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ABSTRACT: Phase separation polymerization of dicyclopen-
tadiene has been characterized from initiation to bulk material
formation for the first time via in operando fluorescence
microscopy imaging. The morphology of the precipitated
polymers at early reaction stages persists in the bulk polymer
after completion of the reaction. Two-fluorophore experiments
revealed the mechanistic origin of the “dumbbell” morphology
as physical strand aggregation/precipitation rather than
chemical attachment and revealed that strand aggregation was slow and irreversible relative to precipitation. These data
highlight the complementary information available through the single-particle sensitivity and in operando microscopy nature of
this technique.

■ INTRODUCTION

Phase separation polymerization is a critical mechanistic
hypothesis that is proposed to yield desirable bulk-polymer
properties for diverse applications including ion exchange
resins,1 size exclusion chromatography,1,2 catalyst support
materials,1−4 and matrices for tissue engineering.4 Yet the
mechanism of polymerization (i.e., phase separation, traditional
network polymerization, or combination of the two) is
challenging to characterize.5 Complicating this characterization,
a general in operando microscopy technique for imaging phase
separation polymerization does not exist.6 SEM1−3,8−11 and
TEM9,11,12 measurements are often applied to examine polymer
precipitation and morphology; however, these techniques
require quenching the reaction or removing aloqates, processes
that have the possibility to induce artifacts.20,21

We now present a general in operando fluorescence
microscopy technique for imaging the phase separation
polymerization processes. Images acquired through this
technique provided the first real-time phase separation
observation in dicyclopentadiene 1 (DCPD) polymerization
from initiation to bulk material formation. PDCPD, a tough
and rigid thermoset polymer, was chosen for this study because
of its industrial applications arising from its robustness and
chemical and corrosion resistance.22−25 The single-particle
sensitivity and time resolution of the technique permitted
following the same individual polymer particles through the
course of reaction. These images: (1) reveal phase separation as
a critical component of midstage DCPD polymerization, (2)
characterize previously unknown spherical and “dumbbell”
morphologies of initial PDCPD aggregates, (3) disclose the
mechanism for formation of the dumbbell morphologies as
aggregation of two preformed polymer particles, (4) demon-
strate that these initial morphologies partially persist in the bulk
polymer, and (5) reveal a mechanism for polymer growth in

which precipitated polymers were not susceptible toward
further monomer incorporation. These insights would not be
available through a traditional bulk material ensemble measure-
ment or a measurement that required removal and/or
quenching of alloquats.

■ RESULTS AND DISCUSSION

A schematic of the in operando microscopy imaging of DCPD
polymerization is shown in Figure 1c. A sample of Grubbs II
catalyst (4), heptane cosolvent, one or both of the different
colored fluorescent boron dipyrromethene (BODIPY) green 2
or orange 3, and DCPD were added to a reaction vial fitted
with a microscope coverslip bottom. The growing polymers
became chemically tagged with green or orange fluorophores
via olefin metathesis and thus became imageable by sensitive
fluorescence microscopy in total internal reflection fluorescence
(TIRF) mode.26 The single-fluorophore sensitivity of this
technique permits the detection of as little as one tag per
polymer; however, precipitated polymers contained multiple
tags per particle27−30 consistent with strand aggregation. After
∼1 min, phase separation/precipitation of PDCPD began
(Figure 1a) and initially the shapes of the phase separated
polymers appeared as spheres of diameter ∼0.5−7 μm. At
increasing reaction times, polymers with multiball morphology
were observed akin to colloquial “dumbbell” shapes.
Two mechanistic hypotheses for the generation of these

dumbbell morphologies were considered: (1) physical
aggregation of two preformed spherical polymer particles or
(2) chemical growth of an additional polymer from one
preformed spherical polymer particle that retained catalytic
activity and thus the ability to grow by incorporating monomer
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(via a living polymerization or “bead-on-a-string” polymer-
ization process).
To differentiate between these two hypotheses, a two-color

mixing experiment was performed. Polymerization was initiated
in two separate vials simultaneously: one vial with green
BODIPY tag 2 and a separate vial with orange BODIPY tag 3
(Figure 2). The reaction conditions were identical with the

exception of the color of the tag. After 2 min, the two
polymerization mixtures (containing polymer particles of purely
green or purely orange, respectively) were combined into one
microscope reaction cell. If hypothesis 1 is correct, then
aggregation of two preformed spherical polymers should occur
in a statistical ratio that produces green−green, green−orange,
and orange−orange dumbbell shapes. If, however, hypothesis 2
is correct, then subsequent growth off of existing spheres
should have an equal chance of incorporating green and orange

BODIPY tags, which are now both present. The mixed
incorporation portion would appear as yellow, yielding
green−yellow and orange−yellow dumbbell shapes. Success
of this differentiation experiment would require phase
separation to occur faster than strand separation/aggregation
equilibria that would scramble the colors (observable as
completely yellow rather than discrete green and orange
sections).
Images of the subsequent precipitation of PDCPD in the

two-color experiment are shown in Figure 1b. The presence of
green−green, green−orange, and orange−orange dumbbells
demonstrated that hypothesis 1, aggregation, is responsible for
generating the morphology. Within the first minute after mixing
∼20% of the precipitated polymers with dumbbell morpholo-
gies were mixed orange−green, with the remainder green−
green and orange−orange. The under-representation of green−
orange (expected at 50% from pure mixing statistics) is
attributed to a subset of these same color combinations forming
during the 2 min prior to mixing the contents of the two vials.
Two control experiments were consistent with the

conclusion that physical aggregation rather than chemical
cross-linking was responsible for the aggregate morphology
(Figure 3). First, a control experiment employing norbornene

in the place of DCPD also yielded mixed colored dumbbell
shapes despite the absence of a second double bond in
norbornene capable of chemical cross-linking as could occur
with DCPD (Figure 3a). Second, quenching the catalysts in
both of the separate polymerizations with green BODIPY 2 and
orange BODIPY 3 with ethyl vinyl ether, a known catalyst
poison,31 prior to combination of the reaction mixtures still
yielded mixed color polymers (Figure 3b). Therefore, two-color
aggregates still formed in the absence of an active catalyst for
chemical linking.
Thus the mechanisms of the phase separation and the origin

of nonspherical morphologies were both revealed to be
physisorption/aggregation by this microscopy technique. The
relative rate of strand dissociation/reaggregation was con-
currently established to be slower than the precipitation process
(eq 1) because colored aggregates did not scramble prior to
precipitation. Thus strand aggregation/dissociation was not in
equilibrium prior to the fast precipitation step.
Phase separation polymerization mechanisms have been

demonstrated to give rise to macroscale properties for certain

Figure 1. (a) Fluorescence microscopy image of DCPD polymer-
ization at t = 187 s showing dumbbell morphology of polymer particles
(examples in red boxes). (b) Mixing experiment of DCPD
polymerization using both fluorophores 2 and 3 revealed that
aggregation of two preformed polymer particles is responsible for
the dumbbell formation. (c) Experiment schematic. In operando
microscopy imaging of phase separation in DCPD polymerization.

Figure 2. Polymerization of DCPD via ring-opening metathesis tagged
with one color each of the fluorescent BODIPY tags in separate vials,
followed by combination of the two polymerization mixtures.

Figure 3. Control experiments for assignment of aggregation rather
than chemical reaction of spherical polymer particles. (a) Norbornene
was used as monomer instead of DCPD. (b) Quenching of the two
polymerization mixtures with ethyl vinyl ether prior to combining
them.
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polymers.1−5,32,33 We therefore asked the question whether the
morphology of polymers during this specific phase separation
was retained in the bulk material. Ethylidene norbornene
(ENB) (5 wt %) was necessary as a comonomer to decrease the
melting point of the mixture relative to neat DCPD and permit
monitoring the neat bulk polymerization from the beginning to
end with the microscope.34 The absence of solvent in this
experiment was analogous to the neat industrial polymerization
conditions.35,36

Figure 4a shows the image of the neat bulk polymerization at
t = 8 min, in which two polymer spheres were formed and

detected. One of these polymer particles, marked by a
rectangle, retained its morphology and can still be detected at
t = 99 min after the polymerization was complete (Figure 4b).
Additional percipitated polymer particles were formed at later
times and also preserved (Figure 4b; full movie available in
Supporting Information, SI). These results demonstrate that
bulk PDCPD with ENB is partially made up of individual
polymer aggregates and therefore not exclusively a traditional
network polymer with a continuous structure. The role that this
microstructure plays in the bulk material properties is yet
unclear. Because of photobleaching of the fluorophore
molecules with time, the image of Figure 4b, after t = 99
min, is dimer compared to Figure 4a, polymerization after t = 8
min.
A “time-stamp” or “pulse-quench” experiment revealed when

individual aggregates formed and phase separated. In this
experiment, polymers that formed and phase separated within
the first 2.4 min appeared green, and polymers that formed and
phase separated between 2.4 and 5 min appeared orange
(Figure 5). Specifically, polymerization of DCPD in heptane
was started in the presence of only the green BODIPY
fluorophore 2. Thus, polymers that aggregated and/or
precipitated at early reaction times were tagged green. After
2.4 min, most of the reaction mixture was removed, and a
solution of DCPD in heptane containing the orange BODIPY
dye 3 was added. Thus, polymers that aggregated and/or
precipitated after 2.4 min were tagged orange. The sensitivity of
fluorescence and single-particle microscopy resolution thus

provided a color-coding technique to trace the time-of-
formation of otherwise identical polymers.
The imaging technique also provided quantitative informa-

tion on the number and size of the precipitated polymers at
given time points in the polymerization process (Figure 6). At

the beginning of the polymerization, small polymers initially
formed with an average size of ∼1.7 μm2 along with few larger
ones (Figure 6a; distribution histogram in 6c). Larger
precipitated polymer particles formed at increased reaction
time as shown in Figure 6b.
We next investigated if the polymer aggregates retained

catalytic activity after precipitation. The goal of this experiment
was to pinpoint the location of active ruthenium centers either
retained on the polymers or soley in solution. A polymerization
of DCPD was started without fluorophore, thus creating
precipitated polymers that were not tagged with fluorophore
and therefore not observable by fluorescence microcopy. After
60 min, a solution of BODIPY fluorophore 2 was added to the
precipitated polymers to investigate if the nonobservable dark
polymer particles would incorporate fluorophore and become
observable. The single-molecule sensitivity of the instrument
revealed the incorporation of individual molecules37 of
BODIPY 2 into the precipitated polymers; however, a control
experiment with metathesis-inert BODIPY 5 showed identical
incorporation. Thus the incorporation could arise solely from
physical incoporation of the BODIPY fluorophore into the
viscous polymer rather than via chemical reactivity.

Figure 4. Bulk polymerization of neat DCPD with 5 wt % of
ethylidene norbornene; early formed particle shape at t = 8 min (a) is
still intact after complete polymerization at t = 99 min (b).

Figure 5. Time-stamp experiment: color of polymer shows time of
synthesis/precipitation polymerization process. Polymerization at (a) t
= 2.4 min: early polymer aggregates are green in 92 × 57 μm
fluorescence images and (b) t = 5 min: later synthesized/aggregated/
precipitated polymers are orange in 112 × 65 μm fluorescence images.

Figure 6. (a) Full-frame, 137 × 137 μm, fluorescence image of mixing
polymerization experiment; at t = 1.2 s well-defined spherical polymers
and two-color dumbbell shapes were detectable. (b) Same surface
region as in (a) but at t = 30 s; larger polymer aggregates of each color
precipitated onto the surface. (c) Quantitative analysis of polymer size
at t = 1.2 s.
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These data are most consistent with the polymer particles
being catalytically inactive after precipitation and with the
mechanistic hypothesis that polymer chains aggregate after
completion of polymerization rather than during polymer-
ization. Thus the rate of polymerization and ruthenium release
was revealed to be fast relative to aggregation and precipitation.

Raman spectroscopy of the material obtained after
completion of the fluorophore-tagging experiments confirmed
the formation of PDCPD. Two observed bands at 1623 and
1664 cm−1 are characteristic for the C−C double bond of the
cyclopentene ring and the double bond of the polymer
backbone, respectively.23 Differential scanning calorimetry
(DSC) and thermogravimetric analysis (TGA) measurements
of the bulk polymer provided a thermal decomposition of the
material at around 490 °C and a glass transition temperature
(Tg) of 181 °C. A similar decomposition temperature (495 °C)
was reported for PDCPD in literature.22 A range of Tg values
has been reported for PDCPD that depends on and
characterizes the amount of cross-linking. For reference, DSC
measurements of linear PDCPD yielded a Tg of 53 °C.38 The
measured Tg of 181 °C for the material formed in our
experiments indicates cross-linked material. This is consistent
with the Tg range of 155 °C36 to 259 °C12 for cross-linked
PDCPD obtained by reaction injection molding reported by
Telene36 and Yoonesi.12

■ CONCLUSION
In conclusion, the high sensitivity and single-particle resolution
of fluorescence microscopy provided characterization of and
mechanistic information about phase separation during the
polymerization of DCPD.39−43 The sensitivity of fluorescence
microsopy permitted a small ratio of fluorophore to DCPD
monomer (range 1:0.4 × 106 to 1:9 × 109 fluorophore:DCPD);
thus the strand aggregation/precipitation processes are likely to
be dominated by interactions between the polymer’s DCPD
backbone as occurs in the absence of the fluorophore, akin to
normal academic and industrial conditions. The ability to
resolve and follow individual polymer particles was critical to
this technique’s ability to reveal mechanisms of polymerization,
determine relative rates of concurrent processes, provide real-
time size distribution data, characterize morphologies of
polymer precipitate, and unveil the mechanisms causing their
shapes. These experiments highlight the complementary
information available through this novel single-particle in
operado imaging method compared to traditional SEM and
TEM techniques.

■ ASSOCIATED CONTENT
*S Supporting Information
Synthetic methods, experimental protocols, data analysis,
microscopy movies, and additional microscopy images. This
material is available free of charge via the Internet at http://
pubs.acs.org.

■ AUTHOR INFORMATION
Corresponding Author
blums@uci.edu

Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS

We thank the U.S. Department of Energy, Office of Basic
Energy Sciences (DE-FG02-08ER15994) for funding. We
thank Ms. Olivia Cromwell for DSC and TGA measurements
and Mr. Alexander Fast for Raman spectroscopy measurements.

■ REFERENCES
(1) Della Martina, A.; Garamszegi, L.; Hilborn, J. G. J. Polym. Sci.,
Part A: Polym. Chem. 2003, 41, 2036−2046.
(2) Della Martina, A.; Graf, R.; Hilborn, J. G. J. App. Poly. Sci. 2005,
96, 407−415.
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