
Chemical
Science

EDGE ARTICLE

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

4 
Fe

br
ua

ry
 2

02
0.

 D
ow

nl
oa

de
d 

on
 7

/1
6/

20
24

 8
:1

9:
06

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Optical monitori
aDepartment of Chemistry, University of Wis

Madison, WI 53706, USA. E-mail: rhg@chem
bDepartment of Chemistry, Northwestern Uni

60208, USA
cSchool of Chemistry, University of Glasgow,

Glasgow, Scotland, G12 8QQ, UK
dDepartment of Chemistry, University of T

Ontario, M5S 3H6, Canada
eDepartment of Computer Science, University

Ontario, M5S 2E4, Canada
fCanadian Institute for Advanced Research

M5S 1M1, Canada
gCIFAR Articial Intelligence Chair, Vector

Canada

† Electronic supplementary informa
10.1039/c9sc05559b

Cite this: Chem. Sci., 2020, 11, 2647

All publication charges for this article
have been paid for by the Royal Society
of Chemistry

Received 1st November 2019
Accepted 2nd February 2020

DOI: 10.1039/c9sc05559b

rsc.li/chemical-science

This journal is © The Royal Society o
ng of polymerizations in droplets
with high temporal dynamic range†
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The ability to optically monitor a chemical reaction and generate an in situ readout is an important enabling

technology, with applications ranging from the monitoring of reactions in flow, to the critical assessment

step for combinatorial screening, to mechanistic studies on single reactant and catalyst molecules.

Ideally, such a method would be applicable to many polymers and not require only a specific monomer

for readout. It should also be applicable if the reactions are carried out in microdroplet chemical

reactors, which offer a route to massive scalability in combinatorial searches. We describe a convenient

optical method for monitoring polymerization reactions, fluorescence polarization anisotropy

monitoring, and show that it can be applied in a robotically generated microdroplet. Further, we

compare our method to an established optical reaction monitoring scheme, the use of Aggregation-

Induced Emission (AIE) dyes, and find the two monitoring schemes offer sensitivity to different temporal

regimes of the polymerization, meaning that the combination of the two provides an increased temporal

dynamic range. Anisotropy is sensitive at early times, suggesting it will be useful for detecting new

polymerization “hits” in searches for new reactivity, while the AIE dye responds at longer times,

suggesting it will be useful for detecting reactions capable of reaching higher molecular weights.
Introduction

Chemical transformations frequently entail complex mixtures of
relevant chemical species. In catalysed reactions, numerous inter-
mediate states can be visited and catalyst speciation can contribute
signicantly to reaction dynamics.1–5 Polymerization reactions are
natural producers of chemical heterogeneity, as growing chains of
varying length and functionality can result in diverse and dynamic
chemical environments that may inuence reaction pathways and
rates.6–9 As the number of processes developed for the synthesis of
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small molecules and polymeric materials continues to increase, so
does the need for new, efficient techniques for gaining an under-
standing of their chemical composition and behaviour. The
monitoring of these systems under synthetically relevant condi-
tions is essential for further insight and progress in the informed
development of new reactions. In particular, optical methods have
the benet of allowing formonitoring of reactions in real-time, with
minimal disruption to the natural dynamics of the reactions under
study.10–14 Photonic devices can act as multipliers for increasing
sensitivity in optical spectroscopy of chemical reactions.15,16

Advancements in uorescence microscopy over the last few
decades have allowed for remarkable strides to be made in the
study of chemical reactions.17–23 These techniques can even be
employed at the single-molecule level to reveal unsynchronized
dynamics of individual catalyst molecules.19,20,24–29 At the other
extreme, the inherent scalability of optical methods makes them
attractive readouts for massively parallel, high-throughput combi-
natorial testing of reaction conditions.30–35 Pairing this approach
with machine-learning methods also enables accelerated discovery
and screening of new functional materials.36–39 Ideally, such
combinatorial searches will occur in chemical environments that
strongly resemble the conditions that would be used in an indus-
trial setting.

Polymerization reactions performed in mixed phases and
emulsions are used extensively in the industrial production of
Chem. Sci., 2020, 11, 2647–2656 | 2647
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specialty materials.40 There is much interest in studying poly-
merizations carried out in dispersed media, as these processes
form a toolkit for the facile production of complex polymeric
and hybrid materials on large scales.41,42 Reactions in droplets
are also highly relevant for microuidic reactors, which can
provide tight control of conditions in the continuous synthesis
of complex structures,43–45 high-throughput screening of reac-
tion conditions,45–47 and for applications in droplet-based
assays.45,48,49 However, the inherent complexity and transient
nature of these droplet systems makes for some difficulty in
understanding their dynamics and behavior.50 For this reason,
researchers have begun developing methods for in situ moni-
toring of this class of polymerizations.51,52 Indeed, while the
connement of reactions to small droplets can sometimes alter
the rate of the reaction,53 it also plays to the advantage of optical
monitoring strategies by allowing application of microscopy.
Fluorescence-based methods are thus uniquely poised as
powerful tools for the characterization and monitoring of
polymerization catalysts in situ with high spatial resolution and
signal-to-background.

One way of encoding useful chemical information into an
optical signal is by relying on specic chemical trans-
formations. Fluorogenic transformations rely on practically
non-uorescent reactants which yield strongly uorescent
products upon reaction, and have been used to monitor
a variety of chemical transformations.24,26,54–60 Closely related to
uorogenic reactions, spectral shis as a result of a change in
functionality or extension of conjugation length have also been
used to monitor chemical reactions.61,62 These methods gener-
ally require the use of reagents that have been specically
engineered to provide the measured response. These reagents,
however, may display different reactivity than the desired
substrate and so may lack generality. A more versatile approach
would entail the simple introduction of an additive at ppm
concentrations to allow monitoring of arbitrary reactions. This
more generally applicable strategy would be particularly
powerful for applications in combinatorial searches for new
reactivity.

Fluorescence polarization anisotropy, which quanties the
rotational time scale of a molecule, provides one avenue for the
study of polymer reaction dynamics that satises this need. By
doping in a small amount of tracer uorophore, the rotational
dynamics of the tracer molecule can be used to report on the
chemical evolution of its environment. Measurements of uo-
rophore rotational dynamics via uorescence anisotropy have
been used to investigate a broad variety of polymeric systems,
including measuring the mobility of graed polymer chains in
microgels,63 observing the movement of small molecules in
crosslinked polystyrene networks,64 following production of
silica gels,65 photocuring of polymers,66 studying the self-
assembly of block copolymers in water,67 quantifying distribu-
tions of conformers of intrinsically disordered proteins in
solution,68,69 and studying dynamics within supported polymer
thin lms and glasses.70 There are very few studies that employ
uorescence polarization anisotropymeasurements in droplets.
One recent studymeasured the anisotropy of free rhodamine 6G
dye molecules in microdroplets and examined the role of
2648 | Chem. Sci., 2020, 11, 2647–2656
electrostatics at the droplet interface.71 Another recent study
successfully determined protein–peptide dissociation constants
by measuring the anisotropy of a series of droplets with
systematically varying composition in a ow cell.72 To date,
there are no examples of uorescence anisotropy being used to
monitor the progress of chemical reactions conned in
droplets.

Another readout mode that satises this criterion, and can
act through introduction of an additive, is aggregation-induced
emission (AIE).73 AIE dyes typically possess internal rotational
degrees of freedom which allow the dye to relax non-radiatively
to the ground state upon excitation. As viscosity increases or
aggregation of the dye occurs, these rotations are limited and
radiative modes of relaxation are favoured, leading to an
increase in uorescence quantum yield and emission intensity.
In this way, dyes that exhibit AIE or a viscosity-sensitive
quantum yield can also be used to monitor the course of
a polymerization reaction, either when the dye is covalently
attached to a monomer74,75 or simply added to the solution,22,23

including in the dispersed phase,52 though this method has not
been used at the level of single droplets. A priori, it is not evident
whether AIE and uorescence polarization anisotropy will
reveal the same or complementary information about the
polymerization.

Here, we demonstrate how uorescence polarization
anisotropy and AIE provide an information-rich readout of the
state of a polymerization reaction in a single microdroplet. In
particular, we show how an increase in uorescence polariza-
tion anisotropy can be observed as a result of the incorporation
of a uorescent probe monomer into a growing polymer chain,
and demonstrate its use to track the course of a polymerization.
We will also describe how uorescence polarization anisotropy
and AIE can be used simultaneously. As will be shown below,
the dynamic ranges of uorescence polarization anisotropy and
AIE are distinct and complementary.

Ring-opening metathesis polymerization (ROMP) catalysed
by the ruthenium-based Grubbs Generation II (GG2) catalyst76,77

was selected for the development of this monitoring strategy as
it is relatively air and moisture-tolerant, easy to control, rela-
tively well understood, and industrially relevant.78,79 ROMP
polymers and their derivatives are widely represented in both
industrial catalysis and the development of specialized mate-
rials.80 Diverse polymer morphologies and polyfunctional
materials are now accessible via ROMP through reproducible
means and under mild conditions.81 Many thousands of tons of
polynorbornene polymers are produced industrially each year.78

Specically, the ROMP of norbornene to form polynorbornene
was chosen as the primary reaction under study to explore this
readout method.

In our implementation, droplets of predened compositions
of organic reaction mixture are produced and deposited using
a robotic platform, immobilized on uorinated surfaces, and
then monitored optically as the polymerization proceeds. The
creation of large droplet arrays (from 2 � 2 up to 20 � 20 on
a single coverslip) allows for investigation of multiple reaction
conditions simultaneously, and even application of comple-
mentary bulk analysis tools. Rotational dynamics of
This journal is © The Royal Society of Chemistry 2020
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a norbornene functionalized perylene diimide (PDI) dye82–90

molecule are monitored using uorescence polarization
anisotropy (Scheme 1). Simultaneously, the intensity of emis-
sion from a tetraphenylethylene (TPE)-labelled norbornene
monomer91 which exhibits AIE is monitored. Together, these
two methods provide a real-time readout of polymerization
reaction progress with a greater temporal dynamic range than
either method alone.
Fig. 1 Surface functionalization for droplet immobilization: (a) depo-
sition of perfluorodecyltriethoxysilane. (b) Bright field image of a 3 � 3
array of toluene droplets immobilized on a glass coverslip, surrounded
by an aqueous continuous phase. (c) The prepared hydrophobic
fluorinated glass surface has a high relative affinity for organic solvent,
allowing droplet array immobilization.
Results and discussion
Surface functionalization for droplet immobilization

Measurements on individual reactions conned in droplets
require that the droplets be immobilized for long-term imaging.
We image through glass coverslips which are inherently
hydrophilic, making it impractical to place an organic phase
droplet onto the glass surface when water is present. A method
was needed to functionalize the glass surfaces in a way that
made them highly hydrophobic to repel the aqueous contin-
uous phase but also lipophilic to immobilize the organic phase
droplet. To this end, we functionalized pre-cleaned glass
coverslips and all-glass reaction chambers92 using a solution-
phase deposition of peruorosilane, 1H,1H,2H,2H-per-
uorodecyltriethoxysilane, to afford a hydrophobic and lipo-
philic uorinated surface (see ESI† for details). Fluorinated
surfaces are valuable as an immobilization technique,93,94 with
applications in molecular catalysis95 and for immobilization of
molecules in microarrays for biological assays.96 While per-
uorinated compounds are typically hydrophobic, certain
uorinated compounds are more lipophilic than others
depending on uorinated chain length.97 By using a longer
uorinated chain to functionalize the glass surface, a surface is
created where droplets of organic solvent placed in contact with
these coverslips under an aqueous continuous phase will stick
to the uorinated surface and will stay immobilized (Fig. 1). The
surfaces are not readily wetted by the continuous phase and so
the organic droplet phase stays in contact with the glass despite
its low density relative to the surrounding water. Importantly,
Scheme 1 Grubbs Gen II-catalysed ROMP polymerization under study
rescent probes. Probemonomers are present in low amounts (ppm for PD

This journal is © The Royal Society of Chemistry 2020
more typical alkylated hydrophobic/lipophilic surfaces (such as
those made with octylsilane) did not result in as robust droplet
phase immobilization as did the uorinated surfaces.
Droplet placement with a robotic platform

A home-built robotic platform was constructed to allow for
precise 2D placement of droplets of varying compositions.98,99

The robot consists of two linear actuators mounted on rails
above a sample preparation stage, topped with a stepper motor
for precision z positioning of a custom 3D-printed syringe
module. The linear actuators allow for x–y control of the posi-
tion of the syringe head, which can then be lowered to the
sample stage for taking up each sample and placing droplets.
The syringe head assembly contains a second stepper motor
in this work, with TPE and PDI-based norbornene monomers as fluo-
I and ppt for TPE) relative to unlabeledmonomer (thus p,m, y[ n, x).

Chem. Sci., 2020, 11, 2647–2656 | 2649
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Fig. 2 Optical setup for fluorescence measurements. Synchronized
shutters and sliding mounts allow for alternating excitation with
405 nm and 532 nm light for the two probe monomers and collection
through appropriate spectral and polarizing filters. BS: beamsplitter;
HWP: half-wave plate; DC: dichroic.
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that controls the position of the syringe plunger to dispense
small volumes of solution to create droplets. The conguration
used for these experiments consisted of a 10 mL Hamilton
Gastight syringe held by the stepper motor in a 3D-printed
assembly allowing for precise actuation of the plunger down
to sub-nanoliter steps. The syringe was tted with a 27-gauge
blunt-tip needle. The use of a blunt tip is essential, as the angled
sharp tip on common laboratory needles allows for the organic
phase reaction mixture to ow out the side of the needle aper-
ture and oat to the surface of the continuous phase. A blunt
needle forces the organic phase to contact the coverslip surface
directly and stick in place. This computer-controlled robotic
platform is modular in design, allowing for simple modication
of the sample stage and easy interchange of different syringe
types and volumes. While a simple syringe module was used for
this work, the head could be swapped with a variety of alternate
dispensing modules or microuidic devices to scale droplet
production and immobilization for the needs of future
applications.

Tracer dye design and synthesis

Ensuring that polymerization will result in ameasurable change
in uorescence polarization anisotropy necessitates the use of
a uorophore that changes its rotational dynamics signicantly
upon polymerization. To this end, we designed and synthesized
(see ESI†) a perylene diimide-based uorescent crosslinking
monomer (PDI-NB, Scheme 1), which is expected to experience
a signicant loss of rotational freedom upon incorporation into
the growing polymer chain. The ability of this monomer to
undergo a second incorporation (i.e. to cross-link) should
additionally limit its rotation as the reaction proceeds, yielding
a signicant overall increase in the monomer's uorescence
anisotropy.

In addition to the rotational probe, a monomer labelled with
tetraphenylethylene (TPE-NB, Scheme 1) was incorporated into
the polymerizations for use in a complementary readout
strategy. TPE exhibits AIE, wherein a restriction of intra-
molecular rotation yields an increase in uorescence quantum
yield. The chosen TPE-based ROMP monomer has been utilized
previously in the synthesis of ion-and-pH-sensing uorescent
polymers100,101 and in the preparation of uorescent nano-
objects.91 Based on recent reports exploring the incorporation of
TPE dyes in RAFT polymerizations,74,75 we hypothesized that the
uorescence turn-on exhibited by the TPE-NB dye upon aggre-
gation should also be observable during polymerization.

Polymerization reactions

The polymerization reactions in our experiments consist of
a high concentration of unlabelled norbornene in toluene
(typically 7 M unless otherwise noted) with lower concentrations
of TPE-NB monomer (2 mM) and our PDI-NB monomer
(�1 mM). The tracer dyes are kept at low concentrations to limit
their effect on product polymer morphology and make any
potential inuence on reaction kinetics negligible. Use of low
concentrations also prevents aggregation of the dyes, which
would otherwise result in articially low anisotropy values or
2650 | Chem. Sci., 2020, 11, 2647–2656
high initial AIE intensities. Absorption spectra of PDI-NB taken
in 7 M norbornene conrm the absence of dye aggregation
(see Fig. S15†).102 Reactions were also explored using norbor-
nadiene as a solvent and comonomer, with the unlabelled
norbornene and norbornadiene present at 2 M and 7 M,
respectively. Stock solutions of GG2 catalyst were freshly
prepared before each experiment and added to each reaction
mixture immediately before droplet production. The droplet
arrays were assembled onto uorinated surfaces underneath
a continuous phase of water using the robotic platform
described above. In experiments monitoring multiple reaction
conditions simultaneously, the robot placed droplets of each
composition in order, automatically rinsing the syringe in
between samples. Immediately following droplet placement,
these prepared arrays were placed on a uorescence microscopy
setup for imaging (Fig. 2).
Fluorescence anisotropy measurements

The steady-state uorescence anisotropy of the PDI-based
uorescent monomer was measured throughout each poly-
merization reaction using a home-built uorescence micros-
copy setup (Fig. 2). The droplets containing PDI dye were excited
in a wideeld geometry using a vertically polarized 532 nm
laser. Emission from the PDI uorophores was isolated from
the excitation light via a multi-edge band-pass dichroic and
subsequent 532 nm long-pass lter. Images of the parallel and
perpendicular components (Ik and It) of the emission from the
PDI monomers were recorded sequentially every 5 minutes
using a single camera (EMCCD, Andor Ixon) by taking alter-
nating frames through two orthogonally oriented polarizing
lters mounted in a computer-controlled sliding mount. The
anisotropy (r) was calculated using eqn (1):103

r ¼ Ik � gIt

Ik þ 2gIt
(1)

This anisotropy value (r) gives a measure of the depolariza-
tion of the emission relative to the excitation polarization. Said
another way, this value relates the amount of rotational
This journal is © The Royal Society of Chemistry 2020
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displacement over the emission lifetime of the dye. The calcu-
lated anisotropy should increase from rz 0 to rz 0.4 as the dye
transitions from a state of fast rotation to one with highly
limited rotation. This calculation was carried out for each pixel
of interest in the recorded image. The constant g (the “g-factor”)
is a correction factor to account for differences in collection
efficiency between the parallel and perpendicular channels and
was calculated and applied on a per-pixel basis (see ESI† for
details). The anisotropy value reported for each droplet is an
average taken over all pixels within the droplet. This value is
recorded for every droplet in the array at every frame to produce
plots of anisotropy over time (Fig. 3), while the per-pixel
anisotropy values are used to create colorscale images of the
anisotropy across the droplet arrays at every frame (as in Fig. 4).
The use of larger arrays of droplets accelerates data acquisition
by allowing the monitoring of multiple reactions simulta-
neously, enabling a direct visual comparison between varied
reaction conditions and internal controls in parallel. Movies of
the monitoring of multiple droplets are available in the online
ESI.†

For every polymerization reaction, we observe an increase in
the measured steady-state anisotropy of the reaction mixture
droplet. A non-zero starting value of rz 0.1 is seen in each case,
due to the relatively high initial viscosity of the unpolymerized
reaction mixture as compared to toluene alone (where r ¼ 0.05,
Fig. 3 Average anisotropy vs. time (red) and average AIE intensity vs.
time (blue), showing the additional dynamic range given by the offset
response of the AIE signal relative to the increase in anisotropy.

Fig. 4 Monitoring the polymerization progress in a single droplet. (a) Colo
progresses, the droplet increases in anisotropy. (b) Emission intensity from
same as in the anisotropy images above. Each frame corresponds to the

This journal is © The Royal Society of Chemistry 2020
see ESI†). As the reactions continue, the anisotropy increases
until at later times it saturates near the theoretical maximum
value (r ¼ 0.4). Experiments with arrays containing varying
catalyst concentrations show a shi in this response to later
times for droplets with less catalyst, and earlier times for
droplets with more catalyst, providing further evidence that the
anisotropy increase depends on the rate of the polymerization
reaction (Fig. 5).

Multiple competing phenomena could potentially contribute
to a restricted degree of rotation for the uorescent probe,
potentially leading to an increase in uorescence anisotropy
that does not accurately track polymerization reaction progress.
One potential cause of a false positive increase in anisotropy is
lack of droplet stability resulting in loss of solvent to the
surrounding continuous phase. If the droplet phase dissolves
into the continuous phase too quickly, then an observed
increase in anisotropy could be due to changes in freedom of
motion resulting from a decrease in droplet volume (and
consequent change in viscosity). In our experiments, we see that
the immobilized droplets are stable over long periods of time,
preventing this effect from being dominant on the timescale of
the polymerizations. Still, some droplet contraction is seen at
longer times, causing the slight rise seen in the yellow trace in
Fig. 5, and when le for many hours, the organic droplets are
observed to disappear entirely, eventually dissolving into the
surrounding aqueous continuous phase. Notably, the droplets
containing polymer are more stable at these later times and are
seen to shrink muchmore slowly than the catalyst-free droplets.
Our attempts to use various surfactants to increase their
stability led to an even faster contraction of the droplets, likely
due to the solubilizing effect of the surfactants. Control exper-
iments comparing droplets with and without catalyst present
show that the anisotropy increases observed in droplets con-
taining active polymerizations occur well before any changes in
anisotropy occur due to solvent loss in inactive droplets (see
ESI†). Further conrmation of the correlation between anisot-
ropy and molecular weight will be given below.
Aggregation-induced emission measurements

In addition to the anisotropy measurements described above,
emission intensity from an aggregation-induced emission dye,
TPE-NB, was measured as a complementary readout of reaction
progress. With progressing polymerization, the measured
uorescence from the TPE dye should increase both from
rscale image of anisotropy values in droplets over time. As the reaction
the AIE monomer probe in a droplet over time. Droplet shown is the
same timepoint as above (scale bar 250 mm).

Chem. Sci., 2020, 11, 2647–2656 | 2651
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Fig. 5 Monitoring norbornene/toluene droplets at different catalyst
concentrations: (a) anisotropy response curves and (b) AIE response
curves in droplets containing 70 mM (red), 7 mM (blue), and 0 mM
(yellow) Grubbs Gen II catalyst. Inset shows late time intensity
dynamics.
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incorporation into the growing polymer and consequent steric
hindrance, as well as from increasing viscosity of the
surrounding chemical environment. These effects will both
contribute to a restriction of intramolecular rotation, sup-
pressing non-radiative decay from the excited state, and thereby
increasing its emission intensity. The TPE-NB monomer was
excited at 405 nm for the AIE measurements. These measure-
ments were made at the same time as the anisotropy
measurements described above. The 405 nm laser necessary for
the AIE readout was coaligned with the 532 nm anisotropy beam
(Fig. 2), and computer-controlled shutters and sliding mounts
were used to excite and collect the uorescence from each probe
monomer individually at each timepoint (additional details in
ESI†). In this way, time-lapse videos were created of the
changing emission from each of the droplets.
Complementary measurements

The collected AIE videos reveal increases in emission intensity
over time for the polymerizing droplets, followed by eventual
saturation of the response. As with the anisotropy experiments,
the time at which the increases occur is sensitive to different
reaction conditions and tracks with changes in catalyst
concentration. Importantly, the AIE response is seen to occur
2652 | Chem. Sci., 2020, 11, 2647–2656
aer the anisotropy response in all cases. The onset of the AIE
response is delayed relative to the onset of the anisotropy
increase, and it continues to increase well aer the anisotropy
measurement has saturated at its highest value. This separation
reveals the ongoing polymerization continuing for hours aer
the anisotropy response has run out of dynamic range. At the
same time, the anisotropy response is sensitive to the devel-
oping polymerization at shorter timescales that the AIE
measurement misses. The combination of these two readout
methods yields a signicant extension to the temporal dynamic
range, as the measurement of uorescence anisotropy adds the
ability to observe polymerization reactions at much earlier
times (and lower Mw) than the AIE response would allow for on
its own. Fluorescence polarization anisotropy may be better
suited for assessing if a polymerization has occurred at all (i.e.
for differentiating a small amount of polymerization from no
polymerization), as would be valuable in identifying a “hit” in
a combinatorial screen, while AIE may be more suited to
determine if a large molecule weight has been reached (though
it may be insensitive to small degrees of polymer formation).

This separation of observed dynamic ranges is not entirely
unexpected, as these different measurements are probing
different phenomena. Previous work examining the AIE of
growing polymers shows that, for some reaction conditions,
there is not an appreciable increase in AIE until a critical
molecular weight has been reached, aer which the emission
intensity scales with increasing conversion.74 The difference in
observed dynamic ranges can be explained by the different
mechanisms that give rise to each observed increase – in the
anisotropy measurement, the rotational correlation time of the
uorescent monomer must only be slowed relative to its emis-
sion lifetime to see an increase in r. As the PDI dye is incorpo-
rated into the large polymer chain, its rotation is slowed
dramatically. Though the TPE dye's global rotation is also
slowing at these earlier timepoints (as it is also being incorpo-
rated), it is the intramolecular rotations of the phenyl rotors
that must be slowed to turn on the AIE response. Judging from
the observed separation in time scales, slowing this process
requires more time for the reaction to reach a much higher
effective solution viscosity before increased emission intensity
can be observed. In some cases, it may be that intermolecular
interactions between multiple TPE molecules or TPE molecules
with other pi systems may be required to reduce these internal
degrees of freedom.73
Experiments in neat monomer

Many important polymerizations are carried out in neat
monomer. To investigate the inuence of the presence of
solvent on our reaction readout, we performed experiments in
which we replaced the toluene component of the reaction
mixture with norbornadiene (NBD). Norbornadiene may also
act as a monomer in the polymerization along with norbornene,
but is a liquid at room temperature, allowing for its use as
a solvent for the polymerization reaction. Importantly, norbor-
nadiene's reactivity differs slightly from that of norbornene due
to differences in ring strain energies of the two monomers, and
This journal is © The Royal Society of Chemistry 2020
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it may undergo some crosslinking as the second double bond is
opened, though this second ring opening is relatively
unfavorable.104,105

Fluorescence anisotropy and AIE were used to monitor the
progression of the ring opening metathesis polymerization of
NB/NBD to form a statistical copolymer of polynorbornene with
lightly crosslinked norbornadiene units. The data collected
from droplets under these conditions show increases in
anisotropy and AIE as before (Fig. 6). These experiments showed
that both the anisotropy and the AIE readout methods are
capable of tracking polymerizations in reactions of neat
monomer, a common condition for industrial polymerizations.
Fig. 7 Calibration of measured anisotropy values with molecular
weight, as measured by GPC-MALS. A correlation of measured
anisotropy is seen with increasing molecular weight until the
maximum value of 0.4 is reached. Red dashed line is a sigmoidal fit of
the data added as a visual guide and is not meant as a quantitative
model.
Calibration of anisotropy readout with molecular weight

In order to conrm that the observed increases in anisotropy
correspond to increasing polymer molecular weight, GPC-MALS
(Gel Permeation Chromatography with Multiple Angle Light
Scattering) measurements were taken of polymers formed in
reactions in immobilized droplet arrays. To accomplish this,
larger scale experiments (consisting of >1000 droplets each)
were performed under the same conditions as those detailed
above. For each run, a smaller droplet array was produced as
Fig. 6 Monitoring norbornene/norbornadiene droplets at different
catalyst concentrations: (a) anisotropy response curves and (b) AIE
response curves in droplets containing 70 mM (red), 7 mM (blue), and
0 mM (yellow) Grubbs Gen II catalyst.

This journal is © The Royal Society of Chemistry 2020
usual for optical monitoring, while 3 additional 20 � 20 arrays
of the same size droplets were allowed to polymerize simulta-
neously. We carried out these reactions with 25 mM GG2 and
ended them at varying times from 30–1200 minutes. At the
desired end timepoint, the anisotropy value was recorded and
the reactions in the larger arrays were quenched by addition of
ethyl vinyl ether. In this way, large enough samples could be
produced for GPC-MALS without altering the reaction condi-
tions used in earlier optical experiments (details in ESI†).

The resulting relationship between Mw and steady state
anisotropy, shown in Fig. 7, reveals that the shorter time reac-
tions which produced smaller molecular weight polymers
correspond to lower measured anisotropy values, while the
samples which consisted of higher molecular weight polymers
are those where high anisotropy values were measured, as ex-
pected. This relationship saturates at around r ¼ 0.4, the
maximum possible steady state anisotropy value, and so it
appears that for this reaction system all polymers greater than
�300 kDa would be expected to yield this limiting anisotropy
value. The scatter in the data likely results from variability in
how quickly the polymerization was quenched aer measuring
each sample's anisotropy. This observed correlation of anisot-
ropy with molecular weight further conrms the viability of this
measurement technique for tracking polymerization reactions
in situ, particularly at early times where AIE is insensitive.

Conclusions

We have demonstrated a method for optical monitoring of
polymerization reaction progress in single droplets based on
two complementary approaches. As the reaction progresses,
increases in molecular weight of the growing ROMP polymers
are accompanied by an increase in the uorescence polarization
Chem. Sci., 2020, 11, 2647–2656 | 2653
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anisotropy of a PDI tracer molecule. This method is informative
at early reaction times for polymerizations of varying composi-
tions and morphologies, suggesting utility for combinatorial
searches for new polymerization reactions. Following the satu-
ration of the anisotropy response, the uorescence intensity of
an AIEgen-based monomer is seen to increase at later times,
suggesting utility for monitoring production of high molecular
weight polymers. The combination of these two optically
orthogonal readouts allows for a larger temporal dynamic range
than either of the methods could provide on its own. Both
methods can be used to monitor the reactions in droplets at the
single-droplet level, with a ourous surface providing conve-
nient immobilization. Connement of the reactions under
study to precisely positioned sub-mm droplets of organic phase,
coupled with the use of wideeld uorescence microscopy to
monitor their optical response, allows for measurement of
many reaction conditions in parallel, with simple incorporation
of simultaneous internal controls with many replicates. The
advantages afforded by a computer-controlled robotic platform
for precision droplet placement lays the groundwork for the
future development of multi-droplet computing paradigms.106

Simple scaling to larger droplet arrays (>20 � 20) and the use of
automated image processing opens a path to massively high
throughput, combinatorial testing of reaction chemistries.
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