.; Xu, S. Q.; Mok, M.; Lewis, P. C.; Graham, R.; Kumacheva, E. Langmuir 

2005, 21, 11614. 
 
67. Gañán-Calvo, A. M.; Gordillo, J. M. Phys. Rev. Lett. 2001, 8, 274501. 
 
68. Steinbacher, J. L.; McQuade D. T. J. Polym. Sci., Part A: Polym. Chem. 2006, 44, 6505–

6533. 
 
69. Wan, J; Stone, H. A. Langmuir 2012, 28, 37–41. 
 
70. Gutierrez, L.; Gomez, L.; Irusta, S.; Arruebo, M.; Santamaria, J. Chemical Engineering 

Journal 2011, 171, 674–683. 
 
71. He, P.; Greenway, G.; Haswell, S. J. Nanotechnology 2008, 19, 315603. 
 
72. Isobe, H.; Kaneko, K. J. Colloid Interface Sci. 1999, 212, 234–241. 
   
73. Xu, J. H.; Li, S. W.; Tan, J.; Wang, Y. J.; Luo, G. S. Aiche J. 2006, 52, 3005–3010. 
 
74. Steinbacher, J. L.; Lui, Y.; Mason, B. P.; Olbricht, W. L.; McQuade D. T. J. Flow Chem. 

2012, 1, 1–7. 
 
75. Steinbacher, J. L.; Moy, R.; Price, K. E.; Cummings, M. A.; Roychowdhury, C.; Buffy, J. J.; 

Olbricht,W. L.; Haaf, M.; McQuade, D. T. J. Am. Chem. Soc. 2006, 128, 9442–9447. 
 
76. Hao, G.; Duits, M. H. G.; Mugele, Frieder. Int. J. Mol. Sci. 2011, 12, 2572–2597. 
 
77. Baroud, C. N.; Gallaire, F.; Dangla, R. Lab Chip 2010, 10, 2032–2045. 
 
78. Mason, B. P.; Price, K. E.; Steinbacher, J. L.; Bogdan, A. R.; McQuade, D. T. Chem. Rev. 

2007, 107, 2300–2318. 
 
79. Iler, R. K. The Chemistry of Silica: Solubility, Polymerization, Colloid and Surface 

Properties, and Biochemistry; Wiley: New York, 1979. 
 
80. Brook, M. A. Silicon in Organic, Organometallic, and Polymer Chemistry; Wiley: New 

York, 2000. 
 
81. Kumada, M. J. Inst. Polytech. Osaka City Univ. 1952, 2, 139–146. 
 



99 
 

82. Bradley, D. C.; Mehrotra, R. C.; Guar, D. P. Metal Alkoxides; Academic Press: London, 
1978; pp. 13–34. 

 
83. Zhang, J.; Li, Y.; Zhang, X.; Yang, B. Adv. Mater. 2010, 22, 4249–4269. 
 
84. Song, X.; Gao, L. Langmuir, 2007, 23, 11850-11856. 
 
85. Lan, W.; Li, S.; Xu, J.; Luo, G. Langmuir, 2011, 27, 13242-13247. 
 
86. Yao, L.-F.; Shi, Y.; Jin, S.-R.; Li, M.-J.; Zhang, L.-M. Mater. Res. Bull. 2010, 45, 1351-

1356. 
 
87. Zhao, W.; Feng, L.; Yang, R.; Zheng, J.; Li, X. Appl. Catal. B. 2011, 103, 181-189.  
 
88. Li, X.; John, V. T.; He, G.; He, J.; Spinu, L. J. Mater. Chem. 2012, 22, 17476-17484. 
 
89. Hanprasopwattana, A.; Srinivasan, S.; Sault, A. G.; Datye, A. K.  Langmuir, 1996, 12, 3173-

3179.  
 
90. Guo, N.; Liang, Y.; Lan, S.; Liu, L.; Ji, G.; Gan, S.; Zou, H.; Xu, X. Appl. Surf. Sci., 305, 

2014, 562-574. 
 
91. Son, S.; Hwang, S. H.; Kim, C.; Yun, J. Y.; Jang, J. ACS Appl. Mater. Interfaces, 2013, 5, 

4815–4820. 
 
92. Dahl, M.; Liu,Y.; Yin, Y. Chem. Rev. 2014, 114, λ853−λ88λ. 
 
93. Caruso, F.; Shi, X.-Y.; Caruso, R. A.; Susha, A. Adv. Mater. 2001, 13, 740-744.  
 
94. Caruso, R. A.; Susha, A.; Caruso, F. Chem. Mater. 2001, 13, 400-409. 
 
95. Wu, W.; Cao, S.; Yuan, X.; Zhao, Z.; Fang, L. J. Porous Mater. 2012, 19, 913-919. 

 

96. Li, W.; Coppens, M.-O. Chem Mater. 2005, 17, 2241-2246. 
 
97. Li, D.; Guan, Z.; Zhang, W.; Zhou, X.; Zhang, W. Y.; Zhuang, Z.; Wang, X.; Yang, C. J. 

ACS Appl. Mater. Interfaces, 2010, 2, 2711-2714. 
 
98. Zhao, C.-X.; Middelberg, A. P. J. Microfluid. Nanofluid. 2013, 14, 703-709. 
 
99. Fujiwara, M.; Shiokawa, K.; Tanaka,Y.; Nakahara, Y. Chem. Mater. 2004, 16, 5420-5426. 
 

100. Serra, C. A.; Khan, I. U.; Chang, Z.; Bouquey, M.; Muller, R.; Kraus, I.; Schmutz, M.; 
Vandamme, T.; Anton, N.; Ohm, C.; Zentel, R.; Knauer, A.; Köhler, M.  J. Flow Chem. 
2013, 3, 66-75. 

  



100 
 

101. Chang, Z.; Serra, C. A.; Bouquey, M.; Prat, L.; Hadziioannou, G. Lab Chip, 2009, 9, 3007–
3011. 

 
102. Brinker, C. J.; Scherrer, G. W. Sol-Gel Science: The Physics and Chemistry of Sol-Gel 

Processing, 1990, Academic Press, Inc., Boston, pp. 42-59. 
 
103. Serra, C. A.; Berton, N.; Bouquey, M.; Prat, L.; Hadziioannou, G. Langmuir, 2007, 23, 

7745-7750.  
 
104. Lee, D. W.; Ihm, S. K.; Lee, K. H. Chem. Mater. 2005, 17, 4461-4467. 

 
105. Mariscal, R.; Lopez-Granados, M.; Fierro, J. L. G.; Sotelo, J. L.; Martos, C.; Van Grieken, 

R. Langmuir, 2000¸16, 9460-9467. 
 
106. Gibbs, B. F.; Kermasha, S.; Alli, I. Mulligan, C. N. Int. J. Food Sci. Nutrition, 1999, 50, 213-

224. 
 
107. Li, J.; Jing, Z.; Zha, F.; Yang, Y.; Wang, Q.; Lei, Z. ACS Appl. Mater. Interfaces, 2014, 6, 

8868-8877. 
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