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Abstract 

Chemical reac�ons feature complex mechanisms with molecules undergoing mul�ple transforma�ons 

going from star�ng materials to products. To beter understand chemical reac�ons, one inves�gates the 

reac�on mechanism. Fluorescence microscopy can provide a way to op�cally probe chemical reac�ons. 

Op�cal microscopy, specifically fluorescence microscopy, can provide a real-�me, in situ measurement of 

a chemical reac�on with inherently high signal-to-background, providing glimpses into a reac�on as it 

occurs. Fluorescence microscopy has been used extensively in the biological field, contribu�ng to our 

overall understanding of various biological molecules and func�ons. However, the use of fluorescence 

microscopy to understand chemistry and chemical reac�ons is s�ll rela�vely new. Many fluorescence 

microscopy techniques have been designed and developed with aqueous biological systems in mind, 

which does not always translate to an organic chemical reac�on. Therefore, the development of new 

methods is necessary to study chemical systems using fluorescence microscopy. 

 In this thesis I focus on three major applica�ons of fluorescence microscopy, going from large 

scale bulk measurements down to a single molecule. The first applica�on focuses on the development of 

a hybrid classical-molecular computer. The hybrid classical-molecular computer consists of an 

electrochemical reac�on on top of an array of discrete electrodes. In this project, a ra�ometric 

fluorescence pH sensi�ve readout and input is used in combina�on with a classical computer to generate 

a feedback loop to solve computa�onal problems. In par�cular, the fluctua�ons within the op�cal signal 

are inves�gated and found to aid in solving combinatorial op�miza�on problems. The second applica�on 

focuses on the development of a technique to monitor polymeriza�ons catalyzed by homogenous 

catalysts within droplets. This project uses droplets around 0.5 mm in diameter to encapsulate and 

immobilize a polymeriza�on. Fluorescence anisotropy and aggrega�on-induced emission are used to 

monitor the progress of the polymeriza�on. This dual readout method provides a greater temporal 
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dynamic range than either method alone. Then, the size of the droplets is reduced, as I atempt to 

monitor fluorescence anisotropy changes from single catalysts within atoliter droplets. Preliminary 

results show increases in anisotropy in droplets less than 1 µm in diameter. Finally, I begin an 

inves�ga�on into surface chemistry and using fluorous surfaces as a noncovalent immobiliza�on 

technique for single molecules. This project features single par�cle tracking along with fluorescence 

recovery a�er photobleaching as the fluorescence methods of choice. Preliminary data here is 

inconclusive and points to the need for further development of homogeneous fluorous surfaces. 

Collec�vely, there is a combina�on of techniques and methods to study interes�ng chemical processes 

using fluorescence.  
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Thesis Outline 

A wide variety of topics and applica�ons will be discussed in this thesis, with fluorescence microscopy as 

the main technique linking them all. Chapter 1 begins with an overview of the basic concepts of 

fluorescence, writen as an ini�al guide for anyone who is not familiar with fluorescence. I also provide 

general overviews of each technique that is featured in the various projects within this thesis, along with 

their concepts and applica�ons.  

 Chapter 2 uses ra�ometric pH sensi�ve fluorescence as a readout and input for a hybrid 

classical-molecular computer. This project was a collabora�ve effort between UW-Madison, 
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Northwestern, University of Toronto, and University of Glasgow, focusing on the implementa�on of a 

physical hybrid computer. The fluctua�ons in fluorescence signal inherent in op�cal measurements were 

found useful to help solve computa�onal problems.  

 Chapter 3 inves�gates the polymeriza�on of norbornene to polynorbornene within droplets 

using fluorescence anisotropy and aggrega�on-induced emission. These two separate emission signals 

combined provided a larger temporal dynamic range than was possible with just either alone, providing 

a unique method for monitoring polymeriza�on.  

 Chapter 4 focuses on a project that I began which is inspired by the work accomplished in 

Chapter 3. Here, s�ll using fluorescence anisotropy, the polymeriza�on of norbornene to 

polynorbornene is scaled down to inves�gate the polymer growth catalyzed by a single molecular 

catalyst. I provide preliminary data showing increases in anisotropy in small (<1 µm diameter) droplets. 

As this project is not finished, I also hope this chapter can act as a resource for anyone con�nuing this 

project. 

 Chapter 5 is another project with preliminary data. This project focused on fluorous-

func�onalized surfaces and molecules, with the goal of understanding the interac�ons between them. 

More specifically, whether this concept could be used as an immobiliza�on technique for single-

molecule fluorescence microscopy measurements. This chapter shows very preliminary data both in 

terms of fluorescence measurements as well as characteriza�on of surfaces. Again, I hope this chapter 

can be used as a resource for anyone who takes this project next.  
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Chapter 1 Introduc�on to Fluorescence 

1.1 Basics of Fluorescence 

Fluorescence is a very powerful technique. It has an inherently high sensi�vity due to the high signal-to-

background nature of the experiment. This comes from fluorescence depending on collec�ng emited 

photons as opposed to measuring small changes in transmited light in an absorp�on experiment. The 

high sensi�vity has even allowed the imaging of light emited from single molecules.1,2 A brief overview 

of the concept of fluorescence is provided below. If interested in going deeper into these topics, please 

refer to the Principles of Fluorescence Spectroscopy by Joseph Lakowicz.3 

Fluorescence is a radia�ve relaxa�on process, that is, the emission of light from a molecule in an 

excited state. A fluorophore (can be referred to as emiter or dye) is a molecule which can fluoresce. 

A�er a fluorophore has absorbed light, which typically occurs on the femtosecond �mescale, it will be 

excited a higher energy vibra�onal level of an excited electronic state. Molecules will then usually relax 

down to the lowest vibra�onal level of the excited electronic state on the picosecond �mescale via 

internal conversion and maintain the same molecular spin. The molecule then can relax to the ground 

electronic state by spontaneous emission, otherwise known as fluorescence, which usually occurs on the 

nanosecond �mescale. This process is illustrated in Figure 1-1 via a Jablonski diagram, which highlights 

that the energy of fluorescence will be lower than the absorbed energy. This change in energy is 

observed by the fluorescence shi�ing to longer wavelengths of light compared to the absorbed light 

(also known as being red-shi�ed). The difference between the maximum absorbance wavelength and 

maximum emission wavelength is known as a Stokes Shi�.   
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Figure 1-1. Example of Jablonski Diagram, Illustration of Fluorescence Process and Stokes Shift.  
(a) Absorption (green arrow) of a photon excites the molecule to an excited vibrational state in S1, then 
internal conversion (blue) relaxes to a lower excited vibrational state resulting in a lower energy fluorescence 
emission (red) to a vibrational state in S0, and then final internal conversion relaxing down to the ground 
vibrational state. (b) Excitation (green) of a single emitter (not to scale) and then collection of red-shifted 
emission using spectral filtering. Example absorbance and emission spectra with (c) a relatively small Stokes 
shift and (d) large Stokes shift. 

 The Stokes shi� between excita�on and emission for a fluorophore allows for fluorescence 

measurements to produce an isolated signal. By using spectral filters, it’s possible to remove excita�on 

light and only collect the fluorescence from the molecule. The larger the Stokes shi�, the easier it is to 

remove the excita�on light while maintaining high fluorescence signal. The Stokes shi� gives insight into 

the degree of relaxa�on in the excited state, with rigid ring systems experiencing smaller Stokes shi�s. 

Interac�ons with solvent can also causes changes to this shi�. 
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Fluorescence occurs within the singlet ground and excited electronic states. However, 

intersystem crossing can populate triplet states of the molecule, which is a spin-forbidden process, with 

�mescales typically much longer for accessing these states. In fluorescence experiments, these longer 

�mescales result in dark states, which is observed as blinking when inves�ga�ng single fluorophores. 

Photon emission from these triplet excited states is known as phosphorescence.   

 A fluorophore’s performance is quan�fied by its ex�nc�on coefficient, fluorescence quantum 

yield, and fluorescence life�me. The ex�nc�on coefficient is a measure for how much light is atenuated 

by the fluorophore. Quantum yield refers to the number of photons emited rela�ve to the number of 

photons absorbed, where a quantum yield approaching 100% is an incredibly bright chromophore. For 

example, fluorescein and rhodamine 6G are two bright fluorophores and in certain solvents are able to 

achieve quantum yields of 92.5% and 95% respec�vely.4 Quantum yield (𝜙𝜙) can be expressed as a ra�o 

of the number of photons emited divided by the number of photons absorbed. It can also be expressed 

by the rate of emission (Γ) and rate of non-radia�ve decay (𝑘𝑘𝑛𝑛𝑛𝑛) for the molecule:3,5,6 

𝜙𝜙 =
Γ

Γ + 𝑘𝑘𝑛𝑛𝑛𝑛
 (1.1) 

Fluorescence life�me is the amount of �me a fluorophore spends in the excited state before emi�ng a 

photon, indica�ng the stability of the excited state of the fluorophore. The rela�onship between �me-

dependent fluorescence intensity (𝐼𝐼(𝑡𝑡)) and fluorescence life�me (𝜏𝜏) is denoted by the following 

equa�on,5 where 𝐼𝐼0 is the intensity at t = 0: 

𝐼𝐼(𝑡𝑡) = 𝐼𝐼0𝑒𝑒−�
𝑡𝑡 𝜏𝜏� � (1.2) 
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 The loss of fluorescence is known as quenching, which can occur through various routes. One is 

collisional quenching, where an excited-state fluorophore relaxes through contact with another 

molecule, which is aptly referred to as a quencher. Molecular oxygen is one of the most well-known 

quenchers. It is important to note that collisional quenching does not chemically alter the fluorophore. 

However, there are instances during a fluorophore’s excited state life�me where it can be suscep�ble to 

degrada�on. With high intensity illumina�on, a fluorophore can undergo a chemical or structural change 

that results in the loss of fluorescence permanently, known as photobleaching. A highly photostable dye 

is one that can maintain a high percentage of fluorescence emission for the dura�on of the 

measurement.  

How fluorescence is used in an experiment is very important. As not all molecules can fluoresce, 

experimental design includes incorpora�on of a fluorophore either as a label to a molecule of interest or 

as a sensor to the changes in the environment. The ideal fluorescence experiment includes a fluorophore 

that does not change the reac�vity of the molecules, so as not to obscure or alter the dynamics 

observed. Fluorescence is a fundamental phenomenon u�lized in a myriad of techniques, all which can 

grant different informa�on. Descrip�ons of the techniques used in this thesis are found below.   

1.2 Wavelength-Ra�ometric Fluorescence 

Wavelength-ra�ometric fluorescence is a technique that measures either the fluorescence intensity or 

excita�on strength at two spectrally separated wavelengths to detect changes within a local 

environment.7 Ra�ometric fluorescence is most commonly used to detect intracellular pH changes,8 

though it has also been applied to detect changes in ion concentra�on.9,10 Wavelength ra�ometric 

probes exhibit two spectrally separated peaks, either in their excita�on or emission spectrum. These 

peaks would be sensi�ve to the measured property. In Figure 1-2, a hypothe�cal emission spectrum of 

an emission-wavelength ra�ometric probe is shown, with two emission peaks, A and B, whose intensi�es 
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are sensi�ve to pH. The emission spectrum also shows an isosbes�c point, C, which can be used to 

determine the wavelength of spectral filters needed to separate the emission into two separate 

collec�on channels. The first channel would capture the emission from wavelengths corresponding to 

peak A, and the second channel would collect the emission from wavelengths of light corresponding to 

peak B. As the pH changes from acidic to basic, there is a shi� in the emission wavelength. This causes a 

change in the intensity in both peaks. As the pH becomes more basic the intensity of the emission at 

wavelength A decreases and the intensity at wavelength B increases.  The ra�o of these peaks can be 

calculated and will directly correlate to pH.  

 

Figure 1-2. Principle of pH sensitive ratiometric fluorescence. 
(Top) Emission spectra of ratiometric fluorophore, where A and B are pH sensitive peaks, and C is the 
isosbestic point. (Bottom) The intensity ratio between peaks A and B forms a linear relationship with pH.  
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Ra�ometric fluorescence is used in Chapter 2, with Carboxy-SNARF-1, whose protonated and 

deprotonated states exhibit changes in the fluorescence emission. It has been used in the literature to 

determine intracellular pH.11–15 The ra�ometric signal from SNARF-based fluorophores is not dependent 

on fluorophore concentra�on nor is it affected by photobleaching. These quali�es make SNARF an 

excellent choice for pH sensing over long term measurements. Measuring pH with SNARF (or any other 

ra�ometric fluorophore) requires a calibra�on curve. The calibra�on curve should be performed at the 

same experimental condi�ons as the intended measurement, as the response from the fluorophore can 

change depending on the environment. 

1.3 Fluorescence Anisotropy 

Fluorescence anisotropy is a measure of a molecule’s rota�onal diffusion based on the polariza�on of its 

emission. This technique provides insight into the rigidity or viscosity of a molecular environment. To 

measure fluorescence anisotropy, fluorophores are selec�vely excited using linearly polarized light. 

Fluorophores preferen�ally absorb photons whose electric field components are oriented parallel to the 

transi�on dipole moment of the molecule. The transi�on dipole moment of a fluorophore has a defined 

orienta�on with respect to its molecular axis. 

 In solu�on, you would expect the molecules to be oriented randomly. Therefore, when linearly 

polarized light excites the solu�on, the fluorophores with transi�on dipole moments parallel to the 

excita�on light would absorb the most. Molecules oriented offset from the polarized excita�on will have 

a much weaker absorp�on, with molecules oriented perpendicular to the excita�on axis not absorbing at 

all. This results in photoselec�ve excita�on, Figure 1-3. The emission from the molecules will also be 

polarized and collected in two separate polariza�on channels, one parallel to the excita�on and one 

perpendicular. Anisotropy (𝑟𝑟) is calculated using the intensi�es from both channels (𝐼𝐼∥ and 𝐼𝐼⊥) in the 

following equa�on: 
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𝑟𝑟 =
𝐼𝐼∥ − 𝐺𝐺𝐼𝐼⊥
𝐼𝐼∥ + 2𝐺𝐺𝐼𝐼⊥

(1.3) 

In the equa�on above there is a correc�on factor, 𝐺𝐺, which is referred to as a G factor. The G 

factor is used to account for proper�es of the detec�on system which can affect the anisotropy 

measurement or induce a bias in the anisotropy. The G factor can be determined by measuring the 

anisotropy of a well-studied system and correc�ng the experimentally determined anisotropy with the 

literature value for that fluorophore. A G factor of 1 means that the system detects polarized light evenly 

in both channels. 

 The denominator in the equa�on is the total intensity of the sample and features a factor of 2𝐼𝐼⊥. 

To understand this factor, consider the three axes present for a molecule: x, y, and z. If the excita�on 

polariza�on and transi�on dipole are both parallel to the z-axis, then the intensity in the parallel channel 

is described along the z-axis. Therefore, for the intensity in the perpendicular channel, we can expect 

contribu�ons resul�ng from polarized emission along the x- and y-axes, resul�ng in a mul�ple of 2. 

 The theore�cal maximum anisotropy of a homogeneous solu�on is 0.4. This is determined based 

on the probability distribu�on of molecules that can be excited by ver�cally polarized light.3 As 

previously men�oned, while fluorophores aligned exactly parallel to the light polariza�on absorb 

strongest, perfect alignment is not needed to absorb the light. The distribu�on of angles at which a 

fluorophore can absorb light rela�ve to the excita�on polariza�on can be used to determine the 

maximum anisotropy possible. Full deriva�ons can be found in Lakowicz.3 When measuring the 

anisotropy for a single molecule that is oriented parallel to the excita�on, it’s possible to observe values 

above 0.4, approaching 𝑟𝑟 = 1. In instances of aggrega�on or highly concentrated solu�ons, fluorophores 

can transfer energy between molecules, resul�ng in depolariza�on and in some cases nega�ve 
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anisotropy values (𝑟𝑟 < 0). This is dependent on the spectral proper�es of the fluorophores, par�cularly if 

the spectral overlay between excita�on and emission can result in energy transfer. 

Rota�onal diffusion can cause devia�ons from the theore�cal maximum of anisotropy. If the 

rota�onal diffusion of the molecule is faster than emission life�me of the excited state, then the 

transi�on dipole of the molecule will be changed before it emits. In solu�on, most fluorophores can 

rotate on the picosecond �me scale, which is much faster than the 10s of nanoseconds excited state 

life�me of a fluorophore. If the fluorophore can rotate freely, the polarized emission will be randomized, 

i.e. depolarized, resul�ng in anisotropy values close to 𝑟𝑟 = 0, Figure 1-3. The rota�onal diffusion of the 

molecule can be affected by the microenvironment present, slowing down the rota�on and causing an 

increase in anisotropy approaching the theore�cal maximum.  

 

Figure 1-3. Principle of Fluorescence Anisotropy. 
(Top) Fast rotational diffusion of molecules causes depolarization, resulting in low anisotropy (approaching 
0). (Bottom) Slow rotational diffusion causes emission to maintain excitation polarization, resulting in high 
anisotropy (approaching 0.4). 

 Fluorescence anisotropy has been used in the literature on the single-molecule level 

inves�ga�ng DNA and protein conforma�ons, binding interac�ons between biomolecules, and 
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aggrega�on within cells.16,17 Fluorescence anisotropy has also been used to determine the orienta�on of 

dye molecules within aqueous microdroplets.18 This versa�le technique is used in Chapters 3 and 4 to 

monitor the progress of a polymeriza�on by measuring the rota�onal diffusion of a perylene diimide-

labeled norbornene (PDI-NB) monomers. At the beginning of the polymeriza�on, with the PDI-NB 

molecule freely diffusing, a low anisotropy value is expected. As the monomers are incorporated into the 

polymer, the rota�onal diffusion of the dyes is restricted resul�ng in anisotropy increases, un�l reaching 

the maximum of 0.4, Figure 1-4.  

 

Figure 1-4. Expected fluorescence anisotropy response during polymerization. 

1.4 Aggrega�on-Induced Emission 

Aggrega�on of fluorophores can result in quenching of emission, where intermolecular 𝜋𝜋 − 𝜋𝜋 stacking 

results in a decrease of fluorescence intensity. Fluorophores consist of conjugated aroma�c ring systems, 

which can have a reduced solubility and make them prone to aggregate in certain solvents, thereby 

reducing their overall fluorescence intensity. This can be circumvented by u�lizing alterna�ve or co-

solvents and working in dilute solu�ons. However, there are some instances where non-emissive 

molecules in solu�on become emissive (turn on) a�er aggrega�ng, referred to as aggrega�on-induced 

emission (AIE). This phenomenon is atributed to the restric�on of intramolecular mo�ons which include 

intramolecular rota�ons and vibra�ons.19–21 When dissolved in solu�on, molecules such as 
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tetraphenylethylene (TPE) relax via non-radia�ve pathways by intramolecular rota�ons, however when 

rota�ons are restrained, like in the cases of increased microenvironment viscosity, the radia�ve 

relaxa�on becomes more favorable, and the molecule becomes emissive, Figure 1-5. Signal obtained 

from an AIE measurement is usually presented as normalized fluorescence intensity. Experiments using 

AIE fluorophores22 include sensing of biological molecules such as DNA23–28 and proteins.29,30 AIE-based 

fluorophores have even been used for super-resolu�on imaging of mitochondrion.31 AIE polymers have 

also been developed with poten�al applica�ons such as optoelectronics and fluorescent sensors for both 

biological and chemical molecules.32–35 In addi�on AIE has been used prior to monitor polymeriza�ons in 

bulk.36–39 In Chapter 3, AIE is used to monitor the polymeriza�on progress using a TPE-labeled 

norbornene monomer (TPE-NB), however uniquely, this will be applied to polymeriza�on within a novel 

environment of droplets. It is expected that at the beginning of the polymeriza�on the TPE-NB will be 

non-emissive, and as the monomers are incorporated and the local viscosity increases, the TPE-NB 

should increase in fluorescence.  

 

Figure 1-5. Principle of Aggregation-Induced Emission featuring tetraphenylethylene (TPE).  
(a) TPE relaxes via non-radiative pathways by intramolecular rotations when in solution. (b) When the 
rotations are restricted via aggregation or increased local viscosity, fluorescence is then the preferential 
relaxation pathway. 
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1.5 Fluorescence Recovery A�er Photobleaching  

Fluorescence recovery a�er photobleaching (FRAP) is a technique to determine diffusion kine�cs. A 

sample is covered in a thin film (carpet) of fluorescent molecules. Laser light is focused to form a high 

intensity spot, photobleaching the fluorophores within an area. The laser intensity is then lowered to 

op�cally monitor the emission from the same area. Recovery of fluorescence is observed when 

unbleached molecules diffuse into the photobleached area, Figure 1-6. The rate of recovery can be used 

to determine diffusion coefficients for the fluorescent molecules. FRAP is most o�en used to study the 

mobility of molecules within cell membranes.40,41 In this thesis, FRAP is used to probe the interac�ons 

between a fluorous-labeled BODIPY fluorophore and a fluorous-func�onalized glass surface. 

 

Figure 1-6. Illustration of Fluorescence Recovery after Photobleaching.  
(top) Images representing fluorescence images captured by cameras, (center) images representing the 
position of molecules on the surface, and (bottom) Intensity vs. Time trace depicting four steps (a) prior to 
photobleaching, (b) photobleaching (c) initial recovery (d) end of recovery. 
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1.6 Single Par�cle Tracking 

Another technique to monitor diffusion kine�cs is single par�cle tracking (SPT). SPT is a single-molecule 

microscopy technique, where the fluorescence from an individual molecule is recorded and used to 

obtain a trajectory of its mo�on, Figure 1-7. The trajectory is then analyzed which can provide insight 

into diffusion dynamics. Images are taken at exposure �mes fast enough to capture the mo�ons of the 

molecules. In contrast to FRAP, SPT requires spa�ally resolved fluorophores, as par�cle or molecule 

iden�fica�on and localiza�on is an important step to determining accurate trajectories. A microscope 

has a limit in the resolu�on it can dis�nguish two fluorescent spots by, known as the diffrac�on limit, 

Equa�on 1.4. 

𝑑𝑑 =  
𝜆𝜆

2𝑁𝑁𝑁𝑁
(1.4) 

Where 𝜆𝜆 is the wavelength of light, and NA is the numerical aperture of the objec�ve. In a dense sample, 

it would not be possible to dis�nguish the trajectory of each molecule if the space between them is 

smaller than the diffrac�on limit.  

Many algorithms and programs are available to perform single par�cle tracking analysis of data 

which includes localiza�on of molecules, connec�ng molecules from separate frames to form 

trajectories, and then analyzing those trajectories to determine the type of diffusion present.42–46 The 

trajectory of a molecule can be related to diffusion using mean-squared displacement curves and fit to 

different types of mo�ons such as pure diffusion (Brownian mo�on), anomalous subdiffusion, confined 

mo�on, immobile and directed mo�on. The usefulness of the informa�on obtained by this 

measurement relies on the spa�al localiza�on accuracy of the emiters, the temporal resolu�on of the 

instrument, including detector speed and integra�on �mes, and finally the total experimental 

observa�on �me. 
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 Along with inves�ga�ng diffusion, SPT has also been used to inves�gate adsorp�on-desorp�on 

dynamics, folding-unfolding dynamics, and trapping.47,48 In Chapter 5, in addi�on to FRAP, we aim to use 

SPT to inves�gate the diffusion of fluorous-labeled BODIPY fluorophores interac�ng or embedded within 

a fluorous-func�onalized surface.  

 

Figure 1-7. Illustration of Single Particle Tracking.  
(Left) Examples of single molecule tracking trajectories created from multiple images (right) example of 
analysis such as mean-squared displacement. 

1.7 Single-Molecule Fluorescence for Chemical Reac�ons 

Single-molecule (SM) microscopy has been as a powerful technique to study biological molecules since 

the 1980s.2 SM microscopy has the advantages of being an in situ real �me measurement, while also 

providing the benefit of not being limited by ensemble averaging. Ensemble averaging is a result of a 

bulk technique, which can obscure unsynchronized dynamics. These unsynchronized events can be 

cri�cal to fully understand mechanisms of catalysts. 

Applica�ons of SM fluorescence to study catalysis has primarily been used for heterogeneous 

catalysis.49,50 SM techniques have been pivotal in monitoring catalysis on single nanopar�cles, 

uncovering interes�ng dynamics such as single-turnover detec�on using fluorogenic molecules51–53 as 

well as uncovering mechanisms hidden by ensemble measurements.54,55 SM techniques have also been 

used to op�cally image and understand reac�vity of surface catalysts.56 
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 SM fluorescence has also been used to inves�gate homogeneous catalysis.57 Ring opening 

metathesis polymeriza�ons have been inves�gated using SM techniques, iden�fying interes�ng growth 

chain dynamics58 as well as the selec�vity of the molecular catalyst.59 Within the Goldsmith group, we 

have inves�gated molecular catalyst ini�a�on60 and the heterogeneity of silane bonds on glass 

surfaces.61  

 The techniques described in Sec�ons 1.2-1.4 can be performed on the single-molecule level, 

where the major difficulty is resolving the signal from individual molecules, as described in sec�on 1.6. 

This can be done by either limi�ng the concentra�on of the fluorophores or by limi�ng the excita�on 

volume of the laser beam. Oil objec�ves with high numerical apertures are used to obtain high collec�on 

efficiencies, which is cri�cal to obtain the necessary sensi�vity to single emiters. Addi�onally, freely 

diffusing non-interac�ng molecules move too quickly to be able to obtain useful informa�on about a 

chemical reac�on. One route for immobiliza�on is to “heterogenize” molecules by synthe�cally ataching 

them to surfaces, but this can result in unwanted interac�ons between the surface and the molecule of 

interest, poten�ally changing the dynamics observed. Another route, which is used in this thesis in 

Chapters 3 and 4, is through encapsula�on of droplets, where the reac�on droplet is placed onto a 

surface and immobilized using surface tension. Finally, fluorescent impuri�es are a large issue for 

experiments of single molecules. Fluorescent “dirt” is surprisingly photostable and can appear as small 

as individual fluorophores. Therefore, it is cri�cal to ensure robust and thorough cleaning procedures so 

that the fluorescence in any measurement is indeed from the fluorophore of interest and not an 

impurity. 

1.8 Considera�ons for Experimental Methods 

When using any of the above techniques to inves�gate chemical reac�ons there are a few considera�ons 

that need to be made, as these techniques have been established and tuned to work in aqueous 
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environments. The first is the fluorophore choice, as commercially available fluorophores are o�en for 

biological applica�ons their photophysical proper�es are tuned for aqueous environments. Addi�onally, 

these fluorophores are also o�en only provided with op�ons for labeling of or ataching to biological 

molecules. Therefore, experiments in organic solvents can o�en require novel synthesis of the 

fluorophore-labeled molecule of interest. In the Goldsmith group, the 4,4-difluoro-4-bora-3a,4a-diaza-s-

indacene (BODIPY) is the fluorophore of choice. With its established synthe�c procedures, photostability, 

and ability to be labeled in the meso-posi�on of the core without affec�ng the spectroscopic 

proper�es,62,63 BODIPY has been used in many experiments within the Goldsmith group.60,61 

 Another considera�on is the material of supplies and items used. For biological applica�ons, 

imaging in solu�on is possible with silicon-based wells which can easily be stuck to glass coverslips. 

When working in organic solvents, plas�cs and glues can dissolve or swell. This can cause leaking and can 

introduce unwanted fluorescent impuri�es. Within the group, we have established a way of making all-

glass chambers to perform solu�on measurements. This features a glass ring which is annealed to glass 

coverslip using sodium silicate, a procedure for chamber construc�on can be found in Sec�on 3.4.b. 

 The final considera�on is fluorescent impuri�es, Millipore water is o�en free of fluorescent 

impuri�es, however organic solvents o�en are not. Many aroma�c organic compounds are fluorescent 

and dissolve in organic solvents. Blanks of neat solvent should be taken prior to experiments to ensure 

the cleanliness of a solvent. Purifica�on of solvents can be performed, such as dis�lla�ons and filtering, 

to reduce fluorescent impuri�es, a descriptor of solvent purifica�on is provided in Sec�on 3.4.a.  
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Chapter 2 The Role of Experimental Noise in a Hybrid 

Classical-Molecular Computer to Solve Combinatorial 

Op�miza�on Problemsi 
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Abstract 

Novel forms of compu�ng are necessary to overcome the impending limita�ons of modern silicon-based 

computers. Chemical and molecular-based computers are promising alterna�ves, and in par�cular, 

hybrid systems, where tasks are split between a chemical medium and tradi�onal silicon components, 

may provide a means to access and demonstrate chemical advantages such as scalability, low power 

dissipa�on and genuine randomness. This work describes the development and execu�on of a hybrid 

classical-molecular computer (HCMC) featuring an electrochemical reac�on on top of an array of discrete 

electrodes with a fluorescent readout. The chemical medium, op�cal readout, and electrode interface 

work in combina�on with a classical computer to generate a feedback loop to solve several canonical 

op�miza�on problems in computer science, such as number par��oning and prime 

factoriza�on. Importantly, the HCMC makes construc�ve use of the experimental noise, with the op�cal 

readout introducing stochas�city that is u�lized in a gradient descent to solve these op�miza�on 

problems, as opposed to in silico random number genera�on. Specifically, we show that calcula�ons 

stranded in local minima are able to consistently converge to a global minimum in the presence of 

experimental noise.  Scalability of the hybrid computer is demonstrated by expanding the number of 

variables from 4 to 7, which increases the number of possible solu�ons by an order of magnitude. This 

work provides a steppingstone to fully molecular approaches to solving complex computa�onal 

problems using chemistry.   

2.1 Introduc�on 

The approaching limits of modern silicon compu�ng mo�vate research into alterna�ve compu�ng 

paradigms. Silicon-based computers following a von Neumann architecture can be inefficient for some 

processes due to a limit on data throughput caused by the inherent separa�on of the memory and 
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processing units. The number of transistors within a device has greatly increased allowing for the 

execu�on of more complex tasks. However, high heat dissipa�on and power constraints,64–66 along with 

increasing costs and complexity in manufacturing, limit further increases of transistor density.67 

Molecular or chemical-based computers are one atrac�ve family of alterna�ve compu�ng systems. 

Chemical computers have been developed based on reac�on-diffusion systems and oscilla�ng chemical 

reac�ons such as the Belousov-Zhabo�nsky (BZ) reac�on,68–75 while molecular computers have 

historically u�lized DNA or other biological molecules to assist in computa�ons.76–80 More broadly, 

molecular approaches to a variety of cri�cal computa�onal subsystems, including memory,69,81–86 image 

processing and recogni�on,87,88 digital circuits,89 and logic gates,90–94 are being pursued to inves�gate the 

nature of any perceived molecular advantage.  

A hybrid classical-molecular computer (HCMC)95 couples chemical and digital analogues of a set 

of state variables. Having some tasks performed within a chemical medium and other tasks performed 

by tradi�onal silicon components can allow certain advantages of molecular informa�on processing to 

be accessed, such as scalability, low power dissipa�on, and genuine randomness. Hybrid compu�ng 

frameworks are designed with intent to go beyond their individual compu�ng components.96–98 For 

example, our HCMC can allow for programmability, which is a current limita�on of purely chemical 

compu�ng systems. Taken together, a demonstra�ve HCMC can provide substan�al value as a 

steppingstone to evaluate molecular approaches to key compu�ng subsystems, even though the 

approach is not fully molecular. Here, we present the implementa�on of an HCMC that consists of 

spa�ally-dis�nct sites (we will refer to these “sites” throughout this paper) in an aqueous gel containing 

a payload of chemical reagents on top of a two-dimensional (2D) la�ce of electrodes. To design and 

evaluate the HCMC, we have tested the hybrid computer on several well studied problems in computer 

science, including problems that are representa�ve of a nondeterminis�c polynomial �me (NP)-

complete class such as Boolean sa�sfiability problems specifically 3-sa�sfiability (3-SAT) and number 
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par��oning, as well as non-NP problems such as 2-sa�sfiability (2-SAT) and factoriza�on. Importantly, we 

show that this architecture allows the chemical and electronic noise based in the physical infrastructure 

to directly and construc�vely influence complex algorithms in well-defined ways that may otherwise be 

expensive or sub-op�mal to achieve using a digital computer alone. 

 

Figure 2-1. Concept of HCMC. 
a) Electronic schematic diagram of printed circuit board (PCB) chip featuring four individually addressable 
working electrodes (E1-4), and three counter electrodes (CE) connected to a programmable power supply. b) 
General concept of hybrid classical-molecular computer (HCMC) electrode chip with electrochemical redox 
reaction of benzoquinone and hydroquinone resulting in changes to [H+] concentration. The pH changes are 
then measured optically using the fluorescence emission from a pH sensitive dye, which is spectrally 
separated to collect the ratio of the two emission peaks. The intensity ratio is then used in the classical 
computer to calculate the computational states of each variable and apply potentials at the electrode 
surface. This feedback loop is repeated until the computation converges. 

The generalized HCMC architecture is shown in Figure 2-1 and consists of a simple feedback loop that 

couples informa�on processing from a classical computer together with a chemical system. This 

autonomous feedback loop forces the chemical and digital versions of a given variable to stay 

synchronous, enabling either physicochemical or digital events to dynamically update the informa�on 

stored in both the digital and chemical registers, which are copies of each other. The chemical matrix, a 

gel, sits on top of a printed circuit board (PCB) chip with individually addressable electrodes that define 

the chemically ac�ve sites, Figure 2-1a. Importantly, the chemical variables encode informa�on among 

the ensemble of molecules at the site proximal to each electrode. The chemical informa�on comprised 

of the states of the molecules over the working electrode sites, is passed to the classical computer to 
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manipulate the digital variables for processing, leading to output as poten�als applied at the electrodes 

coupled to the chemical components, Figure 2-1b. Combined, the chemical and digital variables work 

together to solve computa�onal problems, using proper�es unique to the digital and chemical 

environments to aid in processing. 

For the chemical variables to be computa�onally useful, the chemical proper�es must be 

tunable in a manner that is reversible and responsive to electrochemical input signals and must 

themselves be capable of providing a robust signal which can be measured during readout. For this 

demonstra�ve HCMC, a simple redox reac�on capable of bringing about reversible pH changes is 

employed, with a pH sensi�ve fluorophore, carboxy-SNARF-1, added to allow op�cal readout of the 

system states. The fluorescence readout is captured by cameras and is then processed by the classical 

computer, which converts the fluorescence reading into a digital state variable. The chemical and digital 

manifesta�ons of each variable are interchangeable with a full two-way commu�ng rela�onship. 

Informa�on is transferred from chemical to classical computer by fluorescence detec�on and from the 

classical computer to the chemical system by electrochemical control.   

To use the chemical variables for problem solving, the HCMC must construct a many-to-one 

mapping between the microstates of the chemical system and an abstract mathema�cal formalism.99  

For this purpose, we define the pH of the site to be analogous to the two spin states of an idealized Ising 

model,100 or equivalently, quadra�c (two-local) unconstrained Boolean op�miza�on (QUBO).  The Ising 

model is a paradigm that can be used to solve hard combinatorial op�miza�on problems, with a wide 

range of applica�ons including logis�cal opera�on, biomolecule structural op�miza�on,101–103 circuit 

design,102,104 and machine learning.105,106 Simulated annealing processors have previously been shown to 

be able to solve NP-Hard combinatorial op�miza�on problems. Various types of digital and simulated 

annealers and Ising solvers have been developed,107–114 but our system uniquely u�lizes a molecular 
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fluorescent response both as an input to couple to the digital representa�on and as a readout of the 

final or interim states. 

A given combinatorial op�miza�on problem can be represented as a problem Hamiltonian which 

then can be mapped onto the Ising Hamiltonian. A general Ising Hamiltonian for a two-state system of 

binary variables is defined as: 

 

𝐻𝐻𝑔𝑔 = ∑ 𝛼𝛼𝑖𝑖𝑠𝑠𝑖𝑖𝑁𝑁
𝑖𝑖=1 + ∑ 𝛽𝛽𝑖𝑖𝑖𝑖𝑠𝑠𝑖𝑖𝑠𝑠𝑗𝑗𝑁𝑁

𝑖𝑖<𝑗𝑗 (2.1) 

 

where, 𝑠𝑠𝑖𝑖 and 𝑠𝑠𝑗𝑗 represent spins (+1 or -1) for variables 𝑖𝑖 and 𝑗𝑗 , while 𝛼𝛼 and 𝛽𝛽 are problem specific 

coupling coefficients. The problem of choice is encoded into these coefficients, with 𝛼𝛼𝑖𝑖 represen�ng the 

local field for an individual variable as a vector, and 𝛽𝛽𝑖𝑖𝑖𝑖  deno�ng the interac�on energy or coupling 

between two variables as a matrix. To find the solu�on, one must find the op�mal spin configura�on 

such that the overall scalar value of 𝐻𝐻𝑔𝑔 reaches a minimum given a specific 𝛼𝛼 and 𝛽𝛽.  

The HCMC has two dis�nct overall inputs: the problem Hamiltonian that defines the external 

rela�onships between the sites as a func�on of the state that each site maintains, and the ini�al values 

of the states, which can be any value between (-1, +1). The Hamiltonian matrix defines the sign and 

strength with which a pair of sites interact, represented by the 𝛽𝛽 coupling coefficient.  The interac�ons 

between the states along with the local field for the individual state, represented by the α term, are used 

in combina�on to yield a con�nuous scalar field over the space spanned by the state vectors. These 

couplings are a direct analogy to the mechanical linkages in a historical differen�al analyzer,115,116 which 

constrain the rela�onships between the variables of the mechanical analogue computer. The classical 

computer part of the HCMC also generates outputs used to induce couplings between the individual 
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variables by actua�ng the electrodes. Specifically, the classical computer controls a poten�ostat to apply 

voltages at the electrodes, inducing an electrochemical reac�on and thereby changing the local pH. As 

the system evolves the pH is measured and read out using a ra�ometric fluorescent dye. The dye, 

carboxy-SNARF-1, allows for the ra�o of its two fluorescence emission peaks to be linearly converted to 

pH, and in turn converted to a numerical state value ranging from +1 to -1. By using a classical computer 

to host the informa�on about site interac�ons virtually, interac�ons are not limited to nearest neighbors, 

and the difficult engineering problem of crea�ng tunable physical interconnects between sites is 

sidestepped. This version allows for full connec�vity between all the variables encoded in the problem 

Hamiltonian. This arrangement expands the types of computa�onal problems which can be tackled by 

this demonstra�ve HCMC.95 

A gradient descent algorithm is applied in the classical computer to the computa�onal 

representa�on of the state at each site so that the en�re system moves towards a minimum or a solu�on 

to the computa�onal problem. Gradient descent algorithms find minima by taking steps based on the 

steepness of the gradient, with each step’s direc�on being dependent on the current state and the value 

of the func�on’s instantaneous gradient at that point. The step size is a scaling factor for how far the 

algorithm can move down the gradient at each step and is tuned by the user to op�mize performance. 

For the HCMC, the posi�on or gradient at each step uses the state value derived from the fluorescent 

output. The algorithm uses the slope of the scalar cost func�on for each problem, rather than calcula�ng 

absolute values, which allows us to solve problems whose global minima have a non-zero absolute value. 

However, this approach is suscep�ble to converging on local minima.  

The cost func�on for a problem can be rugged, with mul�ple, some�mes near degenerate, low 

energy local minima. For the HCMC to successfully solve the problem, it must iden�fy and converge 

(halt) on the configura�on corresponding to the lowest scalar value, the global minimum. Importantly, 

the HCMC can get trapped in local minima during the gradient descent and converge on the wrong 
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solu�on. One common way to combat this process is to perform mul�ple ini�aliza�ons at different 

star�ng states to obtain a distribu�on of all converged states thereby increasing the probability of 

convergence towards the global minimum. Addi�onally, it has been shown that stochas�c noise or 

random perturba�ons added to the op�mizer, resul�ng in a stochas�c gradient descent, can speed up 

the calcula�on by reducing the probability of being trapped in local minima.114,117–119 However, the way 

noise is generated is not always ideal. For example, all digital number generators are pseudo-random, 

meaning they can be predicted. An alterna�ve can be found in the experimental measurements 

themselves. Intrinsic hardware noise has been reported as beneficial in solving combinatorial 

op�miza�on problems using a memristor-based neural network system.120 Addi�onally, sensor noise for 

an op�cal cavity has also been theorized as a resource to increase sensi�vity in low-power or noisy 

condi�ons.121 This phenomenon is true both for classical and quantum systems.122 

By designing computa�onal paradigms that take advantage of the inherent experimental noise 

instead of deterring it, new chemical processes and designs can be used for chemical and molecular 

compu�ng. The effect of noise on the computa�onal efficacy inspired ques�ons about how the inherent 

experimental noise could aid or limit the annealing process in a HCMC. 

2.2 Results and Discussion 

2.2.a Op�cal Experimental Setup 

The HCMC includes a purpose-built microscope, Figure 2-2a, with widefield illumina�on provided by a 

488 nm laser. Fluorescence is collected using a 1X air objec�ve and directed toward cameras, passing 

through a 505 nm long pass dichroic mirror and a 532 nm long pass filter to remove excita�on light. The 

fluorescence is spectrally resolved into two color channels using a 610 nm long pass dichroic mirror and 



24 
 

focused onto two separate cameras which capture the emission from the two fluorescence peaks of the 

pH indicator. 

 

Figure 2-2. Experimental Design of Feedback Loop for HCMC. 
a) Experimental optical set up for monitoring pH changes in chemical reaction gel on the 2D electrode array. 
b) Fluorescence images of reaction gel used to calculate an intensity ratio (IR) which is used as an 
experimental input to the c) classical computer to use in the gradient descent along with d) the in silico 
inputs, such as the Ising Hamiltonian for the problem as well as the initial states for the sites at the first step 
of the computation. The classical computer outputs a potential at the electrode chip via a multi-channel 
potentiostat to induce pH changes monitored via the experimental readout, IR. (2 mm scale bar, WF – 
Widefield lens, DC-1 – 505 nm dichroic mirror, DC-2 – 610 nm dichroic mirror, 1X Objective, LP – 532 nm long 
pass filter and 540 nm long pass filter) 

2.2.b Electrode Array Design 

We use a simple and cost-effec�ve custom-made electrode array with an electrode size of 1 mm placed 

in a hexagonal grid to maximize the connec�vity of mul�ple working electrodes with the counter 

electrodes. All electrodes were gold plated by the PCB manufacturer. The electrode arrays were 

fabricated using standard PCB manufacturing, see Sec�on 2.6.a for details. 

2.2.c Chemical Encoding, Input, and Readout 

The chemical system for encoding informa�on in the HCMC is a hydroquinone/benzoquinone redox 

couple dissolved in an aqueous buffered Pluronic gel containing a fluorescent reporter. The gel is placed 

onto a PCB-based electrode chip.123 The Pluronic gel allows for a solid-like matrix reducing diffusion 

across the electrode chip, which keeps the chemical changes localized over the specific electrode surface 
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but does not hinder electrophore�c mo�on. The quinone redox couple allows for a reversible way to 

manipulate pH when paired with applied poten�al from the electrodes. There is around a 1 pH 

difference between the −1 state and +1 state for each site par�cipa�ng in the computa�on. The 

formula�ons and specific pH values for each site corresponding to the computa�onal states are 

described in Sec�on 2.7. 

Readout is provided by fluorescence, which op�cally assesses the pH of the gel region over each 

electrode, and thereby conveys the computa�onal state of each variable. These fluorescent 

measurements allow for a real-�me, in-situ readout.124 To op�cally monitor pH, we used a ra�ometric pH 

sensi�ve fluorophore with a pH-dependent emission spectrum,125,126 Carboxy-SNARF-1, which has 

previously been used to measured intracellular pH.11,13,14,127,128 The fluorescence emission has two peaks 

at 580 nm and 640 nm, and the ra�o between these two peaks can be calibrated to read out pH. The use 

of a ra�ometric pH sensor is cri�cal, as a pure intensity readout can be changed by interference from 

electric field-induced concentra�on fluctua�ons, aggrega�on, and photobleaching. The intensity ra�o 

(IR) between these two channels, which is propor�onal to pH, is passed to the classical computer and 

converted into a state value, Figure 2-2(b-c). The fluorescence signal is therefore not only used as a 

readout of the chemical informa�on, but also as an input to the classical computer. 



26 
 

 

Figure 2-3. Progression of the hybrid classical-chemical computer solving a Number Partitioning problem 
using Mode 3 (see text for details).  
a) Evolution of states throughout the computation, where S1-S4 represent the four sites, and the value of the 
problem Hamiltonian (H) at each step of the computation. b) Fluorescence images of the reaction gel on the 
electrode chip with artificially colored circles depicting the state value at various steps, scale bar is 2 mm. c) 
The value of the intensity ratios over time during the computation, where vertical lines represent each step 
of the computation. 

2.2.d Classical Processing and Output 

To process the ra�ometric responses from these images, the coarse loca�on and approximate size of 

electrodes par�cipa�ng in the computa�on are ini�ally determined manually and refined using image 

segmenta�on that employs a watershed algorithm129 to iden�fy the electrode region, Figure 2-3b, all 

before the computa�on begins. The state values, converted from the experimental IRs, are used as the 

input in the gradient descent calcula�on performed by the classical computer, Figure 2-3. As previously 
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men�oned, the gradient descent algorithm uses the state values along with the user-determined step 

size to determine the target state values for the next step. Alterna�vely, a stochas�c gradient descent 

algorithm can be u�lized through the addi�on of random computer-generated noise to the target states. 

This noise will be referred to as in silico noise and can be op�onally added. To achieve the determined 

target state, a poten�al is applied at the electrodes via a mul�plexed poten�ostat, which allows 

independent itera�ve control of up to 7 electrodes, Figure 2-2b. A propor�onal-integral-deriva�ve (PID) 

algorithm is used to reach the target IR corresponding to the target state, with the PID gains tuned to 

avoid overshoo�ng by the poten�ostat. The PID loop consists of the poten�ostat manipula�ng the 

poten�als over the electrodes while the changing IRs are monitored using the op�cal setup, Figure 2-3c. 

Once the IR values at all par�cipa�ng sites are within a set threshold of the target, the PID loop for that 

step in the gradient descent is finished and the next step can be taken. This is illustrated by the ver�cal 

lines shown in Figure 2-3c. The user-set threshold determines how close the experimental IR needs to be 

to the targeted set point before proceeding to the next step. This PID loop is performed for each step of 

the gradient un�l the minimum is found. A movie of the fluorescence response is provided in the 

suppor�ng informa�on of the published manuscript, showing the HCMC using 7 sites (working 

electrodes) where the PID gains were set to induce an exaggerated fluorescence response. Combining all 

these parts, the HCMC can be successfully run star�ng at either random or specific ini�al states and 

converging on the global minima, thus solving various op�miza�on problems, including number 

par��oning, Figure 2-3, and 2-SAT, Figure 2-11.  

An accompanying numerical simula�on engine was developed describing the computa�on using 

the HCMC process. The simula�on engine creates a generalized electrode array network by combining 

Kirchhoff’s equa�ons coupled with a Secondary current distribu�on model. The calculated �me-

dependent current profiles are then combined with a buffer dynamics model to describe localized pH 

changes over the electrodes (see SI of published manuscript). Combined with a stochas�c gradient 
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descent algorithm, this suppor�ng simula�on shows convergence, as well as hallmarks of experimental 

non-ideali�es, such as ringing in the experimental PID loops, and can aid in parameter op�miza�on as 

well as instan�a�ng a large-scale problem on an electronic chip.  

2.2.e Evalua�ng the Role of Experimental Noise 

The HCMC is designed to solve quadra�c combinatorial op�miza�on problems using a gradient descent 

algorithm with a fluorescent molecular signal as input and readout. As previously men�oned, added 

stochas�c noise aids convergence to a global minimum by preven�ng ge�ng stuck in local minima, 

saddle points, or plateaus. Importantly, we examined the impact of the HCMC’s intrinsic noise when 

solving computa�ons.   

Three opera�onal modes of the HCMC were inves�gated: Mode 1 uses what have been termed 

“idealized states,” where the states in each step of the gradient are iden�cal to the set points 

determined by the classical computer; Mode 2 uses “in silico states,” which are idealized states, but with 

an added stochas�c in silico noise component, resul�ng in a stochas�c gradient descent; Mode 3 uses 

“measured states,” which converts the experimentally achieved IR signal into the state for the 

computa�on with no added in silico noise. As Mode 1 does not include any noise component, the HCMC 

is expected to either not be able to progress through the computa�on, in contrast to the run displayed in 

Figure 2-3, or be more likely to get trapped in local minima, resul�ng in convergence on incorrect 

answers. Mode 3 also does not include an in silico noise component, however the experimental noise 

within the measurement is expected to be a beneficial source of stochas�city with poten�ally large 

enough fluctua�ons to avoid repea�ng the failed trajectories observed in Mode 1.  
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Figure 2-4. A visual depiction of the number partitioning problem and the two solutions.  
The general form of the Ising Hamiltonian is shown at the top. The three columns correspond to the numbers 
in the problem (left), the grouping for solution A (center) and solution B (right). a) The problem represented 
by the numbers in the problem, b) the state values at the Sites S1-S4 and c) depiction of changes observed on 
the electrode chip via fluorescence. 

To inves�gate the role of experimental noise, mul�ple complementary experiments involving 

number par��oning problems were performed. Number par��oning is a NP-complete problem, which 

asks, for a given set of numbers, how can they be divided into disjoint subsets with equal sums? Number 

par��oning has been called the “easiest hard problem”130 in terms of its complexity. For the purpose of 

inves�ga�ng the role of noise, we have selected a simple problem consis�ng of a small number of 

variables that s�ll produced a non-trivial cost func�on with mul�ple solu�ons. The number set 

{1,2,3,1,3} was selected and an Ising Hamiltonian for the problem was generated, Figure 2-2d, see SI of 

manuscript for details regarding Hamiltonian genera�on. The Hamiltonian corresponding to this problem 

is non-nega�ve and minimized at H=0, when the sums of the two sets are equal.  This five-number set 

was expressed using four variables with the first number {1} automa�cally assigned to a +1 state (𝑠𝑠0) 
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without loss of generality. The other four numbers are assigned to the spa�ally dis�nct gel areas over 

individual electrodes, referred to as sites. The state values (𝑠𝑠𝑖𝑖) for the remaining numbers {2,3,1,3} 

describe which subset each number belongs to and will be defined by the fluorescence IR values at Sites 

1, 2, 3, and 4. A depic�on of this problem can be seen in Figure 2-4. The correct par��on solu�on (H=0) 

for this problem is {1,1,3} and {2,3}. However, as the number three is repeated twice in the set for our 

problem, there are two different ways this par��on can be expressed using our sites. One solu�on, 

Solu�on A, is where the number two associated with Site 1 would be paired with the number three 

associated with Site 2, Figure 2-4a-Solu�on A. The second solu�on, Solu�on B, has the number two 

associated with Site 1 paired with the number three on Site 4 instead, Figure 2-4a-Solu�on B. To express 

that these numbers are grouped together, the state values of these sites must be the same, Figure 2-4b.  

Star�ng with Solu�on A, the state values for Sites 1 and 2 should be the same, meaning that 

both sites should either be +1 or -1. However, there is an addi�onal constraint: the first number in the 

number set is already assigned a +1 state. Consequently, Sites 1 and 2 are unable to take the +1 state, as 

this would result in the par��oning of {1,2,3} and {1,3}, which is incorrect. Therefore, Site 1 and Site 2 

must take a -1 state, which gives Solu�on A [-1,-1,1,1], visually depicted in Figure 2-4-Solu�on A. For the 

second solu�on, Site 1 is paired with Site 4, both will take the -1 state, resul�ng in Solu�on B [-1,1,1,-1], 

Figure 2-4-Solu�on B. 
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Figure 2-5. Scalar value cost function for the Number Partition Hamiltonian when Sites 1 and 3 are kept 
constant at -1 and +1, respectively, and Sites 2 and 4 are varied from -1 to +1 states.  
Labeled states correspond to: I) Saddle point [-1,0,1,0], II) first maxima point [-1,1,1,1], III) second maxima 
point [-1,-1,1,-1],  and Solution A) [-1,-1,1,1] and Solution B) [-1,1,1,-1]. 

Interes�ngly, Solu�ons A and B differ by two variables, the second and fourth, both of which 

have oppositely signed values of 1. When plo�ng the cost func�on for this problem with respect to Sites 

2 and 4, and with Sites 1 and 3 at constant solu�on state values (-1 and +1 respec�vely), a symmetric 

saddle shape emerges, Figure 2-5. The flat saddle point is located at [-1,0,1,0], Figure 2-5-I. The value 0 

here represents the midpoint state value between the two extreme state values, -1 and +1. There are 

two maxima located at Figure 2-5-II at the states [-1,1,1,1], and Figure 2-5-III at states [-1,-1,1,-1], with 

equal values for the problem Hamiltonian. The landscape also shows the two solu�ons, Figure 2-5-A [-1,-

1,1,1] and Figure 2-5-B [-1,1,1,-1], both with the problem Hamiltonian equal to 0. Based on this func�on, 

three separate ini�al states were selected as star�ng points to explore how noise affects system 

evolu�on: [-1,0,1,0] (Ini�al State I, Figure 2-5-I), [-1,1,1,1] (Ini�al State II, Figure 2-5-II), and [-1,-1,1,-1] 

(Ini�al State III, Figure 2-5-III). 

For these experiments, the HCMC was run using each of the 3 opera�onal modes described 

above, Mode 1 using idealized states, Mode 2 using in silico states and Mode 3 using measured states. 20 
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repeats were performed for each mode at each of the three ini�al states, resul�ng in a dataset of 180 

runs, see Table 2-1. The distribu�on of converged states is shown in Figure 2-6. 

Table 2-1. Distribution of Solutions from Number Partitioning Computations 

 Mode 1 – Idealized 
States 

Mode 2 – in silico 
States 

Mode 3 – Measured 
States 

Initial State I  A: 0/20 
B: 0/20 
Initial State I: 20/20 

A: 8/20 
B: 12/20 
 

A: 5/20 
B: 15/20 

Initial State II  A: 0/20 
B: 20/20 

A: 9/20 
B: 11/20 

A: 8/20 
B: 12/20 

Initial State III  A: 0/20 
B: 0/20 
LM: 20/20 

A: 8/20 
B: 8/20 
LM: 4/20 

A: 11/20 
B: 8/20 
LM: 1/20 

 

 

Figure 2-6. Distribution of converged answers. 
Bar graphs showing the distribution of converged answers, where each graph corresponds to a separate 
initial state, with Initial State I (left), Initial State II (center), and Initial State III (right). The states converged 
on by our system correspond to the Initial State I, the two solutions A and B, and a local minimum (LM). 
Colors correspond to the three different operational modes for the HCMC. 

When star�ng at the saddle point (Figure 2-5-I) and using Mode 1, the idealized states, the 

computa�on immediately and erroneously converges on the ini�al states [-1,0,1,0] for all the runs 
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carried out in this mode (100%), Figure 2-6. Here, with the star�ng point at the saddle and without the 

addi�on of any stochas�c in silico noise, the gradient experiences a flat slope and incorrectly determines 

this scenario to be a minimum, as expected. When repea�ng the computa�on star�ng from the same 

ini�al state but with Mode 2, in silico states with noise, the computa�on was always able to converge on 

one of the two correct solu�ons, with a 40:60 split between Solu�ons A and B. Exci�ngly, with Mode 3, 

which uses the experimentally determined measured states, the computa�on is once again able to run 

smoothly and converge to both global solu�ons, resul�ng in a 25:75 split between Solu�on A and B 

across all runs, a similar distribu�on of converged states as when using Mode 2. This result is important, 

as it clearly shows that the experimental noise inherent to the empirical measurement in the chemical 

system is significant enough to allow the HCMC to leave this flat por�on of the energy landscape while 

not impeding convergence.  

We then switched to an alternate star�ng point: one of the maxima on the cost func�on Figure 

2-5-II. Without any addi�onal noise at Mode 1, the HCMC is only able to find one of the two correct 

solu�ons (100%). In contrast, runs at both Modes 2 and 3 were able to converge on both solu�ons with 

similar distribu�ons, see Table 2-1.  

Finally, when star�ng at the second maximum, Figure 2-5-III, runs at Mode 1 all converged on 

states [1,-1,1,-1] (100%), which does not match either of the two solu�ons nor the ini�al state. For this 

set of converged states, the state value for the first site has flipped, from -1 to +1. When plo�ng the cost 

func�on for this case, it is illustra�ve to switch to Site 1 and Site 2 as the independent variables, Figure 

2-7. We see another saddle but this �me it is asymmetric, with the global minimum at one of the correct 

solu�ons, Solu�on B, Figure 2-7-B and a new local minimum at states [1,-1,1,-1], Figure 2-7-LM. When 

using Mode 2 we see a split of 40:40:20 between solu�ons A, B, and the LM. Exci�ngly, runs at Mode 3 

also demonstrate a distribu�on of the converged states, with a 55:40:5 split between Solu�ons A, B and 

LM. This again supports that the intrinsic experimental noise is beneficial to the HCMC to solve 
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computa�ons, seen previously with experiments star�ng at Ini�al State I. Addi�onally, the magnitude of 

the noise present also shows a benefit in reducing convergence at local minima, with similar sta�s�cal 

results compared to Mode 2, using the in silico states. Therefore, it is reasonable to run the HCMC using 

the measured states with the experimental noise in lieu of the in silico noise. 

 

Figure 2-7. Energy landscape for number partition problem where Sites 3 and 4 are kept constant at +1 and -
1 respectively, and Sites 1 and 2 and varied from +1 to -1.  
Two minima are observed, B) a global minimum at state values [-1,1,1,-1] corresponding to Solution B, and 
LM) a local minimum at state values [1,-1,1,-1]. 

2.2.f Sources and Magnitude of Experimental Noise 

While the above results show how experimental noise benefits the HCMC’s func�on, there are s�ll 

unanswered ques�ons about the origins and magnitude of the experimental noise. As the complexity of 

computa�onal problems changes, the amount of noise that is beneficial vs. inhibi�ve changes as well. By 

iden�fying the sources of experimental noise within the HCMC, it becomes possible to program or tune 

the noise depending on the complexity of the problem. As men�oned earlier, the op�mal noise to carry 

out a stochas�c process has been heavily studied in the context of classical and quantum dynamics.122 

 For the experimental noise to impact the computa�onal ability of the computer, it must be 

present in the experimental input used in the gradient descent. The experimental input originates in the 
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measured fluorescence-detected IRs, which are based on the electrochemically generated pH changes. 

Therefore, the magnitude of fluctua�ons in the op�cal measurements of fluorescence or the 

electrochemical components responsible for changing pH must be determined. As these fluctua�ons will 

be quan�fied in terms of intensity ra�os, it is possible to convert the noise to state variables and obtain 

the rela�ve scale of the noise in state space. Said another way, the conversion allows us to compare the 

experimental noise to the in silico noise added in the previous sec�on when running the HCMC at Mode 

2. 

Before inves�ga�ng the experimental noise, it is necessary to discuss what exactly qualifies as in 

silico noise. The in silico noise in the HCMC is a randomly selected number from a normal Gaussian 

distribu�on generated via Python. The Gaussian distribu�on is centered over the integer zero, with the 

standard devia�on or width of the distribu�on specified by the user. The randomly selected number is 

applied to the state value, a�er the next step in the gradient is calculated but before it is executed. As 

the offset applied at each step changes, the standard devia�on selected by the user is what will be 

broadly referred to as the in silico noise.  For the experiments above, runs at Mode 1 had a standard 

devia�on of 0 selected, while at Mode 2 a standard devia�on of 0.1 was selected.  

Runs at Mode 3, using measured states, had a standard devia�on of 0, meaning no in silico noise 

was added. Importantly however there is experimental noise present that allows the HCMC to perform 

successfully. To determine the magnitude of experimental noise, the noise in the op�cal measurements 

was first quan�fied. A reac�on gel containing SNARF-1 dye was examined under the same condi�ons 

used in the computa�onal runs. The reac�on gel was imaged for 5 minutes without an applied poten�al, 

and the standard devia�on in the average fluorescence IR signal over the electrodes was quan�fied. This 

measurement includes noise from the imaging setup, such as the read noise of the cameras and the 

noise in the intensity of the laser, as well as any background fluorescence from the electrode chip. The 

standard devia�on was converted into an effec�ve in silico noise value by using the linear rela�onship 
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between IR and state. The percent standard devia�on, along with the calculated equivalent in silico noise 

value are shown in Table 2-2. The equivalent in silico noise value calculated is an order of magnitude 

smaller than what was used at Mode 2. 

Table 2-2. Quantified experimental noise. 

Description Percent Standard Deviation 
(%) 

Calculated Relative in silico 
Noise 

Noise from Optical 
Measurement 

0.22 (±0.05) 0.02 

Noise from Electrochemical 
Measurement 

0.0010 (±0.0002) 0.0001 

Noise from Complete 
Experimental Measurement 

0.25 (± 0.05)  0.02 

 

For the electrochemical apparatus, the noise in the current at each electrode was measured under a 

variety of condi�ons. This measurement includes noise in the poten�al applied on the electrode surface, 

fluctua�ons in current caused by interac�ons at the electrode surface, and noise in the measurement of 

the current itself. The current was measured by the poten�ostat while performing a controlled poten�al 

chronoamperometry experiment. A gel was placed onto the electrode chip and imaged in the same way 

as described above, but with various constant applied poten�als. The poten�al in each case was held 

constant for 5 minutes while the current was measured. The noise in applied poten�al alone was also 

measured independently but was found to be insignificant, see Sec�on 2.10.a. The measured current 

traces were converted to charge traces, which were used to determine the gain or loss of protons over 

�me due to the oxida�on or reduc�on of the quinone couple. By assuming 100% Faradaic efficiency, a 

maximum possible contribu�on from current noise can be determined, as each fluctua�on in the 

measured current is assumed to reflect changes in the produc�on or loss of protons in solu�on at the 

electrode. A�er accoun�ng for buffering, these fluctua�ons in proton concentra�on (and thus in pH) can 

be equated to a change in the IR over �me. As shown in Table 2-2, the maximum contribu�on to the 
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experimental noise from the electrochemical apparatus is significantly less than the contribu�on from 

the op�cal measurement.  

 Finally, to inves�gate how the op�cal and electrochemical components of the noise collec�vely 

contribute to the noise in the IR, a gel was imaged while applying varying poten�als to maintain a set IR 

over many minutes. The gel was ini�ated at pH 7 and then poten�als were applied using the PID loop to 

bring all the ac�ve electrodes to approximately pH 7.5 (state = -1, IR = 0.85). This experiment combines 

the noise contribu�ons from the two previous experiments discussed above. The noise calculated from 

these experiments was comparable to the op�cal noise measurements, Table 2-2. 

 From these experiments, the noise in the op�cal measurements appears to be the biggest 

contributor to the overall experimental noise, with the largest standard devia�ons. To understand what 

effect this magnitude of noise has on the computa�onal solving ability of the HCMC, we return to the 

previous number par��oning problem. When star�ng at Ini�al State III, convergence at a local minimum 

was observed. At Mode 1 with no in silico noise, the HCMC always converged on the local minimum. 

Switching to Mode 2, with an in silico noise value of 0.1, the frequency of local minimum convergence 

drops to only 20%. The computa�on was repeated at Mode 2 star�ng at Ini�al State III at varying in silico 

noise values (see Sec�on 2.11). The HCMC needed at least an in silico noise value of 0.01 to find the 

global minima, however the success rate was fairly low, with only 26% of runs converging correctly on 

global minima and 74% converging on the local minimum. Increasing the in silico noise to 0.02, a similar 

magnitude as the experimental noise, the HCMC performance improves to 54% convergence at global 

minima. This supports that the experimental noise derived from the op�cal measurement is significant 

enough to benefit the HCMC’s performance. 

To establish the contribu�on from fluctua�ons in the molecular popula�on above the electrode 

surfaces, the Poisson noise in the SNARF-1 popula�on was es�mated.131 The number of SNARF-1 
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molecules present in the gel over a single electrode surface in the implemented HCMC is around 5x1013 

molecules. With this number of molecules, the rela�ve fluctua�on in the number of SNARF-1 molecules 

in a par�cular protona�on state would be around 1x10-7, which is too low to impact the trajectory of the 

HCMC when star�ng at Ini�al State III. This es�ma�on further supports that the major contributor to the 

experimental noise in this implementa�on of the HCMC is from the op�cal measurement itself. 

 

Figure 2-8. Progression of a computation by the hybrid classical-chemical computer solving a prime 
factorization problem with seven working electrodes.  
a) Evolution of states throughout the computation, where S1-S7 represent the seven sites, and the value of 
the problem Hamiltonian (H) at each step. b) Fluorescence images of the reaction gel on the electrode chip 
with artificially colored circles depicting the state value at various steps, scale bar is 2 mm. c) The value of the 
intensity ratios over time during the computation, where vertical lines represent each step in the 
computation. 

2.2.g 7 Electrode Computa�ons and Beyond 

A benefit of the HCMC pla�orm is the ability to increase the number of variables easily and 

inexpensively. Scaling up the number of electrodes used allows the HCMC to tackle higher variable 

counts and more difficult computa�onal problems. To explore this ability, we increased the number of 
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working electrodes to seven to access new computa�onal capabili�es. For example, the HCMC at Mode 

3, that is using measured states as the input, was used to solve 3-SAT problems with 7 variables with 28 

clauses (shown in Figure 2-12). The 3-SAT problem is an NP-complete problem that asks whether a set of 

clauses in proposi�onal logic is sa�sfiable. 3-SAT specifies that there are at most 3 variables within each 

clause. The HCMC has also successfully solved number factoriza�on problems, as demonstrated by the 

decomposi�on of 91 into the prime factors 7 and 13 (Figure 2-8). Details about the genera�on of the 

problem Hamiltonian can be found in SI of manuscript. Prime factoriza�on is a problem in the 

computa�onal class NP, where given an integer (𝑁𝑁) the goal is to find the two prime numbers whose 

product is 𝑁𝑁. This problem has two solu�ons, 7x13 and 13x7, which are expressed in binary numbers by 

the states. We ran this factoriza�on problem to the point of convergence on the HCMC 10 �mes, with 8 

out of the 10 runs resul�ng in convergence on a correct solu�on. 

 To con�nue to solve more complex and higher value problems, even more variables will be 

needed.95 Scaling up to increased variable counts beyond those in the current work could be achieved 

straigh�orwardly using larger numbers of electrodes addressed within a larger op�cal field of view. 

Alterna�vely, the use of microelectrode arrays would allow for hundreds or thousands of electrodes to 

fit in an area even smaller than the ac�ve area in this work, allowing for increased complexity and 

computa�onal power in the same form factor through miniaturiza�on. In the limit of very small 

microdroplets of solu�on on these arrays, the HCMC could even retain high readout signal-to-noise 

while benefi�ng from Poisson noise among the now small molecular popula�on as a new source of 

stochas�city as discussed above. In this regime, the Poisson noise, which is white and truly random, 

could be easily controlled by modula�ng the size and concentra�on of the microdroplets.132 To achieve 

an HCMC state standard devia�on of at least 0.02 from Poisson fluctua�ons of emissive molecules, a 

popula�on of at most 2500 molecules would be needed, easily achievable and visible within 

microdroplets. 
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2.3 Conclusion 

We have designed a programmable hybrid classical-molecular computer which maintains a set of state 

variables encoded both digitally and chemically. Digital informa�on is stored conven�onally in silico 

while the chemical informa�on is encoded in a pH sensi�ve gel on top of an electrode array. Changes to 

the state variables can be communicated via a feedback loop between the digital and chemical variables. 

Spectroscopic monitoring of pH using a ra�ometric dye transfers informa�on from the chemical to the 

digital domain. Informa�on then transfers from the digital to the chemical domain via electrochemical 

poten�als applied by electrode array. Such an architecture enables chemical and digital opera�ons in 

either domain to concurrently modify the state variables, enabling the execu�on of a single algorithm 

distributed across the two physical domains.  The role of the intrinsic experimental noise within the 

HCMC was inves�gated and shown to be beneficial to solve classic NP-hard problems, without the need 

for in silico noise (pseudo random numbers) which is o�en used in combinatorial op�miza�on problems. 

The modality of the HCMC system allows for inherent inexpensive scaling, easily increasing the number 

of variables and complexity of the possible problems by simply increasing the number of working 

electrodes. Addi�onally, our experiments demonstrate that the experimental noise within the 

measurement is sufficient to solve not only 4-variable number par��oning problems but also 7-variable 

problems, such as prime factoriza�on and 3-SAT. Thus, this work demonstrates the use of key molecular 

subsystems as part of a func�onal HCMC.  Thus, this demonstra�ve HCMC opens the way to more 

complex computa�onal problems that take advantage of chemical behavior and development of more 

fully molecular implementa�ons. 

2.4 SI - Prepara�on of Chemical Reac�on Solu�ons 

A stock solu�on of 30% Pluronic F-127 (Sigma Aldrich) was made in Millipore ultrapure water. The 

solu�on was prepared at cold temperatures and stored in a 5°C fridge. Stock solu�ons of 100 mM p-
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Benzoquinone (Sigma Aldrich) and 100 mM Hydroquinone (Sigma Aldrich) were prepared with 27% 

Pluronic F-127 solu�ons. 2 mM stock solu�on of SNARF (5-(and-6)-Carboxy-SNARF-1, ThermoFisher 

Scien�fic, Invitrogen) was made in Millipore water. Finally, for the buffer, 1 M stock solu�ons of 

potassium phosphate monobasic and dibasic potassium phosphate were made in Millipore water. These 

solu�ons were combined to create a 1 M pH 7 phosphate buffer.  

The stock solu�ons above were used to make the reac�on solu�on. The reac�on solu�on was 

made by layering p-Benzoquinone (23 mM), then 30% Pluronic solu�on, Hydroquinone (23 mM), and 

then adding SNARF (180 µM) and phosphate buffer (9 mM). The reac�on solu�on was kept cold on ice 

before using. 100 µL of the reac�on was placed on the electrode chip for use in HCMC. The electrode 

chip and reac�on solu�on were heated for 30-60 seconds at 30°C before placing a top coverslip on the 

sample and pressing the reac�on solu�on to a thickness of 0.56 mm by using glass spacers. 

2.5 SI - Op�cal Setup and Imaging Details 

An open home-built epifluorescence microscope was used for the HCMC. The op�cal set up consists of a 

40 mW 488 nm laser (Coherent Sapphire). The beam size is expanded 30x, and then sent through a lens 

for widefield excita�on. A 505 nm dichroic is used to reflect the laser light onto the sample through a 1X 

air objec�ve (Nikon, Plan UW, NA 0.04). The electrode chip sits on a metal stage within a 3D printed 

holder to ensure the sample posi�on is reproducible for each implementa�on of the computer. The 

metal stage sits on a transla�on stage which controls the z-axis and allows the sample to be brought to 

focus. The fluorescence is collected via the 1X objec�ve (Nikon), passes through the 505 nm dichroic 

(Semrock), and is directed towards the detec�on setup. The light is collimated, and the emission is 

spectrally isolated from the laser light and background fluorescence using a 532 nm long pass filter 

(Semrock) and 540 nm long pass filter (Semrock). The emission is then split into two channels using a 

610 nm dichroic (Semrock), and then focused onto two separate cameras (Thorlabs). Image acquisi�on 
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was done through a custom writen LabView code. Images were taken sequen�ally at each camera with 

a 1 second exposure �me. 

2.6 SI - Electronic Components 

2.6.a Electrode Array Design 

A key por�on of the HCMC is an array of electrodes that can interface with the electrochemical gel to 

transfer informa�on between digital and chemical domains. For ease of simplicity and cost-effec�ve 

design, we used larger electrodes (diameter 1 mm) such that the electrode arrays can be fabricated 

using standard PCB manufacturing. The electrodes were placed in a hexagonal grid to have higher 

nearest-neighbor connec�vity, see Figure 2-9a. The region around the electrodes shown in the white 

circle is an ac�ve area and no connec�on vias were placed within the ac�ve circle to avoid short-

circui�ng. All the electrodes were gold-plated by the PCB manufacturer, and FFC connector was used for 

electrical contact with the electrodes. The PCB-based electrode arrays were designed using Al�um 

Designer Ltd. An addi�onal board called as Pin Expansion Board was also designed for the ease of 

interfacing the electrode array with the standard electronic power supply or poten�ostats, where each 

FFC connector is mapped to standard pin headers, see Figure 2-9b. All the experiments in this work were 

performed using PCB-based electrode arrays. 
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Figure 2-9. PCB-based electrode array and pin expansion board.  
(a) shows the design of PCB based electrode array with a hexagonal network of gold electrodes. The active 
area is within the white circle without any vias within that region. The electrodes are interfaced with a FFC 
connector. (b) shows a pin expansion board which connects FFC connector to standard pin headers for all 
electrodes 

2.6.b Poten�ostat 

The electrode chip is connected to a mul�-channel poten�ostat (Rodeostat, IO Rodeo), which had some 

minor altera�ons to the publicly available firmware; specifically, the mul�plexed electrodes are not set 

back to ground and allowed to float during �mes when they are not directly controlled by the 

mul�plexer, this gave a beter regula�on of pH than otherwise. For this implementa�on of the HCMC, 

the poten�ostat is connected so that there are 7 working electrodes along with 7 counter electrodes. 

The reference and ground electrode are connected to each other in this implementa�on. 

2.7 SI - pH Fluorescence Calibra�on 

1 M stock solu�ons of dibasic potassium phosphate and potassium phosphate monobasic were used to 

make mul�ple solu�ons of pH values varying from 5.5 to 7.5. The pH was checked and confirmed using a 

pH probe (Metler Toledo). Reac�on solu�ons were made with each pH buffer. 100 µL of reac�on 
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solu�on at a thickness of 0.56 mm was imaged for 100 seconds. The electrode chip was not connected to 

the poten�ostat at this �me, as no poten�al was applied. To calculate the intensity ra�o corresponding 

to each pH, a region of interest was selected over each electrode. The intensity at each of these sites was 

measured and then the intensity at Camera 1 was divided by Camera 2 to obtain the intensity ra�o. This 

was done at each electrode for each pH. Calibra�on curves of this informa�on can be seen below in 

Figure 2-10. The pH range for the -1 to +1 states for each electrode are listed in Table 2-3.  

 

Figure 2-10. Calibration of pH to intensity ratio over the four electrodes used in the HCMC.  
Horizontal lines at IR values of 1.05 and 0.85 correspond to the intensity ratios for the +1 and -1 state values. 

Table 2-3. pH values for each electrode 
Electrode Number pH for -1 State pH for +1 State 
1 6.13 7.28 
2 6.66 7.53 
3 6.57 7.56 
4 6.68 7.7 
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2.8 SI – 2SAT 4 Electrode Computa�on 

Before using the hybrid computer to solve number par��oning problems, a simpler 2SAT problem was 

explored to vet the ability of the system. The 2SAT problem chosen used 4 sites (variables) and 9 clauses. 

The input 2SAT clauses are as follows:  

[‘1 or 3’, ‘2 or not4’, ‘2 or 3’, ‘1 or not4’, ‘1 or 2’ ‘not1 or 2’, ‘3 or not4’, ‘not3 or 4’, ‘1 or 4’].  

Expressed in conjunc�ve normal form: 

 

The Ising Hamiltonian for this problem is: 

𝐻𝐻 = 2.25 − 0.75𝑠𝑠1 + 0.25𝑠𝑠1𝑠𝑠3 − 1𝑠𝑠2 + 0.25𝑠𝑠2𝑠𝑠3 − 0.25𝑠𝑠2𝑠𝑠4 − 0.5𝑠𝑠3 − 0.5𝑠𝑠3𝑠𝑠4 + 0.25𝑠𝑠4 

𝐻𝐻0 = 2.25 

𝐻𝐻1 = [−0.75 −1 −0.5 0.25] 

𝐻𝐻2 = �

0 0 0.125 0
0 0 0.125 −0.125

0.125 0.125 0 −0.25
0 −0.125 −0.25 0

� 

 

This problem has two solu�ons: [1,1,-1,-1] and [1,1,1,1]. In this instance, a +1 represents a true 

value and -1 represents a false value, therefore for the first solu�on when variables (sites) 1 and 2 are 

true and variables (sites) 3 and 4 are false the 2SAT problem is sa�sfiable, as all the clauses are true. For 

the second solu�on, when all the variables are true then the 2SAT problem is sa�sfiable as well. An 

example of a completed run by the HCMC solving this 2SAT problem, at Mode 3, is shown below in 

Figure 2-11. 
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Figure 2-11. Progression of a computation by the hybrid classical-chemical computer solving a 2SAT problem. 
(Top) Evolution of states throughout the computation and energy of the Ising Hamiltonian at each step, 
where E1-E4 represent the four sites. (Center) Fluorescence images of the reaction gel on the electrode chip 
with artificially colored circles depicting the state value at various steps. (Bottom) The intensity ratios over 
time during the computation, vertical lines represent steps. 

2.9 SI – 3SAT 7 Electrode Computa�on 

The HCMC was also able to solve a 3SAT problem using 7 electrodes (variables) with 28 clauses at Mode 

3, using measured states with no in silico noise. The possible solu�ons that make this problem sa�sfiable 

are: [1,-1,-1,-1,-1,-1,-1] and [1,-1,1,1,1,-1,-1]. A completed and correctly converged run of the HCMC at 

Mode 3 solving the 3SAT problem is shown in Figure 2-12. 
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Figure 2-12. Progress of computation using the HCMC solving a 3SAT problem using 7 electrodes.  
(a) Evolution of states throughout the computation, where E1-E7 represent the 7 electrodes, and the Energy 
(Ising Hamiltonian scalar value). (b) Fluorescence image of the reaction gel on the electrode chip with 
artificially colored circles depicting the state value at various steps at each 

2.10 SI – Noise Measurement Experimental Details 

2.10.a Measurement of Noise in Applied Voltage 

100 µL of reac�on solu�on was placed onto the electrode chip, the solu�on is pressed to a thickness of 

0.56 mm. To measure the poten�al, an external measure of the poten�al was performed using a 

Na�onal Instruments DAQ. Each electrode was measured individually by connected the DAQ to a single 

ac�ve working electrode along with the ground/counter electrodes. The poten�al was measured as each 

electrode was pulsed, applying a poten�al from 0V to -1V and then 0V to +1V. Addi�onal measurements 

were performed where the poten�al was also pulsed at 0 to -1.4V and 0 to +2V. The poten�al 

measurement was acquired through LabView while simultaneously obtaining fluorescence images of the 

reac�on gel. The measured poten�al was rebinned at 1 second intervals to be comparable to the HCMC 

se�ngs. The signal a�er pulsing to +1 or -1V is taken and averaged. The standard devia�on of the traces 
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is calculated and then the mean and standard devia�on are used to calculate the percent devia�on. The 

noise in applied poten�al was found to be insignificant rela�ve to the noise added to the experiment 

from the op�cal measurement, with the percent standard devia�on at 0.03%. 

2.10.b Measurement of the Noise in the Current 

A�er confirming that the applied poten�al is stable (as per the previous sec�on), we then proceeded to 

perform controlled-poten�al chronoamperometry experiments. 100 µL of reac�on solu�on was placed 

onto the electrode chip, the solu�on is pressed to a thickness of 0.56 mm. The poten�al was held first at 

0V to establish a baseline, then stepped to +/- 1V, -1.4V, or +2.0V and held for 5 minutes while 

measuring the current. This was repeated for each electrode in turn to account for any varia�on among 

them. The current was measured using the same mul�-channel poten�ostat used for the HCMC. 

Meanwhile, the imaging setup was used to record intensity ra�os at each electrode during these runs to 

monitor for any apparent changes in pH over the course of these experiments.  Any noise observed in 

these current measurements will be influenced by noise in the poten�al applied, fluctua�ons in current 

caused by interac�ons at the electrode surface, and noise in the measurement of the current itself. 

2.10.c Conversion of Current Noise to Fluctua�ons in Intensity Ra�o 

To compare the measured noise levels in the above sec�on to the values from the op�cal noise 

measurements, the measured current was used to calculate a theore�cal pH change over �me. The 

fluctua�ons in this value could then be used to determine a theore�cal IR noise value that would have 

resulted from any current fluctua�ons. This was done by assuming 100% Faradaic efficiency, such that 

any change in measured current corresponded to a change in quinone concentra�ons at the electrode 

surface, which would directly relate to gain or loss of protons. It is worth no�ng that this ignores any 

background current and any fluctua�ons that could arise from other sources. Though unrealis�c, 
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opera�ng in this limit gives us a value for the maximum possible contribu�on from current noise to the 

overall measured noise in our computa�onal runs. 

To do this conversion, the current was converted to a net electron flow, which was converted 

directly into change or loss of proton concentra�on at the electrode surface (deple�on of quinone at the 

surface was disregarded to get an upper limit on concentra�on changes). A�er accoun�ng for buffering 

by our solu�on, this was converted to pH change over �me (see Figure 2-13). Using our pH calibra�on, 

this could be directly converted to an intensity ra�o (IR) as seen in our experiments. The noise in this IR 

trace is then directly comparable to the noise in the IR measured experimentally. As shown, the 

maximum possible contribu�on to experimental noise from current fluctua�ons is s�ll insignificant 

rela�ve to the imaging noise. 

 

Figure 2-13. Current trace from noise measurement, corresponding pH values over time, and intensity ratios 
converted from these pH values. 

2.10.d Measurement of Noise in Excita�on Laser 

A digital op�cal power meter (Thorlabs) was used to measure the noise within the excita�on laser 

source. With all other addi�onal lights turned off, the sensor was placed in the beam path of the 

excita�on laser and data was collected in 1 second intervals for 300 seconds. The measured signal was 
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averaged together, and standard devia�on and percent devia�on were calculated. The average power 

was 41.79 mW (0.02), with a percent standard devia�on of 0.06%. 

2.10.e Measurement of Noise from Op�cal Measurement 

A�er confirming a stable laser excita�on, we then measured the noise resul�ng from our op�cal 

measurement. These experiments were performed by imaging the reac�on solu�on on the electrode 

chip without any applied poten�al. The sample was excited by the 40 mW 488 nm laser. Image 

acquisi�on was performed using the same se�ngs as the HCMC experimental details. 300 images were 

collected at 1 second exposure, this was repeated 5 �mes. The fluorescence data was processed using 

MATLAB. 

 

Figure 2-14. Fluorescence images of the reaction solution on an electrode chip.  
(Left) Channel 1 and (Right) Channel 2, regions of interest (ROIs) in both channels are depicted by the colored 
circles over the electrodes, with the numbers labeling electrodes 1-4.  

For each replicate the following was done, ROIs were selected at each site (over each ac�ve 

electrode) in both fluorescence channels, see Figure 2-14, and the intensity at each frame within the ROI 

was measured resul�ng in fluorescence intensity traces for each camera at each site. The fluorescence IR 

was calculated with Fluorescence Intensity Channel 1/Fluorescence Intensity Channel 2 for each frame, 
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which generated an IR trace. See Figure 2-15 for example of signal traces. The average, standard 

devia�on, and percent standard devia�on were determined for each signal (fluorescence traces and IR 

traces). The average intensity ra�o over these experiments was 1.04, with a standard devia�on of 0.002 

and a percent standard devia�on of 0.2%. 

 

Figure 2-15. Plot of fluorescence intensity trace over time (s) for Channel 1 (top) and Channel 2 (middle). Plot 
of Intensity Ratio over time (s) (bottom).  
Each color trace represents a site over a different electrode. 

2.10.f Measurement of Noise from Complete Experimental Setup 

The reac�on solu�on was prepared as previously described and placed onto an electrode chip. The 

imaging acquisi�on is at the same se�ngs previously stated. The reac�on gel was imaged beginning at 

pH 7 and then poten�als were applied (using the mul�plexed poten�ostat) bring each of the sites to a -1 

state value, which corresponds to an IR of 0.85 and a more basic pH. The set IR was then maintained for 
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700 steps. This allows us to quan�fy the fluctua�ons from the full experimental set up under ac�ve PID 

condi�ons. For analysis, a sec�on of the intensity trace a�er reaching the target IR was isolated (around 

300 steps, see Figure 2-16) and used to calculate an average signal, standard devia�on, and percent 

standard devia�on. These experiments manipulated all 4 electrodes simultaneously. Addi�onally, the 

threshold for the PID was set to 0.01, which is the same value as the HCMC running at Mode 3. 

 

Figure 2-16. Plots of the IR (top) and fluorescence signals from Channels 1 (center) and 2 (bottom) while 
maintaining a set -1 state value using PID 

2.11 SI – Calcula�ng Minimum in silico Noise 

The following experiments were performed to determine the minimum noise necessary to avoid a 

trajectory that converges on the local minima. The HCMC is solving the number par��oning Hamiltonian 

at Mode 2, completely in silico. The noise value (otherwise known as the standard devia�on of normal 

Gaussian) varied by orders of magnitude from 0 (Mode 1 in silico noise value) to 0.1 (Mode 2 in silico 

noise value). Addi�onal runs were performed at in silico noise values of 0.005 and 0.02 (matching the 

experimental noise values). The distribu�on of solu�ons the computer converged on are shown in Figure 

2-17. Each run began at Ini�al State III and there were 100 repeats at each set of condi�ons. The HCMC 
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starts to converge on correct solu�ons (A and B) at a noise se�ng of 0.005, but s�ll majority 

convergence on the local minimum (3% correct, 97% LM). When ge�ng to 0.02 noise, the frequency of 

convergence at the LM reduces to 46%, with correct solu�ons being at 54% (split 30% A, 24% B). Finally, 

at Mode 2, there is more Solu�on A convergence than LM at all. When the in silico noise value was set 

too high, the stochas�city would cause extreme hopping between states and convergence on various 

states, some that may be other local minima present within the energy landscape. Therefore, the in silico 

noise variable selected for Mode 2 was ideal to efficiently solve the number par��oning problem for 

these ini�al states. 

 

Figure 2-17. Bar graphs showing the propensity that a set of state values were converged on when running 
the HCMC at Mode 2) with varying in silico noise values (specified above each graph). 
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Chapter 3 Op�cal Monitoring of Polymeriza�ons in 

Droplets with High Temporal Dynamic Rangeii 
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Abstract:  

The ability to op�cally monitor a chemical reac�on and generate an in situ readout is an important 

enabling technology, with applica�ons ranging from the monitoring of reac�ons in flow, to the cri�cal 

assessment step for combinatorial screening, to mechanis�c studies on single reactant and catalyst 

molecules. Ideally, such a method would be applicable to many polymers and not require only a specific 

monomer for readout. It should also be applicable if the reac�ons are carried out in microdroplet 

chemical reactors, which offer a route to massive scalability in combinatorial searches. We describe a 

convenient op�cal method for monitoring polymeriza�on reac�ons, fluorescence polariza�on anisotropy 

monitoring, and show that it can be applied in a robo�cally generated microdroplet. Further, we 

compare our method to an established op�cal reac�on monitoring scheme, the use of Aggrega�on-

Induced Emission (AIE) dyes and find the two monitoring schemes offer sensi�vity to different temporal 

regimes of the polymeriza�on, meaning that the combina�on of the two provides a significantly 

increased temporal dynamic range. Anisotropy is sensi�ve at early �mes, sugges�ng it will be useful for 

detec�ng new polymeriza�on “hits” in searches for new reac�vity, while the AIE dye responds at longer 

�mes, sugges�ng it will be useful for detec�ng reac�ons capable of reaching higher molecular weights. 

3.1 Introduc�on 

Chemical transforma�ons frequently entail complex mixtures of relevant chemical species. In catalyzed 

reac�ons, numerous intermediate states can be visited and catalyst specia�on can contribute 

significantly to reac�on dynamics.133–137 Polymeriza�on reac�ons are natural producers of chemical 

heterogeneity, as growing chains of varying length and func�onality can result in diverse and dynamic 

chemical environments that may influence reac�on pathways and rates.58,138–140 As the number of 

processes developed for the synthesis of small molecules and polymeric materials con�nues to increase, 

so does the need for new, efficient techniques for gaining an understanding of their chemical 
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composi�on and behavior. The monitoring of these systems under synthe�cally relevant condi�ons is 

essen�al for further insight and progress in the informed development of new reac�ons. In par�cular, 

op�cal methods have the benefit of allowing for monitoring of reac�ons in real-�me, with minimal 

disrup�on to the natural dynamics of the reac�ons under study.141–145 Photonic devices can act as 

mul�pliers for increasing sensi�vity in op�cal spectroscopy of chemical reac�ons.146,147 Advancements in 

fluorescence microscopy over the last few decades have allowed for remarkable strides to be made in 

the study of chemical reac�ons.148–154 These techniques can even be employed at the single-molecule 

level to reveal unsynchronized dynamics of individual catalyst molecules.52,60,150,151,155–158At the other 

extreme, the inherent scalability of op�cal methods makes them atrac�ve readouts for massively 

parallel, high-throughput combinatorial tes�ng of reac�on condi�ons.159–164 Pairing this approach with 

machine-learning methods also enables accelerated discovery and screening of new func�onal 

materials.165–168 Ideally, such combinatorial searches will occur in chemical environments that strongly 

resemble the condi�ons that would be used in an industrial se�ng.  

Polymeriza�on reac�ons performed in mixed phases and emulsions are used extensively in the 

industrial produc�on of specialty materials.169 There is much interest in studying polymeriza�ons carried 

out in dispersed media, as these processes form a toolkit for the facile produc�on of complex polymeric 

and hybrid materials on large scales.170,171 Reac�ons in droplets are also highly relevant for microfluidic 

reactors, which can provide �ght control of condi�ons in the con�nuous synthesis of complex 

structures,172–174 high-throughput screening of reac�on condi�ons,174–176 and for applica�ons in droplet-

based assays.174,177,178 However, the inherent complexity and transient nature of these droplet systems 

makes for some difficulty in understanding their dynamics and behavior.179 For this reason, researchers 

have begun developing methods for in situ monitoring of this class of polymeriza�ons.38,180 Indeed, while 

the confinement of reac�ons to small droplets can some�mes alter the rate of the reac�on,181 it also 

plays to the advantage of op�cal monitoring strategies by allowing the applica�on of microscopy. 
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Fluorescence-based methods are thus uniquely poised as powerful tools for the characteriza�on and 

monitoring of polymeriza�on catalysts in situ with high spa�al resolu�on and signal to background. 

 One way of encoding useful chemical informa�on into an op�cal signal is by relying on specific 

chemical transforma�ons. Fluorogenic transforma�ons rely on prac�cally non-fluorescent reactants 

which yield strongly fluorescent products upon reac�on and have been used to monitor a variety of 

chemical transforma�ons.51,52,55,155,182–186 Closely related to fluorogenic reac�ons, spectral shi�s as a 

result of a change in func�onality or extension of conjuga�on length have also been used to monitor 

chemical reac�ons.187,188 These methods generally require the use of reagents that have been specifically 

engineered to provide the measured response. These reagents, however, may display different reac�vity 

than the desired substrate and so may lack generality. A more versa�le approach would entail the simple 

introduc�on of an addi�ve at ppm concentra�ons to allow monitoring of arbitrary reac�ons. This more 

generally applicable strategy would be par�cularly powerful for applica�ons in combinatorial searches 

for new reac�vity.   

Fluorescence polariza�on anisotropy, which quan�fies the rota�onal �me scale of a molecule, 

provides one avenue for the study of polymer reac�on dynamics that sa�sfies this need. By doping in a 

small amount of tracer fluorophore, the rota�onal dynamics of the tracer molecule can be used to 

report on the chemical evolu�on of its environment. Measurements of fluorophore rota�onal dynamics 

via fluorescence anisotropy have been used to inves�gate a broad variety of polymeric systems, 

including measuring the mobility of gra�ed polymer chains in microgels,189 observing the movement of 

small molecules in crosslinked polystyrene networks,190 following produc�on of silica gels,191 studying 

the self-assembly of block copolymers in water,192 quan�fying distribu�ons of conformers of intrinsically 

disordered proteins in solu�on,17,193 and studying dynamics within supported polymer thin films and 

glasses.194 There are very few studies that employ fluorescence polariza�on anisotropy measurements in 

droplets. One recent study measured the anisotropy of free rhodamine 6G dye molecules in 
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microdroplets and examined the role of electrosta�cs at the droplet interface.18 Another recent study 

successfully determined protein-pep�de dissocia�on constants by measuring the anisotropy of a series 

of droplets with systema�cally varying composi�on in a flow cell.195 To date, there are no examples of 

fluorescence anisotropy being used to monitor the progress of chemical reac�ons confined in droplets. 

Another readout mode that sa�sfies this criterion, and can act through introduc�on of an addi�ve, is 

aggrega�on-induced emission (AIE).196 AIE dyes typically possess internal rota�onal degrees of freedom 

which allow the dye to relax non-radia�vely to the ground state upon excita�on. As viscosity increases or 

aggrega�on of the dye occurs, these rota�ons are limited and radia�ve modes of relaxa�on are favored, 

leading to an increase in fluorescence quantum yield and emission intensity. In this way, dyes that exhibit 

AIE or a viscosity-sensi�ve quantum yield can also be used to monitor the course of a polymeriza�on 

reac�on, either when the dye is covalently atached to a monomer36,197 or simply added to the 

solu�on,153,154 including in dispersed phase,38  though this method has not been used at the level of 

single droplets. A priori, it is not evident whether AIE and fluorescence polariza�on anisotropy will reveal 

the same or complementary informa�on about the polymeriza�on.    

Here, we demonstrate how fluorescence polariza�on anisotropy and AIE provide an informa�on-rich 

readout of the state of a polymeriza�on reac�on in a single microdroplet. In par�cular, we show how an 

increase in fluorescence polariza�on anisotropy can be observed as a result of the incorpora�on of a 

fluorescent probe monomer into a growing polymer chain and demonstrate its use to track the course of 

a polymeriza�on. We will also describe how fluorescence polariza�on anisotropy and AIE can be used 

simultaneously. As will be shown below, the dynamic ranges of fluorescence polariza�on anisotropy and 

AIE are dis�nct and complementary.     

Ring-opening metathesis polymeriza�on (ROMP) catalyzed by the ruthenium-based Grubbs 

Genera�on II (GG2) catalyst198,199 was selected for the development of this monitoring strategy as it is 
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rela�vely air and moisture-tolerant, easy to control, rela�vely well understood, and industrially 

relevant.200,201 ROMP polymers and their deriva�ves are widely represented in both industrial catalysis 

and the development of specialized materials.202 Diverse polymer morphologies and polyfunc�onal 

materials are now accessible via ROMP through reproducible means and under mild condi�ons.203 Many 

thousands of tons of polynorbornene polymers are produced industrially each year.200 Specifically, the 

ROMP of norbornene to form polynorbornene was chosen as the primary reac�on under study to 

explore this readout method. 

 

Scheme 3-1. Grubbs Gen II-catalyzed ROMP polymerization, with TPE and PDI-based norbornene monomers 
as fluorescent probes.  
Probe monomers are present in low amounts (ppm for PDI and ppt for TPE) relative to unlabeled monomer 
(thus p, m, y >> n, x). 

In our implementa�on, droplets of predefined composi�ons of organic reac�on mixture are 

produced and deposited using a robo�c pla�orm, immobilized on fluorinated surfaces, and then 

monitored op�cally as the polymeriza�on proceeds. The crea�on of large droplet arrays (from 2×2 up to 

20×20 on a single coverslip) allows for inves�ga�on of mul�ple reac�on condi�ons simultaneously. 

Rota�onal dynamics of a norbornene func�onalized perylene diimide (PDI) dye204–212 molecule are 

monitored using fluorescence polariza�on anisotropy (Scheme 3-1). Simultaneously, the intensity of 

emission from a tetraphenylethylene (TPE)-labelled norbornene monomer213 which exhibits AIE is 
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monitored. Together, these two methods provide a real-�me readout of polymeriza�on reac�on 

progress with a greater temporal dynamic range than either method alone. 

3.2 Results and Discussion 

3.2.a Fluorous-Func�onalized Surface for Droplet Immobiliza�on  

 

Figure 3-1. Surface functionalization for droplet immobilization.  
a) Deposition of perfluorodecyltriethoxysilane. b) Bright field image of a 3x3 array of toluene droplets 
immobilized on a glass coverslip, surrounded by an aqueous continuous phase. c) The prepared hydrophobic 
fluorinated glass surface has a high relative affinity for organic solvent, allowing droplet array immobilization. 

Measurements on individual reac�ons confined in droplets require that the droplets be immobilized for 

long-term imaging. We image through glass coverslips which are inherently hydrophilic, making it 

imprac�cal to place an organic phase droplet onto the glass surface when water is present. A method 

was needed to func�onalize the glass surfaces in a way that made them highly hydrophobic to repel the 

aqueous con�nuous phase but also lipophilic to immobilize the organic phase droplet. To this end, we 

func�onalized pre-cleaned glass coverslips and all-glass reac�on chambers214 using a solu�on phase 

deposi�on of perfluorosilane, 1H,1H,2H,2H-perfluorodecyltriethoxysilane, to afford a hydrophobic and 

lipophilic fluorinated surface. Fluorinated surfaces are valuable as an immobiliza�on technique,215,216 

with applica�ons in molecular catalysis217 and for immobiliza�on of molecules in microarrays for 
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biological assays.218 While perfluorinated compounds are typically hydrophobic, certain fluorinated 

compounds are more lipophilic than others depending on fluorinated chain length.219 By using a longer 

fluorinated chain to func�onalize the glass surface, a surface is created where droplets of organic solvent 

placed in contact with these coverslips under an aqueous con�nuous phase will s�ck to the fluorinated 

surface and will stay immobilized (Figure 3-1). The surfaces are not readily weted by the con�nuous 

phase and so the organic droplet phase stays in contact with the glass despite its low density rela�ve to 

the surrounding water. Importantly, more typical alkylated hydrophobic/lipophilic surfaces (such as those 

made with octylsilane) did not result in as robust droplet phase immobiliza�on as did the fluorinated 

surfaces. 

3.2.b Droplet Placement with a Robo�c Pla�orm 

A home-built robo�c pla�orm was constructed to allow for precise 2D placement of droplets of 

varying composi�ons.220,221 The robot consists of 2 linear actuators mounted on rails above a sample 

prepara�on stage, topped with a stepper motor for precision z posi�oning of a custom 3D printed 

syringe module. The linear actuators allow for x-y control of the posi�on of the syringe head, which can 

then be lowered to the sample stage for taking up each sample and placing droplets. iii The syringe head 

assembly contains a second stepper motor that controls the posi�on of the syringe plunger to dispense 

small volumes of solu�on to create droplets. The configura�on used for these experiments consisted of a 

10 µL Hamilton Gas�ght syringe held by the stepper motor in a 3D-printed assembly allowing for precise 

actua�on of the plunger down to sub-nanoliter steps. The syringe was fited with a 27-gauge blunt-�p 

needle. The use of a blunt �p is essen�al, as the angled sharp �p on common laboratory needles allows 

for the organic phase reac�on mixture to flow out the side of the needle aperture and float to the 

                                                            

iii It is important to not set the motors for the droplet robot too fast of speeds, se�ng the x-y-speed too high will 
result in issues with droplet placement and reproducibility. 
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surface of the con�nuous phase. A blunt needle forces the organic phase to contact the coverslip surface 

directly and s�ck in place. This computer-controlled robo�c pla�orm is modular in design, allowing for 

simple modifica�on of the sample stage and easy interchange of different syringe types and volumes. 

While a simple syringe module was used for this work, the head could be swapped with a variety of 

alternate dispensing modules or microfluidic devices to scale droplet produc�on and immobiliza�on for 

the needs of future applica�ons.  

3.2.c Tracer Dye Design and Synthesis 

Ensuring that polymeriza�on will result in a measurable change in fluorescence polariza�on 

anisotropy necessitates the use of a fluorophore that changes its rota�onal dynamics significantly upon 

polymeriza�on. To this end, we designed and synthesized a perylene diimide-based fluorescent 

crosslinking monomer (PDI-NB, Scheme 3-1), which is expected to experience a significant loss of 

rota�onal freedom upon incorpora�on into the growing polymer chain. The ability of this monomer to 

undergo a second incorpora�on (i.e. to cross-link) should addi�onally limit its rota�on as the reac�on 

proceeds, yielding a significant overall increase in the monomer’s fluorescence anisotropy. 

In addi�on to the rota�onal probe, a monomer labeled with tetraphenylethylene (TPE-NB, 

Scheme 3-1) was incorporated into the polymeriza�ons for use in a complementary readout strategy. 

TPE exhibits AIE, wherein a restric�on of intramolecular rota�on yields an increase in fluorescence 

quantum yield. The chosen TPE-based ROMP monomer has been u�lized previously in the synthesis of 

ion-and-pH-sensing fluorescent polymers222,223 and in the prepara�on of fluorescent nano-objects.213 

Based on recent reports exploring the incorpora�on of TPE dyes in RAFT polymeriza�ons,36,197 we 

hypothesized that the fluorescence turn-on exhibited by the TPE-NB dye upon aggrega�on should also 

be observable during polymeriza�on. 
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3.2.d Polymeriza�on Reac�ons 

The polymeriza�on reac�ons in our experiments consist of a high concentra�on of unlabeled 

norbornene in toluene (typically 7 M unless otherwise noted) with lower concentra�ons of TPE-NB 

monomer (2 mM) and our PDI-NB monomer (~1 µM). The tracer dyes are kept at low concentra�ons to 

limit their effect on product polymer morphology and make any poten�al influence on reac�on kine�cs 

negligible. Use of low concentra�ons also prevents aggrega�on of the dyes, which would otherwise 

result in ar�ficially low anisotropy values or high ini�al AIE intensi�es. Absorp�on spectra of PDI-NB 

taken in 7M norbornene confirm the presence of only the unaggregated form of the dye (see Fig. S15 in 

reference).224  

Reac�ons were also explored using norbornadiene as a solvent and comonomer, with the 

unlabeled norbornene and norbornadiene present at 2 M and 7 M, respec�vely. Stock solu�ons of GG2 

catalyst were freshly prepared before each experiment and added to each reac�on mixture immediately 

before droplet produc�on. The droplet arrays were assembled onto fluorinated surfaces underneath a 

con�nuous phase of water using the robo�c pla�orm described above. In experiments monitoring 

mul�ple reac�on condi�ons simultaneously, the robot placed droplets of each composi�on in order, 

automa�cally rinsing the syringe in between samples. Immediately following droplet placement, these 

prepared arrays were placed on a fluorescence microscopy setup for imaging (Figure 3-2). 
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Figure 3-2. Optical Setup for fluorescence measurements.  
Synchronized shutters and sliding mounts allow for alternating excitation with 405 nm and 532 nm light for 
the two probe monomers and collection through appropriate spectral and polarizing filters. BS: beamsplitter; 
HWP: half-wave plate; DC: dichroic. 

3.2.e Fluorescence Anisotropy Measurements 

The steady-state fluorescence anisotropy of the PDI-based fluorescent monomer was measured 

throughout each polymeriza�on reac�on using a home-built fluorescence microscopy setup (Figure 3-2). 

The droplets containing PDI dye were excited in a widefield geometry using a ver�cally polarized 532 nm 

laser. Emission from the PDI fluorophores was isolated from the excita�on light via a mul�-edge band-

pass dichroic and subsequent 532 nm long-pass filter. Images of the parallel and perpendicular 

components (I|| and I⊥) of the emission from the PDI monomers were recorded sequen�ally every 5 

minutes using a single camera (EMCCD, Andor Ixon) by taking alterna�ng frames through two 

orthogonally oriented polarizing filters mounted in a computer-controlled sliding mount. The anisotropy 

(𝑟𝑟) was calculated using equa�on 3.1:3 

𝑟𝑟 =
𝐼𝐼‖ − 𝐺𝐺𝐼𝐼⊥
𝐼𝐼‖ + 2𝐺𝐺𝐼𝐼⊥

 (3.1) 

This anisotropy value (𝑟𝑟) gives a measure of the depolariza�on of the emission rela�ve to the excita�on 

polariza�on. Said another way, this value relates the amount of rota�onal displacement over the 

emission life�me of the dye. The calculated anisotropy should increase from r≈0 to r≈0.4 as the dye 

transi�ons from a state of fast rota�on to one with highly limited rota�on. This calcula�on was carried 
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out for each pixel of interest in the recorded image. The constant 𝐺𝐺 (the “G factor”) is a correc�on factor 

to account for differences in collec�on efficiency between the parallel and perpendicular channels and 

was calculated and applied on a per-pixel basis (see refernce for details).124 The anisotropy value 

reported for each droplet is an average taken over all pixels within the droplet. This value is recorded for 

every droplet in the array at every frame to produce plots of anisotropy over �me (Figure 3-3), while the 

per-pixel anisotropy values are used to create color-scale images of the anisotropy across the droplet 

arrays at every frame (as in Figure 3-4). The use of larger arrays of droplets accelerates data acquisi�on 

by monitoring mul�ple reac�ons simultaneously, enabling a direct visual comparison between varied 

reac�on condi�ons and internal controls in parallel. Movies of the monitoring of mul�ple droplets are 

available in the published suppor�ng informa�on.124 

 

Figure 3-3. Average anisotropy vs time (red) and average AIE intensity vs time (blue), showing the additional 
dynamic range given by the offset response of the AIE signal relative to the increase in anisotropy. 
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Figure 3-4. Monitoring the polymerization progress in a single droplet.  
a) Color-scale image of anisotropy values in droplets over time. As the reaction progresses, the droplet 
increases in anisotropy. b) Emission intensity from the AIE monomer probe in a droplet over time. Droplet 
shown is the same as in the anisotropy images above. Each frame corresponds to the same timepoint as 
above (Scale bar 250 µm) 

 For every polymeriza�on reac�on, we observe an increase in the measured steady-state 

anisotropy of the reac�on mixture droplet. A non-zero star�ng value of r≈0.1 is seen in each case, due to 

the rela�vely high ini�al viscosity of the unpolymerized reac�on mixture as compared to toluene alone 

(where r=0.05, see Sec�on 3.4.g). As the reac�ons con�nue, the anisotropy increases un�l at later �mes 

it saturates near the theore�cal maximum value (r=0.4). Experiments with arrays containing varying 

catalyst concentra�ons show a shi� in this response to later �mes for droplets with less catalyst, and 

earlier �mes for droplets with more catalyst, providing further evidence that the anisotropy increase 

depends on the rate of the polymeriza�on reac�on (Figure 3-5). 



68 
 

 

Figure 3-5. Monitoring norbornene/toluene droplets at different catalyst concentrations. 
a) Anisotropy response curves and b) AIE response curves in droplets containing 70 µM (red), 7 µM (blue), 
and 0 µM (yellow) Grubbs Gen II catalyst. Inset shows late time intensity dynamics. 

Mul�ple compe�ng phenomena could poten�ally contribute to a restricted degree of rota�on 

for the fluorescent probe, poten�ally leading to an increase in fluorescence anisotropy that does not 

accurately track polymeriza�on reac�on progress. One poten�al cause of a false posi�ve increase in 

anisotropy is lack of droplet stability resul�ng in loss of solvent to the surrounding con�nuous phase. If 

the droplet phase dissolves into the con�nuous phase too quickly, then an observed increase in 

anisotropy could be due to changes in freedom of mo�on resul�ng from a decrease in droplet volume 

(and consequent change in viscosity). In our experiments, we see that the immobilized droplets are 

stable over long periods of �me, preven�ng this effect from being dominant on the �mescale of the 

polymeriza�ons. S�ll, some droplet contrac�on is seen at longer �mes, causing the slight rise seen in the 

yellow trace in Figure 3-5, and when le� for many hours, the organic droplets are observed to disappear 
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en�rely, eventually dissolving into the surrounding aqueous con�nuous phase. Notably, the droplets 

containing polymer are more stable at these later �mes and are seen to shrink much more slowly than 

the catalyst-free droplets. Our atempts to use various surfactants to increase their stability led to an 

even faster contrac�on of the droplets, likely due to the solubilizing effect of the surfactants. Control 

experiments comparing droplets with and without catalyst present show that the anisotropy increases 

observed in droplets containing ac�ve polymeriza�ons occur well before any changes in anisotropy occur 

due to solvent loss in inac�ve droplets (see Sec�on 3.4.g). 

3.2.f Aggrega�on-Induced Emission Measurements 

In addi�on to the anisotropy measurements described above, emission intensity from an 

aggrega�on-induced emission dye, TPE-NB, was measured as a complementary readout of reac�on 

progress. With progressing polymeriza�on, the measured fluorescence from the TPE dye should increase 

both from incorpora�on into the growing polymer and consequent steric hindrance, as well as from 

increasing viscosity of the surrounding chemical environment. These effects will both contribute to a 

restric�on of intramolecular rota�on, suppressing non-radia�ve decay from the excited state, and 

thereby increasing its emission intensity. The TPE-NB monomer was excited at 405 nm for the AIE 

measurements. These measurements were made at the same �me as the anisotropy measurements 

described above. The 405 nm laser necessary for the AIE readout was coaligned with the 532 nm 

anisotropy beam (Figure 3-2), and computer-controlled shuters and sliding mounts were used to excite 

and collect the fluorescence from each probe monomer individually at each �mepoint (addi�onal details 

in Sec�on 3.4.d). In this way, �me-lapse videos were created of the changing emission from each of the 

droplets. 
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3.2.g Complementary Measurements 

The collected AIE videos reveal increases in emission intensity over �me for the polymerizing droplets, 

followed by eventual satura�on of the response. As with the anisotropy experiments, the �me at which 

the increases occur is sensi�ve to different reac�on condi�ons and tracks with changes in catalyst 

concentra�on. Importantly, the AIE response is seen to occur a�er the anisotropy response in all cases. 

The onset of the AIE response is delayed rela�ve to the onset of the anisotropy increase, and it con�nues 

to increase well a�er the anisotropy measurement has saturated at its highest value. This separa�on 

reveals the ongoing polymeriza�on con�nuing for hours a�er the anisotropy response has run out of 

dynamic range. At the same �me, the anisotropy response is sensi�ve to the developing polymeriza�on 

at shorter �mescales that the AIE measurement misses. The combina�on of these two readout methods 

yields a significant extension to their temporal dynamic range, as the measurement of fluorescence 

anisotropy adds the ability to observe polymeriza�on reac�ons at much earlier �mes (and lower Mw) 

than the AIE response would allow for on its own. Fluorescence polariza�on anisotropy may be beter 

suited for assessing if a polymeriza�on has occurred at all (i.e. for differen�a�ng a small amount of 

polymeriza�on from no polymeriza�on), as would be valuable in iden�fying a “hit” in a combinatorial 

screen, while AIE may be more suited to determine if a large molecule weight has been reached (though 

it may be insensi�ve to small degrees of polymer forma�on).  

 This separa�on of observed dynamic ranges is not en�rely unexpected, as these different 

measurements are probing different phenomena. Previous work examining the AIE of growing polymers 

shows that, for some reac�on condi�ons, there is not an appreciable increase in AIE un�l a cri�cal 

molecular weight has been reached, a�er which the emission intensity scales with increasing 

conversion.36 The difference in observed dynamic ranges can be explained by the different mechanisms 

that give rise to each observed increase – in the anisotropy measurement, the rota�onal correla�on �me 
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of the fluorescent monomer must only be slowed rela�ve to its emission life�me to see an increase in 𝑟𝑟. 

As the PDI dye is incorporated into the large polymer chain, its rota�on is slowed drama�cally. Though 

the TPE dye’s global rota�on is also slowing at these earlier �mepoints (as it is also being incorporated), 

it is the intramolecular rota�ons of the phenyl rotors that must be slowed to turn on the AIE response. 

Judging from the observed separa�on in �me scales, this process requires more �me to reach a much 

higher effec�ve solu�on viscosity before increased emission intensity can be observed. In some cases, it 

may be that intermolecular interac�ons between mul�ple TPE molecules or TPE molecules with other π-

systems may be required to reduce these internal degrees of freedom.196  

3.2.h Experiments in Neat Monomer 

Many important polymeriza�ons are carried out in neat monomer. To inves�gate the influence of the 

presence of solvent on our reac�on readout, we performed experiments in which we replaced the 

toluene component of the reac�on mixture with norbornadiene (NBD). Norbornadiene may also act as a 

monomer in the polymeriza�on along with norbornene, but is a liquid at room temperature, allowing for 

its use as a solvent for the polymeriza�on reac�on. Importantly, norbornadiene’s reac�vity differs 

slightly from that of norbornene due to differences in ring strain energies of the two monomers, and it 

may undergo some crosslinking as the second double bond is opened, though this second ring opening is 

rela�vely unfavorable.225,226  
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Figure 3-6. Monitoring norbornene/norbornadiene droplets at different catalyst concentrations. 
a) Anisotropy response curves and b) AIE response curves in droplets containing 70 µM (red), 7 µM (blue), 
and 0 µM (yellow) Grubbs Gen II catalyst. 

Fluorescence anisotropy and AIE were used to monitor the progression of the ring opening metathesis 

polymeriza�on of NB/NBD to form a sta�s�cal copolymer of polynorbornene with lightly crosslinked 

norbornadiene units. The data collected from droplets under these condi�ons show increases in 

anisotropy and AIE as before (Figure 3-6). These experiments showed that both the anisotropy and the 

AIE readout methods are capable of tracking polymeriza�ons in reac�ons of neat monomer, a common 

condi�on for industrial polymeriza�ons. 
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3.2.i Calibra�on of Readout with Molecular Weight 

 

 

Figure 3-7. Calibration of measured anisotropy values with molecular weight, as measured by GPC-MALS.  
A correlation of measured anisotropy is seen with increasing molecular weight until the maximum value of 
0.4 is reached. Red dashed line is a sigmoidal fit of the data added as a visual guide and is not meant as a 
quantitative model. 

In order to confirm that the observed increases in anisotropy correspond to increasing polymer 

molecular weight in our reac�ons, SEC-MALS measurements were taken of various polymers formed in 

reac�ons in immobilized droplet arrays. To accomplish this, larger scale experiments (consis�ng of>1000 

droplets each) were performed under the same condi�ons as those detailed above. For each run, a 

smaller droplet array was produced as usual for op�cal monitoring, while 3 addi�onal 20×20 arrays were 

le� to polymerize simultaneously. We carried out these reac�ons with 25 µM GG2 and ended them at 

varying �mes from 30-1200 minutes. At the desired end �mepoint, the anisotropy value was recorded 

and the reac�ons in the larger arrays were quenched by addi�on of ethyl vinyl ether. The polymer le� on 

the surface was then collected and placed under vacuum overnight in order to remove any remaining 
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solvent and unreacted monomer. In this way, large enough samples could be produced for SEC-MALS 

without altering the reac�on condi�ons used in earlier op�cal experiments. 

The resul�ng rela�onship between Mw and steady state anisotropy, shown in Figure 3-7, reveals 

that the shorter �mescale reac�ons which produced smaller molecular weight polymers correspond to 

lower measured anisotropy values, while the samples which consisted of higher molecular weight 

polymers are those which measured high anisotropy values, as expected. This rela�onship saturates at 

around r=0.4, the maximum possible steady state anisotropy value, and so it appears that for this 

reac�on system all polymers greater than ~300 kDa would be expected to yield this limi�ng anisotropy 

value. The scater in the data shown could result from variability in how quickly the polymeriza�on was 

quenched a�er measuring each sample’s anisotropy, as well as from changes in the op�cal setup that 

may not have been fully corrected for by the g-factor calibra�on. This observed correla�on of anisotropy 

with molecular weight further confirms the viability of this measurement technique for tracking 

polymeriza�on reac�ons in situ. 

3.3 Conclusions 

We have demonstrated a method for op�cal monitoring of polymeriza�on reac�on progress in single 

droplets based on two complementary approaches. As the reac�on progresses, increases in molecular 

weight of the growing ROMP polymers are accompanied by an increase in the fluorescence polariza�on 

anisotropy of a PDI tracer molecule is observed. This method is informa�ve at early reac�on �mes for 

polymeriza�ons of varying composi�ons and morphologies, sugges�ng u�lity for combinatorial searches 

for new polymeriza�on reac�ons. Following the satura�on of the anisotropy response, the fluorescence 

intensity of an AIEgen-based monomer is seen to increase at later �mes, sugges�ng u�lity for monitoring 

produc�on of high molecule weight polymers. The combina�on of these two op�cally orthogonal 

readouts allows for a larger temporal dynamic range than either of the methods could provide on its 
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own. Both methods can be used to monitor the reac�ons in droplets at the single-droplet level, with a 

fluorous surface providing convenient immobiliza�on. Confinement of the reac�ons under study to 

precisely posi�oned sub-mm droplets of organic phase, coupled with the use of widefield fluorescence 

microscopy to monitor their op�cal response, allows for measurement of many reac�on condi�ons in 

parallel, with simple incorpora�on of simultaneous internal controls with many replicates. The 

advantages afforded by a computer-controlled robo�c pla�orm for precision droplet placement lays the 

groundwork for the future development of mul�-droplet compu�ng paradigms.227 Simple scaling to 

larger droplet arrays (>20×20) and the use of automated image processing opens a path to massively 

high throughput, combinatorial tes�ng of reac�on chemistries. 

3.4 Methods 

3.4.a SI - Solvent and Reagent Purifica�on 

Toluene (Op�ma™ Grade, Fisher) was used as solvent for most reac�ons. Notably, even this grade of 

solvent contained fluorescent impuri�es significant enough to measure on our microscopy setup. To 

remove these impuri�es, the toluene was purified by vacuum transfer at room temperature. Liquid N2 

was used to cool the receiving flask and condense toluene from the vapor phase. All glassware used in 

this process was first rinsed thoroughly with HPLC solvent, dried, and then cleaned in a plasma etcher for 

5 minutes at 300W to remove poten�al organic fluorescent impuri�es from the glassware as well. 

Frac�ons of purified toluene were kept sealed immediately a�er collec�on in clean round botom flasks 

un�l use.  

Norbornene (bicyclo[2.2.1]hept-2-ene, Sigma Aldrich) was also seen to have significant 

fluorescent impuri�es. The monomer was purified by sublima�on at room temperature onto a cold 

finger cooled with dry ice/acetone.  
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Norbornadiene (bicyclo[2.2.1]hepta-2,5-diene, Sigma Aldrich) was used as received, without 

further purifica�on. All other materials were purchased commercially and used as provided, except 

where noted. 

3.4.b SI - Surface Func�onaliza�on of Glass Reac�on Chambers 

Perfluoroalkylated glass chambers were constructed to facilitate droplet immobiliza�on and imaging 

over long �mescales. Unfunc�onalized glass chambers were constructed first by the following 

procedure: Coverslips (25x25mm, Fisherbrand™) and micro slide rings (Thomas®, 3x15mm and 5x18mm) 

were rinsed with HPLC grade methanol and ultrapure water, dried under nitrogen, and then O2 plasma 

cleaned (300 W, 5 minutes). The rings were bonded to the coverslips with sodium silicate as described 

previously. 

To func�onalize the glass chambers, each chamber or coverslip was first rinsed with HPLC 

methanol and ultrapure water. The chambers were dried under nitrogen and then O2 plasma cleaned in 

a plasma etcher at 300W for 5 min. A 5% solu�on of 1H,1H,2H,2H-perfluorodecyltriethoxysilane in 2-

propanol was prepared and placed in the cleaned chambers for 1 hour to allow the silane to physisorb to 

the surface. A�er 1 hour, the solu�on was removed, and the chambers were again dried under nitrogen 

before hea�ng at 110°C for 10 minutes in order to create a covalent bond to the surface.iv They were 

then allowed to cool down to room temperature before finally rinsing with 2-propanol. Func�onalized 

chambers were made in batches and could be stored and used for droplet immobiliza�on long a�er their 

ini�al prepara�on.  

                                                            

iv There is a poten�al for residual perfluorinated solu�on to be vaporized when heated. Therefore, in the interest of 
chemical safety, the thermal annealing step for any future func�onaliza�on should be done either in a vacuum 
oven or as an alterna�ve, on hot plate inside of a fume hood.  
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3.4.c SI - Sample Prepara�on 

Stock solu�ons of PDI-NB and TPE-NB in purified toluene were prepared in cleaned scin�lla�on vials and 

used immediately or stored sealed in light-�ght containers. Purified norbornene was kept as a saturated 

solu�on in either purified toluene (~8 M) or norbornadiene (~6 M). Reac�on mixtures were prepared by 

dilu�on of the above samples into purified toluene (or norbornadiene, where appropriate), to afford 

80% of the saturated concentra�on of monomer, 2 mM TPE-NB, and ~1 µM PDI-NB in solu�on. Stock 

solu�ons of Grubbs Genera�on II catalyst (GG2) were prepared in purified toluene immediately prior to 

use, as degrada�on of the catalyst occurs too quickly to store these over long periods of �me. 

 Prior to imaging, the chambers were rinsed, then filled with ultrapure water to act as a 

con�nuous phase surrounding the organic droplet phase before being placed on the robo�c droplet 

produc�on pla�orm. 

3.4.d SI - Fluorescence Microscopy Setup and Timelapse Imaging: 

 Microscopy was performed on an inverted microscope (Nikon Ti-U), with excita�on provided by 

a 532 nm laser (Coherent Sapphire FP, 80 mW) for the PDI dye, and excita�on provided by a 405 nm laser 

(Cobolt MLD, 120 mW) for excita�on of the TPE dye. Each laser was atenuated with ND filters, then 

coaligned through a telescope to expand the beams un�l their diameters were slightly larger than the 

back aperture of the objec�ve (Nikon 2x, 0.1 NA, Plan Apo). The excita�on beam passed through a 

polarizer (Thorlabs PBS251) and half-wave plate (Thorlabs WPH10M-532) to afford a linearly polarized 

532 nm beam for fluorescence polariza�on anisotropy experiments. Electronic shuters (Uniblitz) at the 

beginning of each beam path were used to keep the sample from being exposed to excita�on light un�l 

images were taken (thus preven�ng excessive photobleaching). Emission from the sample was passed 

through a mul�-edge dichroic mirror (Semrock Di01-R405/488/532/635-25x36) and directed to the 

collec�on op�cs. Computer controlled sliding mounts (Thorlabs ELL6K, ELL9K) were used to 
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automa�cally select the appropriate spectral filters and polariza�on filters for each image. During 

excita�on with the 532 nm laser, a 532 nm long pass filter (Semrock LP03-532RU-25) was in place, and 

during 405 nm excita�on, the sliding mount switched to a 470/100 band pass filter (Semrock FF02-

470/100-25) which was used to isolate the emission of the AIE dye. A second 4 posi�on sliding mount 

was used to switch between two orthogonally oriented polarizing filters (Thorlabs LPVISE100-A) for 

acquisi�on of the parallel and perpendicular fluorescence polariza�on images at each �mepoint. During 

acquisi�on of the TPE emission images, this sliding mount moved to a third empty posi�on to allow all 

emited light through regardless of polariza�on. Emission was collected and recorded on an EM-CCD 

camera (Andor, Ixon 897). Custom LabVIEW code interfaced with the camera and synchronized the 

shuters, sliding mounts, and camera exposures �mes to ensure all three images were automa�cally 

collected at each �mepoint. The shuters were closed in between exposures to minimize 

photobleaching. Unless stated otherwise, each �melapse experiment used a 100 ms exposure �me with 

300 EM gain. The CCD was cooled to -80C during data acquisi�on. Frames were taken 5 minutes apart for 

up to 300 repe��ons maximum (i.e. up to 1500 min or 25 hours). 

3.4.e SI - Droplet Stabiliza�on and Surfactant Tests 

As toluene droplets are unstable in aqueous environment, we sought to stabilize them using typical 

surfactants (listed below). In our hands, any of the various surfactants tried had either no discernible 

benefit or accelerated droplet contrac�on and disappearance (Figure 3-8). We hypothesize that this is 

due to a solubilizing effect of the surfactants on the toluene/monomer organic phase. Switching back to 

only ultrapure water as the con�nuous phase resulted in longer droplet stability (see Figure 3-9 and 

Figure 3-10). All droplets shown in Figure 3-8, Figure 3-9, and Figure 3-10 contain norbornene monomer 

in toluene, but with no catalyst added. 
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Figure 3-8. Droplet surrounded by aqueous continuous phase with TWEEN surfactant. 
Bright field image. a) t = 0 minutes b) t = 890 minutes 

 

 

Figure 3-9. Droplet surrounded by pure water (fluorescence emission). 
a) t = 0 minutes b) t = 890 minutes 

 

Figure 3-10. Droplet surround by pure water after 24 hours. 
a) t = 0 hours. b) t = 24 hours 

 

Surfactants tested include TWEEN 20, TWEEN 80, Sodium dodecyl sulfate, Triton X-100, MTAB, CTAB, CA 

720, and CO 720. Interes�ngly, the produc�on of polymer itself seems to slow droplet contrac�on, 

regardless of the contents of the surrounding con�nuous phase (See Figure 3-11). 
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Figure 3-11. Droplets containing catalyst (and thus active polymerizations) shrink much less over the course 
of 24 hours.  
a) Fluorescence image at t = 0 min. b) Fluorescence image at t= 890 min. c) Bright field image at t= 0 min. d) 
Bright Field image at t= 24 hours. 

3.4.f SI - Unaveraged Traces of NB/NBD Reac�ons in a 3x3 Array: 

 Typically, we track at least 3 droplets with the same condi�ons in each experiment. In the main 

text, we average the responses of the droplets together for clarity to produce the plots shown. In Figure 

3-12, we show the un-averaged traces (Each trace shown is s�ll the average of many points within each 

droplet). Despite some inter-droplet variability, droplet behavior and response �mes are largely the 

same. Likely sources of this slight variability are imperfec�ons in G factor and differences in background 

and noise coming from inhomogeneous excita�on. 
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Figure 3-12. Norbornene/norbornadiene reaction mixtures.  
Each trace is from a single droplet in a 3x3 array (three replicates per condition). This data was used for the 
NB/NBD figure in the main text, with each set of 3 droplets averaged together for clarity. Some small 
variation is seen between droplets, due most likely to their differing positions in the beam and an imperfect 
G factor correction. 

3.4.g SI - Control Reac�on 

 In analogy to the above plot, Figure 3-13 shows 2 sets of 3 droplets where one row contains 

catalyst and one row does not. Again, the behavior and �mescale are similar between all 3 droplets in 

each set. The long scale fluctua�ons seen centered around 200 frames are due to changes in 

background. 
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Figure 3-13. Control reaction comparing droplets with and without catalyst present.  
A rise in anisotropy is seen concurrent with polymerization in the droplets containing catalyst (top row, false 
color overlay matched to traces on right). Droplets without catalyst do not display any increase on this 
timescale, instead maintaining their initial values (bottom row). 
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Chapter 4 Op�cal Monitoring of Polymeriza�on within 

Atodroplets using Single-Molecule Fluorescence 

Anisotropy 

 

4.1 Introduc�on 

In this chapter we aim to take the anisotropy monitoring technique developed in the previous chapter 

and u�lize it to inves�gate and monitor polymeriza�ons at the single-molecule level. Single-molecule 

techniques, in par�cular single-molecule spectroscopy and fluorescence microscopy can be par�cularly 

powerful tools for iden�fying and understanding unsynchronized molecular dynamics observed under 

reac�on condi�ons.52,60,150,156 However, u�lizing single-molecule techniques is not trivial. To transi�on 

from the experiments of the previous chapter to this one required the development of new methods for 

droplet produc�on, improvements to the op�cal set up, as well as new data processing methods. With 

all these requirements, we are le� with the ques�on, why investigate single molecule dynamics?  

 Chemical reac�ons consist of combina�ons of molecules undergoing complex transforma�ons. 

Understanding these reac�ons requires uncovering mechanis�c informa�on, par�cularly in the case of 

catalyst species. Typically, mechanis�c informa�on is acquired via bulk measurements, which inherently 

includes ensemble averaging. Ensemble averaged measurements can fail to iden�fy unsynchronized 

events or heterogeneity present during a reac�on. This can impede gaining a full mechanis�c 

understanding of a catalyzed reac�on. During a cataly�c cycle, catalysts can form short-lived reac�ve 

intermediates which can affect catalyst rate and selec�vity or even introduce compe�ng pathways.134–136 
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However, these intermediates are very difficult to iden�fy using ensemble measurements as they do not 

reach detectable steady-state popula�ons. Single-molecule measurements can allow direct observa�on 

of unsynchronized behavior, as measurements are made on each molecule individually. 

Single-molecule fluorescence experiments have been cri�cal for mechanis�c studies of enzymes 

and other biological molecules.151,228–230 Advancements in fluorescence microscopy techniques has 

allowed greater understanding of biological processes including protein folding,231,232 and cellular 

division mechanisms.233 While SM fluorescence has been tradi�onally applied to biology, it has more 

recently been used to probe chemical reac�ons, with applica�ons in both heterogeneous49,54,230,234–237 

and molecular catalysis.57,60,238,239  

 One great advantage of single-molecule measurements is that they can uncover heterogeneity 

across a molecular popula�on. Bulk measurements, such as measurement of an averaged rate constant 

for a catalyst, fail to capture how each catalyst has contributed to that rate constant. It is unlikely that 

each catalyst is contribu�ng to the reac�on iden�cally. There can be a distribu�on of cataly�c behavior, 

i.e., some catalysts with high ac�vity, some that are completely inac�ve, and some that reside in the 

middle. This type of distribu�on describes static heterogeneity, which is the differences between 

individual molecules. A second type of heterogeneity that can be present is dynamic heterogeneity, 

which describes how the behavior of an individual molecule can change with �me, such as fluctua�ons 

in the cataly�c rate constant for a single molecule due to a catalyst changing between inac�ve to ac�ve 

states. Xu et al. used single-molecule fluorescence to observe single turnover events for a heterogeneous 

catalyst, revealing different subpopula�ons of cataly�c nanopar�cles with varying reac�vity.52 Liu et al. 

inves�gated the dynamics of single-atom pla�num catalysts using single-molecule fluorescence, 

iden�fying that structural restructuring induces fluctua�ons in ac�vity between various catalysts, 

resul�ng in both sta�c and dynamic heterogeneity.240 To gain a full insight into a cataly�c reac�on, it is 

beneficial to develop and u�lize single-molecule based methods. 
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Scheme 4-1. Polymerization of Norbornene (NB) to polynorbornene, with fluorescently labeled perylene 
diimide norbornene (PDI-NB) catalyzed by Grubbs Generation II catalyst. 

 This work returns to the same ring-opening metathesis polymeriza�on (ROMP) that was 

featured in the previous chapter; of norbornene (NB) to polynorbornene catalyzed by Grubbs Genera�on 

II (GG2),198,199 Scheme 4-1. The reac�on is rela�vely air and moisture-stable, rela�vely well understood, 

and industrially relevant but also, has featured interes�ng dynamics when inves�gated using single-

molecule experiments. Easter et al. have observed abrupt changes in cataly�c reac�vity within polymer 

aggregates using fluorescence microscopy.157 Eivgi and Blum inves�gated polymer growth kine�cs using 

fluorescence life�me imaging microscopy and deduced that increases in microviscosity due to 

crosslinking is correlated to a reduced turnover rate of the molecular Grubbs catalyst.241 Liu et al. 

monitored the chain-growth of single polymers using magne�c tweezers. Interes�ngly, it was observed 

that the polymeriza�on did not increase con�nuously, rather in “wait-and-jump steps”, where it is 

hypothesized that the growing polymer entangles and unravels during the polymeriza�on.58 The goal of 

this work is to monitor the polymer growth from a single catalyst using fluorescence anisotropy within 

droplets that are smaller than the diffrac�on limit of light. Encapsula�ng the reac�on within droplets 

eliminated the need to synthe�cally atach molecules to the surface, while also maintaining extended 

observa�on �mes. Addi�onally, these single-molecule fluorescence anisotropy experiments can provide 

addi�onal context of polymer growth and entanglement beyond techniques that force polymer 

extensions. 
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By encapsula�ng the reac�on within droplets smaller than the diffrac�on limit of light (~250 

nm), there is a large increase in the signal-to-background of our measurement, with all the emission 

localized within an individual droplet. These droplets are produced from nanoemulsions, which feature 

organic droplets within an aqueous con�nuous phase. One of the first single-molecule fluorescence 

experiments inves�gated the ac�vity of single β-D-Galactosidase molecules within droplets via a 

fluorogenic reac�on.242 Since then, droplets have been implemented as a means of confinement for 

single-molecule experiments,243,244 including measurement of single-molecule fluorescence resonance 

energy transfer within and between droplets,245,246 dynamics of biological molecules within 

nanovesicles247–249 and cataly�c ac�vity within nanopores.250,251 

Each droplet should contain only one catalyst molecule, to determine the average concentra�on 

of catalyst within a droplet we use the following equa�on: 

 

𝑛𝑛 = 𝑣𝑣 𝑥𝑥 (4.1) 

 

Where 𝑥𝑥 is the number of molecules within a solu�on, 𝑣𝑣 is the volume of the droplets made of that 

solu�on and 𝑛𝑛 is the average number of molecules. However, there are sta�s�cal fluctua�ons that will 

result in varia�on from droplet to droplet so that not every droplet has exactly 𝑛𝑛 molecules. To further 

confirm the likelihood that a single catalyst is within a specific size of droplet, Poisson sta�s�cs are 

used.242 The probability of finding a specific number of molecules (𝑟𝑟) within a droplet can be determined 

by Equa�on 4.2.  

𝑝𝑝(𝑟𝑟) = �𝑛𝑛
𝑟𝑟𝑒𝑒−𝑛𝑛

𝑟𝑟!� � (4.2) 
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Using these two equa�ons it can be determined that the smaller the droplet size, the more concentrated 

the total solu�on can be while s�ll maintaining a probability that less than one catalyst is within a 

droplet. 

It is possible to monitor the polymeriza�on progress by an increase in fluorescence anisotropy in 

large droplets through the use of a perylene diimide-labeled norbornene (PDI-NB) monomer, Scheme 

4-1.124 In addi�on to our previous experiments in large droplets, perylene diimide dyes have also been 

u�lized for single-molecule inves�ga�on of radical polymeriza�on.252 Fluorescence anisotropy provides a 

measured of the rota�onal behavior of the PDI-NB monomer by the polariza�on of its emission. It is 

calculated with Equa�on 4.3. 

 

𝑟𝑟 =
𝐼𝐼‖ − 𝐺𝐺𝐼𝐼⊥
𝐼𝐼‖ + 2𝐺𝐺𝐼𝐼⊥

(4.3) 

 

 𝐼𝐼‖, 𝐼𝐼⊥ are the intensi�es in the parallel and perpendicular channels respec�vely and 𝐺𝐺, known as the G 

factor, is a correc�on factor for the op�cal set up. Details regarding fluorescence anisotropy and its 

previous applica�ons beyond our own can be found in Chapter 1. As the PDI-NB monomers are 

incorporated into the polymer, there should be a rise in anisotropy. If there is a reorganiza�on of the 

polymer, either by entangling or unraveling, this would cause fluctua�ons in the anisotropy, as opposed 

to the con�nual rise observed with only incorpora�on events.  
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4.2 Func�onalized Surfaces for Droplet Immobiliza�on 

Alkylsilane specifically triethoxyoctylsilane (TEOS) is used to func�onalize glass surfaces to immobilize 

droplets for the dura�on of the experiments, Figure 4-1. TEOS results in a more hydrophobic surface 

than non-func�onalized glass, allowing for the immobiliza�on of toluene droplets to the surface with the 

presence of an aqueous con�nuous phase to prevent evapora�on. 

 

Figure 4-1. Surface functionalization with TEOS.  
(a-b) Illustrations regarding the functionalization of glass surfaces with TEOS. c) Toluene droplets immobilized 
onto TEOS surface c) illuminated by white light, d) fluorescence emission, e) overlay of c and d with false 
color for fluorescence (red). 10 µm scale bar.  

In the previous chapter, perfluorosilane compounds were found to produce hydrophobic 

surfaces that provided a robust immobiliza�on method for the organic droplets. When transi�oning from 

a large scale (0.5 mm) droplet down to the single catalyst, diffrac�on-limited droplet, a hydrophobic 

surface is s�ll required to obtain droplet immobiliza�on. Addi�onally, a surface free of fluorescent 

impuri�es is also required.  When imaging fluorous-func�onalized surfaces without any fluorophores 
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deposited, an inconsistency in the fluorescence impuri�es present is observed, resul�ng in some 

coverslips being rela�vely clean and others covered with fluorescent impuri�es, see Figure 4-2.   

 

Figure 4-2. Inconsistency in fluorescent impurities on perfluorinated surface excited by 532 nm light.  
10 µm scale bar. 

With diligent cleaning procedures it can be possible to generate a fluorous-func�onalized surface 

that is free of fluorescent impuri�es. However, this inconsistency mo�vated the switch from a 

perfluorosilane to an alkylsilane-func�onalized surface, specifically using TEOS for surface 

func�onaliza�on. While the TEOS-surface was not ideal for the larger microdroplets, it resulted in 

comparable immobiliza�on of atodroplets to the perfluorosilane surface. Along with long-term droplet 

immobiliza�on, TEOS consistently produced a fluorescent impurity-free surface when exci�ng at 532 nm, 

ideal for single-molecule experiments. Details regarding surface func�onaliza�on are found in Sec�on 

4.7.a. 
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4.3 Diffrac�on-Limited Droplets 

 

Figure 4-3. (a) Homogenizer (b) close up of homogenizer flat bottom probe (c) emulsion in Eppendorf and (d) 
fluorescence image of toluene droplets with PDI-labeled norbornene  
on a 1% TEOS functionalized glass surface, 5 µm scale bar.  

To inves�gate the dynamics of single catalysts required the produc�on of monodisperse diffrac�on 

limited droplets. These droplets, referred to as ‘atodroplets’, as they are on the volume scale of 

hundreds of atoliters, provide the best signal-to-background while also allowing for µM concentra�on of 

catalyst. A homogenizer is used to produce the atodroplets. A homogenizer is a device that is used to 

create homogenous mixtures, where par�cles of one solu�on are evenly dispersed and remain uniform 

among the second solu�on. Homogenizers are used to create emulsions for industry applica�ons such as 

pharmaceu�cal sciences, personal care products, as well as food science. Homogenizers can be broadly 
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classified by the process of how they break down solu�ons into small par�cles.253 Mechanical 

homogenizers use a blade or rotor moved through the liquid at high speeds using shear forces to form 

and break par�cles in solu�on.254 A benefit of u�lizing a homogenizer is its ability to work with small 

volumes (total emulsion volume 0.2 to 5 mL). Atodroplets are made using a rotor-stator homogenizer 

(Fisherbrand 850) with a flat botom probe to create nanoemulsions of organic reac�on solu�on and 

water, Figure 4-3, with experimental details found in Sec�on 4.7.b. 

4.4 Fluorescence Op�cal Setup 

 

Figure 4-4. Optical Set Up for Small Droplet Anisotropy.  
150 µm pinhole, HWP = Half Waveplate, DC = Multi-edge Dichroic Beamsplitter. Polarizer = Polarizing 
Beamsplitter. The area encased in the squares with dashed lines indicate where optical cage systems are 
used. Camera 1 is the parallel channel, while Camera 2 is the perpendicular channel. 

A diagram depic�ng the op�cal microscopy setup is seen in Figure 4-4. Microscopy experiments were 

performed on an inverted microscopy (Nikon Eclipse, Ti-E, with perfect focus system) with excita�on 

from a 532 nm laser (LaserTack, 80 mW). The laser is atenuated with neutral density (ND) filters, and 
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then focused through a 150 µm pinholev using 25 mm and 50 mm lenses which are aligned within an 

op�cal cage system. The beam is then expanded 10× using 50 mm – 500 mm plano-convex lenses. The 

beam is directed to the back of the microscope, passed through a polarizing beamspliter (Thorlabs 

PBS251) and half-wave plate (Thorlabs WPH10M-532) to generate linearly polarized light. The light is 

expanded through a widefield lens and then reflected by a mul�-edge dichroic filter (Semrock Di01-

R405/488/532/635-25x36) onto the back aperture of the 60× oil immersion objec�ve (Nikon, TIRF 

1.49NA), which collimates the excita�on light and collects the fluorescence. The fluorescence is isolated 

from any residual excita�on light using a 532 nm long pass filter (Semrock LP03-532RU-25). The 

fluorescence is passed through a second polarizing beamspliter (Thorlabs PBS251), separa�ng the 

fluorescence into two linearly polarized emission channels. The emission was collected and recorded 

onto two sCMOS cameras (Andor, SONA 4.2B-11). Op�cal cage systems are used for the 300 mm lenses 

within the detec�on path. This is to maintain the iden�cal focal points for both cameras with the relay 

op�cs, which is cri�cal when imaging diffrac�on-limited spots. 

 A custom LabVIEW code synced the two cameras and laser shuter for extended op�cal 

experiments. Cameras were cooled to -45°C during acquisi�on. Images were taken at 100 ms exposure 

�me.  

4.5 Preliminary Anisotropy Results and Discussion 

For microscopy experiments, the nanoemulsion (5 μL) is placed onto a TEOS func�onalized coverslip. 

Water (15 μL) is layered on top, covered with a second coverslip (unfunc�onalized, clean), and sealed 

                                                            

v This is a rela�vely large pinhole for this beam; however, the purpose of this pinhole was to remove extreme 
spa�al aberra�ons seen in the beam profile during alignment. Prior to incorpora�ng this pinhole, the beam was 
uneven, and it was very difficult to iden�fy where the center of the beam was. Therefore, a larger pinhole was 
chosen to keep most of the laser power but remove high angle scatering. 
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with clear nail polish to create a coverslip ‘sandwich.’ It is important that the sample not be pressed or 

squished together in the center. Previous observa�ons show that pressing on the sample encouraged 

larger droplets to appear on the surface, resul�ng in difficul�es obtaining signal from atodroplets.  

 Ini�al experiments monitoring anisotropy changes were taken over the course of 6 hours, with 

images acquired every 5 minutes at a catalyst concentra�on of 3 µM, similar to the experiments in 

Chapter 3. With these experiments, decreases in anisotropy were observed, Figure 4-5. Along with 

decreases in anisotropy, photobleaching within the droplets and focal dri� were also observed. Focal 

dri� can be compensated with the perfect focus system present within the microscope. It is important to 

note that if the con�nuous phase within the coverslip sandwich dries out it will cause the perfect focus 

system to fail. 

 

Figure 4-5. (left) Fluorescence image of reaction droplets and (right) anisotropy plot of 3 µM GG2, showing a 
steady decline in anisotropy. 

The next set of experiments featured an increase in catalyst concentra�on while decreasing the 

image acquisi�on frequency. The catalyst concentra�on was increased by an order of magnitude to 60 

µM. This concentra�on results in thousands of catalyst molecules per droplet, ensuring polymeriza�on 

to occur within the majority of droplets. Addi�onally, the reduc�on in number of images taken was to 

ensure that full dynamics were captured, essen�ally limi�ng our measurement to only measure the start 
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and end of the polymeriza�on. This allowed for confirma�on that not only high anisotropy values could 

be measured, but that also a change in anisotropy values could be observed.  

 The following data was taken over 6 hours, with images acquired at 30 minutes, 140 minutes and 

356 minutes. By manually calcula�ng anisotropy of user-selected spots, increases in anisotropy were 

observed between the 30 minute �me point to the 140 minute �me point.  By 356 minutes, the 

con�nuous phase for the coverslip sandwich had evaporated and was no longer usable. However, by the 

140 minute mark, anisotropy values of approximately 0.4 (the theore�cal maximum) were observed. 

Therefore, by 140 minutes with 60 µM GG2 and 73 nM PDI-labeled norbornene monomer, the 

polymeriza�on has reached an end-point, seen in Figure 4-6, with anisotropy values provided in Table 

4-1. This exci�ng result provides a temporal range for the polymeriza�on at 60 µM GG2, as well as 

confirms that high anisotropy values are measurable and that changes in anisotropy (low to high) are 

observable.  
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Figure 4-6. a) Fluorescence images of <1 µm diameter organic droplets made with 60 µM GG2 catalyst 
 with labeled droplets that produced b) Anisotropy changes from 30 min. to 140 min. 10 µm scalebar. 

Table 4-1. Anisotropy values for droplets containing 60 µM GG2. 

Droplet # r (t = 33 min) r (t = 144 min) 
1 0.21 0.40 
2 0.18 0.36 

3 0.21 0.37 
4 0.16 0.40 

5 0.12 0.40 

 

A�er confirming that anisotropy changes were possible within a 2 hour �meframe, experiments 

were repeated with images acquired every 5 minutes over the course of 2 hours. These experiments 

aimed to provide data points between the 30 and 140 minutes observed in the experiment above. 

Catalyst concentra�on was within an order of magnitude of the previous experiment (30 μM), therefore 



96 
 

similar dynamics are expected. Issues with data acquisi�on persisted, with samples drying out over the 

course of the acquisi�on resul�ng in focal dri� that rendered the signal a�er drying unmeasurable. 

However, one set of experiments showed promising results prior to the focal dri�, with one droplet 

iden�fied that showed a promising increase in anisotropy, Figure 4-7.  

 

Figure 4-7. Changes in anisotropy for 1 μm diameter droplet with 30 μM GG2.  
a) Fluorescence image of droplets on surface, b) white light illumination, c) overlayed false color fluorescence 
with white light illumination, and d) measured anisotropy increase. 

By manually selec�ng and calcula�ng anisotropy, one droplet persisted over the course of 45 

minutes and showed an increase from r = -0.1 to r = 0.15, seen in Figure 4-7. This data showed that it 

was possible to monitor anisotropy increases over the course of 45 minutes with images acquired at 

least every 5 minutes. Previous atempts at 5 minute �me points always resulted in decreases in 
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anisotropy Figure 4-5, therefore, this observable increase shows promise that anisotropy can be 

measured within atodroplets.   

4.6 Conclusions and Next Steps 

Ini�al results show the promising increases of anisotropy in droplets less than 1 μm in diameter with 

bulk concentra�ons of catalyst (60 μM). As these are preliminary results, there are many controls that 

s�ll need to be performed, including repea�ng these experiments with no catalyst added. In those 

experiments, it is expected that the anisotropy should stay constant at a low (r < 0.2) value. Addi�onally, 

the anisotropy value obtained from the control experiments without catalyst can be compared to the 

early �me points from the catalyst droplets, iden�fying if early dynamics are being lost during the �me it 

takes to make the emulsion and begin data collec�on.  

The next major challenge in this project is making consistent and stable atodroplets, 

subdiffrac�on-limited in size. A�er that, it will be fine tuning the concentra�on of catalyst and dye so 

that the anisotropy changes from a single catalyst are measurable. The data shown in this chapter 

features droplets on the order of 1 μm in diameter, which is around a volume of 2.7×10-16 L. At the 

concentra�ons of catalyst that were used in the emulsions (30-60 μM), the droplets are expected to have 

between 5,000-10,000 GG2 molecules, s�ll many orders of magnitude above 1 catalyst per droplet. With 

these preliminary results, I see this project as a promising direc�on for single-molecule inves�ga�ons of 

molecular catalysts. 
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4.7 Methods 

4.7.a Func�onalizing TEOS Surfaces 

This process should be performed in a fume hood. Surfaces were prepared based on the protocol 

previously published.61 To func�onalize glass surfaces, coverslips (Fisher Finest #1) held in a Teflon boat 

and a beaker (150 mL, depending on number of coverslips) are rinsed 3x each with HPLC methanol from 

a plas�c botle, Millipore water from a plas�c botle and then finally with HPLC methanol from a glass 

botle. All glassware is then dried with nitrogen and plasma etched for 5 minutes. Plasma etching will not 

only remove organic impuri�es present on the coverslips, but it will also prepare the glass surface for 

func�onaliza�on. The deposi�on of TEOS occured immediately a�er plasma etching, as the surface 

composi�on can change within hours a�er a plasma etch has been performed. The Teflon boat of 

coverslips is placed into the beaker and a solu�on of TEOS in HPLC isopropanol (IPA) is added. A watch 

glass or petri dish is used to cap the beaker to reduce evapora�on. TEOS is deposited onto the coverslips 

for 1 hour, then dried with nitrogen before being thermally annealed at 110°C within a single-molecule 

clean oven. A�er thermal anneal, coverslips are rinsed with IPA, methanol, and water, then dried with 

nitrogen. Long-term storage should be under vacuum, as func�onaliza�on can degrade over �me 

(months) when exposed to moisture in the air. 

4.7.b Genera�ng Diffrac�on-Limited Droplets 

Toluene (Op�ma Grade, Fisher) is used as the solvent for the stock solu�ons used in these experiments. 

Fluorescent impuri�es were removed using vacuum transfer at room temperature. Norbornene 

(bicyclo[2.2.1]hept-2-ene, Sigma Aldrich) does not fluoresce when excited with 532 nm light, however it 

was observed to contain fluorescent impuri�es. Therefore, it was purified via sublima�on at room 

temperature onto a cold finger cooled with dry ice/acetone. Further details can be found in the Sec�on 
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3.4.a. All other star�ng materials for these experiments are used without further purifica�on. Synthesis 

of perylene diimide-labeled norbornene (PDI-NB) can be found in the suppor�ng informa�on of 

reference 124.124 

All stock solu�ons were prepared in cleaned scin�lla�on vials and stored sealed in light-�ght 

containers. A saturated solu�on of sublimed norbornene was prepared in dis�lled toluene (8M) and 

used in the reac�on solu�ons for the emulsions. Grubbs Genera�on II catalyst (Millipore Sigma) stock 

solu�ons were prepared immediately prior to use. The catalyst degrades quickly when stored in solu�on 

over long periods of �me.vi The catalyst stock can be kept on ice prior to use. 

Emulsions are made in 1 mL Eppendorf tubes, Figure 4-3(d). A 95:5 ra�o of Millipore water: 

organic reac�on solu�on is used. Emulsions were made by layering solu�ons in the following order: 

aqueous con�nuous phase, unlabeled norbornene (5.47 M), then the PDI-labeled NB (60 nM), and finally 

the Grubb’s catalyst (30 or 60 µM) within a 1 mL Eppendorf tube. The emulsion is kept on ice during the 

homogeniza�on. The catalyst can be ini�ated by heat (20-50°C),199 therefore, the reac�on is cooled to 

slow the polymeriza�on un�l the microscopy experiment can begin. Homogeniza�on is done at 25,000 

RPM for 1 minute.vii During homogeniza�on, the Eppendorf should be moved around to encourage 

further mixing. The finished emulsion appeared cloudy and opaque (Figure 4-3c). A�er forming the 

emulsion, the homogenizer is rinsed with the following solvents to remove the fluorophores, organic 

molecules, and any polymer from the probe. This consists of running the homogenizer with large 

volumes (10 mL) of HPLC grade solvents, in the following order: toluene, isopropanol, methanol, and 

water. 

                                                            

vi You can see the color of the stock solu�on of catalyst change to a much darker purple as it degrades. 
vii I suggest doing this in a fume hood with the sashes closed as much as possible as the homogenizer produces a 
very loud sound when running.    
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4.7.b.1 Surfactant Use 

The proper�es of the atodroplets, such as composi�on, size and stability, depend in part on the ra�o of 

the two phases used as well as the speed and dura�on of the homogeniza�on. Droplet stability also 

depends on the presence and iden�ty of a surfactant, which are molecules commonly used to stabilize 

emulsions.255,256 For the purposes of these experiments, surfactants were omited. Inclusions of 

surfactants in the emulsion produc�on resulted in a wide disparity of droplet sizes. There have been a 

variety of routes to form toluene-in-water emulsions reported in the literature,257–260 these can be used 

as resources to tune future parameters for droplet produc�on. 

4.7.b.2 Characteriza�on of Droplet Size via Dynamic Light Scatering 

Droplet size can be characterized using dynamic light scatering (DLS).261 DLS works by combining the 

diffusion of par�cles in solu�on with fluctua�ons in scatered light to obtain the hydrodynamic radii of 

those par�cles. DLS measurements work best to describe stable, primarily monodisperse samples.  

Par�cles in solu�on are subject to random forces due to constant collisions with solvent 

molecules, this results in par�cles moving about in a “random walk” which is referred to as Brownian 

mo�on. When placed in a DLS instrument, the laser light interacts with diffusing molecules scatering 

incident light and resul�ng in construc�ve and destruc�ve interference. This results in fluctua�ons in 

collected intensity, the magnitude of which can reveal informa�on regarding the diffusive behavior of 

par�cles. DLS instruments then correlate the diffusion coefficient for a par�cle to calculate the 

hydrodynamic radius of the par�cles present, using the Stokes-Einstein equa�on262,263 (Equa�on 4.7). 

𝑅𝑅ℎ =
𝑘𝑘𝐵𝐵𝑇𝑇

6𝜋𝜋𝜋𝜋𝐷𝐷𝑡𝑡
 (4.7) 

Where 𝑘𝑘𝐵𝐵 is the Boltzmann constant, 𝑇𝑇 is absolute temperature (in Kelvin), 𝑛𝑛 is the viscosity of the 

solu�on, 𝐷𝐷𝑡𝑡 is the transla�onal diffusion coefficient. 
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 DLS measurements were atempted on ini�al emulsions, however they resulted in large disparity 

of sizes due to instability of the overall emulsion. The average size of droplets measured varied greatly 

from 300 nm (±150 nm) during one measurement and 1000 nm (±400 nm) during a second 

measurement, Figure 4-8. As the droplets used for fluorescence experiments are immobilized onto glass 

surfaces, the stability in bulk solu�on is not cri�cal. Droplet size can instead be determined via 

fluorescence.  

 

Figure 4-8. DLS Data  
90:10 5% Tween 80/Water: Toluene emulsions. (left) 100 µL emulsion in 3 mL of water, mean diameter = 964 
nm (406 nm). (right) 60 µL of emulsion diluted in 3 mL of water, mean diameter = 278 nm (156 nm) 

4.7.c Data Acquisi�on and Processing 

4.7.c.1 Dual-Camera Data Acquisi�on 

Fluorescence images were acquired by two sCMOS cameras (Andor, SONA 4.2B-11). Time lapse videos 

were recorded using a custom LabVIEW code,viii which synchronized the laser shuter (Uniblitz) with 

                                                            

viii The Andor SONA so�ware guide as well as the Andor SDK3 should be referred to for any assistance or addi�onal 
explana�ons needed, at the �me of this thesis wri�ng, it located in the Catalysis subfolder of the LabVIEW VIs on 
databackup.  
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acquisi�on of images from both cameras sequen�ally. The code (Figure 4-9) allows for a user defined 

wait �me (the �me between acquired images), as well as user specified number of images acquired, 

allowing for overnight �melapse experiments. Addi�onally, images may also be taken manually using this 

code. The shuter driver is connected via the Na�onal Instruments data acquisi�on system (NI-DAQ) to 

allow control through LabVIEW. Captured images are saved as .tif files using IMAQ provided from the NI 

Vision Development Module.  

During acquisi�on, the cameras are cooled to -45°C. If lab temperatures exceed 70°F, use 

cameras only at -25°C opera�ng temperatures. Images are taken at 100 ms exposure �mes, with 16-bit 

depth. 

 

Figure 4-9. LabVIEW code interface for two camera image acquisition. 
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4.7.c.2 Data Processing within ImageJ and MATLAB 

Data processing is done in part with ImageJ plugins and MATLAB. ImageJ plugin, StackReg264,265 is used to 

correct X- and Y-axial dri�. Droplet iden�fica�on is performed using TrackMate.42,43 Regions of interest 

(ROIs) that correspond to the fluorescent droplets within an image are iden�fied and labeled. A .csv file 

of labeled posi�ons is output and can be used within a custom-writen MATLAB code for further 

processing and anisotropy calcula�ons.  

MATLAB image processing includes calcula�ng and applying a registra�on to transform the 

perpendicular channel to match the parallel channel. When working with diffrac�on-limited spots, it is 

impera�ve that an accurate registra�on is applied, as the difference in one pixel can dras�cally change 

the anisotropy value. Spa�ally resolved images of fluorescent beads or fluorescent nanodiamonds can be 

used to determine the registra�on needed to match the pixels posi�ons of the two emission channels. 

To calculate the registra�on transform, the Registra�on Es�mator App in MATLAB 

(‘registra�onEs�mator’) is used. This provided more accurate registra�ons than previous techniques 

used, and details about previous registra�on techniques can be found in reference.124  

 A�er iden�fying ROIs and registering images, the intensi�es within the ROIs are determined and 

used to calculate the average anisotropy (Equa�on 4.3) within a droplet at that frame. A local 

background subtrac�on can be applied to each ROI allowing for correc�on of the intensity measured 

prior to calcula�on of anisotropy. 

4.7.c.3 G Factor Calcula�ons 

A correc�on factor is applied to the anisotropy calcula�on, known as the G factor, which corrects for 

instances where an ar�ficially high or low anisotropy value is measured due to differences in the op�cal 

paths. The G factor is generated by using images taken of a standard solu�on of oxazine-170 perchlorate 

(Sigma Aldrich), following a modified version of a previously published method.17 Oxazine-170 solu�ons 



104 
 

are prepared in water and sonicated for a minimum of 1 hour to allow dye to fully dissolve. Oxazine-170 

solu�ons should appear pale blue in color.ix Solu�ons are imaged within a silicone well (Grace Bio-labs) 

adhered to a glass coverslip. It is cri�cal that no aggregates or single molecules appear on the surface, as 

those will produce inaccurate measurements due to impaired rota�onal dynamics.  

𝑟𝑟 =
𝑟𝑟0

�1 + 𝜏𝜏
𝜃𝜃� �

(4.4) 

𝐺𝐺 =
(1 − 𝑟𝑟)𝐼𝐼∥

(2𝑟𝑟 + 1)𝐼𝐼⊥
(4.5) 

 Using the known rota�onal correla�on �me (𝜃𝜃), fluorescence life�me (𝜏𝜏), and fundamental 

anisotropy (𝑟𝑟0) for oxazine in water,266 the steady state anisotropy (r) of oxazine is determined using 

Equa�on 4.4. The steady state anisotropy can then be used to calculate the G factor using Equa�on 4.5. 

The G factor can then be calculated either as an average value of the whole field of view for the camera 

or for each pixel individually.  

4.7.c.4 Considera�ons for Future Data Processing 

Future improvements should consider integra�ng localiza�on so�ware aimed for super-resolu�on single-

molecule data. One method that allows super-resolu�on is single-molecule localiza�on microscopy 

(SMLM).267–273 SMLM methods use widefield excita�on and achieves super-resolu�on by localizing 

individual molecules with spa�ally resolved point-spread func�ons (PSFs) to Gaussian-shaped spots. The 

so�ware developed for SMLM can be used to iden�fy and confirm the presence of diffrac�on limited 

droplets. There is a variety of so�ware available for use274–276 and one specific set of ImageJ plugins that 

                                                            

ix You need very litle oxazine to make a stock solu�on, the dusting on a glass pipete is more than enough to result 
in a concentrated solu�on for these purposes. Wait un�l a�er sonica�on to add more solid if the solu�on does not 
appear pale blue.  
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can be used is the GDSC Single Molecule Light Microscopy ImageJ Plugin.277 These plugins can be used 

for droplet localiza�on and fi�ng of a 2D Gaussian (Equa�on 4.6) to determine the full-width at half-

maximum (FWHM) of the emission from the droplet. It is important to consider the effects of nanoscale 

dri� present in videos which can cause spreading of the PSF providing inaccuracies in calcula�on of the 

FWHM.278  

𝑓𝑓(𝑥𝑥,𝑦𝑦) =  𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 �−�
(𝑥𝑥 − 𝑥𝑥0)2

2𝜎𝜎𝑥𝑥2
+

(𝑦𝑦 − 𝑦𝑦0)2

2𝜎𝜎𝑦𝑦2
�� (4.6) 

In Equa�on 4.6, 𝐴𝐴 is the amplitude of the Gaussian, 𝑥𝑥0, 𝑦𝑦0 are the centers of the Gaussian, and 𝜎𝜎𝑥𝑥 ,𝜎𝜎𝑦𝑦 are 

the widths of the Gaussian. Droplets that are diffrac�on-limited in size will appear similar to fluorescent 

single molecules on the microscope. As opposed to a single fluorophore, the droplets contain many 

fluorophores and therefore will not “blink” or bleach in single steps. Photobleaching of droplets will 

follow an exponen�al decay. If the droplets are below the diffrac�on limit in size, then the FWHM 

measured should be equal to the theore�cal diffrac�on limit for the emission of a PDI molecule. 
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Chapter 5 Inves�ga�on of Noncovalent Fluorous 

Interac�ons using Single-Molecule Fluorescence  

 

5.1 Introduc�on 

Single-molecule inves�ga�ons of chemical reac�ons or biological systems require immobilizing the 

molecule of interest within the excita�on volume of the laser. The immobiliza�on technique should be 

stable and robust for the �mescales of the experiment, and most importantly the technique should not 

impact the ac�vity of the immobilized molecule. 

 Passiva�on of surfaces is a common technique used to immobilize molecules. Common 

passiva�on techniques for single-molecule studies of biological molecules includes coupling fluorophores 

or molecules of interest to a surface using polyethylene glycol (PEG)-bio�n279 and/or bio�n-streptavidin 

complexes.280,281 Other routes include encapsula�ng fluorophores and molecules within vesicles which 

are then immobilized onto the surface.282,283 In Chapters 3 and 4, we use this concept for monitoring 

polymeriza�ons within organic droplets. Molecules can also be covalently atached to surfaces using click 

chemistry and forma�on of disulfide-bridges.284 In catalysis, molecular catalysts are covalently atached 

to surfaces and nanopar�cles, thereby “heterogenizing” them. These surface-supported catalysts can 

maintain or even see increased cataly�c ac�vity while obtaining benefits such as minimal catalyst 

leaching, ease of recyclability, as well as recovery of catalyst species.285–288 However, there are instances 

when covalent atachments of catalysts to surfaces can fail based on reac�on condi�ons, as shown in the 

inves�ga�on of ini�a�on dynamics of single surface-supported Pd-PEPPSI catalyst.60  
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 An alterna�ve route for immobilizing catalysts can be through non-covalent interac�ons 

between a fluorine-passivated surface and a fluorine-labeled molecule. The concept of this technique is 

based on biphasic catalysis, where perfluoro-tagged catalysts are separated from organic products easily 

using fluorous solvents.289,290 Fluorous-surfaces or supports, such as fluorous reversed-phase silica gel,291 

have been developed as alterna�ves for perfluorinated solvents. This allows for the ease of separa�on 

and recovery of catalysts without the use of perfluorinated solvents which have environmental concerns. 

This technique has been used for the immobiliza�on of palladium complexes on fluorous reverse-phase 

silica gel, resul�ng in comparable catalyst ac�vity, minimal catalyst leaching and ease of recyclability of 

the catalyst.217 Addi�onally, there has been development of various other fluorous-tagged catalysts, 

including pla�num,292 nickel,293 ruthenium complexes,294 and other palladium complexes.295,296 This 

concept has also been used to create carbohydrate or protein microarrays, indica�ng that fluorous-

tagged molecules strongly adhere to fluorous-specific sites on glass surfaces.218,297–300 Despite the many 

uses of this immobiliza�on technique, it is not clear whether the fluorous-tagged molecule is truly 

immobile within the fluorous-surface, specifically whether the interac�ons between the molecule and 

surface would render the molecule embedded or diffusive throughout the fluorous-surface. Any 

immobiliza�on technique can poten�ally affect the dynamics of an immobilized molecule,280,301 therefore 

a full understanding of the interac�ons at these surfaces is necessary to confidently use this fluorous-

based immobiliza�on method for either catalysis or biological microarrays.  

 Fluorescence microscopy is one method to inves�gate the dynamics at these surfaces. As it 

offers a real �me in situ measurement to inves�gate the immobiliza�on or diffusion of fluorous-

fluorophores within a fluorous-glass surface. Preliminary inves�ga�ons of the interac�ons between 

fluorous-molecules and fluorous-surfaces were conducted via two different op�cal measurements, 

which probe the diffusion dynamics of fluorous-fluorophores within a fluorous-surface. Fluorescence 

recovery a�er photobleaching (FRAP) and single par�cle tracking (SPT) were atempted to monitor the 
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diffusion of two novel fluorous-tagged 4,4-difluoro-4-bora-3a,4a-diaza-s-indacene (BODIPY) compounds 

with a glass surface func�onalized with 1H,1H,2H,2H-perfluorodecyltriethoxysilane (PFDS), Figure 5-1. 

The fluorous-green BODIPY (2G) is used for FRAP experiments, while the fluorous-red BODIPY (2F) is 

used for SPT experiments. The diffusion of these fluorophores will indicate the rigidity of the fluorous 

interac�ons. 

 

Figure 5-1. Illustration of interaction between fluorinated BODIPY molecules and perfluorinated surface  
(a) Top view and (b) side view.  

The random movement of par�cles within a solu�on is described as Brownian mo�on. This movement is 

caused by collisions and interac�ons with other molecules in solu�on. Cases where the mo�on of 

molecules deviate from Brownian mo�on is referred to as anomalous diffusion, of which there are two 

types: superdiffusion or subdiffusion. This can also be referred to as confined or directed mo�on. One 

way to describe or quan�fy these different types of diffusion is through calcula�ng the mean-squared 

displacement (MSD), which is the average displacement or change in posi�on of a molecule. It is defined 

by the following equa�on, where 𝑥𝑥0is original posi�on and 𝑥𝑥 is the posi�on a�er some �me: 

𝑀𝑀𝑀𝑀𝑀𝑀 = < (𝑥𝑥 −  𝑥𝑥0)2 > (5.1)  

You can relate the MSD to the 2D diffusion coefficient of a molecule by equa�on 2. 

𝑀𝑀𝑀𝑀𝑀𝑀 = 4𝐷𝐷𝑡𝑡𝑎𝑎 (5.2) 
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where 𝐷𝐷 is the diffusion coefficient and 𝑡𝑡 is the �me. The constant 𝑎𝑎 changes depending on the type of 

diffusion. For Brownian mo�on 𝑎𝑎 is 1, resul�ng in a linear rela�onship between MSD and �me. For 

instances of directed mo�on, such as ac�ve transport, 𝑎𝑎 > 1. In instances where the diffusion of 

molecules is impeded, such as crowded environments, 𝑎𝑎 <  1.302 3D diffusion is defined by 6𝐷𝐷𝑡𝑡𝑎𝑎. 

FRAP, as introduced in Chapter 1, determines the diffusion of molecules using a layer of 

fluorescent molecules. A spot within that layer is photobleached with a high intensity laser. The sample 

is then monitored op�cally to observe the recovery of fluorescence within the photobleached area as 

the photobleached molecules diffuse away and s�ll-fluorescent molecules diffuse in. The rate of 

recovery in fluorescence is correlated to diffusion coefficients and this can be calculated using various 

programs.303,304  

 To further understand the interac�ons between the fluorous-molecules and surface, we employ 

single par�cle tracking (SPT), also introduced in Chapter 1. It is a fluorescence microscopy technique that 

captures images or videos of single molecules over extended periods of �me. Molecules are then 

iden�fied, localized and then their posi�ons are connected throughout the video or series of images to 

create trajectories. These trajectories then can be related to the diffusion coefficient of the molecule 

using MSD curves. This can be accomplished either with self-writen code or using open-source 

programs available for ImageJ.42,43 Both techniques can be used to elucidate valuable informa�on 

regarding the strength of fluorous-interac�ons for immobiliza�on. 

5.2 Fluorous-Fluorophores  

A BODIPY fluorophore was chosen for the experiments above, partly because they exhibit strong 

photostability. There are established synthesis procedures within the group for both green and red 

BODIPY deriva�ves. To create the fluorous-tagged versions, Schemes 1 and 2, the BODIPY-moie�es 

undergo a cross-coupling reac�on catalyzed by Grubbs Genera�on II catalyst (GG2).305,306 The red BODIPY 
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has been chosen for the single par�cle tracking experiments as the excita�on and collec�on wavelengths 

allow for less fluorescent impuri�es, o�en excited by blue/green wavelengths of light. The –(CF2)7CF3 tail 

is comparable to the fluorous-labels used in the fluorous-based microarrays as well as the Pd-catalysis 

immobiliza�on.217,218,298 Therefore, these fluorophores should be good test molecules to inves�gate 

fluorous-interac�ons. 
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Scheme 5-1. Synthesis of green fluorous-BODIPY, 2G.  

 



111 
 

N N
B

F F

Cl

CH2

O

N
H

1) DCM, 42
°C, 20 hr

2) Et3N, BF3
•OEt2, 3.5 h

N N
B

F F

F
FF

F F
FF

F F
F

F F
F

F
F

F

F

F
FF

F F
FF

F F
F

F F
F

F
F

F

F

+ GG2, 10 mol %

DCM, 42°C, 20 hr

1F 2F  

Scheme 5-2. Synthesis of fluorous-BODIPY, 2F. 

5.3 Fluorous-func�onalized Surface 

There are many versions of fluorous-func�onalized surfaces with various substrates and fluorous-

component combina�ons. Transparent surfaces are necessary for fluorescence experiments, par�cularly 

with those in solu�on, therefore ini�al experiments have been done on func�onalized glass surfaces, i.e. 

coverslips, which can be func�onalized using silaniza�on. This type of chemistry been used previously in 

the Goldsmith group to inves�gate the heterogeneity of binding at silica surfaces.61 Silaniza�on uses a 

molecule with silicon bound to either methoxy-, ethoxy-, or chloro-groups which can atach to glass 

through condensa�on reac�ons that occur with the surface. This chemistry depends on the presence 

and availability of silanol (SiOH) groups of the glass, which can vary depending on prepara�on, but 

typically features 4-5 hydroxyl groups per nm2.307 The use of aggressive cleaning procedures, such as a 

Piranha etch, allows access and forma�on of the silanol groups prior to func�onaliza�on. A�er cleaning, 

the surfaces are then exposed to the silane for func�onaliza�on. Finally, surfaces are thermally annealed 

to cause adhered silanes to condense and form covalent surface linkages.  



112 
 

Our glass surfaces are func�onalized with PFDS, Figure 5-1. PFDS has a comparable fluorine 

concentra�on to the fluorous-surfaces used in the literature,217,218 making it a relevant surface for 

fluorous-interac�ons. Forma�on of a PFDS monolayer on a glass surface has proven difficult, with 

various func�onaliza�on procedures atempted, listed in Sec�on 5.8.a. Both coverslips and coverslip-

chambers have been func�onalized with PFDS.x While func�onaliza�on of the surface with PFDS has 

confidently been performed, the genera�on of a homogeneous surface has not yet been achieved.  

5.4 Op�cal Set Up 

5.4.a FRAP with 2G  

 

Figure 5-2. Optical microscopy setup for FRAP experiments.  
60X Oil TIRF objective, DC = 532 nm dichroic, LP = 532 nm long pass filter.  

Imaging and bleaching of sample were performed using a 532 nm laser (Coherent, 80 mW). Imaging was 

done using a widefield lens while bleaching was performed using the focused beam at full power. Light 

was guided to the sample using a Nikon 60x Apo TIRF 1.49 oil-immersion objec�ve on a Nikon Eclipse Ti 

inverted microscope. The fluorescence is collected through the same objec�ve, passed through a 532 nm 

dichroic mirror (Semrock, RazorEdge) and a 532 nm long pass filter (Semrock LP03-532RU-25). The 

                                                            

x Details on chamber crea�on can be found in Sec�on 3.4.b. 
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fluorescence was focused onto an Andor iXon EMCCD camera. Sample illumina�on was controlled using 

a Uniblitz shuter. Images were taken at 100 ms exposure �mes, with gain set to 300 using Andor Solis 

so�ware.   

5.4.b SPT with 2F  

 

Figure 5-3. Optical microscope set up for SPT experiments.  
60x TIRF oil objective, WF = widefield lens, DC = multi-edge dichroic, LP = 635 long pass filter. 

Single par�cle tracking imaging was performed using the op�cal set up in Figure 5-3, with a 638 nm laser 

excita�on source (LaserTack, 50 mW). Addi�onal lenses are introduced in the beam path to collimate the 

beam prior to expansion with telescope lenses. Widefield excita�on is used. Light is directed to the 

sample using a 60x oil immersion objec�ve (Nikon, TIRF 1.49NA) on a Nikon Eclipse Ti-E inverted 

microscope with perfect focus system. Fluorescence is collected by the same objec�ve and passed 

through a mul�-edge dichroic (Semrock Di01-R405/488/532/635-25x36), and a 635 nm long pass filter 

(Semrock, EdgeBasic). The light is then focused onto an Andor SONA sCMOS camera. Laser illumina�on is 

controlled by a Uniblitz shuter. Images are taken at exposure �mes varying from 30 to 50 ms using 

Andor Solis so�ware.  
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5.5 Preliminary Results of Diffusion Experiments 

5.5.a FRAP Results 

For FRAP experiments, 300 µL of 0.5 mM 2G solu�on in HPLC isopropanol (IPA) was deposited into PFDS 

chambers (Made with 30 mM PFDS/IPA, see Sec�on 5.8.a for specific details regarding func�onaliza�on). 

The 2G solu�on was then removed and the chamber was rinsed 6x with HPLC IPA. Chambers were 

imaged with 200 µL of HPLC IPA. 

 Preliminary FRAP experiments were performed. Some experiments showed overall 

photobleaching of the en�re area while other experiments showed recovery of fluorescence. One 

experiment shows some recovery of fluorescence over 40 minutes, Figure 5-4. However, there were 

issues with focal dri� which caused fluctua�ons in the fluorescence signal as well as prevented collec�on 

of longer �me points. The focal dri� issues can be alleviated with the new op�cal set up present for the 

SPT experiments, as switching to the Nikon Eclipse Ti-E microscope with a perfect focus system keeps the 

sample within the focal plane of the objec�ve indefinitely. As these experiments were preliminary, it is 

difficult make defini�ve conclusions regarding the diffusion of 2G, however these ini�al results do 

suggest that diffusion is present on the PFDS surface.  
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Figure 5-4. FRAP experiment with 2G.  
(top) Fluorescence images after photobleaching at various time points (bottom) Intensity traces of 
photobleached are (black) compared to adjacent non-photobleached area (green) over 40 min. 

5.5.b SPT Results 

For SPT experiments, 600 µL of 8 nM 2F solu�on in dis�lled toluene (Op�ma) was deposited into the SPT 

chambers (2 mM PFDS). BODIPY solu�on was removed, and the chambers were rinsed and then 600 µL 

of dis�lled Op�ma toluene was used for imaging. (Toluene dis�lla�on is described in Chapter 3).  

 Preliminary SPT experiments were conducted, which showed fluorophores on surface, with 

varying dynamics. Some spots appeared sta�onary and immobilized on the surface, while others moved 

across. In Figure 5-5, we see both of these dynamics, with an immobilized fluorophore at the top of the 

image, and a diffusing fluorophore at the botom in the red box. These images were taken at 100 ms 

exposure, which is too slow to capture dynamics of free diffusion. Therefore, the fluorophore moving at 

the botom must interact with the surface in some way that causes s�cking at certain points, but not 

rigid enough to cause full immobiliza�on.  
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Figure 5-5. Fluorescence images of diffusion of single 2F BODIPY on 30 mM PFDS/IPA surface  
over 600 ms, 5 µm scale bar. Composite image of the combined previous frames shows the trajectory of the 
single molecule.  

Single par�cle tracking is not possible at this exposure �me (100 ms) as blurring of the point 

spread func�on (PSF) is observed (Figure 5-5, t = 200ms, 300ms, and 500ms). Therefore, the experiment 

was repeated at faster exposure �mes (45 ms). This change reduced the blurring significantly and 

allowed for the trajectory of some spots to be determined using TrackMate, Figure 5-6. Calcula�ng the 

diffusion constant or mean-squared displacement was not possible at this �me. 45 ms is s�ll significantly 

slower exposure �me compared to what is used for free diffusion, around 10 ms. However, these ini�al 

experiments show that there are some fluorous-fluorophore which are able to move around and interact 

with the surface while others stay immobilized in one spot.   
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Figure 5-6. Trajectory of single 2F molecule on PFDS surface.  
Fluorescence image of single 2F molecule on PFDS surface at beginning (left) and end (right) of a trajectory as 
determined by TrackMate software (pink line). 

A few control experiments were performed to inves�gate the difference in behavior observed. 

The first was to inves�gate if the differences in dynamics were caused by the fluorous-tag in 2F. This was 

first atempted by comparing the deposi�on of 1F (precursor to 2F) and 2F BODIPY compounds on a 

PFDS surface, Figure 5-9. The concentra�on of both BODIPY compounds should be on the nM scale in 

these experiments, although exact concentra�ons are unknown. The precursor BODIPY 1F seems to 

adhere and s�ck to the surface beter through the washing steps than the 2F BODIPY, as there is a 

greater density of fluorescent objects observed on the surface with 1F deposited. It should be noted that 

as the exact concentra�on is not known, it is not possible to conclusively say that the density is greater 

due to surface interac�ons. In these samples, 1F and 2F both exhibit mixes of diffusion and s�cking. As 

these are preliminary experiments, the difference in diffusion between them has not been quan�fied. 

Further inves�ga�on is needed to confirm that both molecules show the same exact diffusion. 
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Figure 5-7. Fluorescence Images of 1F BODIPY (right) vs 2F BODIPY (left) on 30 mM PFDS/IPA surface.  

 To further complicate the above measurement, the 1F BODIPY core features 2 fluorine atoms. It 

was unsure if those F-atoms would be enough to cause a propensity for the BODIPY to adhere or interact 

with the surface. Addi�onally, it was not clear if having two separate fluorine sites in the 2F BODIPY 

could cause differences in the diffusion dynamics. To inves�gate this, 2 addi�onal BODIPY molecules 

were synthesized in the group by Dr. Michael Aristov, which featured propyl groups replacing the fluorine 

atoms in the BODIPY cores. The structures and deposi�on of these molecules is shown in Figure 5-8. The 

protected analogue of the 1F BODIPY is labeled 1, while the protected analogue of the 2F BODIPY is 

labeled 2. The concentra�ons of all solu�ons were es�mated to be around 100 nM, though bulk 

fluorescence experiments should be conducted to confirm and determine exact concentra�on. This 

ini�al experiment showed s�cking of all BODIPY molecules, with the density of molecules varying with 

each structure. As with previous experiments, combina�ons of s�cking and diffusion were observed. 

Without addi�onal replicates is not possible to determine any conclusive statements regarding 

dynamics. However, the s�cking of all the BODIPY molecules does indicate either an issue with 

deposi�on of the dye or an issue with surface composi�on.  
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Figure 5-8. Fluorescence images of various BODIPY molecules on 1 mM PFDS/Toluene surface (Piranha Etch).  
BODIPY compounds 1 and 2 feature protected BODIPY cores, where F-atoms are replaced with propyl-groups. 
They are also analogues of 1F and 2F BODIPY compounds respectively. 

To further explore if the ini�al results are a cause of BODIPY deposi�on or surface 

func�onaliza�on, BODIPY 2F was imaged on a non-func�onalized surface and compared to a PFDS 

surface, Figure 5-9. It was observed that while the same concentra�on of 2F was deposited in both, the 

non-func�onalized plain chamber seemed to have more objects adhered to the surface. This is strange 

as the 2F BODIPY is expected to have a higher affinity to the PFDS surface as compared to just the glass 
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surface. Addi�onally, it was observed that both surfaces showed molecules s�cking and possible 

diffusion.  

 

Figure 5-9. Comparison of 1 µM 2F deposition on 30 mM PFDS/IPA chamber (left) vs Plasma Cleaned plain 
chamber (right). 
Scale bar 5 um.  

 Given the resulted listed above, it was clear that more characteriza�on was required for the 

PFDS surfaces, to confirm the crea�on of a homogenous and uniform surface. A strange phenomenon 

which was observed on the PFDS surfaces when illuminated with white light (bright field) is the presence 

of small circular objects that appeared similar to small droplets generated in Chapter 4, Figure 5-10 and 

Figure 5-11. These objects appeared only on PFDS surfaces and would vary in size and shape, and they 

were present regardless of func�onaliza�on procedure followed. To further understand the surface and 

these objects we turned to surface characteriza�on techniques such as contact angle measurements and 

Atomic Force Microscopy (AFM). 
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Figure 5-10. Droplet-like objects on 2 mM PFDS surface. White light illumination, 5 µm scale bar. 

 

Figure 5-11. Droplet-like objects on 30 mM PFDS surface. White light illumination, 5 µm scale bar. 

5.6 Characteriza�on of Fluorous Surfaces 

Surface characteriza�on techniques, such as contact angle and AFM, can be used to confirm the 

forma�on of a fluorous-func�onalized surface. Contact angle measurements are commonly used to 
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confirm the forma�on of a func�onalized surface. A contact angle, or we�ng angle, is the angle of 

curvature of a liquid drop that is placed on a surface. The surface tension of the liquid in rela�on to the 

surface causes changes in the angle indica�ng the strength of the interac�ons between the liquid and 

surface. Mul�ple measurements are performed on one surface to confirm an even func�onaliza�on. The 

expected contact angle (𝜃𝜃) can determined using the Young equa�on:308  

 

𝛾𝛾𝐴𝐴𝐴𝐴 + 𝛾𝛾𝐵𝐵 cos 𝜃𝜃 = 𝛾𝛾𝐴𝐴 (5.3)  

 

In this equa�on, 𝛾𝛾𝐴𝐴𝐴𝐴 is the interfacial tension between the surface and liquid, 𝛾𝛾𝐴𝐴 is the energy of the 

surface, and 𝛾𝛾𝐵𝐵 is the surface tension of the liquid (in this case water). Using known literature values for 

water and fluorocarbon-monolayers, one can calculate the expected contact angle for our surfaces to be 

115°.308–310 Fluorous surfaces are generally highly hydrophobic, resul�ng in high contact angles for water 

droplets. When comparing the PFDS surfaces to unfunc�onalized surfaces, we observed higher contact 

angles on PFDS surfaces. We also observe an increase in contact angle with PFDS deposi�on solu�on 

concentra�on, Figure 5-12. While the contact angles are higher for lower concentra�on solu�ons of 

PFDS, the only concentra�on that reaches close to the theore�cal maxima is the 10 mM PFDS surface, 

however the 1 mM also seems well func�onalized. However, there are inconsistencies in replicates of 

contact angle measurements, with some 1 mM surfaces showing low contact angles. This indicates there 

may need to be a careful analysis of the deposi�on/func�onaliza�on process of the PFDS coverslips. 
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Figure 5-12. Images of 10 µL water droplet on various surfaces with calculated contact angle below.  
a) Plain glass, b) 10 µM PFDS with plasma cleaning, c) 1 mM PFDS with piranha etching, and d) 10 mM PFDS 
with piranha etching. 

While this contact angle can confirm the hydrophobicity of the surface it cannot discern finer 

details, like the presence of a homogenous monolayer. To inves�gate the dynamics between the 

fluorous-molecule and surface it is impera�ve to understand the composi�on of the surface, i.e., 

monolayer vs. aggregates vs. films. More sensi�ve surface characteriza�on techniques are required to 

iden�fy the presence of a homogeneous monolayer, such as atomic force microscopy (AFM), x-ray 

photoelectron spectroscopy (XPS) and ellipsometry. However, these measurements are o�en performed 

on thick or opaque samples, such silicon wafers. This poses an inherent challenge to inves�ga�ng the 

state of the PFDS on the glass coverslips. Ellipsometry itself is imprac�cal to perform on thin transparent 

substrates, with the signal from the monolayer distorted by back reflec�ons within the glass substrate, 

though it may be possible to create an opaque surface on one side of the sample to suppress back 

reflec�ons using tape.311  XPS also has difficul�es isola�ng the signal from the func�onalized-layer Si-O 

groups and the bulk surface Si-O groups in instances with thin films and thin substrates. 

AFM was used to characterize the PFDS surfaces. AFM o�en is used to iden�fy the height of a 

film to confirm presence of a monolayer, however using the glass coverslips makes establishing a natural 

contrast difficult. Therefore, surface characteriza�on is done instead by determining the surface 

roughness. Roughness is the averages of the absolute values of the surface height devia�ons measured 

within a plane and is expressed by equa�on 3. 
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In the literature roughness is usually reported as the root mean square average of the height devia�ons 

(standard devia�on), expressed by equa�on 4. 

 

𝑅𝑅𝑞𝑞 =  �∑𝑍𝑍𝑖𝑖
2

𝑁𝑁
(5.5) 

 

Homogeneous monolayers exhibit low surface roughness (𝑅𝑅𝑞𝑞 < 1 nm).312 In Figure 5-13, AFM 

images of a blank coverslip are compared to two different areas from the same 1 mM PFDS surface. In 

these AFM images of PFDS surfaces, there are a significant number of objects on PFDS surfaces. The 

surface roughness varies greatly not only between different deposi�on techniques but even within the 

same coverslip.  
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Figure 5-13. AFM measurements of (right) nonfunctionalized glass coverslip, (center, left) 1 mM PFDS 
surfaces. All surfaces were cleaned with piranha etch before functionalization. 

Droplet-like objects are once again observed on the func�onalized coverslips, similar to what was 

observed using op�cal microscopy. These objects are called “islands” in the literature, which can form on 

surfaces as the result of varying deposi�on �mes and poten�ally thermal annealing.313,314 Varying 

deposi�on �mes resulted in changes in contact angle, Figure 5-14, however s�ll showed droplet-like 

objects on the surfaces using AFM. 
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Figure 5-14. Change in Contact Angle of 1 mM PFDS coverslips (piranha cleaned) based on deposition time (0-
60 min, in 15 min intervals). 

  There are reports of droplet-like objects on fluorous-func�onalized Si-wafer surfaces in the 

literature, though they worked with a perfluoro-trichlorosilane compound as opposed to the 

triethoxysilane compound used in these experiments.310,315 However, work done by Bunker et al. shows 

that these “droplets” may be micelles or vesicles of fluorous-silane/deposi�on solvent. Using AFM, they 

observed the forma�on of these droplets on surfaces at the same �me scale that nuclea�on was 

observed in solu�on using light scatering measurements.310 Silane degrada�on can occur through 

hydrolysis in solu�on, resul�ng in aggregates that cause solu�ons to appear cloudy. The amount of water 

present during deposi�on can greatly change the func�onaliza�on of a surface, along with deposi�on 

�mes and temperatures of thermal annealing. Bunker provides very general guidance for produc�on of 

their monolayers.310 With the inconsistencies in contact angle measurements and the observa�on of 

droplet-like aggregates on the surfaces, it is clear that a more rigorous deposi�on and func�onaliza�on 

process needs to be developed before further microscopy experiments can be performed. The 

heterogeneity of the surface is too large to be able to perform conclusive microscopy experiments. It 
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may also be the reason that the same dynamics are observed regardless of which fluorophore is 

deposited onto the surface.  

5.7 Conclusion, Future Direc�ons and Considera�ons 

The design and synthesis of fluorous-labeled BODIPY molecules (2F and 2G) was accomplished with a 

rela�vely straigh�orward cross-coupling synthesis catalyzed by Grubbs Gen. II catalyst. Preliminary 

inves�ga�ons of fluorous-interac�ons between a PFDS surface and fluorous-labeled BODIPY molecules 

(2F and 2G) were performed. While ini�al experiments showed both s�cking and diffusion across 

surfaces, more data is needed for any conclusions. High contact angle measurements support the 

forma�on of at least a par�ally func�onalized PFDS surface. However, AFM measurements show droplet-

like aggregates on the surface. Therefore, proper inves�ga�on into the dynamics between molecules and 

surfaces is not possible at this �me due to the heterogeneity of the surface func�onaliza�on. Next steps 

would include tuning deposi�on se�ngs to result in an even and homogenous PFDS layer on the glass 

surface, which could poten�ally include a second short hea�ng step at high temperatures (250-300°C), 

as suggested by Bunker et al.310 It is cri�cal that future deposi�on protocols strictly control the water 

concentra�on, with minimal water content in solvents and the atmosphere. Addi�onally, it may be worth 

considering keeping samples under vacuum when not in use, to prevent interac�on with atmospheric 

water. A�er confirming the produc�on of homogeneous surfaces, then the fluorescence measurements 

can be repeated more rigorously to provide a full picture of any diffusion on the surface.  

5.8 Experimental Details 

5.8.a Func�onaliza�on of Perfluorinated Surfaces 

Surfaces were func�onalized with 1H,1H,2H,2H-perfluorodecyltriethoxysilane (PFDS). The general 

procedure consists of cleaning and preparing solu�on for func�onaliza�on, exposing the surface to a 
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solu�on of PFDS for some �me, thermal annealing at high temperatures to cause a condensa�on 

reac�on at the surface and covalently atach silanes to the surface. Details regarding the various steps 

are listed below and a comprehensive list of deposi�on condi�ons is found in Table 5-1. Note that 

droplet forma�on was visible with all of these condi�ons. 

Table 5-1. Comprehensive list of PFDS deposition conditions *Denotes surface conditions for FRAP 
experiments. 

Etch Concentration/Solvent Deposition Time, 

Atmosphere 

Sonication Thermal Anneal 

(Temperature and Time) 

Plasma 2 mM PFDS / IPA 1 Hour, Air N/A 110°C, 10 min 

Plasma 22 mM PFDS / IPA 1 Hour, Air N/A 110°C, 10 min 

*Plasma  30 mM PFDS / IPA 1 Hour, Air N/A 110°C, 10 min 

Plasma  75 mM PFDS / IPA 1 Hour, Air N/A 110°C, 10 min 

Plasma Spuncoat PFDS Air N/A N/A 

Plasma  22 mM PFS / IPA 1 hour, Air N/A 110°C, 20 min 

Plasma  22 mM PFS / Toluene 1 hour, Air N/A 110°C, 20 min 

Piranha 10 mM PFS / Toluene 15 min, N2 5 min – IPA 150°C, 1 hour 

Piranha  1 mM PFS / Toluene 15 min, N2 5 min – IPA 150°C, 1 hour 

NaOH  2 mM PFS/ Toluene 30 min, Air 5 min – IPA 150°C, 30 min 

 

5.8.a.1 Cleaning and Preparing Surfaces 

Surfaces have been cleaned with various techniques. Regardless of which procedure is used, 

coverslips should be used immediately a�er cleaning. The first is using plasma, which is produced in our 

lab using atmosphere (air) as opposed to pure oxygen plasma. Plasma cleaning removes organic material 

on the surface, which should produce a more hydrophilic glass surface than an uncleaned coverslip. 

Coverslips are rinsed with HPLC methanol from a plas�c botle, Millipore water from a plas�c botle, and 

then HPLC methanol from a glass botle. Coverslips are then dried with nitrogen before being placed in 

the plasma cleaner for 5 minutes. 
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The second method consists of cleaning surfaces with a Piranha solu�on (or piranha etch). 

Piranha solu�on is a mixture of 3:1 sulfuric acid and hydrogen peroxide. It is a strong oxidizing agent, 

highly acidic, and will decompose most organic molecules, and thereby cleaning surfaces from organic 

residue. The process also can form silanol groups on the surface of the glass, resul�ng in a more 

hydrophilic surface than prior to cleaning. It is very important to use the correct ra�o of sulfuric acid to 

hydrogen peroxide, as an excess of hydrogen peroxide can result in an explosion. Addi�onally, the 

piranha solu�on will react violently with any organic solu�ons, possibly resul�ng in an explosion as well. 

Coverslips are cleaned in the 3:1 piranha solu�on for 30 minutes at 80°C, then removed and rinsed with 

copious amounts of Millipore water. The standard opera�ng procedure should be followed when 

performing a Piranha etch. 

The last cleaning process is a sodium hydroxide (NaOH) etch, performed following the procedure 

detailed in the reference.218   

5.8.a.2 Func�onaliza�on and Thermal Annealing of PFDS 

PFDS surfaces are formed using a solu�on deposi�on. In this step, the PFDS molecules will interact with 

surface silanol groups forming weak connec�ons. The concentra�on of PFDS has varied from 0.1 mM to 

75 mM in two different solvents, HPLC isopropanol (IPA) and dry toluene. Deposi�on �mes have varied 

from 5 minutes up to 1 hour. There are two main deposi�on procedures that have been used. The first 

includes dunking coverslips (si�ng in a Teflon boat) into a solu�on of PFDS in HPLC IPA for 1 hour. The 

solu�on is exposed to air during this, which can introduce impuri�es. The second technique is performed 

within a deposi�on chamber, Figure 5-15. Coverslips (within the Teflon boat) are placed within a beaker 

than is inside of the deposi�on chamber. Vacuum is pulled and then a nitrogen atmosphere is 

introduced. A PFDS solu�on in dry toluene is syringed into the chamber and allowed to sit for 15 

minutes. A�erwards the coverslips are removed and sonicated in HPLC IPA for 5 minutes. 
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Figure 5-15. Photo of deposition chamber.  
A 100 mL beaker is placed within to hold the Teflon boat with coverslips and PFDS solution for deposition. 

5.8.a.3 Thermal Annealing 

Thermal annealing is the last step of the func�onaliza�on process. At this step the surface is heated 

above 100°C causing a condensa�on reac�on and resul�ng in a strong bond forming between the PFDS 

solu�on and the surface. Thermal annealing originally occurred within a 110°C oven for 10 minutes, 

however this is no longer suggested due to safety concerns. If the coverslip surface has not been fully 

dried before placing in the oven, PFDS can poten�ally vaporize from the surface and be a safety hazard 

to anyone working in the lab. Therefore, it is instead suggested to heat the surfaces on a hot plate within 

a fume hood. The thermal anneal step has varied from 10 min all the way to 1 hour. The most common 

�mes were 10 minutes within a 110°C oven and 1 hour on at 150°C hot plate. 
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5.8.b Surface Characteriza�on 

5.8.b.1 Contact Angle 

Contact angle measurements were taken at the So� Materials Characteriza�on Lab at UW-Madison, on 

the Dataphysics OCA 15 Plus instrument. A 5-10 µL droplet of water is placed onto the surface by an 

automated syringe. An image is taken of the droplet and then processed to determine the contact angle. 

A list of the contact angles measured from various surfaces is found in Table 5-2. It is important to note 

that all the coverslips which underwent a PFDS deposi�on exhibited higher contact angles than the 

corresponding non-func�onalized coverslips. Plain coverslips are non-func�onalized coverslips that were 

cleaned in the same process as the func�onalized coverslips prior to deposi�on.  

Table 5-2. Contact Angle Measurements of Various Concentrations PFDS surfaces 

Surface Contact Angle (std) 

Plain Coverslip – Plasma Cleaned 37° (±1) 

1 µM PFDS – Plasma Cleaned 68.4° (±4) 

10 µM PFDS – Plasma Cleaned 71° (±4) 

2 mM PFDS – Plasma Cleaned 56.1° (±0.4) 

Plain coverslip – Piranha Cleaned 50° (±2) 

1 mM PFDS – Piranha Cleaned 107.0° (±0.9) 

10 mM PFDS – Piranha Cleaned 113° (±2) 

Plain Coverslip – NaOH Etch 34° (±4) 

2 mM PFDS – NaOH Etch 76° (±16) 

 

5.8.b.2 Atomic Force Microscopy 

Atomic force microscopy (AFM) measurements were performed at the Nanoscale Imaging and Analysis 

Center at UW Madison a Bruker Dimension Icon AFM. Images were taken in air tapping mode using a 

TESPA-V2 �p probe.  
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Table 5-3. Roughness (Ra and Rq) for various surfaces determined from AFM 

Surface Ra Rq 

Plasma Etch – Blank 0.274 nm 0.405 nm 

Plasma Etch – 1 µM PFDS 4.20 nm 7.19 nm 

Plasma Etch 10 µM PFDS 1.17 nm 2.05 nm 

Plasma Etch 2 mM PFDS 0.272 nm 0.213 nm 

Piranha Etch – Blank 1.69 nm 4.26 nm 

Piranha Etch – 1 mM 0.937 nm 1.43 nm 

Piranha Etch – 1 mM 4.14 nm  7.44 nm 

NaOH Etch – Blank 0.472 nm 0.870 nm 

NaOH Etch – 2 mM 4.61 nm 7.66 nm 

 

 

Figure 5-16. AFM measurements of (left) nonfunctionalized glass coverslip, (right) 2 mM PFDS surfaces. All 
surfaces were cleaned with NaOH etch.  
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Figure 5-17. AFM measurements of nonfunctionalized coverslip, 1 µM PFDS surface, 10 µM PFDS surface, and 
2 mM PFDS surfaces. All surfaces were cleaned with plasma etch.  

5.8.c PFDS-Surface Stability with Base 

To test the stability of the PFDS surface, plain glass coverslips as well as PFDS coverslips were both 

dunked into 4 mM solu�ons of potassium tert-butoxide (KOtBu). A qualita�ve measurement was 

performed by placing 10 µL droplets of Millipore water on both surfaces. The water droplets balled up 

on the PFDS surfaces prior to dunking, indica�ng a hydrophobic surface. On the non-func�onalized 

coverslip, the water droplets would spread, we�ng the surface and indica�ng that the surface was 

hydrophilic. The fluorous surface maintained bulk level hydrophobicity even a�er being in the solu�on 

for over an hour. Qualita�vely, PFDS seems to resist etching by KOtBu. However, more experiments, such 

as quan�ta�ve contact angle measurements, as well as AFM inves�ga�on of the surface changes, are 

needed to confirm that the film has not been destroyed by base. 
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Figure 5-18. Testing stability of 5% PFDS hydrophobic surface after treatment with base.  
10 µL droplets of Millipore water on fluorous coverslip (right) and unfunctionalized clean coverslip (right). a) 
Before placing coverslips in 4 mM solution of KOtBu and after being in the solution for b) a few seconds, c) 5 
minutes, and d) 1 hour.  

5.8.d Fluorescence Impuri�es from Deposi�on Process 

 

Figure 5-19. Comparison of PFDS surfaces with functionalization at elevated temperatures (40°C, left) and at 
room temperature (right) using fluorescence emission, 532 nm excitation.  
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Ini�al deposi�on of PFDS atempted hea�ng to 40°C while the coverslips were dipped in the PFDS 

solu�on. This resulted in many fluorescence impuri�es appear on the surface, see Figure 5-19. This 

sample was excited by 532 nm light which will show the most fluorescence impuri�es. When comparing 

a coverslip that was func�onalized in the same way except at room temperature, the same fluorescent 

impuri�es are not observed. By switching to redder excita�on and collec�on wavelengths (>630 nm) and  

diligent cleaning procedures, PFDS surfaces without fluorescent impuri�es can be produced, Figure 5-20. 

 

Figure 5-20. Fluorescence blank images (left) nonfunctionalized coverslip (right) PFDS surface, 638 nm 
excitation.  
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5.9 Synthe�c Details 

5.9.a Fluorine Labeled Green BODIPY 

N N
B

F F
1G  

Synthesis of compound 1G: Synthesized from procedure a modified procedure. This reac�on was 

performed in an oven-dried 2-neck 250 mL round botom flask. 3-ethyl-2,4-dimethyl pyrrole (4.9 mmol, 

0.59 g) and 10-undecenoyl chloride (2.4 mmol, 0.49 g) were dissolved in dry dichloromethane (DCM, 60 

mL) and refluxed under N2 atmosphere for 15 hours. The solu�on was cranberry pink in color. The 

solu�on then was then cooled to room temperature. Triethylamine (Et3N, 2 mL) was added and allowed 

to s�r for 15 minutes; at this �me the solu�on was yellow/brown in color. Then, BF3·OEt2 (4 mL) was 

added slowly dropwise and s�rred for an addi�onal 3.5 hours s�ll under N2 at room temperature. The 

solu�on returned to a cranberry pink color. A�er 3.5 hours, solvent was evaporated using nitrogen, and 

the crude product was purified via column chromatography (10:1 acetone/ hexanes) to give pure 

product G1 (95.7 mg, 9% yield). This reac�on is a modified from procedures in references.316,317 1H NMR 

(400 MHz, CDCl3) δ 5.81 (ddt, J = 16.9, 10.2, 6.7 Hz, 1H), 5.05 – 4.88 (m, 2H), 3.04 – 2.91 (m, 1H), 2.49 (s, 

2H), 2.39 (p, J = 7.6 Hz, 3H), 2.33 (s, 2H), 2.20 (s, 2H), 1.80 – 1.24 (m, 14H), 1.05 (t, J = 7.5 Hz, 4H). 
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N N
B

F F

F
FF

F F
FF

F F
F

F F
F

F
F

F

F

2G  

Synthesis of Compound 2G: This synthesis was done in an oven-dried 2-neck 25 mL round bottom flask. 

Compound G1 (0.17 mmol, 75 mg) was dissolved with 1H,1H,2H-perfluoro-1-decene (0.85 mmol, 225 

µL) in dry dichloromethane (DCM, 10 mL) and kept under an N2 atmosphere. Grubbs Generation II 

catalyst (10 mol %, 14 mg) was added and the solution was refluxed for 20 hours. Solvent was 

evaporated under N2, and the crude product was purified with silica gel column chromatography (3:7 

Hexane/DCMxi). TLC showed three spots, leading with the desired product (G2), followed by the starting 

material (G1) and tailing is assumed to be the homo-coupled BODIPY. 1H NMR (400 MHz, CDCl3) δ 6.42 

(dd, J = 15.8, 6.8 Hz, 1H), 5.66 – 5.53 (m, 1H), 3.01 – 2.94 (m, 2H), 2.49 (s, 5H), 2.43 – 2.34 (m, 4H), 2.33 

(s, 5H), 2.24 – 2.16 (m, 2H), 1.69 – 1.19 (m, 16H), 1.05 (t, J = 7.6 Hz, 5H). 

  

                                                            

xi This solvent mixture can easily get cracks and air bubbles in the silica.  
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5.9.b Fluorine Labeled Red BODIPY 

N N
B

F F

1F  

Synthesis of 1F:xii Synthesis done in at oven dried 250 mL two neck round bottom flask. Spiro[fluorene-

9,4’(1’H)-indeno[1,2,-b]pyrrole] (1.9 mmol, 596 mg) and 10-undecenoyl chloride (2.2 mmol, 480 µL)xiii 

were refluxed in dry dichloromethane (DCM, 60 mL) under nitrogen for 20 hours. The solution is blue in 

color. The reaction was brought to room temperature. Triethylamine (Et3N, 2 mL) was added and stirred 

for 15 minutes; the solution turned a red color. Then BF3·OEt2 (4 mL) was added slowly dropwise and 

stirred under nitrogen for 3.5 hours. The solution turned back to a blue color. Solvent was evaporated 

with nitrogen, leaving an oily crude product. The crude product was purified via silica column 

chromatography (2:3 hexanes/DCM). 1H NMR (400 MHz, CDCl3) δ 8.44 (d, J = 7.7 Hz, 1H), 7.84 (d, J = 7.6 

Hz, 3H), 7.48 (t, J = 7.5 Hz, 1H), 7.40 (t, J = 7.6 Hz, 2H), 7.19 (t, J = 7.0 Hz, 4H), 6.98 (d, J = 7.6 Hz, 2H), 6.64 

(d, J = 7.7 Hz, 1H), 6.58 (d, J = 10.6 Hz, 1H), 5.73 (d, J = 6.8 Hz, 1H), 5.00 – 4.80 (m, 2H), 2.57 (t, J = 8.2 Hz, 

1H), 1.44 – 1.08 (m, 13H). 

 

                                                            

xii This is different than the tradi�onal red BODIPY synthesis route that is used in the group. 

xiii There was a calcula�on error that resulted in the addi�on of the wrong amount of acyl chloride experimentally. 
There should be a 2.1:1 equivalence of pyrrole: acyl chloride, for 1.9 mmol of pyrrole, one would use 0.9 mmol of 
acyl chloride. 
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N N
B

F F

F
FF

F F
FF

F F
F

F F
F

F
F

F

F

2F  

Synthesis of 2F: A oven dried 50 mL round bottom flask is used for this synthesis. Compound 1F (92 

µmol, 75 mg) and 1H,1H,2H-perfluoro-1-decene (0.8 mmol, 220 µL) were added to dichloromethane 

(DCM, 10 mL) under nitrogen. Grubbs Generation II catalyst (GG2, 18 mol %, 14 mg) The solution was 

refluxed for 20 hours. Solvent was removed in vacuo. Crude product was purified by silica column 

chromatography (3:7 hexanes/DCM). (15.6 mg, 14%) 1H NMR (400 MHz, CDCl3) δ 8.44 (d, J = 7.6 Hz, 2H), 

7.84 (d, J = 7.7 Hz, 5H), 7.48 (t, J = 7.6 Hz, 2H), 7.40 (t, J = 7.6 Hz, 4H), 7.19 (t, J = 7.5 Hz, 7H), 6.98 (d, J = 

7.7 Hz, 5H), 6.64 (d, J = 7.7 Hz, 2H), 6.56 (s, 2H), 6.35 (s, 1H), 5.53 (d, J = 13.8 Hz, 1H), 2.57 (t, J = 8.0 Hz, 

2H), 1.35 – 1.09 (m, 19H).  
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