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Polymer self-assembly is a widely utilized method to prepare a wide range of nano-objects in solution.
Typically, preparation of such objects relies on the use of block copolymers and challenging post-
polymerization treatment steps. While polymerization induced self-assembly (PISA) can simplify their
preparation, the resulting nano-objects typically have poor stability (including sensitivity to solvent, temp-
erature, and mechanical stimuli). An alternative approach is to use conjugated polymers, with a strong
driving force for self-assembly, to achieve semiconducting nano-objects. This process is termed in situ
nanoparticlization of conjugated polymers (INCP) or PISA using conjugated polymers. With INCP, self-
assembled nano-objects can be obtained (without any post-polymerization treatment steps) from block
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copolymers, using one-pot or one-shot methods, or even homopolymers. Due to the use of conjugated
polymers, the nano-objects from INCP have the potential for use in various optoelectronic applications.
In this Perspective, we summarize the development of INCP by discussing synthetic methods, accessible
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Introduction

Block copolymers (BCPs) can self-assemble into various nano-
structures with a broad range of morphologies and nearly
unlimited combinations of functional groups.'™ Self-assembly
procedures generally require post-polymerization treatment
steps, such as addition of selective solvents or additives, chan-
ging temperature or pH, aging, or dialysis. An alternative
approach, which has garnered significant attention in recent
years, is to form nanostructures during polymerization with a
process termed polymerization-induced self-assembly,>
which was coined as PISA by Armes and coworkers in 2012."°
With this method, an insoluble “core” forming block is poly-
merized from a soluble “shell” block, leading to the formation
of micelles, worms, lamellae, and vesicles in high concen-
trations without post-polymerization treatment steps (Fig. 1).
PISA has been applied to prepare functional nanostructures
for catalysis,"* drug delivery,"® and various other biomedical
applications.***

The core-forming blocks of nanostructures used in PISA are
generally sensitive to solvent, temperature, and concentration.
Even small changes in these conditions can alter or break-up
the nanostructures. While the stability can be greatly enhanced
with cross-linking, this requires additional post-polymeriz-
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nano-objects morphologies, and mechanisms of hano-object formation.

ation treatment steps and can make obtaining non-spherical
nano-objects challenging (in the case of in situ cross-
linking)."> In 2012, we developed another PISA strategy to
achieve highly stable nano-objects, which was termed in situ
nanoparticlization of conjugated polymers (INCP, Fig. 1)."®"”
In regard to terminology, “INCP” is analogous to “PISA of con-
jugated polymers”, although we use the former term in this
Perspective as only a few papers that conduct self-assembly of
conjugated polymers use the PISA term. With INCP, strong n-n
or CH-rn interactions drive self-assembly, resulting in nano-
objects that are highly stable toward different temperatures,
solvents, and mechanical stimuli. The features that further
differentiate conventional PISA (with non-conjugated poly-
mers) and INCP is that the latter is not limited to BCPs (i.e.,
homopolymers can undergo INCP), the resulting nano-objects
have semiconducting properties, and more diverse nano-
structures can be achieved (such as nanocaterpillars, nano-
stars, fractals, etc.).

Conjugated polymer nanoparticles are generally prepared
by post-polymerization treatment and have been targeted for
various applications including sensors, imaging agents, photo-
voltaics, light-emitting diodes, and catalysts."®* " In situ nano-
particlization can also be achieved with the aid of surfactants
or stabilizers using miniemulsion or dispersion polymeriz-
ations (techniques that are mostly limited to producing spheri-
cal nanoparticles),”>> but these methods are beyond the
scope of this Perspective. In contrast, INCP does not require
any stabilizers and various 1D, 2D, or 3D nano-objects can be
obtained. With a few exceptions, INCP has been performed

Polym. Chem., 2021, 12,1393-1403 | 1393


www.rsc.li/polymers
http://orcid.org/0000-0001-9521-6450
http://crossmark.crossref.org/dialog/?doi=10.1039/d0py01389g&domain=pdf&date_stamp=2021-03-10
https://doi.org/10.1039/d0py01389g
https://pubs.rsc.org/en/journals/journal/PY
https://pubs.rsc.org/en/journals/journal/PY?issueid=PY012010

Published on 19 1399. Downloaded on 17/10/1404 05:43:25 ..

Perspective

Typically insulating
BCP
Synthesis: RAFT, ATRP,

ROMP, etc.

Driving force: hydrogen-bonding,

hydrophobic interaction
Stability: vulnerable to heat, dilution,
changing solvents

* Morphologies:

- Iy
No post-treatment

Conjugated BCP
and homopolymers

Synthesis: ROMP, KCTP, CP, etc.
Driving force: 7-z, CH-rinteraction

Stability: highly stable to post-treatment
« Morphologies:

Fig. 1 Preparation of nano-objects during polymerization. Similarities
and differences between conventional PISA (with non-conjugated poly-
mers) and INCP.

using ring-opening metathesis polymerization (ROMP),2¢28
g g-op g poly )

cyclopolymerization (CP),>>' and catalyst-transfer polycon-
densation (CTP).>** In this Perspective, we will discuss the
development of INCP, including synthetic methods, nano-
object morphologies, and mechanisms of nano-object for-
mation (organized by the polymerization type).

INCP with ROMP

Polyacetylene (PA) is a highly insoluble conjugated polymer
that has attracted much attention due to its interesting elec-
tronic properties.>® One of the simplest ways to synthesize PA
is via the ROMP of 1,3,5,7-cyclooctatetraene (COT).>® We envi-
sioned achieving INCP via standard block copolymerization of
a norbornene monomer (NB1), to give a soluble poly(norbor-
nene) (PNB) block with a living chain end, followed by
addition and polymerization of COT, which would induce the
self-assembly process.'®?” Polymerizations were optimized to
suppress side reactions (e.g., benzene formation) and achieve
high conversion of COT into PA. Using low temperature, high
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Fig. 2 (A) Synthesis of PA-based BCPs. (B) DLS measurements of ali-
quots from the polymerization solution of PNB1so-b-PA,. Times are
after COT addition. Numbers above the peaks correspond to the
average hydrodynamic diameter (Dy, with units of nm). Adapted from
ref. 37 with permission from the Royal Society of Chemistry, copyright
2014. (C) DLS measurements of aliquots from the polymerization solu-
tion of PTD1s¢-b-PA,,. Adapted from ref. 38 with permission from John
Wiley and Sons, copyright 2015. (D) AFM (on mica) images of nano-
spheres from PNB1so-b-PA;0. Adapted from ref. 16 with permission
from American Chemical Society, copyright 2012. (E) AFM (on mica) and
TEM (on a carbon-coated copper grid) images of nanocaterpillars from
PNB15o-b-PAps. Adapted from ref. 37 with permission from the Royal
Society of Chemistry, copyright 2014. (F) AFM (on mica) images of the
nano/micro-object morphologies for PTD1so-b-PA,,. Adapted from ref.
38 with permission from John Wiley and Sons, copyright 2015.

monomer concentration, and a highly active Grubbs third-
generation catalyst (G3-Cl) enabled the synthesis of PNB15y-b-
PA,, (the subscripts indicate the degree of polymerization, DP)
with PA DPs up to 208 (Fig. 2A). In situ "H NMR and dynamic
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light scattering (DLS) experiments were conducted to determine
if nanoparticles had formed during the polymerization.”” When
the block copolymerization was conducted in deuterated
solvent, only PNB signals were observed throughout the experi-
ment, supporting the aggregated state of the PA blocks.
Furthermore, aliquots were removed during the conventional
block copolymerization and analyzed by DLS, without termin-
ation or precipitation. Large diameter assemblies were observed
in as little as 15 min, which were differentiable from a smaller
diameter population (which we attributed to single BCP chains).
These large assemblies continued to grow in size with increas-
ing polymerization time (Fig. 2B). Thus, we concluded that
nanoparticles were formed during the polymerization.

To determine the morphology of the nanoparticles, dilute
solutions of BCPs were spin-coated on mica surfaces and
imaged with atomic force microscopy (AFM). For PNB1;4-b-
PA4, nanospheres were observed (Fig. 2D).'® As the length of
the PA block was increased, a morphological transition from
nanospheres to 1D nano-objects was observed (Fig. 2E). High
resolution AFM and transmission electron microscopy (TEM)
images revealed undulated linear nanostructures, termed
nanocaterpillars, which were also confirmed to exist in solu-
tion using cryogenic TEM (cryo-TEM). Defect- (i.e., nano-
sphere) free nanocaterpillars were obtained by enhancing the
stereo-purity of the PA block (cis-PA was favored when polymer-
izations were conducted at 0 °C) and decreasing the molecular
weight dispersity.>” Importantly, the highly stable nature of the
nano-objects was supported by DLS experiments, as nano-
particle size distributions remained constant in solution after
heating at 90 °C or sonicating for 30 min."®

We envisioned that we might be able to obtain higher-order
nanostructures (i.e., 3D nano-objects) by using a more rigid
shell-block, which would promote stronger PA block inter-
actions.’® Thus, we switched from NB1 to an endo-tricyclo
[4.2.2.0]deca-3,9-diene (TD) monomer (TD1) to achieve BCPs
with a rigid poly(TD) (PTD) shell-block (Fig. 2A). While poly-
merizations were slower with TD1, PTD15y-b-PA,, with PA DPs
up to 156 were still obtainable. The formation of nanoparticles
during the polymerization was again supported by DLS
measurements (Fig. 2C). The structural evolution from nano-
spheres to nanocaterpillars, with increasing PA block length,
was also still observed (Fig. 2F). This transition, however,
appeared to occur at much shorter PA block lengths for
PTD15,-b-PA,, (nanocaterpillars were observed with a PA DP of
34) than for PNB15y-b-PA, (nanocaterpillars were observed
with PA DPs of 80 or higher). Further increasing the PA block
length for PTD15¢-b-PA,, resulted in the formation of 3D nano-
and then micro-objects. DLS and cryo-TEM were used to
confirm that the nanostructures did not form as a result of
aggregation during drying for AFM/TEM imaging. Of note, the
INCP process could also be achieved in a one-shot manner
(without sequential monomer addition) due to the disparity
between the polymerization rates of NB1 or TD1 and COT.*°
The use of the one-shot process did not disrupt or alter the
nano-object formation processes, thereby making the one-shot
INCP one of the simplest method for preparing nano-objects.

This journal is © The Royal Society of Chemistry 2021
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Fig. 3 Proposed model for the formation of nanocaterpillars from
PNB-based BCPs and 3D nano-objects from PTD-based BCPs via INCP.

Based on these results, we proposed a model (Fig. 3) for the
self-assembly and morphological transition of nanospheres to
nanocaterpillars and 3D micro-objects.*® As the PA block grows
during the polymerization, the BCPs spontaneously self-assem-
ble into micelle-like nanospheres due to strong n-7 interactions
of the PA blocks (the propagating carbenes remain active in the
core). COT diffuses into the PA core and propagation continues.
Eventually, the PA core-blocks become elongated enough that
they are exposed to solvent. Solvophobic and n-n interactions
promote the spontaneous assembly of the nanospheres into
nanocaterpillar morphologies. Due to the relatively flexible
nature of PNB, the PA core is well-shielded from solvent and
other nanospheres or nanocaterpillars, such that they do not
assemble into higher-order morphologies (even as the PA core
continues to grow). The rigid nature of PTD,*® however, prohi-
bits adequate shielding of the PA core. Thus, as the PA blocks of
the PTD-based nanocaterpillars grow, the PA core-blocks
become exposed, leading to aggregation of the nanocaterpillars
into 3D nano- and then micro-objects.

Poly(p-phenylenevinylene)s (PPVs) are highly fluorescent
semiconducting polymers used in various optoelectronic appli-
cations and devices.*" A facile method of preparing PPVs is the
ROMP of [2.2]paracyclophane-1,9-diene (PD). We envisioned
conducting INCP with BCPs having PNB shell- and PVP core-
blocks.*” Due to the disparate reactivity between NB1 and PD,
one-shot polymerizations were achieved with G3-Cl, yielding
PNB1;,-b-PPV,, with PPV DPs up to 60 (Fig. 4A). Aliquots were
removed from the polymerization and were characterized by
DLS, AFM, and TEM, without termination or purification, to
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Fig. 4 (A) Synthesis of PPV-based BCPs. (B) AFM (on mica) and TEM (on
a carbon-coated copper grid) images of the nano-object morphologies
for PNB1so-b-PPV,. Adapted from ref. 42 with permission from the
Royal Society of Chemistry, copyright 2017. (C) AFM (on mica) images of
the nanoparticle morphologies for PTD1,¢0-b-PPV,,. Adapted ref. 43
with permission from American Chemical Society, copyright 2018. (D)
Proposed mechanism for fractal nano-object formation via INCP. (E)
TEM (on a carbon-coated copper grid) images of PTD2;00-b-PPV;s5-
based nanostructures prepared with or without 3,5-DCP as an additive
to tune the polymerization kinetics. Adapted from ref. 43 with per-
mission from American Chemical Society, copyright 2018.
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support in situ nanoparticlization. AFM and TEM images
revealed a morphological transition from nanospheres to
nanocaterpillars with increasing PPV block length (analogous
to that described above for PA), followed by a transition from
nanocaterpillar to nanostar morphologies (Fig. 4B). Water-dis-
persible nanocaterpillars were also prepared using NB2
(Fig. 4A). The nanocaterpillars were stable in tetrahydrofuran
(THF), chloroform, and water, which highlights one of the
advantages of preparing nanoparticles with INCP. The nanoca-
terpillars were also shown to undergo fluorescence quenching
in the presence of trace amounts of nitroaromatics, including
2,4,6-trinitrotoluene (TNT), supporting their potential use in
explosive sensing applications.

We also explored the INCP of PPV-based BCPs having a PTD
shell-block.”® The self-assembly behavior of PTD-b-PPVs was
quite different from their PNB-based counterparts. In situ for-
mation of nanospheres was still observed during the one-shot
polymerization of PTD1,49-b-PVP,,. instead of
forming uniform nanocaterpillars, rod-like and branched mor-

However,

phologies were formed with increasing polymerization time,
then unexpected and unique fractal nano-objects were pro-
duced (Fig. 4C). To explain the origin of these unprecedented
nano-fractal structures, kinetics studies were conducted. We
observed slow initiation of PD from the living PTD blocks, fol-
lowed by fast propagation, and thus, low initiation-to-propa-
gation rate ratios (ki/kp). This implied that the polymerization
was uncontrolled, leading to the gradual generation of BCPs
and then micellar nanostructures (instead of simultaneous
self-assembly). We proposed a model in which this gradual
generation of nanospheres would maintain a sufficiently low
nanoparticle concentration such that a diffusion limited aggre-
gation mechanism would be operative (Fig. 4D).**™*® We ima-
gined that if we could tune the polymerization kinetics to
improve control of the polymerization, we would achieve
uniform generation of nanospheres and observe the formation
of nanocaterpillars (following the mechanism shown in
Fig. 3). Switching to TD2 (which forms a shell-block with
decreased steric bulk, enabling faster initiation of PD), fractal
nano-objects were still observed (Fig. 4E). With the use of 3,5-
dichloropyridine (3,5-DCP) as an additive (which reversibly
binds to the propagating Ru species and slows PD propa-
gation), a 13.5 times larger kj/k, value was obtained for PD
(compared to polymerizations using TD1 without an additive).
As expected, this resulted in a well-controlled block copolymer-
ization, more uniform nanosphere formation, and the for-
mation of nanocaterpillars (Fig. 4E). Therefore, we demon-
strated that tuning the polymerization kinetics was a useful
strategy to prepare unique nano-objects that would otherwise
be challenging to accomplish via conventional equilibrium-
driven self-assembly processes.

INCP with CP

A popular method to prepare functional PA derivatives is with
the CP of 1,6-heptadiyne monomers.”® The resulting poly

This journal is © The Royal Society of Chemistry 2021
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(cyclopentenylene-vinylene) (PCPV) polymers are fully conju-
gated and have functionalized 5-membered rings in their back-
bone. We found the combination of ROMP (for the first block)
and CP (for the second block) to be effective for forming BCPs
that could undergo the INCP process (Fig. 5A). Specifically,
nanospheres were formed during the block copolymerization
of NB3 and a Meldrum’s acid functionalized 1,6-heptadienye
(HD1)."” Thermolysis of the Meldrum’s acid moieties gener-
ated ketene functional groups in the core-block, which under-
went cycloaddition to afford cross-linked cores and improved
the stability of the nanospheres. Nanospheres were also
obtained during the block copolymerization of NB4 or TD1
and HD1.” Higher-order morphologies (1D or 3D nano-
structures) were not obtained from the INCP of PCPV-based
BCPs. However, higher-order morphologies could be obtained
by aging or photo-isomerization of the alkene bonds in the

° °
NB3 TD1
O™\
NB4

TBSOﬁ,WtOTBS

PTD1-b-PCPV1

B. PNB45)-b-PCPV1,,
Aging without irradiation

Initial 7d 21d

C. PTD150'b‘PCPV130
Aging with LED irradiation

Initial 85h 31.5h

Fig. 5 (A) Synthesis of PCPV-based BCPs. (B) Structural evolution of
PNB450-b-PCPV1g,-based nanospheres (which were prepared via INCP)
to nanocaterpillars and branched nanocaterpillars with aging (a non-
INCP process), and (C) structural evolution of PTD150-b-PCPV134-based
nanospheres (which were prepared via INCP) to 3D micro-objects with
aging under light irradiation (another non-INCP process). Adapted from
ref. 47 with permission from John Wiley and Sons, copyright 2017.
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polymer backbone. The cis-to-trans isomerization of the PCPV
core increased its rigidity, and therefore, its exposure to
solvent. This enabled the self-assembly (with a mechanism
analogous to that in Fig. 3) of PNB45,-b-PCPV1g4-based nano-
spheres into nanocaterpillar and branched nanocaterpillar
morphologies (Fig. 5B) and PTDs;¢-b-PCPV1;y-based nano-
spheres into 3D micro-objects (Fig. 5C).

To produce fully conjugated nano-objects without insulat-
ing shell blocks, we prepared BCPs using a soluble 1,6-hepta-
diyne monomer (HD2) and a fluorene-based monomer (HD3)
(Fig. 6A)."® We found that the resulting PCPV25,-b-PCPV3,
underwent INCP, and self-assembled into long nanofibers
(Fig. 6B) without going through an intermediate nanostructure
(such as nanospheres). We attributed this difference in self-
assembly behavior to the higher solubility of the PCPV3 block,
compared to unfunctionalized PA blocks which underwent
rapid nanoparticlization (as they were completely insoluble).
Instead, the PCPV3 block underwent crystallization, forming
well-defined cores for the nanofibers, with the PCPV2 block
acting as a solubilizing shell (Fig. 6B). Remarkably, we also
observed direct formation of higher-order nano-objects via
INCP for PCPV3 homopolymers.*® Specifically, 2D leaf struc-
tures (Fig. 6C and D) were observed with in situ sampling
during the polymerization of HD3 in THF. This result high-
lights one of the primary features that differentiates INCP
from conventional PISA; that INCP is not limited to BCPs.
Interestingly, when the leaf nano-objects were dispersed in
chloroform, a morphological transition from leaf to rectangle
morphologies was observed (Fig. 6D). Comparison of the diffr-
action patterns by fast Fourier transform (FFT) analysis of
high-resolution TEM images for the two different mor-
phologies provided insight into the self-assembly mechanism
(Fig. 6E). The diffraction patterns suggested the presence of
defects in chain packing for the leaf nano-objects and more
ordered packing for the rectangular nano-objects. Specifically,
the latter supported an orthorhombic crystal lattice and an
interdigitated slip-stack packing of the polymer chains,
without chain folding, leading to strong van der Waals and
CH-n interactions serving as the driving force for self-
assembly.

Xie, Sun, and coworkers observed micellular or aggregated
structures from various PNB-h-PCPVs via INCP (Fig. 7A).>%°!
These polymers showed good potential for obtaining unique,
higher-order morphologies. For instance, PNB5,5-b-PCPV4;,
formed vesicles upon evaporating the polymerization solvent
(increasing the nano-object concentration in THF, Fig. 7B). It
was unclear if vesicles were formed during the polymerization
as well, or only after the post-treatment. PNB6,5-b-PCPV4,5
formed nanotubes after changing from the polymerization
solvent (THF) to chloroform (Fig. 7C). Direct formation of
nanotubes, by conducting the polymerization in chloroform,
was not explored. Li, Xie, and coworkers also demonstrated the
formation of irregularly aggregated micellular structures from
PNB6-b-PCPV5 via INCP in chloroform.”> More uniform struc-
tures could be achieved by re-dispersing the nanostructures in
THF, suggesting that more uniform nanospheres might have

Polym. Chem., 2021, 12,1393-1403 | 1397
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Fig. 6 (A) Synthesis of PCPV-based BCPs and homopolymers. (B) TEM
(on a carbon-coated copper grid) and AFM (on mica) images of the
nanofibers for PCPV250-b-PCPV3,. Adapted from ref. 48 with per-
mission from the Royal Society of Chemistry, copyright 2020. (C)
Proposed mechanism for 2D leaf nano-object formation via INCP. (D)
TEM (on a carbon-coated copper grid) images of PCPV3,,-based 2D leaf
nano-objects (via INCP) and rectangular nano-objects (after a non-INCP
process), and (E) corresponding FFT electron diffraction patterns of each
morphology. The highly ordered pattern from 2D rectangles in chloro-
form corresponded to the orthorhombic crystalline lattice with three
main d-spacing values of 10.3, 16.1, and 18.5 A. Adapted from ref. 49
with permission from American Chemical Society, copyright 2017.

1398 | Polym. Chem., 2021,12,1393-1403

View Article Online

Polymer Chemistry

A.
- R'
050 Ph
ﬁ ﬁ G3-Br
N + R "
B Il N
Y ° R’
NB5 HD4
R= F R= R F
‘”Q F PNB-b-PCPV
NB6 HD5
R= cF, R= 4
L
3
F3
thR" R'mR'" G3-Br R _R"R"
e
0 0 ;
HD6 HD7
Ru_ tBu R“,_ H ~
= = PCPV6/7

B. PNB5;5-b-PCPV4s,
THF

Change
concentration

C. PNB6;5-b-PCPV4,;
chloroform

Change
solvent

D. PCPV6,,
7.7 nm 19nm
-3.3nm -0.9|nm

Fig. 7 (A) Synthesis of PCPV-based BCPs and homopolymers. (B) TEM
(on a carbon-coated copper grid) image of PNB55-b-PCPV454-based
vesicles formed by changing solvent concentration. Adapted from ref.
50 with permission from the Royal Society of Chemistry, copyright 2015.
(C) TEM (on a carbon-coated copper grid) image of PNB675-b-PCPV4,s5-
based nanotubes formed by changing the dispersion solvent. Adapted
from ref. 51 with permission from the Royal Society of Chemistry, copy-
right 2017. (D) 3D AFM (on mica) images of cylindrical nano-objects
from PCPV6. Adapted from ref. 53 with permission from American
Chemical Society, copyright 2015.

been achieved if THF was used as a polymerization solvent.
Xie, Liao, and coworkers also observed self-assembly of PCPV
homopolymers into unique structures.”®> PCPV73y6 formed
(concentration-dependent) nanospheres and hollow cylindrical
structures in THF. PCPV6,, formed (concentration-dependent)
solid or hollow cylindrical structures in THF or chloroform,
respectively (Fig. 7D). It was unclear if the cylindrical nano-
objects were generated by INCP or were only a result of the
solvent evaporation process in preparation for imaging.

This journal is © The Royal Society of Chemistry 2021
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Regardless, these polymers represent promising candidates for
further study.

INCP with CTP

Polythiophene (PT) and its derivatives are among the most
extensively studied conjugated polymers, having found use in
a wide range of optoelectronic applications.”*>> With the use
of CTP, we envisioned preparing fully conjugated BCPs that
could undergo INCP.>® Toward that aim, we first prepared
BCPs from T1 and T2 monomers using a Grignard metathesis
(GRIM) polymerization, also known as a Kumada CTP (KCTP,
Fig. 8A).>”"°® We observed the formation and structural evol-
ution of nano-objects analogous to that observed for PNB15¢-b-
PPV, (Fig. 4B). That is, for PT1,49-b-PT2,, mixtures of nano-
spheres and nanocaterpillers were first observed. As the PT2
block length increased, nanostars and then network mor-
phologies were observed (Fig. 8B). Support for the nano-
objects being formed by INCP was obtained by DLS measure-
ments. Importantly, dispersions of the nano-objects were
shown to be stable at elevated temperatures and under soni-
cation conditions. These results can be contrasted with PT-
based nanoparticles formed by crystallization-driven self-
assembly (CDSA). For instance, poly(3-hexylthiophene)-b-poly
(dimethylsiloxane)®® or poly(3-hexylthiophene)-b-poly(2-vinyl-
pyridene)®* were shown to undergo self-assembly in a selective
solvent (or mixed solvent system). Sonication of the resulting
structures led to a drastic reduction in nanoparticle size
(which was utilized for seeded-growth). These results further
highlight the highly stable nature of nano-objects from INCP.

We next explored the influence of two different shell blocks
on the PT-based nanoparticle morphology. We first looked at
switching the first block to a dihexyloxy substituted poly(p-
phenylene) (PPP1), which was expected to have a larger hydro-
dynamic radius than PT1 and would enable better shielding of
the PT2 core-block.®® The resulting PPP1,y-b-PT2,, formed well-
defined nanocaterpillar structures (Fig. 8C), which still showed
good stability to elevated temperatures and sonication. The
second shell block we studied was poly(3-hexylthiophene)
(P3HT), which we initially found to generate irregular aggre-
gated nanostructures using conventional KCTP conditions
(Fig. 8D).°* To improve the control of the nanoparticle mor-
phology, we implemented an externally initiated KCTP
method.®®"® The conventional KCTP leads to the production
of triblock-impurities, whereas externally initiated KCTP gives
clean diblock structures due to unidirectional polymerization
from the o-tolyl-based Ni initiator/catalyst.

Specifically, defect-free o-tolyl-P3HT50-b-PT2,, generated
nanocaterpillars (with a PT2 DP of 40) and branched nanoca-
terpillars at higher PT2 block lengths (Fig. 8D).

Unique nano-object morphologies were observed by switch-
ing the core-block (from PT2 to PT3) for PPP1-based BCPs.®®
PT3 and PT2 undergo different types of crystalline packing.
Specifically, PT3 and PT2 undergo staggered m-stacking
(forming a face-centered lattice) and edge-to-face (herring-
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Fig. 8 (A) Synthesis of PT-based BCPs. (B) AFM images of the nanostar
to branched network evolution for PT1,90-b-PT2, with increasing PT2
block length. Adapted from ref. 56 with permission from American
Chemical Society, copyright 2013. (C) AFM image of nanocaterpillars
from PPP1,0-b-PT2,,. Adapted from ref. 63 with permission from the
Royal Society of Chemistry, copyright 2014. (D) TEM images of P3HTso-
b-PT240-based nano-objects using conventional or externally initiated
KCTP. Adapted from ref. 64 with permission from the Royal Society of
Chemistry, copyright 2016. (E) Schematic and TEM images for the gene-
ration of multi-line nanocaterpillars from PPP1,9-b-PT3,,. Adapted from
ref. 65 with permission from the Royal Society of Chemistry, copyright
2016.

bone) stacking, respectively.”® A consequence of the differ-
ences in packing is that PT3 has weaker n-n interactions.
Interestingly, this led to the formation of multi-line nano-
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structures at higher PT3 DPs. Specifically, we observed the
morphological evolution of nanospheres to nanocaterpillars to
multi-line nanocaterpillars to branched multi-line nanocater-
pillar structures (Fig. 8E). However, the weaker interactions
came at the cost of decreased nano-object stability. While
multi-line nanocaterpillars were robust to elevated tempera-
tures, sonication resulted in their fragmentation into shorter
multi-line structures. Very long nanocaterpillars (over 2 pum)
could also be achieved by changing the PPP1 block to the
more soluble PPP2, with branched 2-ethylhexyl side chains,
without disrupting the ability to form multi-line
nanocaterpillars.

INCP with other methods

The use of different polymerization methods enables a
broader scope of polymer structures compatible with INCP, as
well the potential to generate nano-objects with novel mor-
phologies. Unfortunately, reports of using other polymeriz-
ation methods for INCP (other than ROMP, CP, and CTP) are
rare. Two recent examples describe the polymerization of
acetylene-based monomers, specifically phenyl acetylenes (PA1
and PA2)"' and propargyl alcohol (PGA),” to give substituted-
PA backbones (Fig. 9A). The resulting polymers were able to
form complex nano-objects via INCP. For instance, PPAlgy-b-
PPA2,, formed vesicles (with a PPA2 DP of 136).”" As the PPA2
block length increased, the vesicles transitioned to ribbons/
lamellae (DP of 190), then helical ribbons (DP of 390, Fig. 9B).
The morphological transition (Fig. 9C) was driven by the PPA2
block’s solubility, which decreases with increasing length due
to the formation of a contracted helical conformation stabil-
ized by intramolecular hydrogen bonds. In the other example,
PPGA homopolymers were shown to generate various solvent-
dependent nano-object morphologies.”* Specifically, polymer-
izations in chloroform, dimethylformamide (DMF), or water
led to the formation of micellular nanospheres, nanostars, or
nanonetwork structures, respectively (Fig. 9D). This free
radical polymerization also induced differing extents of oxy-
genation (in DMF and water) or chlorination (with chloroform)
of the polymer backbones, making it difficult to elucidate why
the various nano-object morphologies were observed. This
work, however, is significant as it demonstrates that INCP is
also feasible using non-controlled polymerization conditions.

Outlook

In comparison to the broad scope of known conjugated poly-
mers, only a small fraction has been utilized for INCP. This is
in part due to the requirements of chain-growth and living
polymerizations to achieve BCP formation. Additional con-
trolled polymerization methodologies can be explored to
further expand the scope of applicable conjugated polymer
structures. For instance, there are a broad range of CTPs that
have not been explored in INCP (e.g., Suzuki-Miyaura, Stille,
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Fig. 9 (A) Synthesis of functional PA BCPs (PPAX) and homopolymers
(PPGA). (B) TEM images of the vesicle to helical ribbon evolution for
PPAlgo-b-PPA2, with increasing PPA2 block length. Adapted from ref.
71 with permission from American Chemical Society, copyright 2020.
(C) Proposed mechanism for nano-object formation from PPAX-based
BCPs. (D) TEM images of the micellular, nanostar, and network nano-
structures from PPGA via INCP in different solvents. Adapted from ref.
72 with permission from Springer Nature, copyright 2018.

Negishi, etc.).>> Monomer deactivation polymerizations may
also be useful, as they have been applied to the synthesis of
block copolymers.”® Cascade polymerizations can also gene-
rate conjugated polymers with more diverse structures (e.g.,
the metathesis and metallotropy polymerization).”*”> For
homopolymers, however, less controlled polymerizations
might be utilized (e.g., the free radical polymerization of PGA,
see Fig. 9), which could significantly increase the polymer
scope. As previously described, in situ nanoparticlization can
be achieved with dispersion polymerizations employing
various step-growth polymerizations (based on Suzuki-
Miyaura,”*”®”” Heck,>® and Sonogashira,”® coupling reac-
tions). With careful monomer design, it might be possible to
eliminate the stabilizers and achieve INCP using step-growth
polymerizations. Achieving transition metal-free synthesis of
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conjugated polymers, using methods such as the Horner-
Wadsworth-Emmons polymerization,”® would also provide a
notable advance given that trace metals can have deleterious
effects on a polymer’s optoelectronic performance.’® The use
of catalyst-free photo-controlled polymerizations could also be
advantageous in that regard.®’ Expanding the available
polymerization methodologies for INCP should greatly
increase the scope of conjugated polymer structures, which
may lead to a greater breadth of optoelectronic properties and
nano-object morphologies.

We can also look to other self-assembly methods for inspi-
ration. Various conjugated polymers (homopolymers or within
BCPs) have been shown to undergo self-assembly using
methods such as CDSA or self-seeding. While some of those
polymers have already been explored in INCP, they have been
shown to produce different nano-objects morphologies (than
INCP), such as nanowires from oligo(p-phenylenevinylene)®*%?
and 2D squares from PPV.** Some of these polymers may be
well suited for INCP, such as oligo(p-phenylene ethynylene)
(which forms nanowires)®> and poly(9,9-dihexylfluorene)
(which forms spherical nanoparticles and nanowires).*®®°
Other polymers may be more challenging to adapt to INCP,
such as P3HT (which was previously utilized as the soluble
block in INCP), despite its ability to form nanofibers and 2D-
rectangles using other methods.®>*>°° Similarly, poly(3-
octylthiophene) (which forms nanowires)®® and poly[3-
(2,5,8,11-tetraoxatridecanyl)thiophene] (which forms nano-
ribbons)®” would also be challenging due to their side chains
which provide good solubility.

Other self-assembly methods can also provide insight into
new nano-object morphologies that might be obtained with
INCP (if proper polymers and polymerization conditions were
used). For instance, higher-order morphological structures
such as “octopi” or “jellyfish” were obtained by conventional
PISA with the addition of a small amount of solvophilic como-
nomer into the insoluble block of a BCP.”® The use of copoly-
mer core-blocks in PISA has also enabled inverse mor-
phologies such as compound vesicles, sponges, and cubo-
somes.”® Specific examples, based on CDSA, which might be
adaptable to INCP include the formation of diamond or hexag-
onal 2D nano-objects.’®”'®" One distinct advantage of CDSA
over INCP is the ability to precisely control the structural
dimensions of nano-objects.'®>'%* Further exploration of such
control should done for INCP. Furthermore, even more
complex structures can be achieved with CDSA due to the use
of multi-polymer systems.'®*'** Conducting INCP in the pres-
ence of other polymers could be an interesting area of explora-
tion to generate novel nano-objects.

To date, the majority of INCP examples have focused on
expanding the scope of polymers and nano-object mor-
phologies, as well as understanding the mechanisms of self-
assembly. More thorough characterization of nano-object pro-
perties (and perhaps morphology-dependent properties) will
be important to identifying potential applications for which
they would be best suited. Furthermore, despite the use of
semiconducting polymers, the optoelectronic properties of the
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nano-objects have not been well characterized. As described
above, semiconducting nanoparticles generally have a broad
range of applications (sensors, imaging agents, photovoltaics,
light-emitting diodes, and catalysts),">> and given that unique
morphologies can be obtained with INCP, there is good reason
to explore these applications in detail.

Conclusions

INCP is a useful method to prepare nano-objects directly from
polymerizations, without post-treatment steps. Only a few
polymerization types have been demonstrated with INCP,
however, the polymerization kinetics, polymer dispersity,
defects, and impurities can all influence the self-assembly
process, leading to a wide range of nano-object morphologies.
Advantages of INCP (compared to conventional PISA) include
more stable nano-objects, alternative nano-object mor-
phologies, and the ability to use homopolymers. The use of
conjugated polymers also provides semiconducting properties,
which may yield promising applications, although this
remains a topic which has been little explored. With the adop-
tion of new polymerization techniques and polymer structures,
the scope of INCP can be expanded further and will ideally
lead to new functional self-assembled nano-objects.
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