Studying Heterogeneity of Chemical Reactions via Single-Molecule Fluorescence

By
Katherine Lupo

A dissertation submitted in partial fulfillment of
the requirements for the degree of

Doctor of Philosophy
(Chemistry)

at the
UNIVERSITY OF WISCONSIN-MADISON
2018

Date of final oral examination: 6/15/2018
The dissertation is approved by the following members of the Final Oral Committee:
Randall Goldsmith, Assistant Professor, Chemistry
James Weisshaar, Professor, Chemistry
Timothy Bertram, Associate Professor, Chemistry
Silvia Cavagnero, Professor, Chemistry



Abstract

Single-molecule fluorescence microscopy (SMFM) is a well-used tool to study sub-
ensemble, asynchronous behavior of chemical systems. Recently, SMFM has been extended
towards revealing sub ensemble kinetics of inorganic reactions. However, extending SMFM to
this realm leads to the necessity of innovation of new fluorophores that fluorescence well in
organic solvents and surface immobilization techniques that are not susceptible to destruction
under reaction conditions, among other concerns.

This thesis examines several potential solutions to the areas of need identified above.
Several systems were investigated at the single-molecule level to vet their potential for use in
single-molecule studies. In Chapter 2, the emission properties of dendrimeric catalytic fluorophore
assemblies were studied to determine whether they would exhibit higher fluorescence than their
monomeric counterpart. Contrary to expectations, higher emission was not observed due to
Singlet-Triplet Annihilation, a phenomenon not visible at the bulk level. Different modes of
surface immobilization were also investigated. In Chapter 3, the response of the commonly-used
silyl ether-silica linkage mode of surface attachment under basic conditions was probed.
Interestingly, it was found that the destruction of the linkage exhibited highly heterogeneous
behavior only visible at the single-molecule level. Chapter 4 shows the progress that has been
made toward the use of toluene-in-water droplets as a means of encapsulating and immobilizing

single catalyst molecules to study single-molecule reaction Kinetics.
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1. Introduction

1.1 Single-Molecule Fluorescence Microscopy as a Means to Reveal

Sub-Ensemble Behavior

Single-molecule fluorescence microscopy (SMFM) aims to reveal underlying physical
phenomena that are otherwise obscured in standard bulk measurements. In standard bulk
measurements, a given quantity is measured as an average- for example, quantum yield, reaction
rate, and mechanisms are all ensemble averaged quantities. Ensemble averaged quantities fail to
reveal any heterogeneity that may be present. For example, a cuvette filled with a fluorescent
solution can be measured on a fluorimeter to have a certain fluorescent intensity. This
measurement cannot distinguish between extremes- are all of the molecules emitting the same
number of photons at any given time? Are half of the molecules not emitting at all and the other
half are twice as bright as the bulk measurement would indicate? Does the distribution of behaviors
change over time? Two related concepts that pertain to these questions are often discussed as being
uniquely measurable through SMFM- static and dynamic heterogeneity. Static heterogeneity refers
to the difference between individual molecules in a system. In the previous example, multiple
molecules emitting different numbers of photons over time, ie having different fluorescent
intensities, is an example of static heterogeneity. Dynamic heterogeneity refers to how the
behaviors of single molecules change over time. Related to the previous example of fluorescence,
a molecule going into a non-emissive state for a period of time is an example of dynamic

heterogeneity. SMFM is uniquely suited to reveal both types of heterogeneity.



Additionally, SMFM allows for the observation of unsynchronized events. To measure
many time-dependent quantities on large ensembles of molecules, the events must be
synchronized. Thus, events that are not correlated are generally unmeasurable through ensemble
methods. In the example of a bulk fluorescence measurement, the emission of a molecule is likely
uncorrelated to the emission of other molecules in the system, particularly molecules that are
spatially separated from it. Similarly, many time-dependent processes, such as those discussed
below, are stochastic, making them difficult or impossible to synchronize. This leads to the
impossibility of ensemble observations of these processes. SMFM provides a way to observe
unsynchronized events. Because the behaviors of individual molecules are probed, it does not
matter whether events are synchronized, thus allowing observation of unsynchronized behavior

beyond the ensemble average.

1.2 Use of SMFM So Far

SMFM has long been used as a way to get past ensemble averages to observe heterogeneity.
Examples of well-investigated phenomena explored with SMFM include protein folding
dynamics, motor protein function, and enzyme dynamics. Forster Resonance Energy Transfer
(FRET ) has become an important tool for studies on single protein folding dynamics® and has
been used to show transitions between folded and unfolded states.? FRET has also been used to
determine transition path timescales, revealing that transition path timescales hardly vary
compared to overall folding rates.®> SMFM has been used to examine rates, step size, and pausing
in motor proteins in the myosin and kinesin families.* In particular, SMFM has been used to show

that kinesin moves over microtubules in a hand-over-hand mechanism as opposed to an inchworm
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mechanism.>® Enzyme dynamics have also been examined through SMFM, revealing that
fluctuations in protein conformations result in large fluctuations in turnover rates.” Non-
exponential behavior of enzymes has also been shown and attributed to conformation dynamics in
enzymes.®

While the examples given above constitute research done on biological systems, SMFM
has been increasingly used in organic/inorganic systems. In particular, SMFM provides a way to
examine energy transfer important to light harvesting applications. Energy transference in
dendrimeric arrays®!! and semiconducting conjugated polymers'?1* have both been studied
through SMFM techniques to better understand their potential in light-harvesting applications.
Additionally, SMFM provides a way to analyze surface dynamics, given the spatial and temporal
resolution it provides. In particular, SMFM has been used to understand molecular diffusion in
chromatographic systems®>1’ as well as diffusion at liquid-solid interfaces."°

Ultimately, the goal of research in the Goldsmith Group is to extend SMFM to observation
of single turnover events from single inorganic catalyst molecules. Our work has led to novel
information on the initiation dynamics of an organometallic catalyst?® and further work, some of
which is described herein, is working towards observation of individual C-C coupling events.
Other groups have approached single heterogeneous catalyst studies using platinum,?-?2
palladium,?® and ruthenium?-® catalysts. Much single-molecule work has centered on
observations of catalysis on nanocrystals,? revealing variability of reactivity based on location on
particles.?” Further work has shown crystal face dependence on reactivity,?®?° although other
studies show that surface defects may have a more pronounced effect on reactivity.>® Importantly,

none of the catalysis research outlined above, from our group and others, feature observations of
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single catalysts achieving single turnover events. SMFM as applied to inorganic systems is a
relatively young field, necessitating more work to enable these types of measurements. The goal
of the research presented herein is to examine and perfect the parameters necessary to performing
SMFM through single-molecule measurements. Intriguingly, by examining these parameters

through SMFM, unusual behavior is often observed, ultimately revealing the power of SMFM.

1.3 Requirements of SMFM

At the core of single-molecule fluorescence microscopy, only a few things are needed.
Essentially, all that is necessary is to have a change in fluorescence that indicates a chemical or
physical change in the system being studied. However, there are many nuances that determine the
efficacy of SMFM. Effective experimental design is essential for a successful experiment. In
particular, fluorophore choice and surface immobilization play important roles in how achievable

the desired results are. Such considerations will be examined in more detail in this work.

1.4 Fluorophore Choice

There are many considerations to balance when selecting a fluorophore for a SMFM
experiment. For one, a change in fluorescence in response to a chemical or physical change in a
system is necessary. However, there are many options for what this change can be that are
dependent on the design of the experiment. An additional consideration, and one that will be
explored in more detail in this work, are the photophysical properties of the fluorophore. Desirable
photophysical properties include large absorption cross-sections and high quantum yields.®

Absorption cross-section is the single-molecule analog to extinction coefficient and relates to the



probability that a single molecule will absorb an incident photon. A high absorption cross-section
leads to more photon absorption events, which in turn increases the occurrence of emissive events,
all other parameters being equal. Quantum yield is a measure of the probability that an absorption
event will lead to an emissive event. High quantum yields lead to high photon emission probability.
Thus, it is desirable for a fluorophore to have a large absorption cross-section and high quantum
yield to maximize the number of photons, and thus the visibility, of the fluorophore.

While these photophysical properties are somewhat tunable through fluorophore design,
our group has explored other methods to increase signal-to-noise ratio. Our group has combined
the use of synthetic design to tune properties with unconventional methods of increasing
fluorophore brightness. In Chapter 1 of this thesis, dendrimeric arrangements of fluorophores are
examined to determine their potential efficacy for single-molecule measurements. In this project,
multiple fluorophores, up to 4 per molecule, are attached to a catalytic backbone. Thus, while the
properties of the fluorophores are not intentionally being tuned through synthesis, the additive
fluorescence of each fluorophore on a molecule should increase brightness. Despite these
expectations, little difference is seen between molecules with different numbers of fluorophores,

revealing unexpected photophysical properties visible only at the single-molecule level.

1.5 Surface Attachment

One important factor in experimental design is choice of fluorophore immobilization. If not
immobilized, fluorophores may only exist in a field of view for fractions of a second, thus greatly
decreasing the ability to take measurements. Thus, it is often beneficial to immobilize fluorophores

in order to increase observation time. However, immobilization also constrains molecules, limiting
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their ability to move as they would in solution. It is of great importance to determine whether
immobilization impacts a system’s behavior and to design the system to avoid overly impacting
normal function through immobilization. This work discusses multiple modes of immobilizing
fluorophores, which will be discussed in depth in Chapters 3 and 4.

The primary mode of surface attachment used in Chapters 2 and 3 are silyl ether to silica
linkages. In Chapter 3, the robustness of silyl ether-silica linkages are tested, in particular in
relation to detachment caused by interaction with basic conditions. Intriguingly, non-exponential
behavior is seen in the linkage failure, revealing the innate heterogeneity of the silica surface that
would be obscured by ensemble measurements. In Chapter 4, a new mode of immobilization is
presented. Instead of surface immobilization, microscale droplets are used to contain fluorophores.
The benefit of droplet immobilization is that fluorophores are confined to a set area and thus cannot
diffuse out of solution, but they are still able to freely diffuse within the droplet. However, size
control and stability have proven troublesome. Chapter 4 discusses methods that we have
employed to approach droplet fabrication, as well as future experiments which will employ droplet

immobilization.



2. Fluorescent Dendrimeric Molecular Catalysts
Demonstrate Unusual Scaling Behavior at the Single-

Molecule Level

This chapter was first published as Upadhyay, S. P.*; Lupo, K. M.*; Marquard, A. N.; Ng, J. D.;
Bates, D. M.; Goldsmith, R. H., Fluorescent Dendrimeric Molecular Catalysts Demonstrate
Unusual Scaling Behavior at the Single-Molecule Level. Journal of Phyical Chemistry C 2015,
119 (34), 19703-19714. *co-first authors

Katherine Lupo performed single-molecule experiments and did the analysis leading to the central

conclusion of the article. Sunil Upadhyay synthesised and performed bulk spectroscopy on
compounds 1-5

2.1 Abstract

A series of surface-supported molecular palladium catalysts were synthesized using a dendrimeric
attachment motif to incorporate multiple BODIPY fluorophores for single-molecule fluorescence
microscopy. An unusual fluorescence intensity scaling law was observed, whereby the addition
of multiple fluorophores did not result in a substantial increase in single-molecule brightness.
Possible quenching mechanisms are discussed and simulations of photophysical population
dynamics are used to identify singlet-triplet annihilation as the likely origin of the scaling law.
This work is a conspicuous example of how the availability of different photophysical kinetic
pathways can have substantial influence on molecular design rules, with implications for light-

harvesting strategies.



2.2 Introduction

Single-molecule measurements are a potent means of revealing unsynchronized molecular
behavior and heterogeneity. While many targets of single-molecule measurements have been
biological in nature, single-molecule measurements have also revealed the intricacies of charge
and energy transfer in supramolecular chromophore assemblies,®'! 323* semi-conducting
polymers, 1?14 3538 and functionalized inorganic materials,?® 3! and have been used to explore
molecule-surface interactions.*>* More recently, single-molecule measurements have been

applied to elucidate fundamental mechanistic questions in chemical reaction dynamics,*>

enabling investigation of both molecular?® 4749 and heterogeneous catalysts.?® 2

Continued exploration of non-biological targets in materials science and reaction chemistry
at the single-molecule level will require use of fluorophores in non-aqueous environments. New
or different fluorophores will likely be optimal, and development of new conjugation strategies for
attachment to chemical targets of interest will be needed. Maintaining desirable signal-to-noise
levels will require increasingly bright fluorophores because elevated background levels will result
from the enhanced solubility of fluorescent impurities and higher Raman scattering cross-sections
in less polar solvents. Identification of the ideal fluorophore for single-molecule experiments in
non-aqueous systems is an important outstanding issue.

For studying molecular catalysts, Blum and co-workers have identified
borondipyrromethene (BODIPY) dyes as good candidate fluorophores due to the absence of
strongly coordinating heteroatoms capable of non-innocent interactions with the metal center of

interest.*” However, despite their high fluorescent quantum yields, solubility, and synthetic

tailorability,>*> BODIPY dyes suffer from relatively low absorption cross-sections, requiring high
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pump power to maintain high signal photon streams, but leading to increased background levels.
Polycyclic aromatic hydrocarbons would also possess only weak coordinating interactions with
metal centers and have been used extensively for solid phase single-molecule spectroscopy
experiments,>>->* but suffer from low solubility and lack of good synthetic handles.

In an attempt to enhance the brightness of fluorescently labeled molecular catalysts for
mechanistic investigations, we synthesized a family of dendrimerically labeled surface-supported
palladium catalysts (see Chart 1). These catalysts possess multiple fluorescent BODIPY dyes per
metal center. Use of multiple fluorophores to increase the brightness of a single target object was
used in early attempts at single-molecule fluorescence microscopy, and is a common strategy for
in vivo tracking experiments where fusion proteins composed of multiple fluorescent proteins are
employed to counteract high cellular autofluorescence.®® However, new synthetic and
photophysical strategies must be developed to multi-label small-molecule constructs and
molecular catalysts in particular. Dendrimers have been used as a scaffold for holding multiple
fluorophores in close proximity, and work by Hofkens, DeSchryver, Mullen, and co-workers has
shown dendrimeric fluorophores to be a tremendously rich target for investigations of
photophysical processes.3* > In this article, we adopt a dendrimer scaffold as a structural
element in a novel family of multi-fluorophore molecular catalysts. In the process, an unexpected
fluorescence intensity scaling law was observed as an increasing number of fluorophores were
added to each molecular system. Our results highlight important design rules that must be
considered when developing multichromophoric systems.

More broadly, multichromophore arrays are extremely important systems in any type of

natural®:-% or synthetic®’-"® light-harvesting structure. A diverse array of photodynamic processes
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can be at play, exerting a significant degree of control over the exhibited absorption and emission
properties. While single-molecule investigations of multichromophoric species are a powerful
means of elucidating these photodynamics, such measurements are generally performed in air.X%
33,5760 golution-phase self-assembly of multichromophoric systems has become an increasingly
useful approach for controlled exciton and charge flow in photovoltaic devices, but investigations
at the single-molecule level have not been performed. Our dendrimerically labeled catalysts are
an excellent platform for investigating multichromophoric interactions in non-aqueous media, and
the resulting fluorescence intensity scaling laws are relevant for a broad array of energy harvesting

motifs.

2.3 Synthesis of Dendrimeric Compounds

Full details of the synthesis and characterization of Compound 1-5 are reported in the published

version of this chapter.

2.4 Bulk Spectroscopy

The following section ““2.4 Bulk Spectroscopy” was performed by Dr. Sunil Upadhyay and is

included to inform the further work.
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Chart 1: A Series of BODIPY Labeled Pd-NHC-PEPPSI Catalysts Synthesized with Varying
Numbers of Fluorophores and Distances from the Central Pd Atom.

The ground-state electronic absorption and emission spectra of complexes 1-5 in iPrOH at
298 K are shown in Figure 1 and summarized in Table 1. All compounds exhibit absorption

patterns that include high intensity intra-ligand So-S: (mn-n*) transitions typical for BODIPY
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fluorophores.”* Compounds 1-3 all have features that overlap at 523 nm whereas compounds 4 and
5 are bathochromically shifted to 526 and 529 nm, respectively. While the minor bathochromic
shift for 4 could be ascribed to the increase in conjugation length due to the presence of the ethynyl
linkage, the increased width of this peak, as well as the larger shift and broadening for 5 suggest
that multiple photophysical phenomena are playing roles.

The emission spectra of complexes 1-5 are shown in Figure 1b, and mirror the trends for
the absorption spectra with 4 and 5 showing minor and major bathochromic shifts. The quantum
yields (QY) of fluorescence for complexes 1-5 were measured in isopropyl alcohol using
Rhodamine 6G as a standard.” While 1-3 show high QY values, as expected for BODIPY
fluorophores, 4 and 5 are significantly quenched, and only began to achieve QY values comparable

to 1-3 after excessive dilution (see Supporting Information).

catalyst | Amax/nm | Aem/nm? | Stokes shift/nm Qv? average average
maximum total

brightness/ | photons

photons's® | detected

1 523 535 12 0.79+0.006 8.61x10° 4.28x10*

2 523 535 12 0.93+0.013 9.61x10° 2.89x10*

3 523 535 12 0.87+0.010 8.96x10° 1.57x10*
0.45+0.007°

4 526 538 12 (0.38+0.004) 1.02x10* 3.07x10*
0.70+0.007°

5 529 544 15 (0.10£0.004) 9.58x10* 1.45x10*

Table 1: Fluorescence Data for Complexes 1-5 in iPrOH
3Excitation at 508 nm. °1% THF in iPrOH and at high catalyst dilution.

Data from steady-state spectroscopy and QY measurements suggest partially conflicting

mechanisms. The redshift and broadening of the absorption spectra of 4-5 is a signature of J-
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Figure 1: a) Bulk absorbance and b) bulk fluorescence emission spectra of compounds 1-5. For
fluorescence spectra, excitation is provided at 508 nm.

aggregation.”® Aggregation is also strongly suggested by the concentration dependence of the QY
measurements and multichromophoric pi-systems, including those with BODIPY components, are
well- known to aggregate in solution.”” The failure of the QY values of dendrimeric compounds
4 and 5 to rise to the values of 1-3 after dilution further suggests that some residual aggregation
may still be occurring. However, unlike H-aggregation, which strongly quenches emission due to
the lowest exciton-coupled excited state being symmetry forbidden from radiative return to the
ground state, J-aggregation is not known to quench emission and has been observed to enhance
emission in BODIPY compounds.?t 7> 778 One possible origin is a mixture of impure H and J
aggregation resulting in some quenching but with a net red shift. Quenching could also come from
an interaction in the electronic excited state. One possible process is excimer formation, but this
process would yield significantly red-shifted emission,”® which is not observed. Other possible

excited state interactions will be discussed below.
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2.5 Single-Molecule Spectroscopy

2.5.1 Preparation of Reaction Chambers

Glass tubing (13 mm OD, 10 mm ID, borosilicate, 33 COE) was cut into roughly 4 cm
lengths. Each cut side was polished using silicon carbide (Wale Apparatus, 600 grit) and rinsed
with Millipore water, acetone, and methanol. Glass coverslips (Fisherfinest, 25x25x0.17 mm) were
rinsed with methanol, acetone, and methanol again. After drying, the tubes and coverslips were O>
plasma cleaned in 300 W plasma for 3 minutes.

The cleaned coverslips were arranged on a cold hotplate. The glass tubing was individually
dipped into a 40% sodium silicate solution that was prepared by diluting 40° baumé sodium silicate
(J.T. Baker) with Millipore water. Excess sodium silicate was removed by dabbing the dipped end

of the tubing against aluminum foil. The dipped end was placed on a coverslip, weighted down

with an appropriately sized ball bearing, and rotated about half a turn to ensure contact with the

\

Figure 2: a) Bottom-up view of a completed chamber. The tube is attached to a coverslip. b) A
chamber curing on a hotplate with a ball bearing to weigh it down.
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surface. After all tubes were placed on coverslips, the chambers were heated to a final temperature
of 135 °C, starting at 60 °C and increasing the temperature by 15 °C every 15 minutes. The

chambers sat at 135 °C overnight and allowed to cool to room temperature before use.

2.5.2 Deposition of Dendrimeric PEPPSI Catalysts:

All glassware, including chambers, was rinsed with HPLC grade methanol, acetone, and
methanol and allowed to dry before O, plasma cleaning at 300 W for 3 minutes. HPLC grade
isopropanol was photobleached for 3 days in a home-built photobleaching apparatus.& Stock
solutions of the catalysts were prepared by dissolving small amounts of catalyst in photobleached
isopropanol. Due to the low solubility of the dendrimers, in some cases it was necessary to
remove excess solid from the stock solution before further dilution and deposition. When not in
use, the stock solutions were covered in aluminum foil and stored in a -20 °C freezer. Before use,
the stock solutions were sonicated for about 15 minutes and returned to room temperature. Fresh
dilutions of the catalysts were prepared before every deposition and were selected based on the
resultant surface coverage produced in the chambers. Generally samples with roughly 100
molecules per field of view were used, corresponding to a surface coverage of about 1
molecule/20 um?,

To deposit catalyst into chambers, 500 uL of the diluted catalyst solution was placed in
chambers, covered with coverslips, and left to react at the surface via the silyl ether surface anchor
at room temperature in a dark environment for one hour.

At the end of the hour, the solutions were pipetted out of the chambers and rinsed with
500 pL of isopropanol, using a micropipette to mix the isopropanol in the chamber before

pipetting it out. The chambers were dried in an oven at 110 °C for 8 minutes, left to cool, and
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rinsed with isopropanol as before. The chambers were then filled with 500 pL of clean
isopropanol prior to imaging.

To ensure that fluorescent impurities were not an issue, control “blank” samples were
prepared in the same manner as the catalyst samples, except that 500 pL of isopropanol was added
to the chambers in place of the catalyst solutions. Blank samples were left to sit for one hour and
rinsed in the same manner as the catalyst samples. An example of a widefield image of a blank

sample and a sample with deposited catalyst solution is shown Figure 3.

2.5.3 Microscopy

A 532 nm Coherent Sapphire fiber-coupled diode laser with at 5.1 mW output power was
expanded using a telescope and guided through a Nikon 60x Apo TIRF 1.49 NA oil-immersion
objective fitted to a Nikon Eclipse Ti inverted microscope. At the sample, the beam was 2.12x10°
®cm? in area and had an intensity of 239 W/cm?. The fluorescent signal was collected through the
same objective, passing through a Semrock 532 nm RazorEdge Dichroic mirror and a Semrock
EdgeBasic 532 nm longpass filter before being focused onto an Andor EMCCD iXon camera with

a 512 x 512 pixel detector. Sample illumination was controlled using a Uniblitz shutter.
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Figure 3: Comparison of a control sample and an actual sample. a) A typical widefield image of a
blank sample. b) A typical widefield image of deposited catalyst (compound 4, conditions as
described in text).

2.5.4 Imaging

Widefield images of PEPPSI catalysts were taken by starting a video acquisition before
starting to illuminate the sample spot and then opening the shutter to prevent excess
photobleaching in the sample prior to imaging. In general, only about 10 frames elapsed before
the shutter could be opened. Images were recorded for 500 frames with 100 ms exposure times,
resulting in roughly 50 seconds of video, during which time most of the fluorophores
photobleached. Home-written Matlab programs were used to remove the dark initial frames, find
individual molecules, track their intensity over time, and analyze the resultant traces.

For saturation studies, samples with higher surface concentrations were prepared.
Individual frames at various laser powers were taken at the same location on a sample, starting at

low powers and ramping up and down again to minimize photobleaching. To prevent excess
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photobleaching, each sample was only illuminated while the 100 ms frames were collected by
synchronizing the camera shutter and an external shutter. After subtracting background, the mean

intensity of each sample was plotted against the incident laser intensity.

2.5.5 Image Analysis

Home-written Matlab programs were used to analyze all data. After removing the dark
frames that were recorded before opening the shutter, a spot finding program® was used to locate
single molecules. The fluorescent intensities of the resultant spots were tracked over all frames,
resulting in fluorescence intensity trajectories of individual molecules. To remove the effect of
background fluorescence on the intensity traces, the fluorescence intensity of a 2 pixel wide
perimeter around each fluorescent center was subtracted from the intensity of the central group of
pixels at each frame. Traces that displayed analog intensity dynamics, poor background
subtraction, or did not have any change over the entire trace were rejected for further analysis. A
change point finding algorithm® was employed to determine the number of intensity levels above
background. A histogram was created of the number of intensity levels for each molecule. The
highest intensity level for each trace was recorded as the maximum intensity. Finally, the total
number of photons emitted in each trace was quantified by integrating the trace and subtracting
off the background level. Histograms of maximum emission intensity and number of photons

emitted were prepared.

2.6 Results

Single-molecule fluorescence microscopy was used to explore the photophysical properties

and dynamics of our labeled catalysts. Critically, because single-molecule measurements
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Figure 5: Traces of fluorescent intensity (detected photons/s) over time from surface-immobilized
single molecules of a) compound 1 and b) compound 4 under isopropanol. Molecules were excited
with 240 W/cm?, 532 nm light. Emission was detected by an EMCCD camera operating at 100 ms
per frame.

generally involve much higher excitation energies compared to bulk measurements, they probe
molecules in a very different photochemical steady state, as will be described below. Compounds
1-5 were deposited onto glass coverslips at low surface coverages from highly diluted stock
solutions where residual aggregation is likely eliminated and individual molecules are
conspicuously observed. Samples were imaged under widefield illumination.! The time-varying
fluorescence intensities of individual molecules were tracked over time to determine maximum
brightness level, photobleaching dynamics, and photobleaching rate. Example time traces are
shown in Figure 4. A change-point finding algorithm® was used to identify the accessed
fluorescence intensity levels for each molecule. In Figure 5a, a histogram shows the distribution
of the maximum brightness level (photons detected per unit time) exhibited for each individually

probed molecule. For compounds 1-5, most molecules show a maximum photon emission rate

(averaged over the intensity plateau) near 3750 detected photons/second. Surprisingly, it appears
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that the additional fluorophores on compounds 3-5 do not make for more detected fluorescence
intensity per molecule, a brighter emitter. The number of fluorescence intensity levels exhibited
per molecule due to step-wise photobleaching was evaluated and is shown in Figure 5b.

Multiple resolvable brightness levels are seen even for the singly labeled complexes, and
little difference in the number of brightness levels is seen between all five compounds. The total
number of detected photons, an indicator of photostability,®® was characterized for each complex,
and displayed in Figure 5c. As expected, the curves demonstrate an exponential decay.® Little
difference is seen between compounds 1-5, indicating that linker length and number of

fluorophores do not have a substantial influence on photostability.

2.7 Discussion

Compounds 1-5 were designed with the implicit assumption that more fluorophores per
molecule would result in proportionally brighter (more photons detected per unit time) molecules
upon photoexcitation. The validity of this assumption is based on the notion that the individual
BODIPY fluorophores would exhibit weak intramolecular electronic interactions. In this limit,
the multiple fluorophores on one molecule should each fluoresce at roughly the same rate, resulting
in brighter molecules as discerned via single-molecule fluorescence microscopy. Additionally, we
expected that individual molecules would display multiple brightness levels as the weakly coupled
component fluorophores are independently trapped in dark states or photobleached, as have been
observed in many multi-chromophore systems.®® 8-8° These expectations were based on earlier
uses of a similar dendrimer scaffold yielding weakly-coupled multichromophore photosystems.®°

Contrary to our expectations, the brightness of each of our multi-BODIPY functionalized PEPPSI
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compounds 1-5, as demonstrated above, is largely the same. A common cause of decreasing
fluorescence intensity in multi-fluorophore systems is self-quenching, usually originating in H-
stacking of the component fluorophores. However, one diagnostic of H-stacking is a decreased
fluorescence QY. Dendrimers 4 and 5 exhibit significant lowering of the QY at moderate or high
concentrations, but at lower concentrations (and by extension, the extremely low concentrations
of single-molecule experiments), compounds 1-5 demonstrate very similar QY values, indicating
that H-stacking is not occurring. This conclusion is corroborated by the absence of blue shifting
of absorption peaks relative to the non-exciton-coupled versions, which is also not observed. These
observations, as well as the lack of a simple underlying mechanism, suggest the need to delve
deeper into the photophysical properties of these compounds.

Multiple factors influence the apparent brightness of a fluorophore. With the benefit of a
Jablonski diagram, Figure 6a, we can divide these factors into two classes, processes that
principally affect the rate of reaching Si, the first electronic excited state, and processes that
principally affect the rate of Si’s decay, radiatively or non-radiatively. Both classes of processes

can be influenced by intramolecular conformational changes and the interaction of molecules with
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Figure 6: Histograms for compounds 1-5 for a) maximum fluorescence intensity values for
individually probed molecules, b) number of intensity levels per molecule and c) total number of
photons detected from each individual molecule. The following numbers of molecules were
analyzed: 1: 606, 2: 704, 3: 662, 4. 904, 5: 939.
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their local microenvironment. Factors that affect the rate of formation of S; are dominated by
interactions between the molecule and the excitation field. A higher absorption cross-section will
increase the rate of photon absorption. Increasing the number of absorbing antenna chromophores
will increase the effective absorption cross-section, though this effect will see diminishing returns
at extremely high intensity fluxes, resulting in “exciton blockade” behavior.>” 8 However, a
simpler explanation is likely responsible for our observed broad distribution of peak brightness
and intensity fluctuations. The orientation of chromophores relative to the linear polarization of
the excitation field will strongly modulate absorption probabilities. Previous examinations of
dendrimeric chromophores showed highly variable brightness values, offering examples of
molecules with a larger number of antenna units demonstrating a smaller peak brightness value
than molecules with smaller numbers of antenna.>’

These studies entailed immobilizing molecules in a transparent host polymer, essentially
locking the molecules into a limited subset of conformations. In our studies, molecules are
covalently attached to and immobilized at the surface, but are also exposed to solvent.
Consequently, they will explore a substantially larger conformational space, with conformational
fluctuations occurring on timescales slower than when the molecules are entirely in solution, but
as seen in Figure 4, fast enough to be appreciated on our measurement timescale. The expected
behavior then is for molecules to exhibit a range of brightness values, and that fluorescence
intensities are expected to fluctuate as a function of time even before photobleaching is factored
in, including monomeric materials like 1 and 2, as observed.

While conformational fluctuations, including shifts of the orientation of the absorption

transition dipole moment, can explain the presence of multiple intensity levels, as seen in Figure
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4 and Figure 5b, they alone cannot explain the similar brightness levels across 1-5 shown in Figure
5a. Rates of excited state decay can exert tremendous influence on the brightness of fluorophores.

In most bulk experiments, these decay rates can be succinctly related to the brightness via the QY,

— krad _ krad .
QY = kraatknr ~ Kobs Equation 1

where Krad IS the radiative rate of decay, knr is the rate of nonradiative decay processes to the
ground state, and Kobs is the observed rate of excited state decay and is a sum of the rates of all
radiative and non-radiative processes consuming the excited state. Large changes in the relative
magnitudes of krag and knr can substantially affect the brightness, but will also result in changes
to the QY, which are not observed in independent measurement, Table 1. By extension, if the
QY’s of 1-5 are comparable, as observed, 4 and 5 should be approximately four times as bright
and 3 should be twice as bright as 1 and 2.

Bulk QY measurements are generally performed under low excitation fluence. On the

other hand, single-molecule measurements are performed under conditions of high fluence, where

Figure 7: Jablonski diagrams for a) the one site system with three electronic levels and all relevant
processes shown and b) a two site system, with each site having four electronic levels. The process
of Singlet-Triplet annihilation is highlighted.
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many repeated photocycles amplify the influence of rare events and slow photophysical processes.
The oversized influence of slow processes is conspicuous in the calculation of saturation intensity,
Is, in a three-level system that includes a triplet state T as compared to a two-level system.
Increasing excitation intensity above Is does not result in a linear increase in Si population or,
ultimately, emission intensity, but asymptotically approaches a plateau with vanishing marginal
increase in emission.

Is is given by the following equations for the 2- and 3-level systems,! respectively:

— hv i
I = /(ZGTobs) Equation 2
PR e (isc/e ) Equation 3
S 20Typs 1+(kisc/2kT)

where h is Planck’s constant, v is the frequency of the excitation light, ¢ is the absorption cross
section of the molecule of interest, tons is the inverse of kobs, and k7 is the decay rate from T; to So.

Fluorescence intensity and saturation intensity are related to power by the following:

I
I % Ry ( /is ) Equation 4

1+1/IS
The fluorescence intensity of compounds 1 and 4 as a function of excitation power, along with a
fit to Equation 3, are shown in Figure 7. Both compounds exhibit saturation behavior slightly
above the excitation intensity used in the single-molecule experiments.

The presence of a long-lived triplet state with modest quantum yield of intersystem
crossing of just 2% is enough to cause the molecule’s emission to saturate at an order of magnitude
lower power than for a two-state system. Said another way, even if a transition is rare, once it
occurs, the resulting state is long lived enough to have a tangible effect. The existence of such

“triplet bottlenecks” are common in single-molecule fluorescence experiments, with various
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reagents shown to increase brightness by reducing the fraction of time and population spent in
non-emissive triplet states.8”*° However, reaching saturation behavior is not sufficient to eliminate
the expected additive brightness of having multiple fluorophores, as was observed.

Though the presence of long-lived triplets can result in saturation behavior at lower
intensities and lower brightness levels, they can also open additional photophysical quenching
mechanisms. Singlet-triplet (S-T) annihilation,® % Figure 6b, is a spin-allowed process whereby
energy transfer from an excited singlet donor (D) to a triplet acceptor (A) results in a ground state
donor and an excited state triplet acceptor which quickly thermalizes to the lowest triplet level,
D*(S1) + A*(T1) = D(So) + A*(Tn)> D(So) + A*(T1)

This process should not be confused with spin-forbidden singlet-triplet energy transfer where a
singlet excited state decays to a singlet ground state while promoting another ground state into a
triplet excited state, resulting in a change of overall spin multiplicity.”® The requirements for S-T
annihilation are co-existing populations of both initial excited states, spectral overlap between the
emission of the donor S; and absorption of the acceptor Ty, and close proximity, with the latter
two requirements comparable to those of more traditional singlet-singlet Forster energy transfer.
S-T annihilation has been observed in the photosynthetic apparatus,®® %% conjugated polymers,®®
9 and in dye sensitized solar cells where it manifested as a wasteful process.® Critically, by being
able to exert synthetic control over the number of fluorophores in our complex, unlike in natural
systems, we are able to explicitly explore the effect of S-T annihilation on scaling laws in
assembling multichromophoric arrays. Previous studies of dendrimeric fluorophores have
implicated S-T annihilation in explaining collective blinking and increased off-times in

dendrimeric systems.®>1% put did not address the effect S-T annihilation has on scaling laws. In
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Figure 8: Saturation behavior exhibited by a) compound 1 and b) compound 4. High surface
coverage samples were illuminated with increasingly intense illumination and the average
fluorescence intensity at each power was determined. Each point is an average from two samples.
The red trace shows the fit to Equation 4 and the yellow trace models the saturation behavior
expected from a model that includes singlet-triplet annihilation (see main text). The green vertical
line indicates the intensity used for single-molecule experiments.
these previous studies, extremely slow relaxation from the lowest triplet state due to the absence
of oxygen resulted in collective quenching of the entire array that was directly visible in
fluorescence-time trajectories.%-101

For S-T annihilation to be considered a possible contributor it is necessary to determine if
the S-T energy transfer rate is high enough to compete with fluorescence. A value for kst can be
estimated using the theory of resonance energy transfer,’® where the singlet excited state is the
donor and the triplet excited state is the acceptor. For resonance energy transfer to occur, it is
necessary to have overlap between the fluorescence of the donor and the absorbance of the
acceptor. We have measured the bulk fluorescence emission spectra of 1-5 above, Figure 1. The
acceptor absorption spectrum is the T1-T, absorption spectrum, which we modelled using a sum
of Gaussians from the work of Montejano et al,'% and has significant spectral overlap with the

emission of 1-5. The fluorescence emission from compound 1 was used because the bulk

fluorescence of 4 shows signs of aggregation. At the single-molecule level, aggregation is not
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expected, thus the fluorescence emission of a single molecule is expected to resemble the bulk
emission of 1 as opposed to 4. The overlap is shown in Figure 8. The spectral overlap between
the donor fluorescence and the acceptor absorbance is quantified by the overlap integral J(L):
J) = [7 Fy(Dea(M)A*dA Equation 5
Where Fp(A) is the normalized donor emission spectra and ea(A) is the acceptor extinction
coefficient. The overlap integral can then be used to calculate the Forster radius Ro, the distance
between the donor and acceptor where half of the donor molecules decay through resonance energy
transfer,’®
Ry = 0.211[k2n~4QY](1)] /s Equation 6
where k2 accounts for the relative orientation of the donor and acceptor transition dipoles and is
assumed to be 2/3, n is the refractive index of the medium, and QY is the quantum yield of the
donor without the acceptor present. From Ro, the rate of energy transfer between the donor and

acceptor, kst is calculated as a function of distance, r, between the donor and acceptor:

6
ker(r) = % (@) Equation 7

r

where 1p is the fluorescence lifetime.
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The relationship between kst and interchromophoric distance is shown graphically in
Figure 10. Because kst scales with 1/r%, kst decreases rapidly with increasing r value. Using
computationally derived values for r, we can estimate the expected kst values for our system.
Collaborator Desiree Bates performed computations to calculate r and details of the calculation are
presented here. To find the interchromophoric distances in compound 4, the structure was
optimized with the semi-empirical PM6 method.1® Gradients of the optimized structures reported

here are less than 1x10En bohr®. Harmonic vibrational frequencies were obtained for all
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Figure 9: Experimentally determined fluorescence emission (blue) of compound 1 and T-T
absorption (red) modelled off of the work of Montejano et al. Fluorescence emission is normalized
to have unity integration. Here, the curve is multiplied by 300,000 so that it is on the same scale
as T-T absorption. The T-T absorption is presented in terms of extinction coefficient, in units of
Micm™.
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structures to determine the nature of the stationary point. Imaginary frequencies were found for
both structures. However, all imaginary frequencies are less than 2 cm™. All calculations were
performed with Gaussian 09 Software package. The computationally derived structure for 4 is
shown in Figure 9. A wide range of interchromophoric distances is seen, ranging from 1.4 nm to
up to 3.3 nm. The average distance from one chromophore to any other is approximately 2 nm.
We use this average distance when determining the expected value for kst (see Figure 10). This
corresponds to a kst value of approximately 5 ns™. However, it must be determined if a kst value
of 5 ns™* can reasonably explain the experimentally observed fluorescence intensity scaling law.

To determine the influence of single-triplet annihilation on the scaling laws of fluorescence
emission as more fluorophore units are added, we can calculate the relative emission rates (Ir) of
one-fluorophore (1,2) two-fluorophore (3) and four-fluorophore (4,5) complexes as a function of
the microscopic kinetic parameters discussed above and summarized in Figure 6b. Steady state
populations of each site, i, with a total of N sites are calculated as functions of Kobs, Kisc, K, KsT,
and excitation intensity, Pex, for each state using the following differential rate law which was

derived from the hybrid Jablonksi diagram, Figure 6b:

S i .

6;’ = PoxSo,i — kobssl,i - kiscsl,i - Z?Iii kSTSLiTl,j Equation 8
9S50 i .

a? = kopsS1i + k1T — PexSo, + Z?]iikSTSLiTl,j Equation 9
0Ty .

5 = KiscS1i — krTy Equation 10
Iy < X kopsSyiss Equation 11

A single site system or a system with negligible single-triplet annihilation will have the summation

terms vanish.



30

I " 2328nm - 4
’ ““ 257? nm * 1.395 nma
1397 ol 322?n : 4
i e w 7.8 %
S f 4
i (B8t A, -
° N #1

Figure 10: The optimized structure of 4. Distances between chromophores are shown in the figure

in nm.
Equation 8 to Equation 10 were solved to determine the steady state populations of So, Si,

and T for each individual site with 1, 2 or 4 total fluorophore sites. Of particular interest is Sy, as
it can be related to fluorescence intensity through Equation 11. The equation for the steady-

state population of S; for each case is presented below:

kTP, .
S, = = Equation 12
kisckT+kopskT+KiscPex+KTPex
kisckr+KopskT+KiscPex+KTPex—
1
k2 k2+2Kk% KT Pox+kE Pot2kisckopsk?+2KisckopsKTPex+2Kisck#Peyx] /2
42K KT P2+ 4k sTK s KT Pox+k2 ) k3+2K o psk?Pox+k?PE .
S1,2site = — e Poox SV ise Poox obs 7T obs T oo¥ (T o Equation 13
2Kisckst
2 ,2.,2 2 52 2172
kisckT+kisckTPex+kiscPex+kisckobskT
+2kisck0bskTPex

2 2

kisckT+kobskT+kiscPex+kTPex_ +2kisckTPex+2kisckTPex

2 2

+12kSTkisckTPex+kobskT

2 2p2
|. +2kopskTPox+KTPox J E .
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To determine the emission rate scaling laws, values for the microscopic kinetic factors must be

found. A value for Kops (Tobs) has been determined to be 0.167 ns? (6 ns).2%1"  Montejano and
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coworkers have extensively characterized the triplet state of several similarly functionalized
BODIPY chromophores and have experimentally determined kt (t7) to be approximately 2.5 x 10
% nst (40 ps).1%2 Values for Kisc (Tisc) appear to vary significantly between very similar BODIPY
chromophores, with time constants (tisc) ranging from 650 to 3000 ns.% 1%8-109 However, the
saturation curves shown in Figure 7 provide an additional constraint for parameter selection as
well as conspicuous proof of the existence of a long-lived excited state. We explored small
deviations from the literature values for kr and Kisc to represent the saturation curves in Figure 7.
The determined values are listed in the caption of Figure 11 and demonstrate only minor deviations
from literature values.

The values for the rates of these kinetic processes form a basis for simulating the excited
state populations and ultimately for understanding the observed scaling laws for our compounds.
Specifically, we can determine the influence of S-T annihilation on the observed emission intensity
ratio. We can also examine the sensitivity of the scaling law to small changes in the required input
parameters. Because there are five input parameters, we can use a series of contour plots to
describe the five dimensional parameter space and gain insight into the populations and dynamics,
Figure 11. Figure 11a shows the expected ratio between the four site (4, 5) and one site (1, 2)
emission intensities as a function of the parameters that most directly influence the single-triplet
annihilation rate, the return rate (k) from the triplet state which determines the triplet lifetime and
the bimolecular annihilation rate (kst), calculated above. Weak electronic interactions between
sites (low kst) or extremely short-lived triplets (high kr) result in the expected linear scaling laws
and a ratio approaching four. In the opposite case, the existence of single-triplet annihilation

manifests as a significant detriment to emission, with the addition of more fluorophores providing
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more conduits for quenching. Critically, in the middle of the plot (red circle) at the most likely
experimental values, a wide range of values yield a ratio near unity. In this regime, the inclusion
of more fluorophores results in minimal change to the observed emission intensity and single-
molecule brightness, as observed. Similar contours are demonstrated for a two site to one site
emission intensity ratio and show an expected intensity ratio just below unity, as shown in Figure
11d-f. The following discussion will focus on Figure 11a-c as the 4 site system is our main focus
but the statements made are generalizable to the 2 site system.

Figure 11b shows the influence on the emission rate ratio of the processes depleting the
singlet excited state, Kisc and kobs. As expected, a high kons Will return the expected linear scaling
as the entire triplet manifold is made less relevant. When Kops is restricted to its previously
determined value (at the center of the axis), increasing kisc at low values of kisc results in a sharp
decrease of the emission ratio as this increase directly translates into a higher triplet population
and thus a higher rate of S-T annihilation. At unphysically high values of kisc where the QY of
triplet formation is comparable to the QY of decay to the ground state, the ratio begins to slowly
increase again. In this regime, intersystem crossing gradually becomes the dominant pathway
depleting the singlet excited state, slowly diluting the influence of annihilation, and asymptotically
returning the linear rate ratio. Importantly, the rate of change (slope) of the intensity ratio with
kisc, the most uncertain parameter in our analysis, is fairly low (flat) in the most relevant region
of the parameter space, suggesting the observed unity rate ratio is relatively insensitive to this

parameter.
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Figure 11: kst vs interchromophoric distance, determined using Equation 7.

Figure 11c shows the influence on the emission rate ratio of kst and excitation rate, Pex.
The role of kst has been described above. At extremely low excitation rates (excitation powers),
the influence of S- T annihilation is minimal since the equilibrium population of triplet is low,
leading to gradual recovery of the expected linear scaling law. At extremely high excitation rates,
the linear scaling law is also gradually recovered as the transitions become saturated, with each
saturated fluorophore unit essentially contributing independently. However, accessing the regimes

where scaling deviates significantly from unity requires working at either inconveniently low
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excitation intensities where single-molecule detection is difficult, or very high intensities where
photobleaching becomes a significant concern.

The center regions of Figure 11 correspond to the independently determined parameter
values and to a parameter space region where increasing the number of fluorophore units has only
a minor influence on the brightness of the individual molecules. The scatter in maximum
brightness levels due to shifting conformations, Figure 5, prohibits resolving small brightness
changes. Of the five input parameters, one is taken directly from literature values (Kobs), one is

determined using literature spectra and computationally determined geometries (kst), one is
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Figure 12: Contour plots of the ratio of calculated fluorescence intensity between the a-c) 4-site
(as 4, 5) and 1-site systems (as 1,2), lsite/l1site, and the d-f) 2-site (as 3) and 1-site systems (as 1,2),
Losite/ l1site, at different values of the five critical photophysical rate constants, varying a,d) kr and
ksT, b,e) kisc and Kobs, and c,f) Pex and kst. In each contour plot, two parameters are varied while
the rest are held constant. When held constant, the following values were used: Kops = 0.1667 ns’
! Kisc = 6.667x10° ns?, kr = 1.667x10° ns?, kst =5 nst, and Pex = 240 W/cm?. Pe is the excitation
intensity used in single-molecule experiments. At the center of each figure all rates are the rates
above. Note that the ratio in the neighborhood about this central value, as highlighted in the red
dashed line, shows little variation.
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experimentally controlled and easily determined (Pex), and two (Kisc, kt) are corroborated by
saturation curves but are very close to literature values. The center regions of the contour plots in
Figure 11 are sufficiently flat that small variations in these parameters between molecules due to
minor electronic structure changes or differences in chain length (as in compound 3 and 5) are not
capable of pushing the system into a region where the ratio deviates substantially from one,
suggesting this behavior is robust to shifts in parameter values. These simulations demonstrate
that S-T annihilation is the likely origin for the unexpected scaling law.

S-T annihilation also provides a likely explanation for the quenching observed in 4 and 5
at high concentrations in solution, since J-aggregation cannot induce quenching and there is no
evidence of H-aggregation. Excitons formed on an aggregate would be able to sample many more
sites than in a monomer, giving them a higher probability of encountering a triplet and annihilating,
even under those less intense excitation conditions.

Finally, though singlet-singlet annihilation can also influence fluorescence intensity and
scaling laws,* it is not believed to be a significant contributor here due to the low excitation
intensity. Indeed, when Equation 8 is solved at the steady state for the one site system, the
equilibrium population in the S; state is less than 0.1%. Thus it is highly unlikely that two
fluorophores in the same molecule will both be in the S; state at any given time, sharply reducing
the impact of singlet-singlet annihilation. In contrast, it is the long lifetimes of the triplet state that
make S-T annihilation so effective. At significantly higher excitation intensities, single-singlet

annihilation has been shown to be an important contributor.>®
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2.8 Conclusions

We synthesized and characterized a new family of dendrimeric fluorescently-labeled
surface-supported molecular catalysts. While our initial goal was to create brighter compounds
for single-molecule mechanistic investigations of catalysis, we discovered an unusual scaling law
where the attachment of individual fluorophores did not result in an increase in brightness at the
single-molecule level. Through the use of simulations of photodynamics with independently
determined input parameters, we showed that S-T annihilation was the likely origin of the observed
scaling law.

To produce a system that does allow the addition of multiple fluorophores in a single
molecular unit to yield brighter molecules for single-molecule investigations, the effect of S-T
annihilation must be counter-acted. In general, achieving this result requires slowing the rate of
S-T annihilation by reducing the rate constant kst or the triplet population in the bimolecular term
in the rate laws in Equation 8 and Equation 9. kst can be reduced by using rigid, and longer linkers
between fluorophores or choosing fluorophores with a lower overlap integral between the S;
emission and T1 absorption spectra. A lower value of kst directly translates into a more additive
scaling law, Figure 11a. Alternatively, fluorophores with shorter S; or Ti lifetimes, as well as
slower internal conversion rates, would decrease the triplet population, the likelihood of S-T
annihilation occurring, and thus recover the more additive scaling law, Figure 11a and b.

The photophysics of multichromophoric systems is highly dependent on the excitation
conditions, with qualitatively different behaviors readily observed.  Most steady-state
photoemission techniques uniquely probe a low excitation population regime. Higher excitation

population regimes can be probed at the ensemble level via ultrafast transient absorption
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techniques, where high peak powers can be used to populate chromophore assemblies with
multiple excitons, leading to new quenching pathways, such as singlet-singlet annihilation.
However, bulk spectroscopies that probe the high excitation population regime are typically
transient techniques, and fail to probe the equilibrium state. Single-molecule measurements
provide a convenient way of probing the equilibrium behavior in the multi-excitation regime.
Under these conditions, rare processes, such as formation of triplet states when intersystem
crossing is slow, acquire an amplified importance. In this regime these processes can profoundly
influence the available photophysical pathways. Our work shows that these new pathways have
important consequences for the scaling behavior of multichromophoric assemblies and therefore,

is a highly relevant consideration in molecular design strategies for light harvesting materials.
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3. Probing Heterogeneity and Bonding at Silica
Surfaces through Single-Molecule Investigation of

Base-Mediated Linkage Failure

This chapter was first published as Lupo, K. M.; Hinton, D. A.; Ng, J. D.; Padilla, N. A;;
Goldsmith, R. H., Probing Heterogeneity and Bonding at Silica Surfaces through Single-Molecule
Investigation of Base-Mediated Linkage Failure. Langmuir 2016, 32 (36), 9171-9179.

Katherine Lupo performed single-molecule studies and modelled saturation kinetics. Daniel
Hinton synthesized compound 6.

3.1 Abstract

The nature of silica surfaces is relevant to many chemical systems, including heterogeneous
catalysis and chromatographies utilizing functionalized-silica stationary phases. Surface linkages
must be robust to achieve wide and reliable applicability. However, silyl-ether silica support
linkages are known to be susceptible to detachment when exposed to basic conditions. We use
single-molecule spectroscopy to examine the rate of surface linkage failure upon exposure to base
at a variety of deposition conditions. Kinetic analysis elucidates the role of thermal annealing and
addition of blocking layers in increasing stability. Critically, it was found that successful surface
modification strategies alter the rate at which base molecules approach the silica surface as
opposed to reducing surface linkage reactivity. Our results also demonstrate that the innate
structural diversity of the silica surface is likely the cause of observed heterogeneity in surface-

linkage disruption kinetics.
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3.2 Introduction

Attaching molecular catalysts to heterogeneous supports combines the efficacy and
selectivity of homogeneous molecular catalysts with the reusability of heterogeneous catalysts. -
111 Interactions between the surface and the supported molecular catalyst can add new
functionality*''11? and these supported molecular catalysts have become important tools in
catalysis technology, particularly for in-flow reactors!**'* and electrochemical
transformations.**>11® One critical figure of merit for a supported molecular catalyst is over how
many cycles the catalyst can be used before its activity suffers. There are several factors that can
contribute to loss of activity, with major origins including detachment of the molecular catalyst
from the heterogeneous support!!” and the leaching of metal ions into the reaction mixture.8
A variety of methods exist to characterize the activity of molecular catalysts on surfaces.
Recyclability studies can quantify changes in catalyst activity as a function of reaction cycle.!t*-
121 Of critical interest is whether the catalytic activity is due to the supported catalyst or whether a
soluble species forms that is responsible for the catalytic activity.'?>2* However, while many
studies assess the degree to which catalyst performance degrades, they may not provide insight
into the nature of the degradation. Additionally, by necessity most studies are performed after the
reaction occurs, thus eliminating the possibility of real-time monitoring of the state of the catalysts.
While most investigation of deactivation of surface-supported catalysts has focused on
leaching,'® 1% an often overlooked issue is the malfunction of the surface anchor.!!” If the surface
support is severed, the catalyst essentially becomes homogeneous, eliminating the benefits of

having a supported catalyst.
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More broadly, in addition to its use for catalysis, surface anchoring is an important tool in
many applied chemical systems, particularly for chromatography. Silica stationary phases are
modified in various ways to facilitate reverse-phase,}?® chiral,'*’ and ion separation'?®
chromatographies. Separations at high pH have become particularly important in separations
critical for proteomics,'?® but basic mobile phases can degrade silica packing materials,t30-13!
suggesting tremendous benefit to further understanding of the origins of chemical degradation at
silica interfaces.

Given the importance of silica functionalization, it is critical to understand modes of
surface-anchor failure. Thus, methods capable of interrogation of surface attachments are valuable
tools, and include X-ray photoelectron spectroscopy (XPS) analysis, contact angle analysis, and
IR spectroscopy. All three have been used to investigate silyl-ether surface linkages, including
determination of chemical composition, thickness,!3 stability,'3* and wettability'®* of thin films.
However, XPS must be performed under vacuum®*? and can be damaging to thin layers on
substrates,*3® while contact angle analysis may vary based on measurement technique®*® and lacks
chemical specificity. Importantly, these ensemble-averaged techniques lack the ability to discern
unsynchronized surface chemical events. In this capacity, single-molecule microscopy provides
an ideal way to characterize surfaces and has been directed toward understanding silica-molecule
interactions®*” and model-systems for chromatography.'>1” 42 44 Spatial distributions,*> 1%
adsorption/desorption events, 643 139140 gnd diffusion rates6-1": 42 141-142 jn hoth silica particles and
at silica surfaces have all been examined through single-molecule imaging. Single-molecule
microscopy provides a means of examining surfaces in real time under relevant chemical

conditions, recording individual molecular trajectories, and granting both temporal and spatial
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resolution. Dynamics of molecules at the surface can be assessed, providing a more complete view
of the surface’s properties.

Here, we examine a silyl ether-silica surface linkage that has been used for anchoring
supported molecular catalysts!**14 as well as for enabling surface functionalization for
chromatography,'?® where the stability of the catalyst or stationary phase in an alkaline
environment is a crucial issue. We employ single-molecule fluorescence imaging to allow
characterization of unsynchronized chemical processes occurring at surfaces.*> 1 In previous
works, we have investigated the photophysical behavior of a fluorescently labeled molecular
catalyst!“® and reported on catalyst initiation kinetics at the single-molecule level,?° finding highly
non-exponential kKinetics indicative of chemical heterogeneity. Surprisingly, heterogeneity in the
catalyst population appeared to change depending on added base concentration despite identical
surface deposition conditions, and a model was proposed that demonstrated how a dynamic
observed heterogeneity can derive from a static structural heterogeneity in a two-step
mechanism.?° However, it was also found that the silyl ether surface linkage is susceptible to being
severed from the silica surface, as has been previously observed.**’ Here, we probe the mechanism
of surface-support disruption at a silica surface by base using single-molecule microscopy.

The surface stability of a silyl ether-silica linkage in response to basic conditions was
investigated using a surface-linked boron-dipyrromethane (BODIPY) molecule (compound 6, see
Figure 12c) as a probe, whose synthesis has been previously reported.?® Widefield fluorescence
microscopy in a pseudo- total internal reflectance (TIRF) mode was employed to report on
dynamics of single molecules of 6 attached to a silica surface. At the surface, 6 will fluoresce, but
molecules in the bulk solution, away from the surface, will not be excited. This dichotomy allows

facile determination of events where molecules of 6 detach from the surface, thus allowing
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examination of the kinetics of the removal of 6 from the surface in response to increasingly basic
conditions. We selected potassium tert-butoxide (KOtBu) as a target base because it is an effective
base for Suzuki reactions in isopropanol**® and is highly soluble in isopropanol, where
isopropoxide is rapidly formed. Figure 12a shows an example of a widefield image of single
molecules of 6. The nature of the linkage between the molecular species and surface support is an
important consideration when designing surface-supported catalysts. A variety of deposition
conditions are employed in the literature for attaching silyl ether functionality to silica surfaces,
differing significantly in time of reaction, temperature, and use of blocking layers.}*1%2 To

systematically investigate the influence of different conditions, three alkylsiloxane surface support
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Figure 13: Examples of obtained data. a) One frame of a video of single-molecule dynamics.
Scale bar is 20 um. Multi-pixel regions of interest around each point capture the emission
from a single probe molecule, with fluorescence intensity dynamics shown in traces, b). c)
Structures of compound 6 and TOS before surface attachment.
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deposition schemes were used, varying the use of thermal annealing and use of an alkylsiloxane
blocking layer. In the first two procedures, only the alkylsiloxane-functionalized probe molecule,
compound 6, is deposited with no silane blocking layer, with one procedure undertaken solely at
room temperature (no heat no silane, NHNS) and the other including a post-deposition heating
step (heat, no silane, HNS). In the third deposition procedure, 6 is co-deposited with a high
concentration of a commercially available alkylsiloxane, triethoxyl octyl silane (TOS, see Figure
12c), to create a nonpolar barrier which helps resist base attack.'®® These samples are termed HS
(for their inclusion of the TOS blocking layer) and were thermally annealed like the HNS sample
after the initial deposition. By investigating samples with and without a heating step, the effect of
heating on the strength of the surface bond is investigated. It has been shown that hydrogen
bonding may be a major mode of surface attachment in unheated films and that heat curing
produces covalently bound siloxane.’®** Thus, surface attachment may be represented by the
mechanism shown in Figure 13a and a thermal annealing step may be necessary to ensure a stable
surface bond. Two places are left ambiguous in the mechanism: 1) the state of the silyl ether most
strongly electrostatically interacting with the surface, which may or may not have been hydrolyzed
by surface water,>* and 2) the state of the remaining geminal silyl ether linkages after covalent
attachment of one silyl ether to the surface, which also may or may not have been hydrolyzed,
assuming another surface site is not available. Inclusion of the blocking layer also allows
evaluation of the role of a steric obstacle in determining disruption kinetics. More broadly,
investigating the surface stability of the alkylsiloxy linkage at three deposition conditions when

exposed to base allows us to characterize the bonding landscape of the silica surface.
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Figure 14: Mechanism of bond formation and sample fabrication. a) Suggested mechanism
for bond formation between an alkylsiloxane and bare silica surface including
physisorption step, where hydrogen bonding is the principle means of attaching the
alkylsiloxane to the surface, and a thermal annealing step, where covalent bond formation
occurs. b) shows a simplified procedure for depositing compound 6 at the silica surface.
The grey cylinder represents an all-glass sample chamber composed of a glass cylinder
bound to a glass coverslip. Full details of the fabrication of the sample chamber are
presented in Ref. 44,

3.3 Experimental

3.3.1 Reagents and Cleaning Procedures

Compound 6 was synthesized as previously reported.? HPLC grade isopropanol was
photobleached in a home-made photobleaching apparatus for 3 days before use®® 146 and used for
preparation of all solutions, including KOtBu (Sigma) stock solutions and deposition solutions.
TOS was obtained from Sigma at 95% purity and used without further purification. Previously

described all-glass sample chambers were used for single-molecule microscopy studies.'#¢ Prior



45

to use, all glassware was cleaned by rinsing with HPLC methanol, acetone, and methanol followed

by O plasma cleaning for 3 minutes at 300 W.

3.3.2 Sample Deposition

A schematic of the sample deposition procedure is shown in Figure 13b. Samples were
prepared under three conditions: no added blocking layer and no heating step (NHNS samples),
no added blocking layer, but including a heating step (HNS samples) and including a blocking
layer of TOS as well as a heating step (HS samples). All samples are prepared by first placing 500
mL of a deposition solution containing low concentrations of 6 into a sample chamber. Deposition
solutions were prepared by taking small volumes of a stock solution, prepared by dissolving a
small amount (sub-mg) of 6 in isopropanol, and dissolving them in isopropanol (for NHNS and
HNS samples) or a 5% by volume solution of TOS in isopropanol (for HS) prepared by adding 50
uL of TOS per 950 uL of isopropanol. The volume of stock solution required to produce surface
coverages comparable to that seen in Figure 14d varied, but ranged between 4 to 20 uL per mL of
solution. All samples were then left at room temperature under an opaque box for an hour.
Concurrently, blank samples of each deposition condition were prepared identically except without
6 in the deposition solution. After the hour long deposition step, the deposition solution was
pipetted out of the HNS and HS samples and the samples were placed on their side in a 110 °C
oven for 10 minutes. Drying the chambers on their side allows impurities in the solvent to condense
onto the side of the chambers rather than the bottom, greatly improving sample purity (see blanks
below). Concurrently, the deposition solution was pipetted out of the NHNS samples and the
samples were rinsed with several 800 uL aliquots of isopropanol. After taking the HNS and HS
samples out of the oven and cooling them for several minutes, they were rinsed in the same fashion.

After rinsing, all samples had 100 pL of isopropanol added back in.
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Figure 15: Comparison of control samples and an actual sample. a) NHNS blank, b) HNS blank,
¢) HS blank and d) NHNS sample containing 6. All samples are at the same brightness and
contrast levels. Scale bar is 20 um.

A stock solution of 40 mM KOtBu in isopropanol was prepared. The same stock solution

was used for all studies. Dilutions were prepared as needed directly before use. In between uses,

the stock solution was kept in a -20 °C freezer.

3.3.3 Control Experiments

Single-molecule fluorescence measurements require systems with low levels of fluorescent
impurities to ensure that only the analyte of interest is being studied. To this end, samples termed
“blanks”, Figure 14, were prepared for every deposition condition by preparing samples without 6
that were otherwise treated identically to the samples with 6. For NHNS samples, this meant using
a deposition solution solely containing isopropanol. For HNS samples, again, the deposition
solution was solely isopropanol, but the blank chamber was also heated to 110 °C, like HNS
samples containing 6. For HS samples, the deposition solution was a 5% solution of TOS in
isopropanol and the samples were heated. TOS did not have to be purified to produce samples with
low impurity levels.

To assess whether KOtBu had an effect on the quantum yield of 6 in isopropanol, bulk
spectroscopic studies were performed on the non-surface functionalized version of 6. As Figure
15 shows, fluorescence remains the same upon addition of concentrated KOtBu for a final

concentration of 150 mM.
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In Figure 2b of the main text, we show that there is uncertainty in the identity of the R’
groups. While we cannot easy directly determine the structure of the R’ groups at the surface, we
can determine their identity in solution and use that as an indicator of the likely surface structure.
Specifically, we used bulk NMR studies to assess whether the ethoxy groups hydrolyze in
isopropanol to form hydroxyl groups, or if they stay intact in solution. A 5% by volume solution
of TOS in deuterated isopropanol was spiked with water and left to sit in an NMR tube for an hour
before an NMR spectrum (Figure 16) was taken to determine the degree of hydrolysis. The ratio
between the methylene hydrogens alpha to the silicon (C) and the ethoxy hydrogens (A and B) is
2:6:9, indicating that three ethoxy groups exist on each molecule. Thus, any hydrolysis that occurs
must happen at the surface, not in the bulk solution. Because any hydrolysis that occurs must
involve strong interactions with the surface, the most likely form of the physisorbed species has at

least 2500 . . . . . . . . . two

Mo base added
——With base added
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1000 -
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200 +
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Figure 16: Bulk spectroscopic study showing that fluorescence of the BODIPY is
not significantly affected by KOtBu.
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Figure 17: NMR spectrum of TOS in deuterated isopropanol, with a small amount of added

water. Diagnostic peaks are labeled. The structure of TOS is overlayed.
ethoxy moieties, as indicated in Figure 2a, middle. While we think it is unlikely that hydrolysis
changes the identity of R’ to hydroxyl groups when condensation occurs, it should be noted that
the trend in ki (see section on Weibull Analysis, below) can still be rationalized with our model
even if R” is H. While hydrogen bonding would stabilize the base, the base would still be at a short
distance from the surface as the hydrogen bond donor is at the alkylsiloxane group. In the
physisorbed species, the hydrogen bonding would bring the base much closer to the surface as the

hydrogen bond donor is at the surface silicon atom, facilitating the formation of the base-surface

site species, suggesting that k1 would still be faster in the NHNS samples than in the HNS samples.
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3.3.4 Single-Molecule Microscopy

Single-molecule fluorescence microscopy was performed using pseudo-TIRF illumination
on an inverted microscope as previously reported.?® In brief, a 20 mW, 633 nm laser was used to
excite an area of the sample plane of approximately 3000 um?. Fluorescent emission was passed
through a 633 nm long pass filter before being focused onto an EM-CCD camera. Images with a
100 ms exposure time were captured every 3 seconds. Solutions of KOtBu (800 uL) were
micropipeted into the chambers between the 10" and 11" frame. Because a relatively large volume
of basic solution is added to a small volume of isopropanol already in each chamber, the solution
in the chamber homogenizes within the three seconds between frames.?® KOtBu solutions were
prepared to achieve final concentrations of 40 uM, 400 uM, 4mM and 40 mM from a stock 40 mM
KOtBu solution in isopropanol that was kept in a freezer between uses. All experiments were
completed within a week of preparing the solution to prevent the KOtBu from degrading.

The addition of the base resulted in varying rates of surface anchor destruction. KOtBu
deprotonates isopropanol to form a stoichiometric quantity of the active base, isopropoxide. To
quantify the kinetics, first, the videos were analyzed to determine the location of single molecules
(Figure 12a). The intensities over time of the found molecules were tracked, creating traces such
as those shown in Figure 12b. Each trace was analyzed using a custom-written MatLab script to
determine the frame of fluorescence loss for each molecule. For each video, the fraction of

molecules fluorescing per frame was graphed, creating curves as shown in Figure 17a-e.

3.4 Data Analysis

Analysis of the time traces were performed using the same algorithm as is presented in Section

2.5.5, with minor modifications. For each fluorescent spot, 7x7 pixel regions of interest were
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analyzed. A 2 pixel border around each ROI was used as a local background. In some traces, such
as the bottom trace in Figure 1b, there are additional minor intensity fluctuations that may originate
from changes in the orientation of the molecule or changes in the molecule’s local environment,
affecting its emission rate. Traces where the changes in intensity during emission are substantially
larger than the change in intensity between the lowest level above background (bright) state and
the background (loss of fluorescence) are assumed to come from multiple molecules and such
traces are excluded from analysis. Blinking is treated in a similar fashion, where small, infrequent
fluctuations to the background level are ignored but traces with frequent or long-lived blinking are
rejected. In general, blinking will not affect the survival statistics because only the final irreversible
“off” event is recorded. Because blinking is generally brief and uncommon using this dye, it is
unlikely that a blinking event can be mistaken for a release event. Large intensity fluctuations are

uncommon and the traces included in Figure 1b are representative of the data as a whole.

3.4.1 Number of Molecules Analyzed

Figure 3a-e in the main text shows normalized fractions of molecules, but each decay curve

is built from hundreds of molecules. The number of molecules in each decay curve is shown below.

No addition | 40 uM 400 uM 4 mM 40 mM
NHNS 433 560 290 645 612
HNS 2215 566 606 515 753
HS 2031 662 711 565 827

Table 2: Number of Molecules per Decay Curve
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3.5 Results and Discussion

As can be seen in Figure 17a-e, the addition of high concentrations of KOtBu results in a
rapid loss of fluorescence, resulting from the removal of surface bound molecules from the surface
into the bulk solution. As the concentration of KOtBu is decreased, the loss of fluorescence is more
gradual indicating that molecules are being removed from the surface less rapidly. In the control
experiment, where no base was added, there is still a gradual loss of fluorescence. This is likely
caused by hydrolysis because water is not specifically excluded from the experimental setup.'3

The effect of photobleaching is made minimal by imaging in a time-lapse manner with
short illumination bursts separated by 3 second waiting periods while blocking the illumination
between acquisitions. In total, each sample was illuminated for thirty seconds. In the samples
where moderate or high concentrations of base are added, the contribution of photobleaching is
negligible because of the fast base-induced dynamics, as seen in control experiments with the same
dye where the kinetics were examined at different frame rates.?® At the lower concentrations of
added base (including the absence of base), photobleaching may exert a stronger influence. In the
samples with no base added, hydrolysis and photobleaching are the only processes that cause a
loss of fluorescence. If photobleaching were the dominant process, monoexponential decays would
be expected (B =1, introduced below) since photobleaching is likely well represented by a one-step
process without saturation kinetics. Non-monoexponential Kinetics are seen, as discussed below,
indicating that photobleaching is not a dominant process. However, though hydrolysis can be
treated similarly to base-induced lysis by a two-step saturation mechanism, under these conditions
the terms responsible for a B < 1 are not dominant, also suggesting a B close 1 will be present.
However, deposition condition should not affect the rate of photobleaching, and so differences

between the decay curves for different conditions observed in Figure 3) e,j suggest that hydrolysis
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is the dominant process occurring here. Thus, the  value produced in the Weibull fit of the no-
base-added samples stem from a combination of a minor contribution of monoexponential
photobleaching and a major contribution of nearly monoexponential hydrolysis. Under these
conditions, photobleaching may play a minor role in artificially raising the observed B value
extracted from Weibull fitting, resulting in slightly steeper curve in Figure 4a than would be
produced if photobleaching were not present. However, the overall trend in 3 that is conspicuously
observed at moderate and higher concentrations of base where photobleaching does not a play a
role persists, suggesting that that photobleaching plays a mimimal role in our mechanistic analysis.

Thus, the effects of photobleaching are deemed to have a minor role.
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3.5.1 Weibull Analysis
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Figure 18: a-e) Survival fraction versus time. f-j) linearized Weibull plots of the corresponding
decay curve with linear fits. Final concentrations of KOtBu are as follows: a, f) 40 mM, b, g)
4 mM, c,h) 400 uM , d,i) 40 uM, and e, j) none. In f-), data is shown as closed circles and fits
are shown as lines.



54

The declining fraction of surface-supported fluorescent molecules surviving as a function
of time demonstrates conspicuously non-exponential kinetics. Stretched-exponential kinetics have
been previously used to model the dynamics of molecules at surfaces and Weibull analysis is a
convenient means of clearly displaying and quantifying stretched-exponential behavior.® %° In
Weibull analysis, the stretched exponential describing the decaying surviving fraction, S(t), in

Equation 15 is linearized by taking a double natural logarithm, Equation 16,

S(t) = e~Ckerst? Equation 15

In(— In(S(8))) = Bint — BIn(—) Equation 16
ef f

where B is a shape parameter and ke is a scale parameter.t®® More specifically, B indicates the
degree to which a curve is non-monoexponential, with 3 equal to 1 indicative of monoexponential
kinetics. The effective rate of loss of 6 from the surface is given by Kett. The inverse of Kesf, Tefr,
indicates the effective lifetime of 6. (The quantity tes is distinct from the median lifetime, tu2,
which is given by the equation

S (In2)1/8
1/2 —
/ kerf

Equation 17

Whenever lifetime is mentioned, it is referring to the effective lifetime, tetr, and not the median
lifetime, t12.) Survival fractions after base addition were analyzed via Weibull analysis (Figure
17f-). In most cases, the decays were well fit as lines, indicating that they demonstrate stretched
exponential behavior. Minor deviations are sometimes observed at early times, but these data
points account for only small fractions of the data set, as quantified on the right ordinate axis.

At the highest concentration of base added, the Weibull curves at all three deposition
conditions deviate from linearity. Stretched exponential kinetics are observed when molecular
contributors exhibit a distribution of rate constants formally described by a Weibull distribution.*>”-

188 Thus, stretched exponential kinetics with B <1 are indicative of heterogeneity in molecular
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behavior.® 2° However, non-linear behavior on a Weibull plot is likely still indicative of a
distribution of molecular behaviors, but with a non-trivial population distribution shape deviating
significantly from a Weibull distribution.

To quantify the difference in behavior between each sample, values for f and tesr Were
extracted from each linear fit. As Figure 18 shows, the general trend of decreasing B and
logarithmically decreasing terr With increasing base concentration holds for all deposition
conditions. However, there are also trends apparent between each deposition condition. The HS
samples consistently exhibited the highest tess values for each base concentration added, followed
by the HNS condition, with the NHNS samples degrading most rapidly, indicating that the TOS
modified surfaces were the most resistant to base attack. The trend for 3 is less clear, with  values
decreasing as base concentration is increased, but remaining tightly clustered between different

deposition protocols.

3.5.2 Error Analysis for p and e

a) g.gj . : : =1 B and tert were found using MatlLab’s
0:6-° . . Curve Fitting toolbox by fitting the equation
05t ]

= g-g' ) . . 1 y=mx+b to the linearized data, where m=f and b
02} . . ) . a =-BIn(terr). The MatLab Curve Fitting toolbox

K 103E§ % ] calculates 95% confidence intervals for m and b.

@ 10} % g 1 Because m=p, the 95% confidence intervals for

" 10} } 1 are the same as those for m. Because tefr is a
10 10" 07 0 10° function of both m and b, contributions in error

Base Conc. /mM

Figure 19: a) beta values and b) effective from both m and b must be included in the 95%
lifetimes of decay curves derived from the

linearized Weibull fits shown in Figure 17. confidence interval for Teff. Genera”y,
Error bars represent 95% confidence intervals.



56

SF. 6F .
Ofxy) = ( )2 ¢+ ( )2 ¢+ 230G ) 0xy Equation 18
Tefi= €™, so Equation 18 becomes:

szeff (Teff) Um + (Teff) Z(Teff) —O0m0p Equation 19

Because Matlab provides 95% confidence intervals and not variances, the variances of m and b

must first be found before o7, .. can be found. To find the variance, °2 for m and b, the Equation

20 and Equation 21were solved for oq. Both equations yield the same value for the variance.

b = q » e norminv(0.05)x04/q Equation 20
ub = q * emoTminv(0.05)+04/q Equation 21
Where Ib and ub are the 95% confidence intervals, q is either m or b, and norminv(0.05) is the

cutoff value for a two-tailed inverse normal Gaussian distribution and is equal to 1.96. Once

Or,p WS found, it was used to calculate the 95% confidence intervals for et through substitution

into Equation 20 and Equation 21.

3.5.3 Saturation Kinetics

The trends in Figure 18 allow us to investigate the molecular mechanism of surface linkage
failure and how different deposition conditions can influence this process. The most unintuitive
feature of the kinetics of the process is that as base concentration increases, the surface-supported
population within a single deposition condition class appears to exhibit increasing molecular
heterogeneity, despite identical deposition procedure, as indicated by a decreasing p value with
increasing base concentration (Figure 18a). We have previously shown how a single static
underlying distribution of molecular properties can exhibit different apparent distributions of
shifting breadth under different experimental conditions by invoking a two-step mechanism.?

Here, we consider a two-step process whereby base (B) reversibly diffuses from the bulk to a
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surface site (A) followed by irreversible cleavage of the surface linkage to reform an empty surface
site (A’) and a free fluorophore (C), Equation 22. Further, we restrict the number of available

surface sites to a maximum value, [A]q, resulting in saturation kinetics,'**1%° Equation 23.

A+B— AB —» A'+C
k. :
! Equation 22

Ryps = ke [A]T[B]
obs T k_q1+k
Ty )

Equation 23

Replacement of singular values for any of the inputs in Equation 23 with distributions of values
results in non-monoexponential behavior with B values shifting as base concentration changes,
indicative of changing observed heterogeneity of rates, even far from saturation.?’ At low base
concentrations and slow k.1, the system approaches the low concentration limit:

Rops = k1[A]r[B] Equation 24

However, while the saturation model explains the trend of decreasing B with increasing
base concentration, it fails to account for the differences observed between deposition conditions.
To explain these differences, we sought to understand what interactions govern the behavior of 6
under base attack and how these interactions are affected by the different deposition protocols. To
do so, simulations of the experimental Weibull distributions for each preparation procedure were
performed on the basis of Equation 22, allowing us to derive estimates for the kinetic parameters
in Equation 22. This process was accomplished by simulating a Weibull distribution of tess values
using Equation 23. We found it was necessary to create distributions of either ki or [A]r to
qualitatively reproduce the observed trends. It was not necessary to create distributions in both
parameters simultaneously, nor were distributions in other parameters necessary. It was found that

the values of the parameters k.1 and ko did not have to be changed between deposition conditions
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to fit the experimental data, indicating that these parameters either have little effect on the kinetics
of surface removal, or that they are the same between samples. To further examine their influence,
each was changed by orders of magnitude while all other parameters remained the same to
determine their individual effects. Example fits are shown for HS samples in Figure 19. Even when
k.1 is changed by several orders of magnitude, little difference is seen between the simulated
curves. This insensitivity indicates that k-1 has little to no influence on the kinetics of surface
cleavage, consistent with the system operating in the regime of Equation 24, and that quantitative
determination of k.1 is impossible from this data. Shifting k2 by orders of magnitude causes a weak
effect on the resultant fits. While little is changed in the low concentration fits (where Equation 24
will be a particularly good approximation), lowering k> has a significant impact on the high
concentration simulated curves when it is changed by orders of magnitude. Consequently, while
k.1 cannot be estimated from the data, an order of magnitude estimate of kz can be extracted. While
it is possible that ko is changing for different deposition conditions, we are not able to resolve those
changes and thus the observed diversity is believed to evolve from ki and [A]r.

Simulations with distributions in [A]r are shown in Figure 22a-c. It was found that,
regardless of which variable had the distribution, changing ki and [A]r had the greatest effect on
the simulations. Multiple sets of non-unique simulation parameters resulted in qualitatively similar
fits. However, the product <k:[A]r> (where the brackets denotes an average over the parameter
distribution) is conserved across fits and decreases going from NHNS to HNS to HS. The dominant
contribution of ki[A]r and the lack of significant dependence on k2 indicates that the system exists

primarily in the low concentration limit, Equation 24.
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Figure 20: Simulations of HS data with k.1 and kz varied. For all, [A]T=3, ki=1.5 and p=0.5.
For a-c) ko = 0.008. For d) and e) k.1=1x10°. For a) k1=1x10"%, b) k41=1x10"°, and c) k.
1=1x10". For d) k.=0.0008 and for e) k,=0.08. Note that b) utilizes the k-1 and k, values used
in all simulations presented in the main discussion.

[Alr ki ki*[A]
NHNS 3 12 36
HNS 15 6 9
HS 15 3 4.5

Table 3: Best Simulation Parameters for Weibull Plots

For all, [A]r is a distribution with f=0.5, k».=0.008, and k1=1E-9. Because the system

largely operates in the regime describe by Equation 23, values determined for k.1 and k> have
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substantial uncertainty as discussed in the Supporting Information and are not used for mechanistic

analysis.

3.5.4 Numerical Weibull Fitting

To more clearly show how the kinetic parameters control the behavior of 6, the results of the
simulations were used as the basis to numerically fit the Weibull curves. Global numerical fittings
using a home-written MatLab fitting code were also performed on the data. Fits were performed
under several initial conditions to determine whether the initial estimates had an effect on the
fitting. It was found that the initial fitting parameters had a large effect on the resultant fits,
indicating that the system is underdetermined. The values for B3, k2, and k.1 did not significantly
vary from the starting conditions. While the individual values for k1 and [A]+ were quite variable,
the product ki[A]r is consistent for each deposition condition. Figure 20: Simulations with

different ki and [A]r values. In Condition 1, ki=3, [A]r=3, and ki[A]r=9. In Condition 2, ki=1,

[A]T=9, and ki[A]r=9. Data is
from HNS samples. In both, k, =
0.008, k-1 = 1x10°, and B = 0.5 for
the distribution of sites. Figure 20
shows simulations with different
values for ki and [A]r but the same

value for ki[A]r. Figure 22 shows

1 2 3 4 5 6 7 the  simulations  that  best
In(t)

Figure 21: Simulations with different ki and [A]r values. In

Condition 1, ki=3, [A]T=3, and ki[A]T=9. In Condition 2, parameters for the fits shown in
ki=1, [A]T=9, and ki[A]r=9. Data is from HNS samples. In

both, k» = 0.008, k.1 = 1x10°, and B = 0.5 for the distribution Table 4. It was found that the fits
of sites.

reproduced the data, with



S0/ 3 preme== = L :
w — -~ - ) —
=2 . o B e 090 =
~ f
= P e ~ e ** = 095 @
c.als 7 ooy - 1o
= - e _»
. ¢ _o. A oo —@ € @ 0.99
6 Y 0.995
-6f _

Figure 22: Simulations and fitting show similar results. a) Simulation with the following
parameters: ki = 6, [A]r=1.5, B=0.5, k2 = 0.008 and k.1 = 1x10°°. b) Fitting with the following
parameters: ki = 1.49, [A]r = 6.06, B = 0.50, ko = 0.0082 and k-1 = 1.01x10°. Neither fit is
appreciably better than the other.

were not significantly better than the simulations by hand. Figure 21 shows an example of

simulations giving very similar results.

3.6 Role of Deposition Conditions and Target of Base Attack

The results of the above simulations help to paint a molecular picture of the interaction of
the base with the surface linkage and the silica surface. In summary, while heating and blocking
layers increase the stability of the surface linkage (as reflected in rising values of teff), they have
little effect on the apparent diversity of rate constants (as reflected in the similar values of
between sample deposition conditions) which appears to increase as a function of base
concentration (as reflected in decreasing P value with base concentration). The relative
independence of B on deposition conditions is particularly surprising, suggesting that while the
blocking layer may contribute to the apparent diversity in catalyst initiation rates, it does not
contribute to the diversity for destruction of the surface linkage.?

We initially expected that the largest influence of the different deposition conditions would
be observed in the value of ko, the rate of irreversible reaction at the surface. However, the
insensitivity of the simulation to ko suggests the system is effectively in the low concentration
(diffusion-limited) regime where k> makes little contribution. In this limit the role of the different

deposition conditions is suggested to exist elsewhere, either in ki or [A]r, parameters that also
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control the B value. However, additional constraints can be added when considering a molecular
mechanism. In particular, the insensitivity of B to deposition conditions suggests a splitting of the
roles of the two parameters, with one parameter containing the critical distribution needed to
observe a [ value less than one independent of deposition conditions, with the other parameter
containing a value dependent on deposition conditions that governs tefr. These constraints will help

identify a plausible molecular mechanism of surface linkage disruption.

[A] ki B ke K Ki*[A]
NHNS 18.27 0.80 0.40 0.0171 1.19E-9 14.6
HNS 15 6 05 0.008 | 1E-9 9
HS 15 3 05 0.008 | 1E-9 45

Table 4: Fitting Parameters in Figure 22
The addition of the TOS layer on the surface protects the surface linkage of 6 by creating

a physical barrier between the base and the glass surface, thus making it more difficult for the base
to reach the silyl linkage.*>® When TOS is deposited in samples at a high concentration, the network
that is created provides a steric barrier to attack by the bulky isopropoxide species as well as an
electrostatic barrier, as the highly polar anion cannot easily penetrate the non-polar aliphatic layer.
Thus, the addition of TOS provides multiple barriers against base reaching the silyl linker,
resulting in a low value of ki. Because the blocking layer can be expected to significantly affect
mass transport between the bulk solution and the surface, we will focus on k; as the dominant term
capturing the role of the different deposition protocols.

The inclusion of a heating step in the HNS procedure is also expected to influence the value
of kq but in a more subtle manner. By heating the HNS samples, a covalent bond is formed between
the silica surface and 6, whereas in the unheated NHNS samples, the physisorbed 6 is likely held

at the surface by hydrogen bonding interactions, Figure 13a middle. When an isopropoxide



63

molecule, a hydrogen bond acceptor, approaches the surface proximal to post-heated covalently

bound 6, no hydrogen bond donors exist at the surface near bound 6, except in the rare instance of

6 being attached to a geminal silanol.1®* However, physisorbed 6, which has yet to condense and

eliminate H>O, contains at least one hydrogen bond donor directly proximal to the surface linkage.

These donors are able to interact favorably with the isopropoxide, improving the probability of

successful surface encounters, thus increasing ki in NHNS samples as compared to HNS samples.

The fact that no detectable hydrolysis occurs in solution (see Supporting Information) suggests

that the silyl ether linkages remain intact if they are not forming strong interactions with the

surface, a precursor interaction to covalent bond formation. The chemically distinct surface

linkages in the HNS and NHNS samples are further indicated by differences in the required surface
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Figure 23: Numerical fits (dashed lines) of experimental
data (closed circles) for Weibull fits using Equation 23 for
a) NHNS, b) HNS, c) HS samples.

deposition procedure. Specifically, to
prepare HNS and NHNS samples
with roughly the same fluorophore
surface coverage, the deposition
solution for the NHNS samples must
be five times more concentrated than
the  HNS

samples,  otherwise,

washing steps remove the majority of

molecules.*>*

the  physisorbed
Consequently, trends in ki are well
connected to  differences in
microenvironment stemming from

the deposition conditions.
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The model must also capture diversity in values for [A]r, the maximum “local concentration” of
base molecules attached to the surface capable of reacting with and irreversibly cleaving the
surface support. Critically, the model requires decoupling this value from the surface treatment.
While comparable values of [A]r are expected for the NHNS and HNS treatments, it was expected
that the density of the blocking layer would also influence [A]T, particularly since [A]r dominated
the distribution in our previous work on catalyst initiation at surfaces.?’ However, the chemical
environment within the aliphatic blocking layer (near the catalyst) may be quite different from the
environment at the surface. The number of hydroxyl groups on a silica surface varies depending
on preparation conditions, but on average, there are 4-5 hydroxyl functionalized groups per nm?
on a silica surface.'%21% This density implies that the distance between bound molecules at the
surface is large compared to the size of the base anion. While the TOS layer makes it more difficult
for the base to get to the surface (affecting k1), once at the surface, the microenvironment of the
surface of the HS samples may not appear to be greatly different from the HNS and NHNS
samples. Thus the apparent chemical heterogeneity would be only weakly dependent on surface
treatment, as observed. The dominant source of chemical heterogeneity is then the natural diversity
of surface sites on silica,'%4% with different topography and chemical functionality in the
neighborhood of each surface linkage determining the maximum local concentration, [A]r.

In lieu of the model proposed here, we might consider models wherein [A]r changes and
ky stays the same, or where both [A]r and ki are changing. If k; remained constant, this would
imply that the surface was equally accessible by base in every deposition condition and that the
change in kinetics between deposition conditions is solely caused by changes in [A]+. To invoke
this model, one would have to suggest that the barrier created by addition of TOS has no effect on

the approach of the base and we reject this proposal as unphysical because the TOS creates both a
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steric and electrostatic barrier between the substrate and bulk solution. On the other hand, varying
[A]r is not supported by the simulations. For all deposition conditions, a distribution of [A]r was
necessary to fit the data. In every case, a very similar width of the distribution was needed, reflected
by the B value of the distributions. If [A]r were changing, it is likely that the width of the
distributions of [A]r would also change. Because this is not seen, we believe that the proposed
mechanism, wherein ki changes with deposition condition but [A]r stays the same, is the most
plausible model to describe the observed phenomena. While we cannot discount the possibility
that more complex mechanisms are operational here, our proposed two step model is the simplest
model that captures the observed behavior, and is thus preferred in the absence of additional
experimental evidence.

In summary, the molecular picture described above provides a qualitative means of
understanding the behavior in Figure 18. In our model, the differences in tess between deposition
conditions is caused not by different rates of irreversible chemical reaction, ko, but by the
decreasing value of the product ki[A]T from NHNS to HNS to HS samples, as suggested by fits to
Figure 22. Further analysis suggests ki varies significantly between deposition methods. The
deposition methods also do not affect the immediate chemical microenvironment of the surface
linkage that controls [A]T, leading to diversity originating with natural surface heterogeneity of

silica.

3.7 Conclusions

During our single-molecule investigation of surface-support degradation at silica surfaces,
we found that a kinetic model captures the observed trends where the benefit of thermal annealing

and blocking layers derives not from an increase in the stability of the surface linkage, but from a
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decrease in rate at which base molecules approach the surface before irreversible attack at the silyl
ether linkage. We also showed that the observed heterogeneity in Kinetics is likely caused by the
innate structural diversity of the silica surface. These results suggest that efforts to make silyl-ether
constructs at silica interfaces more stable in basic environments should focus on further reducing
mass transport of bases through the functional layer to the silica surface, an important
recommendation for in-flow reactors with surface-supported molecular catalysts. Further, efforts
to reduce the chemical diversity of interacting sites at the silica surface, in chromatographic
separations for example, will be limited by silica surface site polydispersity unless the dominant
interaction between the mobile and stationary phase occurs at the interface between the functional
layer and the mobile phase, effectively insulating the silica surface from interaction with the
mobile phase. Finally, these results show another example of how single-molecule techniques can

be a powerful tool to investigate chemical dynamics at surfaces.
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4. Production of Toluene-in-Water Droplets to Probe

Single-Molecule Catalyst Kinetics.

This chapter is unpublished.

Katherine Lupo investigated droplet formation in vortexed emulsions, PDMS microfluidics, and
glass microfluidics and performed DCDHF reaction optimization in collaboration with Andrew
Cavell. PDMS microfluidic work was done in collaboration with Dr. Job Grant. Andrew Cavell

and Veronica Krasecki did additional work with the glass microfluidic.

4.1 Abstract

The Suzuki-Miyaura coupling reaction is a well-studied C-C coupling reaction, making it
a good candidate for single-molecule studies. To immobilize single molecules of a Pd catalyst
without the need for covalent attachment, toluene-in-water droplets were generated. Microscale
droplets have been used for single-molecule reactions, but generally water-in-oil droplets have
been used. The generation of toluene-in-oil droplets was studied, revealing the difficulty of finding
surfactant and generation conditions to produce small and stable droplets. Concurrently, the
conditions of a C-C coupling reaction were modified to make the reaction feasible on the single-
molecule level. Work continues towards reaching single-catalyst encapsulation in nanoscale

toluene droplets.
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4.2 Introduction

Low-volume droplets formed in microfluidic devices have increasingly become useful
tools for wvetting reactions quickly. Droplets offer several advantages: they act as
“microreactors”%-1%8 with low volumes that allow for selective mixing'®®-% and high-throughput

screening,t’*

particularly in single cell analysis.'"? Droplets are also useful tools in single-molecule
detection. Applications include single-molecule PCR™*17* and investigation of enzyme
kinetics.1™>17® In fact, an early example of single-molecule measurements was on the enzyme B-
D-galactosidase, where single enzyme molecules in water droplets performed a fluorogenic
reaction.'”® A distribution of reaction rates from single molecules of B-D-galactosidase was found,
proving that heterogeneity existed in the system. These results provided a precedence for future
work on single-molecule catalyst kinetics, including the present work.

Here, we describe a way to use droplets to immobilize non-biological molecular catalysts

for single-molecule study. In previous studies, we have immobilized fluorescent probes to glass

surfaces to allow for imaging at a longer time scale than permitted by diffusion.?0: 177-178
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Figure 24: Bulk absorbance (red line) and fluorescence (blue line) of DCDHF in toluene. The
fluorescence was excited at 500 nm.
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Confinement in droplets provides the advantage of surface immobilization, i.e. the ability to image
for long time scales, with the advantage of free diffusion, i.e. that movement and function are not
constrained. Using droplets to confine catalysts instead of surface immobilization is also
advantageous in that the structure of the catalyst does not have to be altered to have a surface
support, which introduces synthetic challenges and could possibly alter the function of the catalyst.
In this experiment, the goal is to have droplets with one or fewer catalyst molecules in droplets,
with synthetically relevant reactant concentrations. The catalyst and reactants are nonfluorescent,
but upon coupling, the product becomes fluorescent, ie, a fluorogenic reaction. Because only one
catalyst would exist per droplet, the generation of fluorescence is directly caused by a single
catalyst. Thus, kinetic information for the direct action of single catalysts could be derived.

The Suzuki-Miyaura Reaction is a C-C coupling reaction used to couple aryl boronic acids
and aryl halides into biaryl compounds.t”® Here, a fluorogenic reaction (Figure 24) is used to
investigate the activity of single catalyst molecules of palladium tetrakis(triphenylphosphine)
(Pd(PPhgz)s). Mechanistic studies of Pd(PPhs)s as a catalyst for Suzuki-Miyaura couplings exist,
providing a good basis for single-molecule studies.*® Information on the kinetics of single catalyst
molecules provides information lost in bulk reactions. Ultimately, understanding the heterogeneity
of the system will act as a complement to bulk studies, potentially elucidating why some catalyst

systems perform better than others.
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Figure 25: The DCDHF Reaction.
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The reaction in Figure 24, herein called the DCDHF reaction, involves the coupling of 2-
dicyanomethylen-3-cyano-5,5-dimethyl-4-(4-bromophenyl)-2,5-dihydrofuran, 7, and 4-
(dimethylamino)phenylboronic, 8, to form coupled DCDHF, where DCDHF is short for 2-
dicyanomethylene-3-cyano-2,5-dihydrofuran. We will use the term “DCDHF” to refer to the
coupled DCDHF fluorophore unless otherwise noted. DCDHF fluorophores are a class of push-
pull fluorophores composed of a donor amine group and an acceptor DCDHF group. The donor
and acceptor groups are separated by a pi-conjugated core.*®! Many fluorophores in the DCDHF
family have been synthesized, but the one used in this study features a biaryl core which results in
absorption and emission properties that are well suited for our system. Bulk absorption and
emission curves are shown in Figure 23. At the wavelength of maximum absorption, the molar
absorptivity of DCDHF is 31,000 M™cm™ and the quantum yield is 0.82 in toluene.!8! Notably,
there is significant absorption at 532 nm, the wavelength used for microscopy in this study. The
use of DCDHF, however, constrains which solvents can be used. A non-radiative pathway through
a twisted intramolecular charge-transfer (TICT) state has been implicated as a source of
fluorescence quenching and polar solvents stabilize the TICT state well. It has been shown for
some DCDHF fluorophores that the use of the nonpolar solvent toluene results in an order of
magnitude higher quantum yield compared to the quantum yields in polar solvents such as acetone

or ethanol .2 Thus, toluene was selected as the solvent in this study.

4.2.1 Challenges and Opportunities

Much work has been done in producing water droplets suspended in oil carrier phases.
Robust surfactant-oil-water systems have been developed to produce small and stable droplets.!®?
However, oil-in-water droplets are less well studied and examples of oil-in-water droplets

generally employ high viscosity oils.'®18 Because the target reaction is carried out in toluene, it
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is necessary to make toluene-in-oil droplets. Examples of toluene-in-water droplets exist, but are
usually in the size range of tens to hundreds of micrometers.'8 187 As discussed below, nanoscale,
not microscale, droplets are ideal for this study. Thus, the challenge of developing a method for
producing small, uniform, and stable toluene-in-water droplets arises. By modifying surfactants
and formation modes, we have begun to approach the parameters necessary for single-molecule
studies.

Another consideration is the desire to run reactions at the single-catalyst level. Lower
catalyst concentrations may decrease the overall yield of product, so conditions must be found that
balance the speed of the reaction and the concentration of catalyst. The catalyst concentration and
droplet size must be balanced such that the local concentration of catalyst and reactant in each
droplet is high enough that the reaction proceeds at a reasonable time scale, on the order of hours,
while still having single catalyst molecules in droplets. At various droplet sizes, assuming spherical
droplets, the necessary concentration of catalyst needed to have roughly one catalyst per droplet
can be calculated. Various droplet sizes and the corresponding catalyst concentrations are
presented below in Table 5. Clearly, smaller droplets allow for higher catalyst concentrations,
which are beneficial in terms of reaction speed. Additionally, approaching higher catalyst
concentrations leads to more synthetically relevant reaction conditions. If a typical coupling
reaction uses 10% catalyst, to reach synthetically relevant conditions, the catalyst concentration
would have to be on the order of hundreds of micromolar. Smaller droplets are also advantageous
for microscopy in that it should increase the signal to noise ratio of the fluorescence signal by

decreasing background fluorescence.
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Diameter
20 10 1 0.5 0.1
(um)
Volume
4200 520 0.52 0.063 5.2x10*
(um®)
[Pd(PPhs3)4] 396 fM 3.2 pM 3.2nM 25.5 nM 3.2uM

Table 5: Various sizes of droplets and the corresponding concentrations of catalyst that would be
necessary to average one catalyst molecule per droplet, assuming spherical droplets. Every
decrease in diameter by an order of magnitude corresponds to a 10% increase in catalyst
concentration.

The work presented herein shows attempts at balancing both challenges- producing small,
uniform, and stable toluene-in-water droplets and controlling the rate of reaction of the DCDHF
reaction. Droplets were produced using different production methods and various surfactants.
While ideal conditions have not been reached, improvements have been made. Similarly,
development for the DCDHF reaction has occurred, but ideal conditions have not been reached.

Despite the unfinished nature of this project, potential exists for the continuation of this study.

4.3 Experimental

4.3.1 DCDHF Reaction

The DCDHF reaction scheme is shown in Figure 24. In short, 7 and 8 couple to form the DCDHF
fluorophore. Compound 7 was synthesized by graduate student Daniel Hinton and former post-
doctoral researcher Sunil Upadhyay. Compound 8 was received from Sigma Aldrich and purified
as discussed below. Palladium tetrakis(triphenylphosphine) (Pd(PPhs)4) was used as catalyst. In a

typical experiment for setting up emulsions, 4 mM each of 7and 8 were used and the Pd(PPhs)a4
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was varied, with toluene as the solvent. Generally, an additional base was not used, as discussed
below. Reactions were generally performed at room temperature.

To makes compounds 7 and 8 suitable for single-molecule studies, ie remove fluorescent
impurities, additional purification steps were taken. To purify 7, it was recrystallized twice in 30%
methanol in dichloromethane, then washed with pentane three times, decanting off the pentane

between rinses. To purify 8, it was washed with pentane 5 times.

4.3.2 Droplet Formation

Many different modes of droplet generation were attempted. Because of the difficulty
associated with making toluene-in-water droplets, no one mode of droplet formation has proven

to be ideal, thus far. The various methods for preparing droplets are discussed below.

4.3.2.1 Vortexed Emulsions

Perhaps the simplest mode of droplet formation is through vortexed emulsions. In a typical
experiment, 150 uL of the disperse phase, generally a toluene solution, was added to 750 uL of an
aqueous phase in a microcentrifuge tube. The mixture was then vortexed (Scientific Industries
Vortex Genie 2) at the highest speed for roughly a minute. The resultant emulsion (Figure 25a)
was left to settle for a few minutes before use and imaging. Generally, droplets formed through

vortexing were sized in the 10’s of micrometers and showed high variability in their size.

4.3.2.2 PDMS and Glass Microfluidic Devices

In collaboration with the Romero group, PDMS microfluidic devices were used to produce
droplets. The pattern of the microfluidic device is seen in Figure 25b. The continuous phase,
generally an aqueous surfactant solution, and the disperse phase, generally toluene, were pumped

through the device using two New Era Model 501 Syringe Pumps. The syringe pumps were
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controlled with a custom written Python code (Romero, Philip. Syringe-pump-controller. GitHub
Repository. https://github.com/RomeroLab/syringe-pump-controller). To prevent degradation of
plastic syringes from toluene, gastight glass syringes (Hamilton Syringes) were used. Droplets
were formed in a jetting regime, discussed below. Droplets are shown in Figure 27and generally
had a size of about 20 micrometers in diameter.

PDMS swells in toluene,'® causing toluene to stick to the device’s sidewalls. To attempt
to combat the sticking, polyionic polymer layers were deposited in the microfluidic device.'®® To
do this, solutions of poly(allylamine hydrochloride) (PAH, MW=50,000, Sigma Aldrich) and
poly(sodium 4-styrenesulfonate) (PSS, MW=70,000, Sigma Aldrich) were prepared. Individual
devices were coated with layers of 0.1% w/v PAH and PAA in 0.3 M NaCl. Between each
polyelectrolyte, 0.3 M NaCl was put through the device. A gentle vacuum was attached to all ports
of an individual device except for one. Small amounts of each solution, about 5 uL aliquots, were

pipetted into the port not attached to the vacuum. Between each aliquot, the solution was allowed

to fully drain out of the device. For each device, 8 layers total were deposited.

Figure 26: Various tools for droplet formation. a) A vortexed emulsion. b) The PDMS microfluidic
device and c) the glass microfluidic device. Scale bars are 100 um.
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To circumvent the issues of sticking in PDMS microfluidic devices, a 14 um Small Droplet
Chip glass microfluidic device was obtained from Dolomite Microfluidics. A picture of the device
is shown in Figure 25c. The glass microfluidic has a naturally hydrophilic surface, which prevents
interactions between the device’s walls and toluene. As before, the aqueous phase and the disperse
oil phase were pumped through the device using syringe pumps and glass airtight syringes. The
program SyringePumpProV1 (SyringePumpPro, Gawler, South Australia, Version 1.6.4.7) was
used to control the syringe pumps. Flows were adjusted as necessary to reach regimes where
droplets formed; flows of roughly 100 uL/min were used for the continuous aqueous phase and
flows of about 10-20 uL/min were used for the disperse toluene phase.

Alternatively, the glass microfluidic device was used in a shearing mode.!® Instead of
having two streams of continuous phase coming in from the side ports to pinch off the single
toluene stream coming up the center, the opposite configuration was used. Toluene was pumped
through the two side ports while the aqueous phase was pumped through the central channel. This

configuration is closer in functionality to a T-junction.

4.3.3 Droplet Immobilization in Gel

Poloxamers have become a useful tool for droplet immobilization. Poloxamers are a type of
polymer which are liquid at cold temperatures and become gel-like at elevated temperatures.®* A
poloxamer known by the trade name Pluronic F-127 (Sigma Aldrich) was used. A roughly 30%
solution of Pluronic F-127 in water is liquid-like when refrigerated and becomes gel-like at room
temperature.'®*1%2 To use the polymer for sample immobilization, about 100 pL of 30% Pluronic
F-127 is pipetted onto a coverslip while still cold. The coverslip and the vial of Pluronic F-127

were placed on a cold aluminum block. Then, while the Pluronic F-127 was still liquid, a small
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amount of an emulsion, roughly 5 pL, was pipetted into the Pluronic F-127. Then, a coverslip was

placed on top of the sample.

4.3.4 Microscopy

4.3.4.1 Brightfield Microscopy
Brightfield microscopy was used to observe droplet generation in the glass microfluidic device.
Overhead illumination on a Nikon Eclipse Ti inverted microscope was collected through a 10x air

objective and focused on an Andor EMCCD iXon camera with a 512 x 512 pixel detector.

4.3.4.2 Fluorescence Microscopy

Samples were imaged on a Nikon Eclipse Ti inverted microscope using a 532 nm Coherent
Sapphire fiber-coupled diode laser. The excitation laser was guided through a Nikon Plan Fluor
40x air objective. The fluorescent signal was collected through the same objective and passed
through a Semrock 532 nm RazorEdge Dichroic mirror and a Semrock EdgeBasic 532 nm
longpass filter. The fluorescent signal was then focused onto an Andor EMCCD iXon camera with
a 512 x 512 pixel detector. The resultant illuminated area was about 100 cm? and the laser intensity

used varied depending on the experiment, but ranged from 10-100 W/cm?.

4.3.4.3 Typical Fluorescence Experiment

The overall goal, as stated before, is to observe the generation of DCDHF by single catalyst
molecules encapsulated in single droplets. To approach this limit, we initially started with higher
catalyst concentrations and stepped down the catalyst concentration gradually. In a typical
experiment, an emulsion was made through vortexing a DCDHF reaction mixture containing 7, 8,
and Pd(PPhz)4 in toluene as the disperse phase and an aqueous surfactant solution, generally CA-

720, as the continuous phase. The emulsion, after settling for a few minutes, was immobilized in
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the Pluronic F-127 as described above. Droplets were then imaged over several hours, with images
of the same droplets taken every 15-30 minutes. Image analysis was then done on the droplets to

see whether fluorescence, from the formation of DCDHF, increased over time.

4.4 Results

4.4.1 Droplet Formation

The success of droplet formation was quite variable depending on conditions. In the course of
preparing droplets, we have found that the number of parameters that can be varied leads to
difficulty in optimizing conditions. The results from the various modes of droplet generation are

discussed below.

4.4.1.1 Role of Surfactant

Several surfactant types were used to form droplets. Surfactants were dissolved in the aqueous
phase. Surfactant choice is important because factors such as droplet size and stability can depend
on the surfactant. Importantly, the surfactant must not interfere with the desired chemistry. To
determine the suitability of various surfactants, several emulsions with various surfactants were
prepared, and the emulsions were monitored for stability over the course of several days. A
comparison of the emulsions prepared with various surfactant solutions and a DCDHF reaction
mixture as the disperse phase are shown in Figure 26. Interestingly, all surfactants used led to
stable emulsions over the course of several days. However, several surfactants showed
incompatibility with the DCDHF reaction conditions. As is visible in Figure 26, the emulsion

prepared with sodium dodecyl sulfate appeared purple. While we did not investigate what caused
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Figure 27: Vortexed emulsions with 4 mM 7 and 8, 1 uM Pd(PPhs)s and a) 1% v/v CA-720, b) 1%
viv CO-720, ¢) 1% v/v Tween 20, d) 4% w/w SDS, and e) 0.1% w/w MTAB.
this color change, it is clear that SDS should not be used for further studies. Instead, we identified

CA-720, CO-720, and Tween 20 as the most promising surfactants for further study.

While not much difference was seen in emulsions stability, surfactants may play a bigger
role as droplet size is reduced. Structurally, we predict that CA-720, CO-720, and Tween 20 will
be the most stabilizing surfactants. In a toluene-in-water droplet, the nonpolar tail of the surfactant
will lie within the toluene sphere, whereas the hydrophilic head group will lie outside of the toluene
droplet, in the aqueous phase. Sterically, it is likely advantageous to have bulky polar head groups
compared to the nonpolar tails. It has been shown that in water-in-oil droplets, where the nonpolar
tail is on the outside of the droplet, having smaller alkyl chain lengths increases the radius of the
droplet.?® It likely follows that in the opposite configuration, with the polar head groups facing
out, their size will affect the curvature of the droplet. When packed together, surfactants with
bulkier polar groups may be more susceptible to curving, making it easier to form spherical
droplets. It has been shown that the size of spherical micelles depends on the length and volume
of the surfactant tail as well as the surface area of the molecule.’®* With tail sizes being roughly
equal, the size then becomes dependent on the head group of the surfactant. However, the area of

the head group is based on energetic considerations, not simply on geometric considerations.'%
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Thus, it is not easy to determine if the predicted effect of head group size will actually translate to
a change in droplet sizing. Further studies are needed to systematically determine which surfactant

produces the most stable and small droplets.

4.4.1.2 Droplets Formed Through Vortexing

Forming emulsions through vortexing was the main method of droplet formation used. The
vortexing method has several desirable properties. Vortexed emulsions are quick and easy to
produce, taking just minutes to set up and produce. Thus, vortexed emulsions are an ideal solution
for producing droplets for time sensitive tests and for running initial experiments quickly.
However, vortexed droplets have multiple disadvantages. For one, there is little control over the
size of the droplets produced through vortexing. Although we have not studied these affects
systematically, vortexing speed and time affect the sizes of droplets produced, making
reproducibility difficult. Similarly, vortexing produces droplets in a wide distribution of sizes, with
the median sizes tending to still be too large for the single-molecule studies planned. For the single-
molecule studies, it is ideal to have droplets that are small and as close to monodisperse as possible,
as discussed above. However, much of our initial data is from vortexed emulsions because of their
ease of use. While they cannot be used for single-molecule studies, they have been an important

tool as we go ever closer towards single-molecule studies.

4.4.1.3 Droplets Formed In PDMS Devices

Droplets that were formed in PDMS devices tended to be more monodisperse than droplets
formed through emulsions. However, forming droplets in PDMS devices has several
disadvantages. PDMS swells in toluene,'® leading to toluene sticking to the sidewall of the device.
The sticking, in turn, leads to difficulty in reaching a pinching regime in the microfluidic. Indeed,

the only way we were able to produce droplets was in a jetting regime, where high pumping
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pressures led to a long stream of toluene going past the junction point with droplets coming off the
end of the solvent jet. Droplets are shown in Figure 27 and generally had a size of about 20
micrometers in diameter. While the diameter of these droplets begins to approach the sizes needed
for our single-molecule studies, production of the droplets takes a long time and lacks
reproducibility. Getting to a jetting regime is a long process, as simply returning to previously
successful settings generally does not result in droplet formation. Instead, it is necessary to
gradually ramp up the pumping pressure to return to a regime where droplets are formed. Thus, it
can take on the order of hours to begin producing droplets, which is the same timescale that the
reaction would take place on. Ideally, to maximize the amount of data procurable, droplets would
need to be produced in minutes, not hours.

To combat the problems caused by toluene sticking to the PDMS sidewalls, we attempted
to put down a hydrophilic blocking layer onto the PDMS devices. Although the layer deposition
was attempted several times, problems with deposition were persistent. When the vacuum on the
device was not sufficient it would take several minutes to draw even small amounts of the solutions

through. Increasing the vacuum through the device resulted in the inner walls collapsing, again

s il | (Ve 20

Figure 28: Toluene streams in microfluidics. a) Droplets streaming out of a PDMS device. Scale
bar is 100 um and is approximate. b) Toluene streaming out of the glass microfluidic in the cross-
junction mode and c) droplets being formed from the T-junction mode. Scale bar for c) is 20 um
and is for both b) and c). Red arrows show the flow of water and blue arrows show the flow of
toluene.
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leading to difficulty in drawing solutions through them. When layers were successfully deposited,
the devices would often have foreign matter in them from the solutions which would clog the
devices. Furthermore, the deposited layers did not appear to have a beneficial effect on toluene

sticking to the PDMS walls. Thus, the layer deposition was not used for further studies.

4.4.1.4 Droplets Formed in the Glass Microfluidic Device

So far, the glass microfluidic device has proven to be a promising method for producing
droplets. The glass microfluidic has a naturally hydrophilic surface, which prevents interactions
between the device’s walls and toluene. As such, we were hopeful that toluene would more easily
form droplets in the device. Attempts were made to reach the pinching regime. At best, thin streams
of the toluene phase were reached, but they never collapsed into droplets, as seen in Figure 27b.
To try to reach a regime where droplets were produced, flows of around 100 puL/min were set as
the initial rates for each phase. Once the flow reached a steady state, the rate for the toluene phase
was decreased incrementally, leading to reductions in the thickness of the toluene stream.
However, once a rate in the tens of microliters per minute was reached for the toluene, going below
a certain rate caused the aqueous phase to overpower the toluene phase, causing the toluene to
travel backwards in its channel. Whenever this happened, toluene would have to be flowed through
the device at a high rate again; the toluene pressure could not simply be increased to the last
acceptable rate to return to a regime where toluene was moving forward in its channel. Reaching
an intermediate between the regime where the toluene was streaming but not breaking into droplets
and regime where toluene was flowing backwards was difficult and we have only managed to
reach a regime with droplets forming a few times and not for very long. The alternate mode of

droplet formation in the glass microfluidic device wherein the ports used for continuous and
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disperse phases are switched has proven more successful. An example of droplets being formed in
this mode is shown in Figure 27c.

Many have investigated the mechanism for droplet breakup in both cross-junction%-1%
and T-junction®-2%! devices. However, our mode of droplet formation has been markedly different
from those presented in the literature. In the literature, much of what is described are mechanisms
wherein droplets are forming at the junction between the continuous and disperse phases. We have
not observed this mode of droplet formation. On the contrary, in both the cross- and T-junction
configurations, the toluene stream extends past the junction point and droplets are formed from
the end of the stream. This mechanism for breakup is referred to as the jetting regime. In contrast
to other regimes, the jetting regime does not depend on the pressure at the junction,?®? instead
depending on shearing forces caused by differences in the flow rate of each phase.!®® Because
droplets are formed after the junction in the jetting regime, there is no difference in the mechanism
of droplets formed in the T-junction or the cross-junction configuration. Thus, the relative ease of
using the device in the T-junction configuration must be caused by ease of forming a jet. In the
cross-junction, the continuous aqueous phase is coming in from two ports which, in a dripping
regime, would cause toluene to pinch off into droplets. However, in the jetting regime, the dual
aqueous streams simply make it difficult to produce a jet of toluene. When the toluene flow is set
too low or the water flow too high, the pressure of the dual water ports overwhelms the toluene
pressure, making it flow backwards. Conversely, in the T-junction configuration, with only one
water port and two toluene ports, the toluene flow can be set lower without causing backflow,

ultimately allowing for the creation of a thinner stream that can break up into droplets.
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4.4.2 Droplet Immobilization

A benefit of the Pluronic F-127 is that the thickness of the sample is somewhat tuneable.
To make the sample very thin, the top coverslip can be placed on the sample while it is still on the
cold aluminum block. To make a thicker sample, the top coverslip can be placed after the sample
is taken off the cold aluminum block, allowing the Pluronic F-127 to gel slightly before the
coverslip is put on. Because the emulsion floats in the Pluronic F-127, after the sample has gelled,
the sample can be inverted and imaged from the top coverslip. This results in the droplets being
near to the bottom of the coverslip surface with no chance of them floating to the top, due to the
gel polymer. Conveniently, putting the emulsion in the Pluronic F-127 helps to disperse the
droplets, so while there are often still out of focus droplets in the polymer, it is easier to find regions
with fewer out of focus droplets. Additionally, when the droplets are in the gelled Pluronic F-127,
it is very rare for them to move. As a result, it is possible to observe the same droplets over a long
period of time, up to a day (Figure 30c and d shows a droplet over 1 hour with no deformation).
This is useful for spectroscopic studies where it is necessary to view the same droplets over the

course of several hours.

4.4.3 DCDHF Reaction
Before investigations of the DCDHF reaction in droplets could be attempted, the reaction

had to be characterized at the bulk level. The reaction must be first be optimized at the bulk level.

To that end, several parameters were investigated in the bulk, as described below.

4.4.3.1 Role of Base
Suzuki couplings require a base to increase the rate of the transmetallation step in the

catalytic cycle. It has been proposed that the base interacts with the boronate species to form a
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more reactive species that can react with the Pd center.2% At the bulk level, initial studies by Sunil
Upadhyay showed that potassium fluoride (KF) and 18-C-6 worked well as the base in toluene,
with the 18-C-6 helping to solubilize the otherwise insoluble KF. Further investigations were
performed in collaboration with graduate student Andrew Cavell. After many attempts to recreate
this result, it was found that KF actually appeared to decrease the rate and overall yield of reaction.
When the base was omitted, the reaction proceeded better than with any base, as can be seen in
Figure 28. In Figure 28, an orange color indicates formation of DCDHF. Further experiments
suggest that 18-C-6 appeared to be decreasing the yield of the reaction, Figure 28g-h. However,
because the reaction proceeds without an added base, further investigations were eschewed in

favor of working with the reaction without an additional base.

4.4.3.2 Role of Concentration of Reactants
Because decreasing catalyst concentration decreases the rate of the reaction, the highest
possible reactant concentrations were used. It has been determined that the saturation concentration

of 7 is about 4 mM, so 4 mM each of 7 and 8 were generally used in all reactions.

4.4.3.3 Lowering Catalyst Concentration
To move towards the single-molecule studies, the concentration of Pd(PPhs)s was

systematically lowered in bulk reactions. At 100 uM of Pd(PPhs)s and 4 mM of each reactant, the
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Figure 29: Reaction mixtures with various types of bases. All contain 4 mM each of 7 and 8 b)-h)
contain 100 uM catalyst, a) no catalyst, no base b) no base ¢) KF, 18-C-6, d) KF, no 18-C-6, e)
K2CO3, no 18-C-6, f) K2COs, 18-C-6. g) no KF and no 18-C-6, h) no KF and with 18-C-6.
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reaction proceeds quickly, with a visible color change within an hour. As the concentration of
Pd(PPh3)s is lowered, the reaction rate decreases, as expected. However, it has been determined
that the concentration of Pd(PPhs)s used affects the overall yield of the reaction. After sitting
overnight, reaction mixtures with 10 uM Pd(PPhs)4 never reach the same yield as reaction mixtures
with 100 pM, as can be seen in Figure 29. Thus, it is likely that the catalyst is deactivating before
full conversion can happen. This is supported by the physical appearance of the catalyst solution.
Upon first dissolution of Pd(PPhs)a in toluene, the catalyst solution is a clear and pale yellow. After
about an hour, the solution turns a murky brown. While we have not specifically analyzed the
solution, the brown is likely from palladium black formation or aggregation, a common
degradation product of Pd catalysts.?%

To prevent Pd(PPhs)s degradation, we added triphenylphosphine (PPhs) as a stabilizer in
the ratio of two parts PPhsz to one part Pd(PPhs)s. However, PPhs did not appear to affect the

stability of the catalyst, Figure 29.

4.4.4 Observation of DCDHF Formation in Droplets

Increase in fluorescence from reactions in single droplets was observed using vortexed
emulsions and the poloxamer immobilization technique. At a catalyst concentration of 100 uM,
fluorescence is very apparent, although at times little increase is seen over time because the
reaction proceeds too fast. In Figure 30, examples from trajectories with 100 uM and 10 uM
catalyst are shown. As the catalyst concentration is decreased, an increase in fluorescence is still
visible down to 10 uM. Below this concentration, no increase in fluorescence is seen and in fact,
fluorescence trajectories decrease. The decrease in fluorescence is likely caused by

photobleaching, which cannot be outcompeted by fluorophore generation in the low-catalyst limit.
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4.5 Conclusions and Future Directions

Droplet generation remains an area for improvement. Droplet sizes have been decreased to
about 10 um in size but further decreasing their size would be beneficial for achieving single-
molecule droplet studies. To reach smaller droplets, work will have to be done in two areas. One,
finding the ideal surfactant will make it easier to achieve both smaller and more stable droplets.
However, identifying the ideal surfactant will be difficult because it depends on structure,
concentration, and droplet producing conditions. The droplet generation conditions also have to
be modified and better understood. As of now, little control of droplet generation is possible, and

the mechanism of droplet generation needs to be better understood for better size control.

Figure 30: Reaction mixtures with various amounts of catalyst. All contain 4 mM each of 7 and 8.
a)-c) contain triphenyl phosphine at double concentration of catalyst and d)-f) contain only
catalyst. a) and d) 100 uM Pd(PPh3)s , b) and ¢) 50 uM Pd(PPhg)s, ¢) and f) 10 uM Pd(PPhz)s. All
reactions were left overnight at room temperature to react.
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Figure 31: Example data. a) and b) Mean fluorescence intensity trajectories over time in individual

droplets containing 4 mM each of 7 and 8 with a) 10 uM and b) 100 uM Pd(PPhs)4. Droplets from
¢) time 0 and d) time 9 (about an hour) from the 100 uM ¢ Pd(PPhs)s sample, trace b).

Progress has been made towards the observation of single turnover events in droplets of
toluene. We have reached concentrations of 10 uM of catalyst in droplets, which corresponds to
roughly 2.5x107 catalyst molecules per 20 um toluene droplet. This is still orders of magnitude
higher than what is necessary for single-molecule studies. While decreasing the size of the droplets
will raise the concentration of catalyst that can be used, the diameter of the droplets would have to
be on the order of single nanometers to be able to maintain the Pd(PPhs)s concentration currently
being used. As we reach towards the limits of droplet size, we also strive to tune the reaction rate.
As catalyst concentration is decreased, the rate and yield of the reaction decreases. Several methods
could be tried to increase the rate and yield of the reaction. For one, to increase the rate of reaction,

the reaction could be heated. As of yet, all experiments have been performed at room temperature

but at the bulk level we have seen that heat will increase the reaction rate. To increase the yield of
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the reaction, degradation of the Pd(PPhz)4 will have to be prevented. Further studies with increased
PPhs could be performed, although initial test reactions with additional PPhs failed. Other
palladium catalysts could be used, such as Pd(OAc) and derivatives?®>2% or PEPPS].148. 207
Beyond the scope of this project, droplets have potential to be used for other single-
molecule measurements. In particular, other work in our group is being done towards using
droplets as minireactors for polymerization reactions wherein fluorescence anisotropy is used as a
reporter for polymerization. Additionally, the development of small toluene-in-water droplets

opens up the possibility of studying many other reactions which require organic solvents.
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