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ABSTRACT: Fluorescence lifetime imaging microscopy (FLIM) provides spatiotemporal resolution of the changing composition 
of emulsion droplets during an aqueous–surfactant Suzuki coupling. In contrast to previous investigations, the present experiments 
characterize the full course of a catalytic chemical reaction, addressing key questions about if and where reaction species build up, 
and correlating these microscale behaviors with bench-scale product yields. At low concentrations of (active) catalyst, droplet envi-
ronments are stable; however, at higher concentrations, emulsion droplet environments change markedly, as indicated by the rise and 
fall of fluorescence lifetimes. These changes are consistent with buildup and consumption of reaction species inside the droplets. A 
combination of FLIM and brightfield imaging pinpoint limitations in catalyst solubility as controlling the rate and degree of buildup 
of species in droplets. These solubility limitations are also identified as the cause of a reaction induction period, and an origin of the 
rate-and-reproducibility advantage obtained by adding a THF as a cosolvent. The subsequent mechanistic model from these data led 
to a bench-scale reaction optimization, wherein premixing the catalyst components bypasses the catalyst induction period, resulting 
in a faster reaction at otherwise constant catalyst loading. The understanding generated by FLIM thus provides an early example of 
how understanding changes in droplet compositions on the microscale during ongoing aqueous–organic reactions can be leveraged 
for enhancing efficiencies in bench-scale reactions. 

Introduction 
 Organic chemistry in water provides a promising sustaina-
ble alternative to reactions in organic solvents. Addition of sur-
factants can optimize these reactions by solubilizing organics 
and/or stabilizing micelles and emulsion droplets. Notable ap-
plications of surfactant-based reactions, including palladium-
catalyzed cross-coupling, have been developed in agrochemical 
and pharmaceutical1–6 and academic7–9 settings. The mechanis-
tic underpinnings of these complicated reactions are poorly un-
derstood, however, limiting broader implementation of this 
promising technology. For example, under the high-substrate 
concentrations germane to bench-scale synthetic reactions, 
phase separation occurs,10,11 leading to multiple possible loca-
tions for substrates and intermediates–and thus for reactions to 
occur (i.e., in small micelles in the aqueous phase, in larger 
emulsion droplets of the organic phase, or in water outside of 
emulsions11,12).  
 Emulsion droplet size, physical environment, and compo-
sition under these conditions are highly challenging-to-impos-
sible to study with traditional analytical techniques due to ex-
isting requirements for homogenous phase, high vacuum, or op-
tical transparency (e.g., by NMR spectroscopy, transmission 
electron microscopy, or dynamic light scattering, respectively) 
(Figure 1). Understanding of these phase-separated systems 
therefore remains substantially limited to computational stud-
ies13,14 and/or information derived from the isolation or study of 
reaction components under nonsynthetic conditions (e.g., under 
high vacuum, without organic substrate, and/or at much lower 
surfactant and/or substrate concentrations where phase separa-
tion does not occur).10,15–17  
 Yet, the behavior and changing compositions of the or-
ganic emulsion droplets over the course of a reaction-in-

progress are of keen interest due to their high local concentra-
tions of organics and subsequent anticipated impact on reaction 
rate, selectivity, and yield.  We recently developed the spatial 
resolution and microenvironmental sensitivity of fluorescence 
lifetime imaging microscopy (FLIM)18–20 to provide missing in-
formation on the size of emulsion droplets and the partitioning 
of select reagents under conditions relevant to synthesis, mak-
ing it an emerging analytical technique in this area.21–23 Specif-
ically, FLIM is the creation of (spatially resolved) images that 
display the amount of time fluorescent molecules spend in their 
excited states. 

 
Figure 1. Reaction schematic of previous work, showing un-
known emulsion behavior; reaction characterized herein. 
 To date, evolution of a full catalytic reaction from sub-
strate-to-product in organic–aqueous–surfactant media has not 
been imaged by FLIM, or by any other type of microscopy, 
leading to several central questions: 1) Do generated species 
build up during the reaction, and if so in which location(s)? 2) 
Does the buildup correlate (or anticorrelate) with bench-scale 
synthetic yields? 3) Is there environmental heterogeneity 
among emulsion droplets during an ongoing reaction? 4) To 
what extent does active catalyst generation (or lack thereof) im-
pact reaction rate or underpin the need for organic cosolvents?  
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 Palladium remains the most effective catalyst for many 
cross-coupling reactions such as the Suzuki reaction, but its cost 
and toxicity24 have led to considerable effort to reduce the over-
all quantity required.1,7,24–30 Lipshutz developed a synergistic 
iron nanoparticle (Fe-NP) based coupling reaction to reduce the 
palladium loading to as little as 500–2500 ppm.1,7,25–27,31 This 
general system was chosen for study by FLIM. Specifically, the 
fluorescence lifetimes of organic fluorophores are exquisitely 
sensitive to their microenvironments.18–23  We envisioned that a 
hydrophobic spectator fluorophore, 1, doped in at the low load-
ing of 220 nM, would inform on changes in composition of 
emulsion droplets though changes in its fluorescence lifetime, 
without chemical involvement in the reaction itself.21,22,32,33 The 
anticipated changes in fluorescence lifetime 1 with reaction pro-
gress are not known in advance and therefore form part of the 
research question and technique development process.32,34 
  
Results and Discussion 
   
 As shown in Figure 1, a cross-coupling reaction with 
TPGS-750-M surfactant was examined, with 4-iodoanisole (2), 
1-naphthalene-boronic acid (3), Pd(OAc)2, K3PO4, SPhos, and 
Fe NPs, using similar substrates, concentrations, and catalysts 
to the successful literature cross-coupling reaction.25 The reac-
tion proceeded at 45 °C. To generate high yields, a fast reaction 
rate, and enhanced reproducibility in our hands, the palladium 
loading was increased to 0.25 mol % (from 0.05 mol %) an alkyl 
iodide was selected over an alkyl bromide, and the THF cosol-
vent was increased to 17% v/v.  Many reagents were only spar-
ingly soluble in the surfactant solution, creating a thick, opti-
cally opaque slurry, as has been previously well-documented 
(including with published images) for such aqueous–organic–
surfactant systems.10 Due to the heterogeneous nature of the 
phase-separated reactions, two or more replicate experiments 
were performed per reaction condition for all data acquisition 
(see SI for images of replicate runs).   
 Imaging agent 1 contained a boron dipyrromethene core 
(BODIPY), which was selected for its high quantum yield, 
chemical inertness, small size relative to the emulsions and na-
noparticles, and hydrophobicity21,22,32,34–38 (Figure 2a). Imaging 
agent 1 was added as a spectator fluorophore at a low concen-
tration (220 nM) to enable imaging and sensing of environmen-
tal changes through changes in its fluorescence lifetime. For 
comparison, the concentrations of other components were 
0.6 M boronic acid 3, 0.5 M 4-iodoanisole 2, 1.1 mM palladium 
acetate, 25 mM SPhos, 5 mol % Fe NP, 2 wt % TPGS-750-M. 
Thus, the organic substrates were over 6 orders of magnitude 
higher in concentration than 1. At this low doping, the imaging 
agent is unlikely to significantly perturb partitioning of the sys-
tem. Images were obtained ~1 µm above the bottom of the im-
aging vial. Complementary brightfield images were also taken. 
 With the goal of assessing FLIM’s ability to provide inter-
pretable images in this system, an initial emulsion system was 
examined. FLIM images from 2.5 h after initiation, shown in 
Figure 2b, are false-colored on a rainbow scale to display spatial 
differences in fluorescence lifetime (tave int), reflecting differen-
tiation of local microenvironments. Blue-shifted regions repre-
sent shorter fluorescence lifetimes, and red-shifted regions rep-
resent longer fluorescence lifetimes.  
 Comparison of FLIM and brightfield images of the same 
region establish that emulsion droplets and NP–surfactant rafts1 

can be generally identified by differences in opacity, shape, 
brightness, and tave int (Figure 2b).  Nanoparticle rafts were 
somewhat opaque, irregularly shaped, exhibited dim fluores-
cence, and on average had lower tave int. Emulsion droplets were 
optically transparent, generally spherical, exhibited brighter flu-
orescence, and on average had higher tave int. The focal plane for 
FLIM is narrow (~600 nm), leading to a researcher-selected, 
narrow cross section in z in each acquired image. In contrast, 
brightfield has a substantially deeper focal plane. Thus, substan-
tially more materials are visible in the brightfield image than in 
the FLIM image because the materials are at different depths in 
the sample and thus lie outside of FLIM’s narrow focal plane.  
 

 
Figure 2. (a) Schematic overview of FLIM idea to image reac-
tion behavior with spectator imaging agent 1. (b) Fe NP rafts 
and emulsion droplets imaged by FLIM and corresponding 
brightfield microscopy.  
 
 Because chemical reactions intrinsically cause changes in 
concentrations as starting materials are consumed, products are 
formed, catalysts dissolve and decompose, and reaction inter-
mediates may build up, the concentration-dependent impact on 
tave int of 1 of each (known) reaction component was next meas-
ured through a series of solution-phase analyses. The outcomes 
of these individual analyses are summarized in Table 1 (full 
data in SI). Specifically, all measured components that had an 
effect on lifetime, had the effect of quenching fluorescence, re-
sulting in shorter fluorescence lifetimes (reduction in tave int of 
1, see SI for fluorescence quenching data)19 or having no effect 
on lifetime. Notably, no components increased lifetime. The 
concentration-dependent lifetime change in ns/mM was deter-
mined from the linear regression of the concentration-depend-
ent lifetime calibration curve (column 1).  
 The concentration of each reaction component at t = 0 for 
cross-coupling and imaging conditions was known, on the basis 
of what was added to the reaction mixtures (column 2). Multi-
plication of column 1 by column 2 enabled estimation of the 
impact in ns of each component on tave int of 1 at the start of the 
reaction under early reaction conditions.  A limitation of this 
estimation is that values in Table 1 were intentionally derived 
from simplified systems containing only solvent (THF or 2 wt 
% TPGS-750-M), 1, and the component of interest. For most 
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entries, these conditions produced homogeneous solutions. In 
contrast, under reaction conditions, the high concentrations of 
organic substrates induced phase separation with formation of 
large emulsion droplets. 
 As deduced from Table 1, the components indicated to 
have the strongest overall quenching effect on imaging agent 1 
at the concentrations of the initial reaction are Fe NPs (insolu-
ble; suspended in THF), SPhos, and 2, and the combination of 
Pd(OAc)2 with SPhos (column 3). The large impact of palla-
dium-derived species on tave int was envisioned to be helpful for 
characterizing catalyst location and evolution.   
 
Table 1. Measured and Anticipated Lifetime Effects of Reac-
tion Components on Imaging Agent 1.  

Reagent  concentra-
tion-depend-
ent lifetime 
change 
(ns/mM) 

concentra-
tion in reac-
tion (mM) 

anticipated 
lifetime ef-
fect under 
reaction 
conditions 
(ns) 

in micelles/ 
in droplets 

   

Fe NPs −0.0045 120 −0.5 

SPhos −0.015 25 −0.4 

4-iodoan-
isole 

−0.0007 500 −0.4 

Pd(OAc)2 
+ SPhos 

−0.25 1.2a −0.3 

Pd(OAc)2 −0.15 1.2 −0.2 

1-(4-meth-
oxyphenyl)-
naphthalene 

−0.0002 500b −0.1 

1-naphtha-
lene boronic 
acid 

−0.00008 600 n.a.c 

commercial 
Pd NPs 

  0.0054 1.2 n.a.c 

in aque-
ous 

   

K₃PO₄ − 0.0025 1000 −2.5 

HK₂PO₄ −0.0013 1000d −1.3 

a by Pd concentration. b if reaction goes to completion, concen-
tration of product would be 500 mM. c anticipated effect is be-
low the detection limit of the instrument. d if all the K₃PO₄ pro-
tonates, the concentration would be 1000 mM.  
  
 In contrast, the boronic acid and an authentic sample of the 
cross-coupling product 1-(4-methoxyphenyl)-naphthalene (4) 

did not show an appreciable impact on tave int over the relevant 
concentration range.  
 To determine if the potential formation of palladium black 
through catalyst decomposition during the reaction would have 
an appreciable effect on lifetime, the impact of commercial 
Pd(0) NPs on the fluorescence lifetime of 1 was investigated. 
Specifically, commercial Pd(0) NPs were suspended in aque-
ous–surfactant solution (see Supporting Information for addi-
tional measurements of Pd(0) NPs in THF). No effect on the 
lifetime of 1 occurred. Thus, within the limitations of commer-
cial NPs to accurately resemble heterogeneous catalyst decom-
position, palladium black was unlikely to affect the FLIM meas-
urement during the forthcoming FLIM experiments.  
 While the ionic and highly water-soluble phosphates 
strongly affected the lifetime of 1 in the calibration measure-
ments in Table 1, these salts and hydrophobic 1 are unlikely to 
be in the same phase after organic substrates are added and 
phase separation occurs.11,13,39 Thus, during reaction imaging, 
phosphates and are unlikely to appreciably impact the lifetime 
of 1 within the emulsion droplets. 
 With a baseline understanding of the impact of individual 
components on the fluorescence lifetime readout of the reporter, 
1, the chemical evolution of the full cross-coupling reaction sys-
tem was investigated. First, the reaction was performed with an 
order of addition analogous to that reported by Lipshutz., 
Pd(OAc)2 was added last to the reaction mixture, in THF (Fig-
ure 3a). This addition was the source of all the THF, bringing 
the total to 17 wt/%. The time of addition of the Pd(OAc)2 in 
THF was defined as t = 0 min. For clarity, we will call this order 
of addition the “non-premixed catalyst”. The reaction was initi-
ated at 45 oC. For imaging, aliquots of the reaction slurry were 
removed from a vigorously stirring reaction vessel and trans-
ferred to a nitrogen-purged microscopy vial at timepoints and 
imaged using time-resolved confocal fluorescence microscopy. 
Obtaining images from two timepoints prior to addition of cat-
alyst enabled documentation of the effect of the initial mixing 
to distribute substrates into the droplets. 
 Representative FLIM images of system evolution with re-
action progress are shown in Figure 3a. Additional images are 
available in the SI. Values of tave int correspond to emulsion 
droplets specifically, which were selected and evaluated as re-
gions of interest (ROIs). Values are derived from averages of 
n ≥ 30 droplets from two or more replicate runs and multiple 
imaging regions from each run. Imaging data show the follow-
ing key features:  
1) Emulsion droplets were visible at all timepoints.  
2) Emulsion droplet sizes ranged from ~2 µm to ~50 µm. 
3) Prior to catalyst addition, initial tave int decreased rapidly, as 
stirring distributed substrates into droplets.  
4) Upon addition of palladium acetate in THF immediately after 
acquisition of the t = 0 images, tave int remained relatively similar 
throughout the chemical reaction progress.  
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Figure 3. (a) Emulsion droplets show little change under standard reaction conditions. (b) The reaction with the premixed catalyst: 
emulsion droplets show evidence for rapid species buildup and consumption. (c) Fluorescence lifetime vs. reaction progress of the 
reactions. (d) Isolated yields under different conditions with 0.25 mol % palladium. 
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5) Intrinsic environmental heterogeneities among emulsion 
droplets are reflected in emulsion droplets of different false col-
ors, and the degree of heterogeneity among droplets is estimated 
by the standard deviation among droplet fluorescent lifetimes. 
6) The average size of emulsion droplets decreased slightly with 
reaction progress, presumably from the consumption of starting 
materials, which decreased the suspended organics. (The cross-
coupling product formed a largely insoluble solid clump as the 
reaction progressed.) 
 Figure 3c graphically presents the tave int data with time, de-
rived from the suite of experiments that produced the repre-
sentative images in Figure 3a (blue data). The lines are guides 
for the eye and are not mathematical fits. A control experiment 
in which palladium was not added, but rather only the same 
quantity of blank THF was added at t = 0, appears similar, ex-
hibiting constant tave int with time (gray data). Thus, no FLIM 
outcomes from the imaging data in Figure 3a during the critical 
first 2 h of the reaction were assigned to the behaviors of palla-
dium or to detectable changes in compositions of emulsion 
droplets from the cross-coupling reaction, despite the confirmed 
consumption of starting materials and generation of product on 
the bench-scale under these conditions, as next described. 
 The table in Figure 3d shows bench-scale isolated reaction 
yields from parallel experiments run under identical conditions 
to the microscopy imaging experiments, at t = 1 h (29% ± 6) 
and 2 h (95% ± 0). The lower yield at 1 h than at 2 h demon-
strates that the reaction with non-premixed catalyst displays an 
induction period. Brightfield images clearly identify substantial 
insoluble SPhos in these solvent systems (Figure 4); thus, the 
induction period is assigned to slow formation of the active cat-
alyst due to insoluble precatalyst components. The “slow start” 
of the reaction was hypothesized to contribute to the absence of 
detectible changes to the compositions of the emulsion droplets, 
i.e., any reaction intermediates were building up too slowly to 
detect by their impact on the droplet environment.  
 In contrast, a comparison reaction system that deviated 
from published synthetic procedure with a predissolved/pre-
mixed catalyst, where Pd(OAc)2 and SPhos were predissolved 
in THF for ~25 min prior to addition to the reaction, resulted in 
dramatic and rapid changes in in droplet composition, as seen 
by a dramatic increase in tave int (Figure 3b). (SPhos readily dis-
solved in THF but was largely insoluble in TPGS–water.)  The 
same total quantity of THF (along with the premixed catalyst) 
was added at t = 0 as THF that had been added at t = 0 in the 
non-premixed catalyst runs. The lifetimes inside the emulsion 
droplets dramatically increased (as seen by the redshift), then 
decreased at t = 2 h (blueshift), consistent with buildup and con-
sumption of species. 
 This fast buildup and consumption correlated with a faster 
bench-scale reaction. The premixed condition result in high iso-
lated yields at both 1 h (90 ± 5%) and 2 h (83 ± 3%), indicating 
that product formation is essentially complete within the first 
hour (Figure 3d). (The two yields are within standard deviations 
from replicates, such that yields are not interpretated as decreas-
ing after 1 h.)  Thus, premixing the palladium and ligand in THF 
increased the early rate of the reaction, likely by bypassing 
SPhos solubility restrictions.40–45  
 

  
Figure 4. Brightfield images establish: (a) SPhos does not sub-
stantially dissolve in TPGS–water solution, even with 
Pd(OAc)2 and vigorous stirring for 2 h. (b) A full reaction sys-
tem with 4-iodoanisole, boronic acid, SPhos, and potassium 
phosphate in 2% TPGS–water, followed by the addition of 
Pd(OAc)2 and 17 v/v % THF, has substantial insoluble material 
present over the full course of the reaction.  
 
 Importantly, the addition of the premixed palladium cata-
lyst, on its own, without reaction with the substrates, would 
have been expected to lower lifetime, not raise it (see Table 1), 
the opposite of the observed effect. Similarly, if the long life-
times were simply caused by consumption of the quenching io-
doanisole substrate, then the lifetime would increase and then 
stabilize at a consistent, high value; however, lifetime increases 
and then decreases, consistent with buildup of a species fol-
lowed by its consumption.  
 Because no known reaction component raises the lifetime 
of 1, the initial interpretation of these data centers on scenarios 
in which quenching components decrease in concentration with 
time, replaced by components with less-or-no quenching, re-
sulting in higher droplet fluorescence lifetimes. The altera-
tive—that is, the presence of yet-unidentified chemical species 
leading to higher fluorescence lifetimes32—remains possible.  
 Although the structure(s) of the species inside the emulsion 
droplets during the readout of high lifetimes remain unknown, 
one possibility is that this effect is caused by the kinetic buildup 
of cross-coupling product 4. Thus, FLIM captures a persistent, 
intermediate kinetic state, during which droplets are swollen 
with product 4 before 4 precipitates. Because 4 does not quench 
1 (Table 1), the overall concentration of quenching agents is re-
duced (through dilution) inside the droplets during this reaction 
stage, resulting in higher fluorescence lifetimes. Subsequent 
precipitation of 4 then results in its consumption from the drop-
lets, with accompanying reduction in droplet fluorescence life-
time. Consistent with this interpretation, droplets become 
smaller and display low fluorescence lifetimes at 4 h, a duration 
after that needed for complete conversion (Figure 3b).  
 An alternative possibility is that the species inside the 
droplets at this stage are chemical intermediates; for example, 

THF 
Pd(OAc)2
4 h, 45 °C

insoluble reactants 
in 2% TPGS/water

insoluble material
in 17% v/v THF

2% TPGS/water
2 h, rt

SPhos, Pd(OAc)2

insoluble material 
a. SPhos is insoluble in surfactant solution

b. reactants and product do not completely dissolve, even with THF
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organopalladium or other post-oxidative addition or post-
transmetalation intermediates. The quenching iodide equivalent 
or B(OH)3 equivalent thus has been shunted outside the droplet, 
into the aqueous phase as IB(OH)3

– or related inorganic com-
plexes.46 Additional chemical possibilities cannot currently be 
ruled out.  
 The evolution of a reaction system at 10× catalyst loading 
was examined next, with 2.5 mol % palladium, rather than with 
0.25 mol % palladium (Figure 5, green data). In this case, sim-
ilar FLIM trends of rise-and-fall (assigned to buildup-and-con-
sumption) occurred but on a much faster timescale. This obser-
vation is consistent with a faster droplet composition change 
occurring as a consequence of higher catalyst loading, and thus 
supports the premise that the changes in droplet composition are 
caused by catalysis.  
 Next, the types of reaction(s) capable of leading to in-
creases in fluorescence lifetimes were pinpointed to specific 
substrates through exclusion experiments. Emulsion droplets 
were observed in both exclusion samples despite the absence of 
one of the two substrates, enabling similar ROI analysis (see SI 
for images). Because the starting composition of the droplets 
were different in these exclusion experiments, the change in flu-
orescence lifetime, Dtave int, with reaction progress, rather than 
absolute tave int was evaluated.   
 The 4-iodoanisole was first omitted, such that the boronic 
acid was the only substrate at t = 0 (Figure 5, purple data). After 
2.5 mol % catalyst addition, droplet fluorescence lifetime rose 
rapidly and markedly (Dt ~ 1.5 ns).  This marked rise suggests 
a similar process may be occurring in the absence of 4-iodoan-
isole, i.e., that oxidative addition is not required for the environ-
mental change that is assigned to species buildup. One possibil-
ity for a palladium-catalyzed reaction of boronic acid alone is 
boronic acid homocoupling.47 Although, the catalytic turnover 
required to produce this outcome is less likely here given the 
air-free conditions that deprive the system of a known stochio-
metric oxidant. A second possibility is that the addition of the 
THF that accompanies catalyst addition promotes a repartition-
ing of the boronic acid into the aqueous phase as it forms ani-
onic boronate complexes;46 however, that hypothesis was ruled 
out because it does not involve the action of palladium. There-
fore, it is inconsistent with the observed absence of change 
without catalyst when the same amount of THF was added 
alone (Figure 3c, gray data). The presence of an unknown stoi-
chiometric oxidant or of a catalytic cause of repartitioning 
would be therefore required for the action these two hypotheses, 
respectively.  
 Next, boronic acid 3 was omitted, such that iodoanisole 2 
was the only substrate at t = 0.  The fluorescence lifetime of the 
emulsion droplets remained relatively consistent over 1.5 h.  
Importantly, a substantial rise beyond droplet range and meas-
urement variability does not occur. Thus, 2 alone or buildup of 
an oxidative addition organopalladium intermediate alone do 
not appear capable of causing the detected environmental 
changes assigned to buildup and consumption. The conclusion 
of these substrate-exclusion experiments is that the full reaction 
sequence or the reactions of the boronic acid with catalyst are 
those capable of producing increases in fluorescence lifetimes. 
This information is helpful at ruling out possibilities for species 
in the droplets causing high lifetimes (e.g., those from oxidative 
addition alone), but it is insufficient for clearly differentiating 
among the full suite of the hypotheses described above.  
 

 In order to further examine the plausibility of rate-limiting 
catalyst solubilization, the role of the THF cosolvent in this sys-
tem was closely examined. In many optimized aqueous–organic 
surfactant reactions, an organic cosolvent is added.16,48 A pre-
dominant mechanistic rationale for the favorable effect of the 
cosolvent is that it increases the size of the micellar inte-
rior.10,13,26 Alternative proposals include that the cosolvent as-
sists with solubilization to distribute reagents and catalyst 
within the micelles; maintains vapor pressure of volatile rea-
gents; and prevents buildup on magnetic stir bars10.49   

 
Figure 5. Lifetime vs. reaction progress of the reactions with 
2.5 mol % Pd loading, including comparison with substrate ex-
clusion experiments. 
  
 To examine these possibilities, synthesis in the absence of 
THF was performed. In the absence of THF, individual micros-
copy reaction runs were substantially more variable. For exam-
ple, in one run, the emulsion droplets were visible at t = 15 min, 
but in another were not visible until t ~ 2 h. (See SI for full im-
ages and comparisons of triplicate runs.) This variability at the 
microscale tracked with variability on the macroscale of iso-
lated yields of 4, as seen by higher standard deviations in the 
table in Figure 3d. Further, yields were substantially lower. To-
gether, these data support a model where the overall rate and 
variability of the cross-coupling reaction is heavily dependent 
on solubilization by THF of the poorly soluble catalyst precur-
sors, a step required to precede formation of the active catalyst. 
Premixing the catalyst components in THF prior to addition to 
the aqueous medium overcomes this time-dependent solubility 
and its associated batch-to-batch variability. 
   
 
Conclusion 
   
 The questions posed at the beginning of the study have 
been answered. Data is consistent with: 1) Generated species 
build up in the emulsion droplets, when there is a higher effec-
tive loading of catalyst. This higher loading occurs when either 
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the components are added in a greater quantity (e.g., 2.5 mol % 
rather than 0.25 mol %), or when generating the active catalyst 
in advance by predissolving the catalyst components. 2) Faster 
buildup and consumption inside the droplets correlates with 
faster bench-scale reaction rate; 3) Droplet heterogeneity over 
the course of the reaction is evident and characterizable by 
droplet-to-droplet FLIM differences; and, 4) A key role of the 
THF cosolvent is solubilization of otherwise solid precatalyst 
components to generate the active catalyst(s), without which, 
changes in emulsion droplet composition are stalled, along with 
stalling of accompanying product formation.  
 This combination of microscale (FLIM) imaging and mac-
roscale (isolated reaction yield) data identified a correlation be-
tween the buildup and consumption of species inside the emul-
sion droplets and bench-scale cross-coupling reaction rates. 
Though the exact structure(s) of these species remain unknown, 
their impact on FLIM signals during the ongoing reaction nev-
ertheless provided an actionable model for reaction improve-
ment by providing a successful strategy to bypass the induction 
period through predissolving the catalyst. More broadly, spa-
tially resolved imaging with FLIM shed light on the how the 
bench-scale reaction progress correlates with changes in emul-
sion droplet compositions, a previously intractable experi-
mental measurement.  
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